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Chapter  1

Adapted from manuscript in preparation.

I n t r o d u c t i o n



“The health of Paul Klee was undermined for years by a terrible disease – a kind of skin 
sclerosis, which in the end was to carry him off.” 

Daniel-Henry Kahnweiler (art dealer), 1950.

“It turned out to be a malignant disease, a drying-out of the mucous membranes which was 
little known in medical circles. After five years it spread to the heart and led to his death.”

Will Grohmann (Paul Klee’s biographer), 1954.

Paul Klee (1879-1940) was a Swiss-German artist who belonged and deeply inspired 
different avant-gardes and artistic movements throughout the 1900. He believed that the 
material, visible world is just the most accessible layer of reality open to human awareness 
and he used design, pattern, color and a miniature sign systems in the effort to employ art 
as a window to disclose what would normally remain invisible to human eyes. The paintings 
he produced in the last years of his life were largely influenced and often referred to the 
burden and the suffering caused by the outbreak of systemic sclerosis (SSc). In paintings 
like Captive (1940), Paul Klee well describes the feeling expressed by many patients to 
be “prisoners in their own bodies”, as the thickening of the skin progresses and disability 
worsens. The  sense of alienation and the loss of self-recognition which emerge in Man 
of confusion (1939), reflect the bodily changes that Klee helplessly experienced and the 
“disintegration of identity” described in the recent work of Sumpton and colleagues 
focused on patients’ perspective in SSc [1].

1     
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About “the captive”
SSc is a chronic immune-mediated disease characterized by vasculopathy and culminating 
in wide-spread fibrosis. While symptoms and signs of disease can occur virtually in any 
organ and system, skin thickening and progressive loss of trophism represent the most 
common feature and cardio-pulmonary complications (interstitial lung disease, ILD; 
pulmonary arterial hypertension, PAH) the main cause of morbidity and mortality in SSc 
patients [2, 3]. 

Raynaud’s phenomenon and the concept of “early SSc”
The clinical spectrum and prognosis are highly heterogeneous in patients with SSc, but 
strikingly in at least 95% of the cases the onset of disease is preceded - sometimes by years 
- by the occurrence of Raynaud’s phenomenon (RP) [4]. RP reflects an impaired balance 
between vasoconstriction and vasodilation in response to different stimuli – mainly cold 
or emotional stress - and it’s characterized by episodic color changes of the extremities 
(predominantly the digits) turning white (ischaemia), blue (cyanosis) and red (reperfusion). 
RP is common also in the general population and is most often harmless (primary, PRP) 
[5], but in a small percentage of people a secondary RP is present and uncovers different 
underlying pathologies, amongst which it’s very relevant to exclude autoimmune conditions, 
principally SSc. Accordingly, SSc occurrence is so infrequent in the absence of RP, that the 
onset of disease itself is defined as the development of the first “non-Raynaud” symptom.
 In this light, LeRoy and Medsger proposed the combination of RP with the 
presence of SSc-specific antinuclear autoantibodies (ANA) - such as anti-Topoisomerase 
I (ATA), anti-centromere (ACA) and anti-RNA polymerase III (RNAPIII) - and SSc-specific 
nailfold videocapillaroscopic (NVC) changes (megacapillaries, avascular areas, with or 
without micro-hemorrhages) as a clinical entity which they defined as “the most limited 
form of SSc”, lSSc (limited SSc), or early SSc (hereto referred as “EaSSc”) [6].
 The proposed LeRoy and Medsger criteria for early diagnosis of SSc have been 
validated in a landmark study from Koenig et al., where in a 20-year prospective study 
of 586 RP patients, they confirmed SSc-specific autoantibodies and NVC modifications 
as independent predictors of SSc (adjusted hazard ratios for ANA positivity, SSc-specific 
autoantibodies and NVC changes, respectively 5.67, 4.7 and 4.5) [7]. In particular, the 
presence of both specific autoantibodies and NVC changes conferred a 60-times increased 
risk to develop SSc when compared to patients with RP without these features, with 
progression rates to definite SSc of 47% at 5 years, 69% at 10 years and 79% at 15 years. 
Since then, many studies tried to provide an optimal characterization of this EaSSc group 
and of the factors leading to the progression to definite SSc. The European League Against 
Rheumatism (EULAR) promoted criteria for the identification of Very Early Diagnosis Of 
Systemic Sclerosis (VEDOSS), by that highlighting in patients with RP and ANA positivity the 
importance of the presence of puffy fingers (PF) as predictor of progression, in addition 
to the above-mentioned serologic and capillaroscopic features [8]. In this context, it 
is relevant to note that in the work of Koenig EaSSc patients might have concomitantly 
been experiencing PF and/or arthritis, since these features were not considered signs of 
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progression to SSc then. Valentini et al. had a main focus on EaSSc through the years, 
providing good evidence for an increased weight as faster progression factor of the presence 
of SSc-specific autoantibodies (alone or together with SSc-specific NVC modifications) in 
respect to NVC alterations alone, also suggesting that these individuals could be the ones 
developing the most severe clinical complications and should therefore be investigated 
for asymptomatic organ involvement [9]. More recently, Beretta et al. confirmed in a 
considerable number of EaSSc patients (158 individuals all fulfilling LeRoy and Medsger 
criteria and without any other sign of SSc, including PF) the rate of progression at 60% and 
80% at 5 and 10 years, respectively [10]; they also showed that the presence of ACA bears 
a diminished risk of progression and that the presence of active and/or late NVC patterns 
is associated with faster progression. Moreover, they identified PF as the most common 
evolution feature.
 The most relevant difference between the study of Koenig (and of the VEDOSS 
initiative) and the one of Beretta (and Valentini) is the use of different classification criteria 
for SSc, which is reflected by the divergent approach the authors use in regard to the PF 
feature, the first applying the 1980 American Rheumatology Association (ARA) criteria [11] 
and the second following the new ACR/EULAR criteria established in 2013 [12]. 

SSc classification, a paradigm shift from old to new criteria
To meet the ARA criteria for the classification of SSc a patient had to show typical 
sclerodermatous changes proximally to metacarpophalangeal or metatarsophalangeal 
joints (major criterion) or, alternatively, present with at least 2 between sclerodactyly, 
pitting scars/acro-osteolysis and bibasilar lung fibrosis (minor criteria). In other words, 
the definition of SSc was based on evidence of fibrosis [11]. The 2013 ACR/EULAR criteria 
include a higher number of features (vascular, immunologic, fibrotic) which determine 
the classification on the basis of a weighted score that each feature bears; a score ≥ 9 
is sufficient for SSc classification [12]. In this new system, the major criterion of the ARA 
classification is still valid and sufficient for SSc classification, because alone it accounts for 9 
points. RP, the SSc-specific autoantibodies and the SSc-specific NVC features which define 
EaSSc, account - all summed - for 8 points (3, 3 and 2 points, respectively). The minimum 
score per item is 2, so the occurrence of any extra scored item on top of the 8 points 
(EaSSc score) automatically classifies the patient as SSc. An overview of the different 
features considered as classification criteria in the different systems adopted through time 
is provided in Table 1.
 In our opinion, the main novelty of the new classification system resides in the fact 
that PF, telangiectasia and digital ulcers – all non-fibrotic features – are actually among the 
weighted items and when in combination with the triad that defines EaSSc patients, are 
sufficient to classify an individual as definite SSc patient, even if no sign of fibrosis of the 
skin or the internal organs is strictly present (yet). In this thesis we’ll refer to this particular 
subgroup of patients as “defSSc”, with the exception of Chapter 2, where they are coded as 
“ncSSc” (non-cutaneous), and of Chapter 4, where these patients have simply been coded 
as “SSc”.
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Table 1. Comparison of different classification criteria considered in different classification systems

1980 SSc (ARA),  1980 Preliminary criteria for the classification of systemic sclerosis (SSc) [11]. 2001 Early SSc 
(LeRoy & Medsger), LeRoy and Medsger proposed criteria for the diagnosis and classification of Early SSc [6]. 
2013 VEDOSS, preliminary criteria for the very early diagnosis of SSc [8]. 2013 SSc (ACR/EULAR), 2013 American 
College of Rheumatology/European League Against Rheumatism classification criteria for systemic sclerosis 
[12]. RP, Raynaud’s phenomenon. NVC, nailfold videocapillaroscopy. ANA, anti-nuclear autoantibodies. ATA, anti-
topoisomerase I antibodies. ACA, anti-centromere autoantibodies. RNAPIII, anti-RNA polimerase III autoantibodies. 
Pm-Scl, anti-Pm-Scl complex autoantibodies. Th/To, anti-Th/To ribonucleoprotein complex autoantibodies. MCP, 
metacarpophalangeal joint. PF, puffy finger. DU, digital ulcer. PS, pitting scar. ILD, interstitial lung disease. PAH, 
pulmonary arterial hypertension. N, not considered as criteria. na, not applicable. Y, considered as criteria. Inc, 
inclusion criteria. Exc, exclusion criteria. suff, sufficient criteria for classification.

 

 1980 SSc  

(ARA) 

2001  Early SSc 
(LeRoy&Medsger) 

2013 VEDOSS 2013 SSc 
(ACR/EULAR) 

 RP N Inc Inc Y 

 NVC (SSc patterns) N Y Y Y 

 Autoantibodies: N Y Y Y 

         ANA (aspecific) na N Y N 

         ATA na Y Y Y 

         ACA na Y Y Y 

         RNAPIII na Y N Y 

         PM-Scl na Y N N 

         Th/To na Y N N 

Skin involvement:  Exc   

   Sclerodermatous, 

   proximal to MCP 

Y (major) na Exc Y (suff) 

   Sclerodermatous, 

   distal to MCP: 

 na   

         sclerodactyly Y (minor)  Exc Y 

         PF N  Y Y 

   Fingertip lesions:  na   

         DU Y (minor)  Exc Y 

         PS Y (minor)  Exc Y 

   Telangiectasia N na Exc Y 

Internal organs 
involvement: 

 Exc   

    ILD Y (minor) na Exc Y 

    PAH N na N Y 
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 Clearly, a radical shift in the definition of SSc has been introduced with the adoption 
of the new classification criteria, from an approach based solely on the presence of fibrosis 
- the hallmark of disease - to a more comprehensive consideration of SSc features which 
are mainly related to the vascular involvement and to a supposed primary endothelial 
damage and consequent edema/inflammation. The latter is the core idea of the “vascular 
hypothesis” proposed already in 1975 by LeRoy [13] to explain SSc pathogenesis, a concept 
which has been revisited through the decades in respect to the contribution of the immune 
activation (also now considered amongst the classification criteria) and the development of 
fibrosis, but still finding the most credit in the SSc field.
 Furthermore, the concept of EaSSc introduced by LeRoy in 2001 is not altered 
by the new 2013 criteria and preserves its great value in defining a group of individuals at 
higher risk for definite SSc in comparison with the general population and individuals with 
PRP. 

SSc clinical picture in a nutshell
The prognosis in SSc patients with severe skin and internal organs involvement is poor, as 
the 9-year cumulative survival doesn’t reach 40% - lung complications representing the 
main cause of death [14] -, whereas, in patients with milder clinical phenotypes, the 9-year 
cumulative survival can attain 80% [15]. Therefore, a thorough stratification of SSc patients 
is crucial for an adequate medical follow-up. 
 It is widely accepted to classify SSc patients into different subsets based on the 
extent and localization of the prototypical skin fibrotic changes. In particular, patients 
affected only distally to elbows, knees and clavicles are referred to as having the limited 
cutaneous (lcSSc) form and patients presenting with proximal fibrosis are defined as having 
diffuse cutaneous (dcSSc) SSc [16]. Distinctive clinical findings and autoantibodies are 
associated with these two main subsets. Typically, the prevalence of ILD, severe kidney 
involvement with occurrence of renal crisis, muscular and articular manifestations, ATA and 
- to a lesser degree than ATA – anti-RNA polymerase III autoantibodies positivity is higher 
in dcSSc. ACA and PAH that develops in the absence of a primary cardiac and pulmonary 
involvement are more frequently associated with lcSSc. dcSSc patients have the shortest 
time to first non-Raynaud symptom and the fastest rate of development of complications 
[17]. dcSSc also presents more often with clear signs of systemic inflammation, with 
increased circulating C-reactive protein being itself associated with poor survival and 
shorter disease duration in dcSSc [18], as opposed to lcSSc, where the course of disease 
is generally milder with smoldering progression of fibrosis but still high chance to develop 
critical disability and severe organ involvement in the long run [19].
 Additional clinical manifestations distinctively mirroring the impairment of 
vasodilation mechanisms and causing repeated ischaemia / reperfusion damage during RP 
attacks, are digital ulcers and pitting scars. Their prevalence doesn’t vary much between 
lcSSc and dcSSc, they are not infrequent and deeply affect the quality of life of SSc 
patients, possibly worsening to the extent of gangrene and amputation. Gastrointestinal 
involvement in the form of a delayed and ineffective peristalsis concerns virtually all SSc 
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patients, although the localization and severity of symptoms can vary hugely, spanning 
from esophageal reflux and gastric food stasis to intestinal pseudo-obstruction and/or 
malabsorption, which in the most severe cases can require parenteral nutrition. Primary 
cardiac involvement is less common but likely underdiagnosed and involves conduction 
disturbances, ischaemic phenomena, poor left ventricular function with decompensatio 
cordis and/or pericarditis (a clinical overview is elegantly presented in the review of Desbois 
and Cacoub, [20]). 
 The separation into lcSSc and dcSSc helps the clinician to plan diagnostic 
assessments and estimate the risk of developing complications, by that improving the 
quality of follow-up and surveillance. Nevertheless, such subsetting results quite blunt and 
doesn’t fully account for the clinical heterogeneity and the unpredictable, diverse response 
to therapy which typify SSc. 
 Moreover, after the introduction of the 2013 ACR/EULAR criteria and the 
classification of patients as SSc even in the absence of clear fibrotic features  - the defSSc 
group -, the subsetting into lcSSc and dcSSc appears even more inadequate to cover the 
disease spectrum.

SSc, the immune system goes awry
The clinical complexity reflects the multifactorial etiology of SSc. In fact, the most 
accredited hypothesis on SSc pathogenesis indicates a role for unknown environmental 
triggers (chemicals, infectious agents) in genetically predisposed individuals to elicit a 
wide range of epigenetic modifications, conceivably the cause of microvascular damage 
and immune dysregulation and eventually initiating events which culminate in fibrosis in 
different patterns and severity degrees [21]. While for decades the main research focus 
was on fibroblasts and their affected pathways and on endothelial damage, increasing 
interest has been directed more recently to study the aberrant immune response in SSc. 
 By definition, autoantibodies and vascular modifications are present in EaSSc 
patients before disease onset and overt fibrosis. Evidences of perivascular infiltrates 
composed of monocytes/macrophages and CD4+ T cells in non-lesional skin of SSc 
patients [22] and of γ/δ T cells prominently in the early, edematous phases of disease [23] 
corroborate the notion that immune activation at least precedes fibrosis in SSc. The skin 
infiltration could be a direct consequence of the endothelial damage, possibly due to viral 
infection [24], or reflect a primary disturbance in the immune system in SSc. 
 Large efforts to identify the genetic risk factors for SSc revealed that all non-HLA 
susceptibility genes robustly replicated are immune-regulatory genes involved in T/B cell 
biology and in pathways concerning type I interferon (IFN), Tumor Necrosis Factor (TNF)-
family and Interleukin 12 (IL-12) signaling [25]. 
 As in other autoimmune diseases, an IFN signature is also present in the skin and 
immune cells of SSc patients. In particular, the expression levels of IFN-induced genes in 
skin correlate with the severity of skin involvement, as assessed by modified Rodnan Skin 
Score (mRSS) [26]. The presence of IFN signature is an indirect indication of the activation 
of plasmacytoid dendritic cells (pDC) in SSc and could reflect the Toll-like Receptor 
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(TLR)-mediated activation via immune complexes formed by auto-antibodies and/or an 
exaggerated response to virus triggers or endogenous ligands. 
 There is cumulating evidence supporting a hyperactivated state of pDC and of 
myeloid cells in SSc, as well as an enhanced response to TLR-mediated stimuli. CXCL4, 
a biomarker correlating with the presence and progression of skin fibrosis, ILD and PAH 
in SSc, seems preferentially and spontaneously released by pDC [27]. The monocyte/
macrophage lineage in both its M1 (classical activated, pro-inflammatory) and M2 
(alternatively activated, tissue-remodeling and pro-fibrotic) components is considered to 
contribute to the pathology of SSc in different fashions, likely reflecting the heterogeneity 
of the disease over time (summarized in our review [28]).  Furthermore, SSc monocytes 
and dendritic cells (DC)- and more specifically myeloid (mDC) and monocyte-derived 
(moDC) subsets - have shown augmented response to different TLR stimuli when compared 
to healthy donors [29]. In the same study the cytokine production was clearly diverse in 
early (< 2 years from onset) versus late disease and throughout the different SSc subsets, 
again highlighting the complexity of SSc and the presence of a diverse biology occurring in 
the different stages. TLR ligands are expressed by several pathogens and are also derived in 
inflammatory processes as a result of tissue damage/cell death; also in SSc the presence of 
circulating endogenous TLR4 ligands has been shown [30]. TLR-mediated hyperactivation 
and release of type I IFN and pro-inflammatory cytokines could itself trigger a break of 
tolerance in predisposed individuals [31] promoting the activation of autoreactive T cell 
clones. 
 T cell polarization towards Th2 and Th17 have been documented in SSc and linked 
to the fibrotic process. While the role of Th17 cells is very controversial and in humans 
could reflect more the inflammatory phase than being causative in fibrosis [32], the pro-
fibrotic profile carried by Th2 cells is far more established and finds evidences for both 
CD4+ [33] and CD8+ activation [34] in SSc circulation and affected tissues. Nevertheless, 
a Th1 skewing - as suggested by the involvement of the above-mentioned IL-12 pathway 
- can’t be excluded in SSc [35] and could be a signature of the earliest stages of disease 
and in those where inflammation is predominant and/or in the latest phases during 
fibrosis resolution. Alongside the clues towards a hyperactivation of the immune system, 
a defect in the feedback mechanisms limiting the magnitude of the immune response has 
been addressed. In particular, T regulatory cells and CD56+ natural killer (NK) cells have 
been shown to exert an impaired function in SSc [36, 37]. As innate immunity effectors, 
NK cells are able to rapidly kill virus-infected and tumor-transformed cells without prior 
sensitization. The regulatory activity of NK cells consists of the generation of signals which 
favor DC maturation and Th1 skewing or the killing of over-stimulated macrophages and 
DC, immature DC and auto-reactive T cells [38-40]. On the basis of the phenotype as 
determined by the expression of a wide range of activating and inhibitory receptors on NK 
cell surface (NKR), multiple NK subsets have been defined, reflecting different degrees of 
activation and heterogeneous function. CD56 and NKR are expressed also by a small fraction 
of T cells, the NKT-like cells, which cluster very close to NK cells also at the transcriptional 
level in respect to the rest of the T cell population, but are thought to act as adaptive, 
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effector T cells in response to repeated antigen stimulation as well as innate-like stimuli [41, 
42]. Indeed the activation of NK and NKT-like cells depends on NKR engagement, but can 
occur also via cytokine stimulation (e.g., IL-12) and via pathogen- and damage- associated 
molecular patterns (PAMPs and DAMPs, respectively) which trigger Toll-like receptors (TLR) 
on their surface [43]. In the case of NKT-like cells, activation can be achieved additionally 
via binding of their restricted TCR. NKT-like cells have been sparsely examined in SSc; their 
frequency is reported to be reduced in the circulation of SSc patients [44], but their role in 
autoimmunity has hardly been further investigated.

An attempt to free the captive
The aberrances in the immune system in SSc seem to be differently expressed in a timely 
manner, reflecting the relative contribution of ongoing inflammation and fibrotic process. 
Moreover, it is likely that they vary when compared amongst the distinct disease phenotypes 
- not only the clinical subsets which have been described until the present moment, but 
the ones yet to be defined, likely on a molecular basis rather than solely through clinical 
characterization. At the best of the current knowledge, the scientific community is trying 
to identify the different stages in SSc, with the aim to stop, reverse or prevent the fibrotic 
process, the major cause of morbidity and disability in SSc. 
 In this perspective, a deeper knowledge of the events which define the earliest 
stages, pre-symptomatic EaSSc and pre-fibrotic defSSc, and differentiate them from the 
latest fibrotic lcSSc and dcSSc forms of disease, could provide solid ground for disease 
interception. To this aim we have addressed the research of this doctoral thesis, approaching 
EaSSc and defSSc from two different angles. 
 In the first part of this thesis we have intended to describe as in a photograph 
the pattern of circulating factors involved in vascular and immune activation in SSc, in 
order to gain an overview of their modification through the different stages of disease 
from EaSSc, to defSSc, to the late fibrotic phase in lcSSc and dcSSc and identify biomarkers 
of early disease. In particular, in Chapter 2 we investigate the presence and magnitude 
of type I IFN signature in the different SSc subsets, putting the focus for the first time 
on EaSSc and defSSc patients and comparing to lcSSc and dcSSc, where type I IFN is an 
established immunologic trait. In Chapter 3 we provide a robust clinical characterization 
of the defSSc subgroup by that stratifying their severity in comparison with EaSSc and 
lcSSc/dcSSc individuals. In the same cohort we show how different circulating markers of 
vascular activation are represented in the different subsets. Next, in Chapter 4 we broaden 
the investigation of circulating markers to additional vascular activation molecules and to 
several factors involved in inflammation, metabolism and tissue damage/remodeling. To do 
so, we use a discovery cohort composed of healthy donors, EaSSc and defSSc patients and a 
bigger validation cohort consisting of the same individuals enrolled in the study described 
in Chapter 3 to validate the markers which are found to be differentially expressed in the 
discovery cohort; a comparison of the levels of the validated factors with established lcSSc 
and dcSSc is also provided. 
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 In the second section of this thesis we’ve aimed to contribute to an increased 
knowledge on immune-regulation in SSc since the earliest phases, with a focus on NK and 
NKT-like cells, both identified by CD56 positivity. In Chapter 5 we explore the extent of 
activation of the entire CD56+ pool via stimulation with different TLR ligands and activating 
triggers in healthy donors, individuals with PRP, EaSSc and defSSc. Next to EaSSc and defSSc, 
the investigation is extended to lcSSc and dcSSc in Chapter 6, where a broad phenotyping 
of activating and inhibitory NKR on NK and NKT-like cells is applied to gain insight on their 
function and relative contribution to the pathology of SSc. Lastly, with a similar approach 
a phenotyping of NKR on NK and T cells of patients with rheumatoid arthritis (RA) and 
psoriatic arthritis (PsA) is provided in Chapter 7 as comparison with the results obtained in 
SSc.
 Chapter 8 is designed to summarize the results of this thesis, evaluate how 
they intertwine and add to each other in a broader vision and, finally, to focus on future 
perspectives.
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Abstract
Background: Interferon (IFN) signature has been reported in definite systemic sclerosis (SSc) 
but it has not been characterized in early SSc (EaSSc). We aim at characterizing IFN type I 
signature in SSc before overt skin fibrosis develops. 
Methods: The expression of 11 IFN type I inducible genes was tested in whole-blood samples 
from 30 healthy controls (HCs), 12 subjects with primary Raynaud’s phenomenon (RP), 
19 patients with EaSSc, 7 patients with definite SSc without cutaneous fibrosis, 21 limited 
cutaneous SSc and 10 diffuse cutaneous SSc subjects. The correlation between IFN activity 
in monocytes, B cell activating factor (BAFF) mRNA expression and type III procollagen 
N-terminal propeptide (PIIINP) serum levels was tested. 
Results: In all the SSc groups, higher IFN scores were observed compared with HC. An IFN 
score ≥7.09 discriminated HCs from patients with SSc (sensitivity=0.7, specificity=0.88, area 
under receiving operating characteristic (AUROC)=0.82); the prevalence of an elevated 
IFN score was: HC=3.3%, RP=33.3%, EaSSc=78.9%, definite SSc=100%, limited cutaneous 
SSc=42.9%, diffuse cutaneous SSc=70.0%. In monocytes an IFN score ≥4.12 distinguished HCs 
from patients with fibrotic SSc (sensitivity=0.62, specificity=0.85, AUROC=0.76). Compared 
with IFN-negative subjects, IFN-positive subjects had higher monocyte BAFF mRNA levels 
(19.7±5.2 vs 15.20±4.0, p=2.1x10-5) and serum PIIINP levels (median=6.0 [IQR 5.4–8.9] vs 
median=3.9 [IQR 3.3–4.7], p= 0.0004). 
Conclusions: An IFN type I signature is observed in patients with SSc from the earliest phases 
of the disease, even before overt skin fibrosis. The presence of IFN type I signature in 
monocytes is correlated with BAFF mRNA expression and serum PIIINP levels, supporting a 
contribution in the pathogenesis and progression of SSc.
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Introduction
Systemic sclerosis (SSc) is a complex autoimmune disease with extensive fibrosis, vascular 
alterations and immune activation among its principal features [1]. With an incidence of 
1-2 cases per 100.000 it is considered a rare disease in which chronic oxidative stress and 
inflammation lead to organ failure ending up in severe fibrosis of skin and internal organs. 
Ultimately, these disease hallmarks culminate in profound decline in the quality of life and 
premature death. Raynaud’s phenomenon (RP) is the first manifestation of SSc in 95% of 
cases and can precede the onset of SSc by years. The presence of RP, specific autoantibodies 
and typical features at the nailfold videocapillaroscopy (NVC) even in absence of other 
additional clinical or laboratory features, allows identification of a specific group of patients 
termed patients with early SSc (EaSSc) [2], who are considered to have a high chance to 
develop SSc [3, 4]. The American College of Rheumatology (ACR)/European League Against 
Rheumatism (EULAR) Scleroderma Classification Criteria Committee proposed new criteria to 
identify patients with definite SSc even when overt skin or lung fibrosis may not be present 
[5]. This allows the identification of a new group of patients with definite SSc that does not 
show the prototypical cutaneous involvement that clinically allows the identification of two 
major subsets of SSc, that is, limited cutaneous SSc (lcSSc) and the diffuse cutaneous SSc 
(dcSSc) [6]. It is now clear that in most cases, the natural history of SSc can be viewed as a 
continuum where the disease develops from RP, to a very early disease stage where only 
NVC and/or autoantibody alterations are present (EaSSc), to a state where the first definite 
SSc manifestation can be observed and eventually progress to a full blown disease with 
cutaneous and visceral fibrotic features. Estimates in a EaSSc case-series showed that the risk 
of progression to a definite SSc according to the ACR/EULAR 2013 criteria is about 60% and 
80% at 5 years and 10 years from referral, respectively [4]. It is currently unknown to what 
extent the different stages of the disease differ from each other in terms of immunological 
abnormalities. Yet, focusing on the study of early disease stages could provide new prognostic 
tools and a novel therapeutic window of opportunity to prevent the onset of fibrosis and end-
stage organ failure.
 Potential candidates for the understanding of the immunological properties of early 
SSc are type I interferons (IFNs). Studies on genetic risk factors for SSc revealed that genes 
involved in the IFN type I signalling pathway such as STAT4 and IRF5 are associated with a 
significant risk of SSc occurrence [7-10]. Furthermore, a substantial part of patients with SSc 
displays IFN type I activation either in the affected skin or in immune cells isolated from the 
circulation [11-13]. Clinically, the expression of the IFN type I induced genes Siglec-1 (CD169) 
and IFI44 in skin biopsies correlated with modified Rodnan skin score (mRSS), that is still 
considered the only available marker of disease progression [14]. It is widely accepted that 
plasmacytoid dendritic cells (pDCs) are the main source of type I IFNs. Upon activation of toll-
like receptors (TLRs) by the so-called danger signals, pDCs start to secrete marked amounts 
of type I IFN and SSc pDCs produce increased levels of type I IFN after TLR9 stimulation [15]. 
This release of type I IFN is reflected by the IFN type I induced gene expression pattern, the 
so-called IFN type I signature, observed in multiple systemic autoimmune diseases [16, 17]. 
 One of the most studied cell types affected by type I IFN are monocytes. Monocytes 
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stimulated by type I IFN differentiate into activated DCs and macrophages and, in combination 
with other triggers, direct the immune system into potentially harmful conditions like 
autoimmune diseases. Previously we found a monocyte IFN type I signature in 55% of patients 
with primary Sjögren’s syndrome (pSS) compared with 4.5% of healthy controls (HCs) [18]. 
One of the genes that strongly correlated with the presence of the IFN type I signature was B 
cell activating factor (BAFF) of the tumor necrosis factor family [18]. Interestingly, BAFF serum 
levels were found to correlate with the extent of skin fibrosis in patients with SSc [19].
 Overall, disentangling the IFN type I activity in different phases of disease and its 
role in the pathogenesis of SSc is highly justified. In this study we analysed for the first time 
the prevalence of the IFN type I signature in individuals with primary RP and EaSSc along 
with patients with definite SSc. We then further investigated the presence of the IFN type 
I signature in monocytes from two independent cohorts of patients with lcSSc and dcSSc, 
focusing on the relationship between IFN type I and other important parameters of SSc 
pathogenesis such as BAFF expression and collagen synthesis. 

Methods
Patient collection
A two-stage study was conducted; as a first step, whole-blood analysis was conducted on HCs 
and patients with SSc at different disease stages including patients with EaSSc [2], patients 
with definite SSc without cutaneous fibrotic features and fibrotic SSc subjects; as a second 
step, monocytes isolated from a different cohort were used from HCs and patients with SSc 
with overt skin fibrosis.
 For whole-blood analysis subjects were enrolled at the Referral Center for Systemic 
Autoimmune Diseases, Fondazione IRCCS Ca' Granda Ospedale Maggiore Policlinico di 
Milano, Milan, Italy. Overall, 12 subjects with primary RP, 19 patients with EaSSc following 
the LeRoy and Medsger criteria [2] and 38 patients with definite SSc according to the ACR/
EULAR 2013 classification criteria [5], were included. Patients with definite SSc were further 
subdivided based on the extent of skin involvement [6] into lcSSc (n=21), dcSSc (n=10) and 
non-cutaneous SSc (ncSSc) (n=7) subsets. Thirty age-matched and sex-matched HCs were 
also included; characteristics of patients and controls are summarized in Table 1.
 For monocyte cells analysis, 58 patients with definite SSc with fibrotic skin features 
were considered. Of those, 28 patients with SSc referred to the Department of Rheumatology, 
Radboud University Nijmegen Medical Center, the Netherlands and 30 patients with SSc to 
the Department of Immunology, Erasmus Medical Center, Rotterdam, the Netherlands. As 
above, these patients were stratified as lcSSc (n=42) and dcSSc (n=16) [6].
 The presence of SSc-specific autoantibodies, namely anti-topoisomerase I (ATA), 
anti-centromere (ACA) and anti-RNA polymerase III (RNAP), was tested according to local 
laboratory standards. None of the patients had chronic hepatitis C infection or overlap 
syndromes with other autoimmune diseases that may influence IFN signature. Pulmonary 
fibrosis was defined as the presence of lung fibrosis on high-resolution CT scan (at least 5% of 
the whole parenchyma) combined with a restrictive pulmonary function pattern (forced vital 
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capacity or diffusing capacity for carbon monoxide <80% of the predicted). Pulmonary artery 
hypertension was diagnosed by right heart catheterization and considered present when the 
mean pulmonary artery pressure was greater than 25 mmHg at rest in the presence of a 
normal wedge pressure. 
 As a comparator group, 27 HCs were also included. Characteristics of patients and 
controls that underwent monocyte cells analysis are summarized in Table 2. Blood samples 
were obtained with informed consent. 

Table 1. Clinical and demographic characteristics of the patients included for whole-blood analysis

RP, Raynaud’s Phenomenon; EaSSc, early SSc; ncSSc, non-cutaneous SSc; lcSSc, limited cutaneous SSc; dcSSc, diffuse 
cutaneous SSc; n, number; ANA, Anti-Nuclear Autoantibodies; ACA, Anti-centromere Autoantibodies; ATA, Anti-
Topoisomerase I Autoantibodies; RNAP, anti-RNA polymerase III autoantibodies. Pairwise comparison p<0.05 against 
*EaSSc, †lcSSc, ‡dcSSc, §RP or ¶ncSSc. Values are expressed as mean (±SD) or % of patients, depending on whether 
the data are dichotomous or continuous.

Table 2. Clinical and demographic characteristics of the patients included for monocyte cell analysis
  SSc  

Variable 
 

Controls 
(n=27) 

lcSSc 
 (n=42) 

dcSSc  
(n=16) 

Demographics 
 

   

   Females (%) 70 81 63 
   Age (years) 
 

46.0±15 52.0±14 54.0±10 

Disease duration (years)   - 6.5±4.9 3.9±5.5 
Rodnan skin score - 3.6±3.0 11.5±7.6 
Pulmonary hypertension (%) - 20 13 
Lung fibrosis (%) - 35 69 
ANA positivity (%) 
ACA positivity (%) 

- 
- 

93 
43 

100 
13 

ATA positivity (%) - 22 25 
RNAP positivity (%) - 5 15 

 

                       Definite SSc 

Variable 
 

Controls  
(n=30) 

RP 
(n=12) 

EaSSc 
(n=19) 

ncSSc 
(n=7) 

lcSSc 
(n=21) 

dcSSc 
(n=10) 

Demographics 
 

      

   Females (%) 90 100 89.5 100 95.2 70 
   Age (years) 49±21 48.6±17 49.3±15.2 59.4±13.3 55.5±13.4 50.3±13 

RP duration (years) - 23.1±13.7*†‡  8.3±5.6§¶  25±13.9*†‡  11.2±9§¶ 8.8±9.5§¶ 
Disease duration (years) - - - 9.5±8.5 6.5±5.9 6.3±5.2 
Rodnan skin score - - - 0 3.8+3.6 7.8±6.2 
Pulmonary hypertension - - - 0 0 0 
Lung fibrosis (%) - - - 0 23.8 70 
ANA positivity (%) - 0 89.5 100 90.5 90 
ACA positivity (%) - 0 57.9 85.7 57.1 0 
ATA positivity (%) - 0 15.8 0 14.3 90 
RNAP positivity (%) - - 5.3 0 9.5 0 

 

lcSSc, limited cutaneous SSc; dcSSc, 
diffuse cutaneous SSc; ANA, Anti-
Nuclear Autoantibodies; ACA, Anti-
centromere Autoantibodies; ATA, 
Anti-Topoisomerase I Autoantibodies; 
RNAP, anti-RNA polymerase III 
autoantibodies. Values are the 
mean (±SD), median (25% quartile, 
75% quartile) or % of patients, 
depending on whether the data are 
dichotomous or continuous following 
a normal distribution or not.
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Whole-blood collection
Blood was collected in PaxGene tubes (PreAnalytix, Hombrechtikon, Switzerland) according 
to manufacturer’s protocol and stored at -80°C. Total RNA was purified according to 
manufacturer’s instructions using the RNA blood extraction kit (PreAnalytix,  Hombrechtikon, 
Switzerland).

Blood collection and isolation of monocytes
Blood was collected in clotting tubes for serum preparation (stored at -80oC) and in sodium-
heparin tubes for peripheral blood mononuclear cell (PBMC) preparation as described 
in detail elsewhere [20]. CD14 positive monocytes were isolated from frozen PBMCs by 
magnetic cell sorting system (Miltenyi Biotec, Bergisch Gladbach, Germany) according to 
the manufacturer’s recommendations. The purity of monocytes was >90% (determined by 
morphological screening after trypan blue staining and fluorescence-activated cell sorting 
(FACS)). As reported elsewhere positive immune cells isolation did not influence gene 
expression profiles [21].  Total RNA was isolated from purified monocytes using RNAeasy 
columns according to the manufacturer’s instructions (Qiagen, USA) and as previously 
described [22].

Real-time quantitative PCR
The expression levels of 11 IFN type I inducible genes (IFI27, IFI44L, IFIT3, IFITM1, SERPING1, 
IFIT1, IFIT2, LY6E, IFI44, XAF3 and MXA) was assessed [18]. These genes were previously 
selected from microarray analysis of monocytes of pSS [18].
 RNA was reverse-transcribed to cDNA using a high-capacity cDNA reverse 
transcription kit and real time quantitative PCR analysis was performed using predesigned 
primer/probe sets (Applied Biosystems, Foster City, California, USA). For calculation of 
relative expression, all samples were normalized against expression of the household gene 
ABL (Abelson murine leukemia viral oncogene homologue 1) [23]. Fold change values 
were determined from normalized CT values using 2ֿΔΔCT method (User Bulletin, Applied 
Biosystems, Foster City, California).

Radioimmunoassay for quantitative N-terminal propeptide III
For quantitative assessment of intact N-terminal propeptide of type III procollagen (PIIINP), 
a radioimmunoassay kit was used according to manufacturer’s protocol (UniQ, Orion 
Diagnostica, Espoo, Finland); frozen sera (stored at -80oC), collected at the time of patient 
inclusion were analyzed. Measurement range: 1.0-50 µg/L, detection limit: ±0.3 µg/L, defined 
as twice the SD of the zero-binding value.

Data analysis
To reduce data complexity, the expression levels of the 11 IFN I genes were submitted to 
unsupervised principal component analysis (PCA) via the IBM SPSS ver 20.0 software. The 
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subset of genes that explained 0.95 of the total variance of the data was assessed and a total 
score summing the individual IFN gene expression values was obtained and used for further 
statistical considerations (see below). Given that the expression of IFN type I inducible genes 
is not normally distributed, log transformation of expression values was performed and IFN 
scores calculated as described for pSS and SLE [18, 24]. MeanHC and SDHC of each gene in 
the HC-groups were used to standardize expression levels.
 The distribution of IFN scores in the different groups was compared via analysis of 
variance (ANOVA) with Tukey’s honest significant difference (HSD) post hoc correction after 
verifying that data were normally distributed via the Shapiro-Wilk test and homogenously 
distributed around the mean (skewness between -2.5 and 2.5). A cut-off for the monocyte 
IFN scores to differentiate HCs and patients with SSc was calculated via receiver operating 
characterisitc (ROC) analysis; the optimal cut-off was chosen as the one that maximized the J 
statistic (Youden index). For whole-blood IFN scores, having verified that these were equally 
distributed between HCs and patients with primary RP (see Results below), a cut-off was 
similarly calculated to differentiate between HCs and RP (class=0) and SSc (class=1) subjects. 
The distribution of clinical variables in the groups of patients was compared by means of 
Pearson’s χ2 test or Fischer’s exact test, in case of categorical data, or by means of Student’s 
t-test, in case of continuous data; Mann-Whitney U test was used when the normality 
assumption was not met. A nominal α level equal to 0.05 after correction for multiple tests 
according to Bonferroni, was used. Correlations among continuous variables were performed 
via Pearson’s r. Normally distributed data are presented as mean± SD, median and IQRs are 
used elsewhere.

Results
The IFN type I signature is present at the earliest phases of the disease, even 
before overt skin fibrosis
PCA sorted out six genes (IF127, IF144L, IFIT1, IFIT2, IFIT3 and Serping1) that explained >95% 
of the total variance among the different stages of the disease. The IFN score was significantly 
increased in patients in every stage of the disease compared with HCs. Figure 1 depicts the 
distribution of IFN scores according to the different groups along with the results of pairwise 
comparisons. The mean±SD values for the IFN scores were as follows: HCs, 0.406±4.502; 
RP, 4.829±10.057; EaSSc, 12.775±9.969; ncSSc, 26.365±13.856; lcSSc, 9.151±10.085; dcSSc, 
12.04±9.906. Higher IFN scores were observed when comparing patients with non-fibrotic 
SSc (EaSSc+ncSSc, n=26) with fibrotic SSc (lcSSc+dcSSc, n=31): 16.43±12.47 vs 10.08±9.95, 
p=0.037.
 After cut point analysis, a positive IFN score defined as values ≥7.09 was able to 
discriminate between HCs and patients with a sensitivity of 0.667, a specificity of 0.881 and 
area under receiving operating characteristic (AUROC) of 0.823. The prevalence of subjects 
with positive IFN scores according to the disease status was: HC, 3.3%; RP, 33.3%; EaSSc, 
78.9%; ncSSc, 100%; lcSSc, 42.9%; dcSSc, 70.0% (χ2=41.789, 5° of freedom [df], p=6.2x10-8). 
 No correlation was found between IFN scores and the age at onset of RP, disease 
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duration or the age at blood drain. Neither is there a correlation between ATA or RNAP 
positivity and the IFN score. In patients with non-fibrotic SSc IFN scores were higher in the 
17 ACA+ patients compared with the 9 ACA- patients (IFN scores=20.84±12.26 vs 8.11±5.11; 
p=0.01); no differences were observed as far as patients with fibrotic SSc were concerned 
(IFN scores=8.85±9.44 vs 10.86±10.45 in 12 ACA+ vs 19 ACA- patients; p=not significant (NS)). 
Therapy was not relevant in predicting IFN responses and IFN scores were equally distributed 
between patients receiving (n=12) and patients not receiving (n=57) immunosuppressant 
(IFN scores=14.34±9.83 vs 10.97±11.97; p=NS).

Monocytes of patients with fibrotic SSc have higher IFN type I signature than 
controls
PCA identified a subset of five genes (IFI44L, IFIT3, IFITM1, IFIT1 and MXA) to explain 96% of 
the total variance of the 11 IFN type I inducible genes within the fibrotic SSc cohort. In Figure 
2 the distribution of monocytes IFN scores according to the different groups along with the 
significant pairwise comparisons is shown. The mean±SD values for the monocytes IFN scores 
were as follows: HCs, 0±4.088; lcSSc, 4.993±6.583; dcSSc, 7.36±6.291. 
 After cut point analysis, a positive IFN score defined as values ≥4.124 was able to 
discriminate between patients and controls with a sensitivity of 0.621 and a specificity of 
0.852 (AUROC 0.76). The prevalence of subjects with positive IFN scores according to the 
disease status was: HC, 14.8%; lcSSc, 59.5%; dcSSc, 68.8% (χ2=16.91, 5 df, p=2.1x10-4).  
Overall the experiments conducted on patients with fibrosis confirm at the cellular level the 
results observed in whole blood, where IFN type I genes are overexpressed in patients with 
lcSSc and dcSSc, compared with HCs.
 No significant differences were observed between patients with lcSSc and dcSSc or 
when autoantibodies or the other clinical parameters were taken into account. Remarkably, 
all patients positive for anti-RNAP antibodies (n=4) had a positive IFN score, yet the number 
of anti-RNAP positive patients was too low to draw any relevant conclusions. Therapy did not 

Figure 1. Prevalence of IFN type I signature in 
whole blood in the earliest phases of disease 
and patients with systemic sclerosis (SSc). 
Distribution of IFN scores in healthy controls (HC), 
Raynaud’s phenomenon (RP), early SSc (eaSSc), 
non-cutaneous SSc (ncSSc), limited cutaneous SSc 
(lcSSc) and diffuse cutaneous SSc (dcSSc). Interferon 
(IFN) type I positive cases are depicted in red. One-
way analysis of variance (ANOVA) was performed 
followed by Tukey’s honest significant difference 
(HSD) to perform pairwise comparisons. *p-values 
<0.05 vs HC; **p-values <0.01 vs HC; ***p-values 
<0.001 vs HC.
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influence IFN signature and IFN scores were equally distributed between patients receiving 
(n=17) and not receiving (n=41) immunosuppressant (IFN scores=6.62±7.65 vs 5.24±6.07; 
p=NS). 

IFN type I signature is positively correlated with monocyte BAFF mRNA, 
PIIINP serum levels 

BAFF mRNA levels positively correlated with monocyte IFN scores (Pearson’s r=0.601, 
p=1.2x10-9), Figure 3A. Accordingly, mRNA BAFF levels were higher in IFN type I signature-
positive (n=40) compared with signature-negative subjects (n=45) (19.7±5.2 vs 15.205±3.95, 
p=2.1x10-5), Figure 3B. BAFF mRNA levels were found to be higher in patients with dcSSc 
compared with controls (20.022±5.7 vs 15.802±3.784, p=0.022, Tukey’s HSD), while no 
differences were found between dcSSc and lcSSc or HC and lcSSc (mean mRNA BAFF levels in 
lcSSc=17.26 ±5.255). 
 We next investigated whether an indicator of de novo collagen type III synthesis, 
namely PIIINP, is increased in subjects positive for the IFN type I signature. PIIINP levels 
positively correlated with IFN scores (Spearman’s r=0.573, p<0.0001), Figure 3C. Subjects 
with positive IFN scores had higher PIIINP levels compared with IFN-negative ones 
(median=6.00 [IQR, 5.40–8.90] vs median=3.90 [IQR, 3.25–4.70], p=0.0004), Figure 3D. We 
then found increased PIIINP levels in patients with SSc compared with HC (median=5.80 [IQR, 
4.10–6.93] vs median=3.70 [IQR, 3.20–4.70], p=0.0005), but no differences between patients 
with dcSSc and lcSSc (median=5.75 [IQR, 4.28–8.00] vs 5.80 [IQR, 4.03–6.95]). None of the 
clinical parameters correlated with BAFF mRNA or PIIINP serum levels. PIIINP and BAFF levels 
were independently correlated with IFN scores in a multivariate regression model (PIIINP, 
p=0.0107; BAFF, p=0.0112); the overall fit of the multivariate model was: r2=0.368 (p=5x10-6).

Discussion
In rheumatic disorders one of the main challenges is to identify patients as soon as possible 
to start treatment and prevent irreversible damage. Here we show for the first time, that an 
IFN type I signature is present in patients with SSc before overt fibrosis develops and since 
the earliest phases of the disease (EaSSc). Moreover, we did find that IFN type I signature 
is associated with high BAFF mRNA expression and high serum PIIINP levels. While IFN 
signature is a hallmark of the majority of patients, it is noteworthy to observe that patients 
with non-fibrotic SSc had the highest averages of IFN scores as well as the highest prevalence 
of IFN signature among SSc subjects. This underlines the presence of inflammation and 
immune modifications which can be suitable for therapeutic targeting before - and thereby 
preventing - the onset of fibrosis, introducing a paradigm shift in the handling of SSc in its 
earliest identifiable phase. Prospective studies to assess the development of fibrotic features 
or of internal organ damage in EaSSc or ncSSc that have increased IFN scores without clinical 
evidence of fibrosis, may further clarify the predictive capability of IFN type I signature and 
its role as a biomarker of disease progression. The finding that patients with systemic lupus 
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erythematosus and SSc share a common IFN type I signature [25] and the promising results 
of a phase 1 trial with sifalimumab, an anti-IFN-α monoclonal antibody, may offer the promise 
of adequate therapy in the early phase of disease in a selected subgroup of patients with SSc.
In this light, the observation that IFN-α is able to induce the expression of TLR3 in SSc dermal 
fibroblasts [26], leading to a self-perpetuating inflammatory loop, might directly link pDC 

Figure 2. Prevalence of interferon 
(IFN) type I signature in monocytes 
of patients with systemic sclerosis. 
(A) Heatmap showing gene expression 
of five IFN type I inducible genes in 
monocytes of patients with limited 
cutaneous SSc (lcSSc, n=42), diffuse 
cutaneous SSc (dcSSc, n=16) and 
healthy controls (HCs, n=27). On the left 
the HCs are depicted and on the right 
the patients with SSc are depicted and 
subdivided into lcSSc and dcSSC. Red 
colour indicates high gene expression 
and cases are depicted according to 
ascending IFN scores. (B) Distribution 
of IFN scores in patients with lcSSc and 
dcSSc and HCs. IFN type I positive cases 
are depicted in red. One-way analysis 
of variance (ANOVA) was performed 
followed by Tukey’s honest significant 
difference (HSD) to perform pairwise 
comparisons. ***p-values <0.001.
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activation, IFN type I and the onset of fibrotic events. In addition, IFN-α2 has been reported 
to induce TLR3-induced production of the profibrotic cytokine IL-6. SSc fibroblasts showed an 
augmented TLR3 response to IFN-α2 compared with HC fibroblasts [26]. Our observation that 
collagen synthesis   ̶  as represented by elevated PIIINP serum levels   ̶  is increased in IFN type 
I signature-positive patients with SSc, is in line with these data.  
 Next to the direct effect of IFN type I on fibrosis, an indirect effect through 
upregulated BAFF production is possible. BAFF serum levels correlate with the extent of skin 
fibrosis in SSc [19] and we found elevated BAFF mRNA levels in monocytes of IFN type I 
signature positive patients with SSc. A recent report suggested BAFF being increased mainly 
in the early phase of the disease [27, 28], in line with our findings on the IFN type I signature. 
No BAFF serum protein levels were assessed since we previously reported a lack of correlation 
between BAFF monocyte mRNA and BAFF serum protein [18], although monocytes are the 
major producers of BAFF protein. This might be caused by the fact that only the soluble BAFF 
protein is measured by commercial BAFF ELISAs and not the membrane bound form. In other 
autoimmune diseases type I IFN induced-BAFF is directly linked to disease pathogenesis 
by, for example, rescuing autoreactive B cells from deletion [29, 30]. We hypothesized that 
BAFF is correlated with fibrosis through the increase of PIIINP. The clear correlation warrants 
further research on the meaning of this plausible mechanism.

Figure 3. Interferon (IFN) type I signature is positively correlated with B cell activating factor 
(BAFF) mRNA and N-terminal propeptide of type III procollagen (PIIINP) serum levels. (A) Scatterplot 
of IFN scores vs BAFF mRNA expression. (B) BAFF mRNA expression in IFN type I signature -positive (n=40) and 
signature-negative subjects (n=45). (C) Scatterplot of IFN scores vs serum PIIINP; PIIINP is reported in log-scale due 
to dispersion of data. (D) PIIINP (μg/L) in serum from subjects positive (n=14) and negative (n=28) for IFN type I 
signature. Horizontal lines represent means. ***p-values <0.001.
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 In contrast to earlier studies [31], we did not find an association between ATA and 
IFN type I signature. This might be related to the limited ATA positivity in our study. However, 
in support of our findings Eloranta et al. reported that ATA did not correlate with the presence 
of IFN type I using a functional approach [32].  Similarly, we did not find any correlation 
between IFN signature and mRSS; albeit disappointing and not directly comparable, these 
results are in line with York et al. who showed that the expression of another IFN type I 
inducible gene Siglec-1, does not correlate with the mRSS in dcSSc [12]. We further pursued 
the question whether the IFN type I signature is more frequent in dcSSc, which is denied by 
our data in line with earlier studies [13, 33]. Interestingly the signature is not confined to 
the early phase of the disease, but remains present in later stages as recently shown with 
an IFN type I-induced chemokine profile [33]. In fact, there is no clear correlation with any 
of the investigated clinical parameters leaving the question on what further defines IFN type 
I positive patients unresolved. SSc is a heterogeneous disease and the need to understand 
the mechanisms that characterize the first phases of the disease and/or its progression is 
often unmet. In the present work we show that prototypical immunological mechanisms are 
distinguishable from the very beginning of the disease, when SSc is not full blown yet, and 
we hypothesize that these mechanisms may later influence the turnover of collagen and 
the appraisal of skin fibrosis. At the moment it is not possible to tell whether the IFN type 
I signature may represent a marker of disease progression and may allow the identification 
of a subgroup of patients at greater risk for an unfavourable evolution. Nonetheless, the so 
far neglected possibility of identifying those patients and the possibility of providing an early 
therapeutic intervention, warrant further studies in this field. 
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Abstract
Background: With this work, we aim at improving the knowledge of vasculopathy in 
systemic sclerosis (SSc) though the assessment of serum levels of circulating angiogenetic 
and endothelial dysfunction markers in patients at different stages of the disease.
Methods: Sera from 224 subjects were obtained and concentrations of angiopoietin-2, 
chemokine (C-X-C motif) ligand (CXCL)-16 (CXCL16), E-Selectin, soluble intercellular 
adhesion molecule-1 (sICAM-1), IL-8 (CXCL8), soluble vascular adhesion molecule-1 
(sVCAM-1), VEGF were determined by a Luminex assay. Subjects included 43 healthy 
controls, 47 early SSc (EaSSc) patients according to LeRoy and Medsger without other signs 
and symptoms of evolutive disease, 48 definitive SSc (defSSc) patients according to the 
2013 ACR/EULAR criteria without skin or lung fibrosis, 51 limited cutaneous (lcSSc) and 35 
diffuse cutaneous (dcSSc) subjects.
Results: The four groups of patients showed well-distinct clinical and laboratory 
characteristics with a linear decreasing trend in forced vital capacity and diffusing capacity 
for carbon monoxide % predicted values from EaSSc to defSSc to lcSSc and to dcSSc, 
and a linear increasing trend in the erythrocyte sedimentation rate, in the prevalence of 
abnormal C-reactive protein, serum gamma globulins as well as lung fibrosis (all p<0.0001). 
Highly significant linear trends pointing to an increase in angiopoietin-2 (p<0.0001), CXCL16 
(p<0.0001), E-Selectin (p=0.001) and sICAM-1 (p=0.002) in relation to the different disease 
subsets were observed.
Conclusions: Markers characterizing vascular activation are found to be increased in 
SSc patients from the earliest stages of disease when clinical and laboratory findings of 
advanced disease cannot yet be detected. These abnormalities progress with the appraisal 
of the first sclerodermatous manifestation in defSSc and further increase with the onset of 
fibrotic manifestations.
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Introduction
Systemic sclerosis (SSc) is a complex autoimmune disease characterized by vasculopathy, 
immune system activation and cellular matrix remodeling leading to fibrosis of the skin and 
of the internal organs [1]. In the vast majority of patients the first symptom of the disease is 
Raynaud’s phenomenon (RP), a condition that may antedate by months or years the appraisal 
of definite sclerodermatous fibrotic features. Subjects with RP and the occurrence of SSc-
specific autoantibodies and/or of typical alterations at nailfold videocapillaroscopy (NVC) are 
at risk of developing a definite SSc [2, 3] and this condition is thus defined as undifferentiated 
connective tissue disease (UCTD) at risk for SSc (UCTD/SSc) [4] or early SSc (EaSSc) according 
to Le Roy and Medsger [5]. 
 Vasculopathy is pivotal to the development and progression of SSc and endothelial 
damage can be observed from the earliest stages of SSc. Definite SSc patients present with 
more severe NVC alterations compared with EaSSc subjects [6] and in EaSSc more severe 
NVC patterns are associated with shorter times of progression toward a definite SSc [3]. 
Moreover, adhesion molecules such as soluble intercellular adhesion molecule-1 (sICAM-1), 
soluble vascular adhesion molecule-1 (sVCAM-1), chemokine (C-C motif) ligand-2 (CCL2) and 
chemokine (C-X-C motif) ligand (CXCL)-8 were shown to be increased in EaSSc and definite 
SSc patients compared with controls and with a gradual increase from EaSSc to fibrotic SSc [7] 
belonging to the limited or the diffuse cutaneous subsets (lcSSc and dcSSc [8], respectively). 
Overall, patients with SSc have an increase in vascular damage markers compared with 
healthy controls [9] and an increased risk of clinical complications in relation to the extent of 
vascular damage on NVC [10].
 Despite these premises, a thorough study of circulating angiogenetic factors and 
endothelial dysfunction markers in SSc patients that includes the full spectrum of the disease 
has not been carried out yet. Here we assessed to what extent selected biomarkers of 
vasculopathy differ among the main subsets of the disease, including EaSSc patients, definite 
SSc patients according to the 2013 ACR/EULAR criteria [11] and without skin or lung fibrosis 
(here referred to as defSSc), lcSSc and dcSSc patients.

Methods
Patients and controls
A total of 181 SSc patients referring to the Scleroderma Unit of our institution between January 
2012 and September 2014 were considered. This group included 47 EaSSc patients [5]; 48 
defSSc according to the 2013 ACR/EULAR criteria without skin fibrosis (modified Rodnan skin 
score = 0) [12] and without any sign of lung fibrosis defined as a typical involvement of the 
lung parenchyma >5% on high resolution computed tomography (HRCT) [13] accompanied by 
a reduced forced vital capacity (FVC) or diffusing capacity for carbon monoxide (DLco) <80% 
of predicted values; 51 lcSSc and 35 dcSSc patients. Forty-three healthy controls matched for 
sex and age were also included as a comparison group.
 Each patient underwent a complete evaluation to correctly allocate the patients to 
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the different study groups. The presence of SSc-specific antibodies, anti-centromere (ACA), 
anti-Topoisomerase I (Topo I) and anti-RNA polymerase III (RNAP) antibodies, was determined 
by reviewing the patients’ medical records. Clinical features indicative for defSSc [14] were 
evaluated, including: telangiectasia, digital ulcers or pitting scars and puffy fingers; the 
presence of a gastroesophageal reflux disease was additionally evaluated. Where skin fibrosis 
was present, patients were categorized as having lcSSc or dcSSc according to LeRoy et al. 
[8]. Pulmonary function tests, with FVC and DLco determinations, were conducted according 
to published standards [15]. The presence of interstitial lung disease (ILD) was defined as 
described above. The right-ventricular systolic pressure (RVSP) was derived by Doppler 
echocardiography, setting the right atrial pressure to 5 mmHg. The presence of pulmonary 
arterial hypertension (PAH) was confirmed by right-heart catheterization. Patients underwent 
a complete blood test, including the determination of serum haemoglobin (Hb), C-reactive 
protein (CRP) and erythrocyte sedimentation rate (ESR), and determination of gamma 
globulin with electrophoresis; limits of local laboratory values were used as reference. NVC 
was performed in EaSSc patients or in subjects where the total score of 9 points necessary 
to make the diagnosis of defSSc [3] was not otherwise reached, by one operator (M.C.) 
and scored according to Cutolo and Smith [10]. The study was approved by the local ethics 
committee (comitato etico Area B) and all the patients and controls gave their consent to 
participate in the study.

Vascular and angiogenetic factors
A total of seven markers were selected for the analysis: angiopoietin-2 (Ang-2), CXCL16, 
E-Selectin, sICAM-1, CXCL8, sVCAM-1 and vascular endothelial growth factor (VEGF). 
Peripheral blood was obtained at enrolment by venipuncture; serum was separated 
by centrifugation at 1500 g for 10 min, aliquotted and stored at −80 °C until the analysis 
via a Luminex 200 instrument (Luminex Corporation, Austin, TX, USA) according to the 
manufacturer’s instructions. All the concentrations are expressed in picograms per milliliter 
(pg/ml). 

Statistical analysis
All the analyses were conducted using IBM SPSS Statistics v 22.0 software (IBM Corp., Armonk 
NY, USA). Continuous variables are expressed as mean (±SD). To evaluate differences among 
groups one-way ANOVA with appropriate Tukey’s post-hoc or Dunnet’s T3 comparisons was 
used if data were, respectively, normally or non-normally distributed. The ANOVA polynomial 
linear test was used to evaluate trends for continuous variables; the Somers’ D test for trend 
for categorical variables was used otherwise. Correlations among variables were determined 
via Pearson’s r; comparison of continuous variables between dichotomous groups was 
performed by means of Student’s t test. To correct for multiple testing, results were declared 
significant at the 0.01 threshold.
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Table 1. Clinical characteristics of study groups

EaSSc, early systemic sclerosis (SSc) according to [5]; defSSc, definitive SSc according to [11] without lung or skin 
fibrosis; lcSSc, limited cutaneous SSc; dcSSc, diffuse cutaneous SSc; Age Raynaud, age at the onset of Raynaud’s 
phenomenon; Age disease, age at the onset of the first non-Raynaud’s manifestation; NA, not available; ANA, 
antinuclear autoantibodies without anti-centromere (ACA) or anti-Topoisomerase I (Topo I) or RNA-Polymerase 
III (RNAP) antibody positivity; GERD, gastro-esophageal reflux disease; FVC, forced vital capacity; DLco, diffusing 
capacity for carbon monoxide; RVSP, right ventricular systolic pressure; ESR, erythrocyte sedimentation rate; CRP, 
C-reactive protein. †p<0.05 vs defSSc; #p<0.01 vs defSSc. §One patient with double ACA/Topo I positivity. *One-
way ANOVA polynomial test for trend p<0.0001; **Somers’ D test for ordinal trend, p<0.0001. ap<0.005 vs EaSSc; 
bp<0.0001 vs EaSSc; cp<0.0001 vs defSSc; dp<0.05 vs lcSSc; ep<0.0001 vs EaSSc; fp<0.005 vs defSSc; gp<0.005 vs EaSSc; 
hp<0.05 vs EaSSc. Values expressed as mean ±SD except where otherwise indicated.

Results
Demographic data
Baseline demographic data are reported in Table 1. The four studied populations showed 
well-distinct clinical and laboratory characteristics indicative of worsening trends in most 

Feature 
 

EaSSc 
(n=47) 

defSSc 
(n=48) 

lcSSc 
(n=51) 

dcSSc 
(n=35) 

Age, years 52.7 ± 14.2 62 ± 13.2 62.1 ± 10.4 54.6 ± 12.6 
Age Raynaud, years 42.5 ± 12.6 44.7 ± 14.3 44.2 ± 12.6 40.6 ± 15.1 
Age Disease, years NA 53.2 ± 13.4 48.4 ± 10.3 42.6 ± 14.3 
Time-to-evoultion, years NA 8.5 ± 10  4.2 ± 6.7† 2.3 ± 3.6# 
Capillaroscopy, n (%) 42 (89.4) 48 (100) NA NA 
Autoantibody, n (%) 
          None 
          ANA (non specific) 
          RNAP 
          ACA 
          Topo I 

 
6 (12.8) 
9 (19.1) 
3 (6.4) 

22 (46.8) 
7 (14.9) 

 
1 (2,1) 
1 (2,1) 
0 (0) 

42 (87,5) 
4 (8,3) 

 
3 (5,9) 

11 (15.6) 
3 (5.9) 

22 (43,1) 
15 (29,4) 

 
1 (2,9) 

7 (19.9) 
3 (8.7) 
1 (2,9)§ 

24 (68,6)§ 
Telangiectasia, n (%) 0 (0) 29 (60.4) 34 (66.7) 30 (85.7) 
Puffy fingers, n (%) 0 (0) 40 (83.3) NA NA 
Active digital ulcers, n (%) 0 (0) 3 (6.3) 12 (23.5) 7 (20) 
Pitting scars, n (%) 0 (0) 7 (14.6) 9 (17.6) 2 (5.7) 
Lung fibrosis, n (%) 0 (0) 0 (0) 17 (33.3) 17 (48.6) 
Serositis, n (%) 0 (0) 3 (6.3) 6 (11.8) 3 (8.6) 
GERD, n (%) 10 (21.3) 37 (77.1) 46 (90.2) 31 (88.6) 
FVC*, % predicted 113.7 ± 23.1 109.8 ± 15.2 99.3 ± 23a 86.4 ± 19.6b, c, d 
DLco*, % predicted 83.9 ± 21.1 74.2 ± 15.9 63.2 ± 18.2e, f 58.4 ± 22.1#, g 
RVSP, mmHg 26.2 ± 6.3 29.3 ± 10 31.2 ± 20.8 26.1 ± 7.5 
ESR*, mm/h 13.3 ± 11 20.5 ± 12.6 23.7 ± 21.8h 29.5 ± 28.4b 
Haemoglobin*, g/dL 13.5 ± 1.1 13.3 ± 1.1 12.8 ± 1.3h 12.4 ± 1.3a 
Increased CRP**, n (%) 1 (2.1) 8 (16.7) 10 (19.6) 13 (37.1) 
Hypergammaglobulinaemia, n (%) 5 (10.6) 7 (14.6) 8 (15.7) 7 (20) 
Use of immunosuppressants, n (%) 0 (0) 1 (2.1) 1 (13.7) 12 (34.3) 
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parameters from EaSSc to defSSc to lcSSc to dcSSc. We thus observed a linear decrease in 
Hb serum levels and in FVC and DLco % predicted values, an increase in ESR serum values 
(one-way ANOVA polynomial test for trend p<0.0001) and in the prevalence of abnormal 
CRP values, hypergammaglobulinaemia or lung fibrosis (Somers’ D test for ordinal trend, 
p<0.0001). dcSSc patients had an increased prevalence of anti-Topo I antibodies compared 
with lcSSc and defSSc patients, where ACA was the most common antibody. The mean interval 
from the onset of RP to the appraisal of the first SSc-related manifestation was longer for 
defSSc (8.5±10 years) compared with both lcSSc (4.2±6.7 years) and dcSSc patients (2.3±3.6 
years), (post-hoc comparisons on ANOVA, p<0.05 and p<0.01, respectively), and for ACA+ vs 
ACA- subjects (7.5±9 vs 3.2±5.6 years, p=0.01); the results were confirmed in multivariate 
models (Supplementary Table S1).  

Circulating markers
The mean±SD concentrations of circulating markers in the study groups are reported in Table 
2. A number of pairwise comparisons were significant when comparing SSc subsets with 
healthy controls and a highly significant linear trend across the different study groups was 
observed for Ang-2, CXCL16, E-Selectin and sICAM-1 (also depicted in supplementary Figure 
S1).  The descriptive statistics, as well as pairwise comparisons among groups for fibrotic SSc 
vs non-fibrotic SSc, are reported in supplementary Table S2. 
 Correlation analysis did not show any meaningful association (assuming a Pearson’s 
r>0.3 or <-0.3 irrespective of the p-values) between vascular markers and clinical variables 
(age at Raynaud’s onset, age at blood drawn, FVC or DLco % of predicted values, RVSP, 
ESR, Hb). The concentrations of vascular markers did not differ in patients with or without 
arthritis, serositis, increased CRP, active digital ulcers and/or pitting scars and telangiectasia 
(Supplementary Tables S3-S8). CXCL16 was higher in patients with pulmonary fibrosis 
compared with patients without lung involvement (1476.15±358.69 vs 1258.57±360.38 
pg/ml, p=0.002, Supplementary Figure S2); Ang-2 was increased in subjects with 
hypergammaglobulinaemia (3055.8±1540.32 vs 3984.09±1914.24 pg/mL, p=0.006).

Discussion
To improve our knowledge of SSc-related vasculopathy, we studied a unique and 
comprehensive array of SSc subsets that includes the prototypical fibrotic cutaneous form of 
the disease (i.e. lcSSc and dcSSc) [8],  EaSSc patients [5] and the particular subset of defSSc 
patients that do not display lung- or skin-SSc related fibrotic manifestations.  
 From a clinical point of view, it is clear that the four disease subsets are distinct and 
characterized by different degrees of severity ranging from EaSSc (the less severe) to dcSSc 
(the most severe) with defSSc representing an intermediate stage of disease severity between 
early and fibrotic SSc. This gradient of severity is reflected by a statistically-significant linear 
trend in several clinical and laboratory parameters as clearly depicted in Table 1. 
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Table 2. Serum concentrations of analytes

 From the biological point of view, the presence of four clinical entities characterized 
by different severity is reflected by the serum levels of most of the vascular markers we 
analyzed. Striking linear trends for Ang-2, CXCL16, E-Selectin and sICAM-1 serum levels can 
be observed in relation to the different disease subsets (Table 2, Supplementary Figure 
S1). While a formal statistical difference between healthy controls and EaSSc could not be 
detected, our findings clearly point out the presence of an initial state of vasculopathy in 
preclinical SSc that worsens as the disease gets more severe. 
 According to our results, several aspects of vasculopathy are involved in disease 
severity and stage, including a defective angiogenesis (Ang-2, VEGF, chemokines), an 
activation of endothelial cells (E-selectin, sICAM-1) and the regulation of endothelial function 
and modulation of tissue microenvironment (chemokines). Even though the different SSc 
subsets have strikingly different clinical and laboratory characteristics (Table 1) and vascular 
markers are in tight relation with these subsets (Table 2), we did not find any meaningful 
correlation with any specific organ manifestation, with the sole exception of CXCL16 with 
lung fibrosis. The results on CXCL16 are largely supported by the literature. CXCL16 is actively 
expressed in bronchial epithelial cells and lung fibroblasts [16], and increased concentrations 
can be found in bronchoalveolar lavage fluids from patients with interstitial lung disease [17].
 One of the main challenges in the early diagnosis of chronic diseases is the possibility 
of an early intervention to attenuate disease progression. The non-prospective nature of our 
study does not allow establishing whether concentrations of vascular markers are predictive 
of the evolution of EaSSc patients toward a definite or fibrotic disease and whether they 
might be used to evaluate the response to putative disease-modifying therapies in this subset 
of patients.
 Due to the unique nature of the population we analyzed and to the lack of data in 
the literature on  EaSSc patients, a direct comparison of our results with published research is 

Controls (n=43) EaSSc (n=47) defSSc (n=48) lcSSc (n=51) dcSSc (n=35) Test for trend

Angiopoietin-2 1950 ± 701 2876 ± 1781* 3138 ± 1136** 3677 ± 1874# 3026 ± 1551# F=15.92, p<0.0001

CXCL16 1075 ± 234 1225 ± 308 1248 ± 393 1330 ± 375# 1427 ± 378# F=21.86, p<0.0001

E-Selectin 22551 ± 8968 23671 ± 9113 26526 ± 10655* 27732 ± 11316* 29321 ± 9945* F=12.22, p=0.001

sICAM-1 349 ± 223 424 ± 307 531 ± 330 547 ± 407* 552 ± 409 F=9.44, p=0.002

IL-8/CXCL8 146 ± 405 289 ± 1019 267 ± 1120 215 ± 598 219 ± 692 F=0.02, p=NS

sVCAM-1 618 ± 207 533 ± 219 632 ± 238 648 ± 275 700 ± 192 F=5.85, p=0.016

VEGF 59 ± 33 75 ± 41 75 ± 38 85 ± 50 76 ± 48 F=4.39, p=0.032

EaSSc, early systemic sclerosis (SSc) according to [5]; defSSc, definitive SSc according to [11] without lung or skin 
fibrosis; lcSSc, limited cutaneous SSc; dcSSc, diffuse cutaneous SSc. CXCL, chemokine (C-X-C motif) ligand; sICAM-1, 
soluble intercellular adhesion molecule-1; sVCAM-1, soluble vascular adhesion molecule-1; IL, interleukin; VEGF, 
vascular endothelial growth factor. *p < 0.05 vs control;  **p=0.001 vs controls; #p<0.001 vs control (data in bold 
are significant at the p=0.01 threshold); F, one-way ANOVA polynomial test for trend statistics. Values expressed as 
mean ± standard deviation.
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almost impossible. Only one study determined CXCL8, sICAM-1 and sVCAM-1 in a smaller group 
of  EaSSc patients (n=24) [7]; the results reported by these authors are largely comparable to 
ours as far as sICAM-1 and sVCAM-1 are concerned, while we could not replicate their CXCL8 
findings. Most likely this difference lies in Luminex assay variance in relation to data storage 
and handling, as assayed CXCL8 concentrations rapidly decline after serum extraction [18]. In 
that study [7], samples were collected during a 12-year span while in our study the maximum 
interval was 3 years; this would easily explain the higher CXCL8 concentrations we observed 
and the variability of these findings. Overall, despite the advantages of using Luminex assay 
in small studies in a single laboratory (e.g. the small volume of serum needed, the efficiency 
in time and costs, the agreement with single ELISA measurements) the variance of results 
when comparing different populations or different analyte panels advise some caution in the 
interpretation of results [19]. 
 Summarizing, our study confirms that vasculopathy is relevant to disease severity and 
stage in SSc. We showed, for the first time, that distinct SSc subsets have different degrees of 
vasculopathy and that markers of abnormal endothelial function are increased in the earliest 
stages of the disease where clinical and laboratory findings of advanced disease cannot yet 
be observed. These abnormalities progress with the appraisal of the first sclerodermatous 
manifestation in defSSc and further increase with the onset of fibrotic manifestations end 
evolution of the disease. Further longitudinal studies in UCTD/SSc patients are needed to 
evaluate the change of vascular markers in relation to the possible evolution of the disease 
and to capture the difference between those who are at risk for progression toward a defSSc 
and those who are not.
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Supplementary Material

Supplementary Table S1. Multivariate regression, time from RP to SSc

Dummy variable for the presence of ACA = 1; dummy variable for the presence of lcSSc/dcSSc = 1. According to 
the model the fibrotic/non fibrotic disease subset is relevant to the time of progression from RP to the first non-
Raynaud’s manifestation attributable to the disease (e.g. disease onset) independently from the presence of ACA.  
RP: Raynaud's phenomenon; ACA: anti-centromere.

Supplementary Table S2. Serum concentrations of analytes, fibrotic lcSSc/dcSSc grouped together

EaSSc, early systemic sclerosis (SSc) according to [5]; defSSc, definitive SSc according to [11] without lung or skin 
fibrosis; lcSSc, limited cutaneous SSc; dcSSc, diffuse cutaneous SSc. CXCL, chemokine (C-X-C motif) ligand; sICAM-1, 
soluble intercellular adhesion molecule-1; sVCAM-1, soluble vascular adhesion molecule-1; IL, interleukin; VEGF, 
vascular endothelial growth factor. *p < 0.05 vs control;  **p=0.001 vs controls; ***p<0.001 vs control (data in bold 
are significant at the p=0.01 threshold); F, one-way ANOVA polynomial test for trend statistics. Values expressed as 
mean(±SD).

Controls (n=43) EaSSc (n=47) defSSc (n=48) lcSSc +  dcSSc (n=86) Test for trend

Angiopoietin-2 1950 (701) 2876 (1781)* 3138 (1136)** 3406 (1767)*** F=26.82, p<0.0001

CXCL16 1075 (234) 1225 (308) 1248 (393) 1369 (378)*** F=19.30, p<0.0001

E-Selectin 22551 (8968) 23671 (9113) 26526 (10655)* 28402 (10725)* F=11.39, p=0.002

sICAM-1 349 (223) 424 (307) 531 (330) 549 (405)* F=11.83, p=0.001

IL-8/CXCL8 146 (405) 289 (1019) 267 (1120) 217 (634) F=0.14, p=NS

sVCAM-1 618 (207) 533 (219) 632 (238) 670 (244) F=3.38, p=0.067

VEGF 59 (33) 75 (41) 75 (38) 81 (49)* F=6.99, p=0.009

   95% confidence interval for β coefficient 

 p value β coefficient Lower bound Upper bound 

Intercept  6.55 3.102 -9.999 

ACA 0.157 2.252 -0.877 0.5381 

lcSSc/dcSSc 

(fibrotic SSc) 

0.026 -3.698 -6.953 -0.443 
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Supplementary Table S3. Concentrations of analytes in relation to the presence of digital ulcers

DU: digital ulcers. CXCL, chemokine (C-X-C motif) ligand; sICAM-1, soluble intercellular adhesion molecule-1; sVCAM-1, 
soluble vascular adhesion molecule-1; IL, interleukin; VEGF, vascular endothelial growth factor. Uncorrected p values 
after Student's t-test are reported.

Supplementary Table S4. Concentrations of analytes in relation to the presence of telangiectasia

CXCL, chemokine (C-X-C motif) ligand; sICAM-1, soluble intercellular adhesion molecule-1; sVCAM-1, soluble 
vascular adhesion molecule-1; IL, interleukin; VEGF, vascular endothelial growth factor. Uncorrected p values after 
Student's t-test are reported.

Analyte Past or present DU Value, mean (SD) Uncorrected p

Angiopoietin-2 Yes (n=143) 3091 (1552) 0.081

No (n=35) 3627 (1886)

CXCL16 Yes (n=144) 1311 (384) 0.37

No (n=35) 1248 (297)

E-Selectin Yes (n=143) 27426 (10663) 0.041

No (n=32) 23264 (8695)

sICAM-1 Yes (n=143) 523 (385) 0.426

No (n=35) 468 (264)

IL-8/CXCL8 Yes (n=145) 291 (974) 0.021

No (n=35) 73 (280)

sVCAM-1 Yes (n=144) 628 (244) 0.658

No (n=34) 607 (234)

VEGF Yes (n=144) 80 (43) 0.32

No (n=35) 71 (48)

Analyte Teleangiectasia Value, mean (SD) Uncorrected p

Angiopoietin-2 Yes (n=86) 3225 (1692) 0.821

No (n=92) 3170 (1581)

CXCL16 Yes (n=88) 1302 (355) 0.913

No (n=91) 1296 (384)

E-Selectin Yes (n=87) 26151 (10908) 0.518

No (n=88) 27174 (9979)

sICAM-1 Yes (n=86) 514 (365) 0.953

No (n=92) 510 (366)

IL-8/CXCL8 Yes (n=88) 267 (858) 0.795

No (n=92) 232 (917)

sVCAM-1 Yes (n=86) 578 (219) 0.015

No (n=92) 666 (254)

VEGF Yes (n=87) 81 (45) 0.331

No (n=92) 75 (43)
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Supplementary Table S5. Concentrations of analytes in relation to the presence of peripheral arthritis

CXCL, chemokine (C-X-C motif) ligand; sICAM-1, soluble intercellular adhesion molecule-1; sVCAM-1, soluble 
vascular adhesion molecule-1; IL, interleukin; VEGF, vascular endothelial growth factor. Uncorrected p values after 
Student's t-test are reported.

Supplementary Table S6. Concentrations of analytes in relation to the presence of interstitial lung 
disease

ILD, interstitial lung disease. CXCL, chemokine (C-X-C motif) ligand; sICAM-1, soluble intercellular adhesion 
molecule-1; sVCAM-1, soluble vascular adhesion molecule-1; IL, interleukin; VEGF, vascular endothelial growth 
factor. Uncorrected p values after Student's t-test are reported. p values significant at the 0.01 threshold are 
reported in bold.

Analyte Arthritis Value, mean (SD) Uncorrected p

Angiopoietin-2 Yes (n=163) 3059 (1439) 0.034

No (n=15) 4687 (2657)

CXCL16 Yes (n=164) 1283 (357) 0.066

No (n=15) 1466 (459)

E-Selectin Yes (n=161) 26460 (10389) 0.38

No (n=14) 29021 (11053)

sICAM-1 Yes (n=163) 514 (369) 0.816

No (n=15) 491 (319)

IL-8/CXCL8 Yes (n=165) 253 (921) 0.834

No (n=15) 203 (340)

sVCAM-1 Yes (n=163) 621 (246) 0.651

No (n=15) 651 (182)

VEGF Yes (n=165) 77 (43) 0.178

No (n=14) 93 (59)

Analyte ILD Value, mean (SD) Uncorrected p

Angiopoietin-2 Yes (n=146) 3218 (1651) 0.705

No (n=32) 3097 (1559)

CXCL16 Yes (n=146) 1259 (360) 0.002

No (n=33) 1476 (359)

E-Selectin Yes (n=141) 25978 (10138) 0.076

No (n=34) 29516 (11294)

sICAM-1 Yes (n=144) 504 (355) 0.502

No (n=34) 550 (405)

IL-8/CXCL8 Yes (n=146) 241 (923) 0.809

No (n=34) 282 (719)

sVCAM-1 Yes (n=145) 618 (248) 0.553

No (n=33) 646 (211)

VEGF Yes (n=146) 76 (44) 0.302

No (n=33) 85 (46)
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Supplementary Table S7. Concentrations of analytes in relation to the presence of 
hypergammaglobulinemia

CXCL, chemokine (C-X-C motif) ligand; sICAM-1, soluble intercellular adhesion molecule-1; sVCAM-1, soluble vascular 
adhesion molecule-1; IL, interleukin; VEGF, vascular endothelial growth factor. Uncorrected p values after Student's 
t-test are reported. p values significant at the 0.01 threshold are reported in bold.

Analyte Hypergammaglobulinemia Value, mean (SD) Uncorrected p

Angiopoietin-2 Yes (n=151) 3056 (1540) 0.006

No (n=27) 3984 (1914)

CXCL16 Yes (n=153) 1305 (347) 0.669

No (n=26) 1262 (484)

E-Selectin Yes (n=149) 26554 (10414) 0.737

No (n=26) 27301 (10732)

sICAM-1 Yes (n=151) 524 (386) 0.299

No (n=27) 445 (204)

IL-8/CXCL8 Yes (n=153) 207 (764) 0.317

No (n=27) 486 (1388)

sVCAM-1 Yes (n=151) 615 (234) 0.249

No (n=27) 673 (277)

VEGF Yes (n=152) 79 (45) 0.498

No (n=27) 73 (40)
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Supplementary Table S8. Concentrations of analytes in relation to the presence of puffy fingers

CXCL, chemokine (C-X-C motif) ligand; sICAM-1, soluble intercellular adhesion molecule-1; sVCAM-1, soluble 
vascular adhesion molecule-1; IL, interleukin; VEGF, vascular endothelial growth factor. Uncorrected p values after 
Student's t-test are reported. 

Analyte Puffy fingers Value, mean (SD) Uncorrected p

Angiopoietin-2 Yes (n=55) 2899 (1745) 0.253

No (n=41) 3256 (1105)

CXCL16 Yes (n=56) 1220 (354) 0.382

No (n=41) 1287 (388)

E-Selectin Yes (n=54) 23377 (8806) 0.06

No (n=40) 27251 (10889)

sICAM-1 Yes (n=55) 436 (337) 0.186

No (n=40) 525 (292)

IL-8/CXCL8 Yes (n=56) 262 (943) 0.824

No (n=41) 311 (1208)

sVCAM-1 Yes (n=55) 550 (224) 0.061

No (n=41) 641 (241)

VEGF Yes (n=56) 75 (45) 0.828

No (n=41) 77 (38)
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Supplementary Figure S1. Increasing trends according to disease subsets. Increasing trends for (A) 
Angiopoietin-2, (B) CXCL16, (C) E-Selectin, (D) soluble intercellular adhesion molecule-1 (sICAM-1) in relation to the 
different disease subsets. HC, healthy controls; EaSSc, early systemic sclerosis according to [5]; defSSc according to 
[11] without skin or lung fibrosis; lcSSc, limited cutaneous SSc; dcSSc, diffuse cutaneous SSc. For pairwise comparison 
see main text Table 2. F, polynomial linear trend statistics by ANOVA.

Supplementary Figure S2. Distribution of CXCL16 according to lung involvement. *p = 0.002.  ILD: 
interstitial lung disease.
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Abstract
Background: Definite systemic sclerosis (defSSc) patients lacking fibrotic features stratify in 
an intermediate severity stage between pre-clinical/early (EaSSc) and fibrotic subsets (limited 
and diffuse cutaneous [lcSSc, dcSSc]). We aimed to molecularly characterize defSSc and 
EaSSc on the basis of a broad panel of serum markers of inflammation and tissue damage to 
increase the knowledge of pathophysiologic mechanisms underlying SSc progression before 
development of fibrosis.
Methods: An 88-plex immunoassay was performed in sera from an identification cohort 
composed of 21 EaSSc (LeRoy and Medsger criteria), 15 defSSc (2013 ACR/EULAR criteria 
without skin or lung fibrosis) and 11 HC. Analytes consistently different at the exploratory 0.1 
p value threshold were selected for replication in a larger group composed of 47 EaSSc, 48 
defSSc and 43 HC as well as of 51 lcSSc and 35 dcSSc. The value of the replicated molecules 
(at the family-wise 0.05 error rate) in predicting evolution was finally tested.
Results: Thanks to the explorative analysis, 16 molecules were tested in the replication set. 
Here, CXCL10, CXCL11, TNFR2 and CHI3L1 were significantly increased in defSSc and EaSSc 
patients as compared to HC. Patients with high concentrations of CXCL10 and TNFR2 were 
also characterized by faster evolution rates from EaSSc and from defSSc to worse disease 
stages.
Conclusions: SSc patients with preclinical (EaSSc) and established, yet non-fibrotic disease 
(defSSc) are characterized by clear molecular alterations associated with faster rates of 
disease evolution. These data open novel avenues for disease interception.
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Introduction
The hallmark of systemic sclerosis (SSc) consists of fibrosis involving the skin and the 
internal organs, developing in the context of endothelial damage and immune system 
activation. The sequence of events leading to widespread collagen deposition in SSc is 
largely unknown, but microvascular injury and mononuclear cells perivascular infiltration 
in genetically predisposed individuals are considered early events in the disease course 
[1, 2]. Raynaud’s phenomenon (RP) is usually the first manifestation of the disease that 
may antedate by years the onset of a definite SSc. The presence of RP, SSc-specific 
autoantibodies and SSc-specific nailfold videocapillaroscopic (NVC) changes, even in the 
absence of any other sign of definite SSc, identifies individuals at higher risk to develop SSc, 
referred to as early SSc (EaSSc) patients [3] or patients with undifferentiated connective 
tissue disease (UCTD) at risk for SSc [4]. For years, the occurrence of skin fibrosis has been 
considered the pivotal sign to identify and classify patients with SSc [5]. However, it has 
widely been recognized that a classification that so extensively relied on skin fibrosis lacked 
enough sensitivity to identify patients with limited or early disease [6]. The 2013 ACR/
EULAR classification criteria for SSc have specifically been designed to circumvent this 
problem and fibrotic features are no longer a prerequisite to formalize the diagnosis of SSc 
[6]. The new 2013 ACR/EULAR criteria thus allow the identification of SSc patients even in 
absence of overt fibrosis. A consensus to properly define this subset of patients - elsewhere 
simply termed “definite” SSc (defSSc) or “non cutaneous” (ncSSc) [7] -, does not yet exist 
and it is doubtful whether it represents a necessary intermediate phase between EaSSc and 
fibrotic SSc or if these patients cluster as a separate smoldering, slowly-progressing entity. 
From a clinical point of view, defSSc patients stratify in an intermediate severity stage 
between EaSSc (the least severe) and fibrotic subsets (the most severe) [8]. This peculiar 
behavior can also be observed when a number of laboratory parameters are taken into 
account, including inflammatory indexes or serum concentrations of circulating markers 
of vascular activation and dysfunction [8]. Despite these evidences, a thorough molecular 
characterization of these patients and individuals with EaSSc is lacking. An increased 
knowledge about the biological characteristics of these subsets and about the changes that 
occur early during disease evolution is indeed of paramount importance to understand the 
pathophysiological mechanisms of SSc progression. Moreover, this increased knowledge 
would allow to identify those patients bound to progress from those who will never evolve 
and will continue to express a milder clinical phenotype, thus paving the way for early 
intervention and/or disease interception.
 Fueled by these considerations, we screened a broad panel of serum markers of 
inflammation, tissue damage, vascular dysfunction, metabolism and remodeling, in the 
defSSc and EaSSc subsets of patients in comparison with healthy controls (HC). With a 
two-step research strategy, we firstly identify a number of analytes differently expressed 
in EaSSc and defSSc in an identification cohort and then replicated the results in a second  
larger cohort. Next, the validated molecules were assessed for comparison with SSc with 
overt fibrosis. Finally, to define the prospective value of these molecules, we retrospectively 
characterized the evolution rates of each SSc subset in the replication cohort. To this end, 
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the survival estimates of patients with high or low levels of the validated molecules were 
compared.

Methods
Patients and Healthy Controls 
Two different cohorts of patients recruited at the Scleroderma Unit of the Fondazione IRCCS 
Ca’ Granda Policlinico di Milano were considered for the study according to the two-step, 
identification and replication design. 
 For the identification step, 21 EaSSc [3] and 15 defSSc patients according to the 
2013 ACR/EULAR criteria [6] without skin fibrosis (modified Rodnan skin score = 0) and 
without any sign of interstitial lung disease (ILD) or pulmonary arterial hypertension (PAH) 
were enrolled. ILD was defined as a typical involvement of the lung parenchyma >5% on 
high resolution computed tomography (HRCT) [9] accompanied by a reduced forced vital 
capacity (FVC) or diffusing capacity for carbon monoxide (DLco) < 80% of predicted values as 
described in [10]. The presence of PAH is routinely screened in EaSSc and defSSc according 
to standardized protocols and confirmed by right-heart catheterization [11]. None of the 
patients were suspected to have PAH in the identification cohort. The duration of disease 
was defined as the time from the occurrence of the first non-RP symptom. The NVC pattern 
was assessed by one experienced observer in our center and classified according to Cutulo et 
al. [12]. Eleven HC matched for sex and age were also included as a comparison group. 
 For the replication step, sera from 224 subjects described elsewhere [8] were used. 
This group of patients included 47 EaSSc patients, 48 defSSc and 43 HC matched for sex 
and age. 51 limited cutaneous (lcSSc) and 35 diffuse cutaneous (dcSSc) patients were also 
enrolled alongside. Each patient underwent a complete evaluation to correctly allocate them 
to the different study groups, as previously described [8]. The baseline clinical assessment 
was performed between the end of 2011 and mid 2012, allowing the retrospective collection 
of follow-up data to evaluate evolution. Data were available for 143 patients (34 EaSSc, 38 
defSSc, 41 lcSSc and 30 dcSSc). Evolution was defined as follows: 1) for dcSSc: death due 
to SSc, worsening of lung function (i.e. a reduction of FVC ≥ 10% vs baseline or DLco ≥ 15% 
vs baseline), appraisal of PAH, appraisal of digital ulcers in absence of a previous history 
of digital ulceration; 2) for lcSSc: same criteria as in 1) plus the progression of skin from 
limited to diffuse involvement; 3) for defSSc: same criteria as in 2) plus the progression of 
skin or lung with the appraisal of fibrotic features; 4) for EaSSc: same criteria as in 3) plus the 
appraisal of telangiectasia or puffy fingers.
 Clinical characteristics of both identification and replication cohorts at baseline are 
summarized in Table 1 and Table 2, respectively. The study was performed in accordance 
with the Declaration of Helsinki and approved by the local ethic committee (comitato etico 
Area B).
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Table 1. Baseline clinical and demographic characteristics of the Identification cohort

EaSSc, early systemic sclerosis (SSc); defSSc, definite systemic sclerosis without lung or skin fibrosis; n, number; 
yrs, years; RP, Raynaud’s phenomenon; NA, not applicable. ANA, antinuclear antibodies; RNAP, RNA-Polymerase III 
antibodies; ACA, anti-centromere antibodies;  Topo I, anti-Topoisomerase I antibodies. Values are expressed as mean 
± standard deviation except where otherwise indicated. 

Table 2. Baseline clinical and demographic characteristics of the Replication cohort

EaSSc, early systemic sclerosis (SSc); defSSc, definitive SSc without lung or skin fibrosis; lcSSc, limited cutaneous SSc; 
dcSSc, diffuse cutaneous SSc; n, number; yrs, years; RP, Raynaud’s phenomenon; NA, not applicable; ANA, antinuclear 
antibodies; RNAP, RNA-Polymerase III antibodies; ACA, anti-centromere antibodies; Topo I, anti-Topoisomerase I 
antibodies. §One patient with double ACA/Topo I positivity. ILD, interstitial lung disease. PAH, primary pulmonary 
arterial hypertension. Values are expressed as mean ± standard deviation except where otherwise indicated.

Feature EaSSc 

(n=47) 

defSSc 

(n=48) 

lcSSc 

(n=51) 

dcSSc 

(n=35) 

Females, n (%) 44 (93.6) 48 (100) 48 (94.1) 31 (88.6) 

Age, yrs 53 ± 14 62 ± 13 62 ± 10 55 ± 13 

RP duration, yrs 11 ± 10 17 ± 11 18 ± 11 15 ± 11 

Disease duration, yrs NA 9 ± 8 14 ± 8 12 ± 10 

Autoantibody, n (%) 

       None 

       ANA  

       RNAP 

       ACA 

       Topo I 

 

6 (12.8) 

41 (87.2) 

3 (6.4) 

22 (46.8) 

7 (14.9) 

 

1 (2.1) 

47 (97.9) 

0 (0) 

42 (87.5) 

4 (8.3) 

 

3 (5.9) 

48 (94.1) 

3 (5.9) 

22 (43.1) 

15 (29.4) 

 

1 (2.9) 

34 (97.1) 

3 (8.7) 

1 (2.9)§ 

24 (68.6)§ 

Capillaroscopy, n (%) 42 (89.4) 48 (100) NA NA 

Telangiectasia, n (%) 0 (0) 29 (60.4) 34 (66.7) 30 (85.7) 

Puffy fingers, n (%) 0 (0) 40 (83.3) NA NA 

Digital ulcers, n (%) 0 (0) 3 (6.3) 12 (23.5) 7 (20) 

Pitting scars, n (%) 0 (0) 7 (14.6) 9 (17.6) 2 (5.7) 

ILD, n (%) 0 (0) 0 (0) 17 (33.3) 17 (48.6) 

PAH, n (%) 0 (0) 0 (0) 2 (4) 0 (0) 

Use of immunosuppressants, n (%) 0 (0) 1 (2.1) 7 (13.7) 12 (34.3) 

 

 EaSSc 

(n=21) 

defSSc 

(n=15) 

Females, n (%) 20 (95.2) 14 (93.3) 

Age, yrs 53 ± 16 53 ± 14 

RP duration, yrs 10 ± 8 13 ± 10 

Disease duration, yrs NA 8 ± 6 

Autoantibody, n (%)   

       ANA  18 (85.7) 15 (100) 

       RNAP 0 (0) 0 (0) 

       ACA  14 (66.7) 11 (73.3) 

       Topo I 2 (9.5) 2 (13.3) 

Capillaroscopy, n (%) 17 (80.9) 14 (93.3) 

Telangiectasia, n (%) 0 (0) 4 (26.7) 

Puffy fingers, n (%) 0 (0) 13 (86.6) 

Digital ulcers, n (%) 0 (0) 2 (13.3) 
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Serum multiplex assay
A total of 88 markers of immune activation, inflammation, tissue damage, vascular 
remodeling and adhesion were selected for the analysis; the full list of tested markers and 
their acronyms is available in Supplementary Table S1. Peripheral blood was obtained 
at enrolment by venipuncture; serum was separated by centrifugation at 1.500 g for 10 
min and stored at -80°C until measurement, performed by the MultiPlex Core Facility of 
the Laboratory of Translational Immunology (LTI) with in-house-developed multiplex 
immunoassay based on Luminex technology (xMAP, Luminex Austin TX USA) as previously 
described [13]. For statistical analysis, concentrations below the detection limit were 
converted to half of the lower limit of detection. When more than 5% of measurements were 
below detection limit (OOR, out of range >5%), the analyte was excluded for further analysis; 
after this quality control 46 proteins passed the threshold to undergo statistical analysis in the 
identification cohort. The 42 molecules which didn’t respect this prerequisite are indicated 
in Supplementary Table S1.

Statistical analysis
Statistical analyses were conducted via the SPSS v 22.0 software (IBM Corp). Continuous 
variables are expressed as mean ± standard deviation (SD) and data were log-transformed 
before analysis. In the identification phase, one-way analysis of variance (ANOVA) was 
performed, along with the ANOVA polynomial linear test. Either test was declared positive 
at the exploratory 0.1 threshold. For the replication step, the mean concentrations of the 
molecules selected in the exploratory step were compared by means of ANOVA and ANOVA 
polynomial linear trend test. Results were declared significant at the 0.05 level after adjustment 
for multiple comparisons according to the Bonferroni method (i.e., 0.0031=0.05/16). When 
the global ANOVA F-score was significant at the adjusted threshold, pairwise comparisons 
with the Tukey’s method were performed and then declared significant at the 0.05 threshold. 
 Heatmaps were used to visually explore the global behavior of the biomolecules 
selected for replication. To this end, data were normalized by scaling into the 0-1 interval. 
Data normalization and visualization were performed via the Orange data mining software 
[14]. 
 For the analysis of evolution, due to the uneven collection of data, Turnbull’s 
nonparametric estimator for interval-censored data was used [15]; statistical significance of 
the model was assessed via the generalized log-rank test statistic [16] after 10.000-fold exact 
permutation testing. Evolution was evaluated for those molecules that passed the replication 
step (see above) choosing the optimal cut-off point within the 10th and 90th percentile of 
the molecule’s distribution within each disease subset; categorized patients were stacked to 
calculate the predicted survival and its associated test statistic in the overall SSc population. 
Survival analyses were performed via a custom python code written by LB and available with 
request to the author; Matplotlib version 2.0.0 [17] was used to plot survival curves.
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Results
CXCL10, CXCL11, TNFR2 and CHI3L1 typify EaSSc and defSSc
Out of 88 circulating proteins studied in the serum of the identification cohort comprising 
36 patients and 11 healthy counterparts, sixteen proteins were altered in the patients at 
the exploratory 0.1 p value threshold: IL-18, G-CSF, CCL2, CCL4, CCL5, CCL11, CCL19, CXCL9, 
CXCL10, CXCL11, CXCL13, Cathepsin-L, Cathepsin-S, TNFR2, Galectin-3 and CHI3L1 (Table 3). 
These factors were measured in the replication cohort of 43 healthy donors and 181 patients 
including EaSSc, defSSc, lcSSc and dcSSc subsets and, with the exception of G-CSF, Cathepsin-L 
and Galectin-3 that did not pass the quality control, were taken further into account for 
analysis. Four analytes, namely CXCL10, CXCL11, TNFR2 and CHI3L1 were replicated to be 
increased both in EaSSc and in defSSc as compared to their healthy counterparts (Table 
4, Figure 1A). Noteworthy, the levels of all these markers showed linear increasing trends 
from HC to EaSSc, to defSSc. Importantly, besides being increased in EaSSc and defSSc, 
these molecules were also upregulated in lcSSc and dcSSc (Figure 1B), suggesting that their 
increase in EaSSc and/or defSSc may mark disease progression. This hypothesis is further 
substantiated by the fact that they display an overall progressive increase in concentration 
when comparing HC versus EaSSc vs defSSc vs fibrotic patients (lcSSc and dcSSc considered 
as whole group) (Figure 1C).  

CXCL10 and TNFR2 are associated with shortest evolution times 
Overall 59 patients out of 143 with available follow-up data within the replication cohort 
did evolve (41.2%) after a maximum follow-up time of 59.6 months. Non-exclusive causes of 
evolution included death (n=8), worsening of lung function (n=38), new onset of PAH (n=4), 
skin worsening (n=10), new onset of digital ulcers (n=4) and appraisal of telangiectasia (n=7). 
The estimated median time to evolution (all causes) was between 52.6 and 52.9 months. 
Patients with higher levels of CXCL10 and TNFR2 showed a shorter evolution time from EaSSc 
and defSSc to other disease subsets. In particular, the most consistent results were observed 
for CXCL10, both for EaSSc (Figure 2A, left panel, p=0.01) and for defSSc (Figure 2A, middle 
panel, p=0.006); these results along with different rates of progression observable in dcSSc 
patients (p=0.029) accounted for the overall different evolution between high-expressing 
and low-expressing CXCL10 in the overall SSc population (Figure 2A, right panel, p=0.009). 
Similarly, categorization of TNFR2 could explain different rates of progression for EaSSc 
(Figure 2B, left panel, p=0.009), for defSSc (Figure 2B, middle panel, p=0.0005) for lcSSc 
patients (p=0.0065) and, marginally, for the overall SSc population (Figure 2B, right panel, 
p=0.044). Higher levels of CHI3L1 were associated with shorter evolution time in dcSSc 
patients (p=0.004; data not shown), but not in the early/non fibrotic phase nor in lcSSc. 
CXCL11 levels were not associated with time-to-evolution in any of the subsets (data not 
shown).
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Table 3. Results summary in the Identification cohort

HC, healthy controls; EaSSc, early systemic sclerosis (SSc); defSSc, definite systemic sclerosis without lung or skin 
fibrosis; trend p, One-way ANOVA polynomial test for trend p; NA, not applicable; NS, not significant. Values 
expressed as mean ± standard deviation in pg/ml except where otherwise indicated. Results at threshold  p value < 
0.1 are depicted as grey-shaded cells.

Featured analytes Identification cohort 
 HC EaSSc defSSc ANOVA p Trend p 

IL-13 24.5±21.4 258.5±630.3 112.8±273.5 NS NS 
IL-18 52.2±20.0 86.6±62.7 97.5±33.8 .039 .012 
G-CSF (ng/ml) 0.439±0.837 325.0±1345.0 124.1±454.7 .019 NS 
MIF 759.1±631.5 916.9±550.9 690.7±429.4 NS NS 
CCL2 74.3±29.0 96.2±29.4 101.8±39.7 .076 .036 
CCL4 93.6±59.2 129.5±64.0 138.0±55.6 .051 .020 
CCL5 (ng/ml) 166.5±49.5 142.1±40.9 118.8±58.8 .033 .013 
CCL11 45.7±25.6 118.3±140.1 65.2±31.4 .041 NS 
CCL17 210.8±97.1 247.2±123.3 264.9±222.3 NS NS 
CCL18(ng/ml) 565.7±219.1 745.3±647.3 896.6±668.9 NS NS 
CCL19 28.3±20.0 82.6±86.3 182.2±404.6 .033 .013 
CCL22 494.7±114.2 467.9±185.7 505.9±268.7 NS NS 
CCL25 729.2±439.3 581.1±311.2 562.1±260.9 NS NS 
CXCL1 22.5±76.1 188.0±252.2 130.6±110.4 NS NS 
CXCL5 549.3±383.7 478.4±294.3 462.6±400.5 NS NS 
CXCL7 (μg/ml) 18.06±4.12 15.43±3.88 16.40±3.78 NS NS 
CXCL9 76.6±23.4 144.7±93.5 93.7±45.3 .027 NS 
CXCL10 193.5±63.5 595.5±409.2 583.0±265.4 .00005 .00004 
CXCL11 32.2±24.7 61.8±54.5 64.8±49.9 NS .070 
CXCL13 15.9±8.6 52.4±76.2 26.8±30.4 .066 NS 
Osteopontin (ng/ml) 9.0±5.7 12.6±5.0 13.0±5.7 NS NS 
MMP-1 (ng/ml) 14.90±7.12 16.86±12.05 19.53±16.72 NS NS 
MMP-3 (ng/ml) 16.39±6.57 22.09±14.52 20.37±12.30 NS NS 
MMP-8 (ng/ml) 39.71±18.56 51.80±35.46 51.18±28.10 NS NS 
MMP-9 (ng/ml) 1860.9±1672.1 2925.0±1718.3 3072.7±1708.9 NS NS 
Cathepsin A 791.2±347.0 1483.6±1334.4 1483.6±1334.4 NS NS 
Cathepsin B (ng/ml) 12.66±10.52 14.17±7.39 12.83±5.92 NS NS 
Cathepsin L 2905.6±360.5 2884.0±346.6 3381.1±992.0 .051 .062 
Cathepsin S (ng/ml) 9.99±1.81 12.13±2.78 11.45±2.26 .063 NS 
TNFR2 1041.6±413.7 1940.9±912.1 1660.1±632.5 .001 .007 
Galectin-1 (ng/ml) 19.68±4.94 25.58±6.40 28.38±17.45 NS NS 
Galectin-3 (ng/ml) 43.12±6.26 43.33±8.18 38.27±6.58 .094 .084 
TIMP-1 (ng/ml) 225.1±28.6 247.6±38.3 253.5±62.7 NS NS 
C5a (ng/ml) 49.44±10.46 58.91±13.82 51.42±18.15 NS NS 
S100A8 (ng/ml) 169.2±55.2 145.0±40.1 163.1±76.1 NS NS 
CHI3L1 (ng/ml) 83.70±74.27 95.45±45.80 102.07±35.71 NS .084 
P selectin (ng/ml) 362.7±226.4 448.9±306.8 328.5±140.1 NS NS 
Endoglin 686.9±309.0 850.0±297.2 793.3±363.5 NS NS 
Angiopoietin 1(ng/ml) 46.87±10.13 45.40±19.12 51.05±18.74 NS NS 
PAI-1 (μg/ml) 11.72±1.36 11.85±1.47 11.81±3.79 NS NS 
Adiponectin (μg/ml) 234.5±82.3 217.8±86.0 206.7±88.5 NS NS 
Adipsin 2228.2±173.0 2171.9±261.4 2051.4±342.4 NS NS 
Leptin 5965.4±3133.4 5659.0±3824.4 4645.3±952.2 NS NS 
Chemerin (ng/ml) 331.5±35.6 306.9±43.0 311.5±27.8 NS NS 
Apelin (ng/ml) 24.86±2.42 26.06±4.35 25.04±5.15 NS NS 
Resistin (ng/ml) 41.67±12.66 56.11±38.94 58.30±32.80 NS NS 
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Table 4. Replication cohort: detailed results

HC, healthy controls; EaSSc, early systemic sclerosis (SSc); defSSc, definite systemic sclerosis without lung or 
skin fibrosis; trend p, One-way ANOVA polynomial test for trend p; Cat S, Cathepsin S; NS, not significant; NA, 
not applicable. Values are expressed in pg/ml as mean ± standard deviation. Significant results after Bonferroni 
correction are depicted as dark-shaded cells; significant results at the non corrected p value at the 0.05 threshold 
are depicted as light-shaded cells.

Discussion
SSc is a heterogeneous disease and patients may clinically stratify into different clinical 
phenotypes. While SSc with overt fibrosis has traditionally been the matter of extensive 
research, little is known about the pathophysiological alterations that characterize patients 
with preclinical features of scleroderma (EaSSc) or patients with a formal diagnosis of SSc yet 
lacking fibrotic features. Recent endeavors have clearly demonstrated that EaSSc are bound 
to progress toward definite SSc [10, 18] and have formalized the criteria to recognize defSSc, 
even in the absence of the prototypical fibrotic hallmarks [6]. Nonetheless, biomarkers 
capable of characterizing the earliest stages of disease and its progression are still lacking. 
Hereby, we describe for the first time the identification and validation of four circulating 
biomarkers CXCL10, CXCL11, TNFR2 and CHI3L1 that enable the discrimination of EaSSc and 
defSSc subsets from HC. Most importantly, CXCL10 and TNFR2 also identify the patients who 
faster progress to definite disease or faster evolve to lcSSc or dcSSc. 
 Previous studies have made an attempt to categorize SSc based on the level of 
circulating inflammatory markers. Liu et al. for instance, based their composite plasma IFN-
inducible chemokine score on the combination of CXCL10 and CXCL11 and described its 
correlation with IFN signature and lung, muscle and skin involvement severity in patients with 
fibrotic SSc [19]. We have recently shown that patients with defSSc without fibrotic features 
have the highest average of interferon (IFN) score and the highest prevalence of IFN signature 
amongst different disease groups (EaSSc, lcSSc and dcSSc) when compared to HC, with the 
EaSSc group closely following the defSSc group and surpassing lcSSc and dcSSc patients in

Variable HC EaSSc defSSc Trend p ANOVA p HC vs EaSSc HC vs defSSc EaSSc vs defSSc
IL-18 77.2 ± 1.8 87.5 ± 2 75.6 ± 1.6 NS NS NA NA NA

CCL2 76 ± 1.5 79.79 ± 1.5 75.9 ± 1.6 NS NS NA NA NA

CCL4 54.1 ± 2.0 55.0 ± 1.7 62.1 ± 1.6 NS NS NA NA NA

CCL5 40361.9 ± 2.7 32650.9 ± 2.5 29799.6 ± 2.8 NS NS NA NA NA

CCL11 54 ± 1.9 46.1 ± 1.6 41.5 ± 1.7 NS 0.027 NA NA NA

CCL19 7.2 ± 11.5 4.2 ± 10.5 7.9 ± 10.6 NS NS NA NA NA

CXCL9 3.1 ± 3.3 4.0 ± 3.4 6 ± 3.0 0.035 0.011 NA 0.029 NA

CXCL10 118.2 ± 1.8 163.7 ± 1.7 188.2 ± 1.8 0.001 2.71x10-4 0.029 7.87x10-4 NA

CXCL11 24.2 ± 2.9 47.4 ± 2.3 54.2 ± 2.2 7.98x10-5 4.01x10-5 0.002 1.18x10-4 NA

CXCL13 4.3 ± 7.1 3.1 ± 6.0 5.6 ± 4.5 NS NS NA NA NA

Cat S 4099.4 ± 1.6 4173.7 ± 1.5 5080.1 ± 1.5 0.032 0.019 NA NA NA

TNFR2 1657 ± 1.6 2388.4 ± 1.6 3034.5 ± 1.6 6.99x10-8 1.13x10-8 0.001 3.88x10-8 0.042

CHI3L1 31032.3 ± 2.0 45230.4 ± 2.2 51861.4 ± 1.8 0.003 8.03x10-4 0.038 0.002 NA
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Figure 1. Replicated immune activation markers differently expressed in the circulation of definite 
SSc patients in the absence and in the presence of fibrosis of the skin and internal organs. (A) 
Concentrations of the soluble mediators which were replicated comparing healthy controls (HC), early SSc (EaSSc) 
and definite SSc (defSSc) patients of the replication cohort. (B) Concentrations of the replicated mediators also 
comparing their levels in limited cutaneous (lcSSc) and diffuse cutaneous (dcSSc) SSc in the replication cohort. Each 
symbol represents an individual patient; horizontal lines show the mean and error bars the standard deviation. 
Differences in the serum concentration levels were considered significant at the Bonferroni-adjusted threshold 
p<0.0031  by One-way ANOVA polynomial test for trends and/or One-way ANOVA test with Tukey’s post hoc test. *, 
p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. (C) Heatmaps of mediator profiles per each disease group; 
HC, healthy controls; EaSSc, early SSc; defSSc, definitive SSc without lung or skin fibrosis; lcSSc, limited cutaneous 
SSc, and dcSSc, diffuse cutaneous SSc, considered jointly. Data were normalized for each mediator individually. A 
color profile was made to show the cytokine pattern of each individual (each horizontal, colored block); bright green 
indicates minimal expression; bright red indicates maximal expression.
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Figure 2. Survival curves of EaSSc, defSSc and overall SSc patients in respect with the low or high 
serum levels of CXCL10 and TNFR2 Survival estimates (according to Turnbull’s method for interval censored 
data) in patients with early systemic sclerosis (EaSSc), definite SSc (defSSc) or in all SSc patients (panels left to right) 
in relation to high (dashed lines) or low levels (solid lines) CXCL10 (A, top panels) or TNFR2 serum levels (B, bottom 
panels). Generalized log-rank test statistic probabilities calculated by means of 10.000-fold exact permutation testing.

terms of score and prevalence [7]. Consistently with these findings, we demonstrate here 
that increased levels of CXCL10 and CXCL11 are present in the serum of defSSc and, to a 
smaller extent, of EaSSc patients. We hereby also confirm their increase in the circulation 
of lcSSc and dcSSc patients - as previously described [19, 20] - to similar levels observed 
in the defSSc group. The anti-angiogenic effects of CXCL10 [21], as well as its promoting 
role on vascular smooth muscle cell proliferation [22], support an early role of CXCL10 in 
amplifying the endothelial damage and driving EaSSc and defSSc patients towards fibrotic 
modifications. This notion is corroborated by the findings observed in localized scleroderma, 
where circulating CXCL10 is also increased and correlates with disease activity (23). In this 
regard, the administration of anifrolumab, a monoclonal antibody directed against the IFN-α 
receptor 1, in fibrotic SSc patients has been associated with a decrease in blood and skin 
IFN signature (24) and a drop in circulating CXCL10 as well (25); the downregulation of the 
IFN signature correlated with the decrease of CXCL10. It’s intriguing to speculate how the 
administration of anifrolumab would affect the rate of progression of EaSSc and defSSc 
patients, in particular in halting the development of fibrotic features in those individuals with 
the highest CXCL10 levels, indicative of faster evolution. CXCL10 and CXCL11, as well as CXCL9 
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CXCR3 in SSc could reflect a mechanism of downregulation upon over-exposure to its ligands 
and to pro-inflammatory mediators and/or mirror the progressive decrease of leukocytes 
infiltration in late stage-fibrosis. In this regard, it would be of interest to investigate the 
expression of CXCR3 in EaSSc and defSSc patients where the fibrosis has not yet developed 
and follow-up the pattern of expression over time in parallel with the progression of disease 
and lung involvement. These investigations would be particularly relevant in those individuals 
with higher circulating levels of CXCL10 who faster progressed in our cohort. 
 Circulating TNFR2 has recently been described as a biomarker of activity in juvenile 
dermatomyositis [28] while in RA TNFR2 is not only typically associated with disease activity, 
but has been found to be increased in the circulation years before the onset [29]. Similarly, 
we found that TNFR2 is increased in preclinical EaSSc patients and to the greater extent in 
the ones who faster developed SSc. In defSSc patients the observed increase was even higher 
than in EaSSc individuals and patients with the highest circulating concentrations had faster 
evolution times to fibrotic disease. It is indeed of interest to observe that TNFR2 levels peaked 
in lcSSc and dcSSc patients. Hügle et al. also described an increase of TNFR2 in the circulation 
of fibrotic SSc patients, where it marked the activation of the T cell compartment [30]. In the 
same study TNFR2 was found to be overexpressed also on the T cells of the dermis of the 
patients and positively correlated with the extent of skin thickening. Furthermore, triggering 
of TNFR2 on T cells in vitro led to the release of pro-fibrotic cytokines which further stimulated 
collagen production by fibroblasts. The shedding of soluble TNFRs reflects a status of broad 
immune activation and, in the case of TNFR2, predominantly mirror T cell activation [31]. 
Altogether, our data suggests that T cells might be implicated in the evolution process in SSc. 
Nevertheless, the biological implications of increased TNFR2 in the circulation of SSc patients 
require clarification in future studies, since the soluble receptor could either compete for 
TNF-α binding with T cells - thereby inhibiting its effects - or act as carrier of TNF-α to tissues 
and stabilize TNF-α serum concentration functioning as reservoir. 
 A novel marker identified by our study is CHI3L1, a pro-inflammatory cytokine 
proposed as biomarker of progression and severe prognosis in several chronic inflammatory 
diseases and cancer [32]. Secreted by neutrophils, macrophages, vascular smooth muscle 
cells, synovial cells, chondrocytes from arthritic joints, hepatic stellate cells and cancer cells, 
it binds to collagen and glycosaminoglycans in the extracellular matrix [33] and stimulates 
fibroblasts growth, participating in tissue remodeling and development of fibrosis. In SSc, 
its increase in circulation has been associated with articular involvement and augmented 
levels of soluble IL-2Rα [34], sign of T cell activation. It has also been linked to lung fibrosis 

- which showed a trend for increase in defSSc patients as well in our cohort without reaching 
statistical significance - all bind to CXCR3 on activated lymphocytes (T cells, natural killer 
[NK] and NKT-like cells) and endothelial cells (EC). In spite of a well-documented increased 
expression of CXCL10 and CXCL9 in the serum and in the lesional skin of SSc patients, the 
expression of CXCR3 has been shown to be reduced in SSc skin and to be confined to EC 
only [26]. CXCR3-deficient mice challenged with bleomycin displayed higher mortality 
due to increased lung fibrosis when compared to wild-type mice [27]. Possible reason of 
this phenomenon is the decrease recruitment of natural killer (NK) and NKT-like cell in 
the lung and the consequent decline of anti-fibrotic IFN-γ in the tissue. The decrease of
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and defSSc patients before overt fibrosis is developed. A limitation in our study consists of 
the fact that the serum proteins were not measured longitudinally and that the clinical data 
were collected retrospectively and as a consequence follow-up data were not available for 
each individual. In particular, it would have been of interest to assess how the levels of the 
validated molecules stratify after clinical progression. This second measurement, however, 
would have created problems of interpretation of the results, considering the high inter-
measurement variability of multiplex assays. Nevertheless, the presented results corroborate 
the concept of defSSc as a separate, intermediate entity linking the preclinical stage to 
the fibrotic, most severe subsets of disease. We also provide for the first time evidence of 
markers whose serum upregulation is associated with faster progression to definite disease 
or faster development of fibrotic features in patients with EaSSc and defSSc, respectively. The 
study offers thus new ground to understand the pathophysiology of SSc evolution and opens 
new avenues for disease interception. 
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Supplementary Material

Supplementary Table S1. Baseline clinical and demographic characteristics of the Identification 
cohort

OOR, out of range; IL, interleukin; TNF, tumor necrosis factor; IFN, interferon; G-CSF, granulocyte colony-stimulating 
factor; M-CSM, macrophage colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; 
SCF, stem cell factor; MIF, macrophage migration inhibitory factor; TSLP, thymic stromal lymphopoietin; CCL, 
chemokine (C-C motif) ligand; CXCL, chemokine (C-X-C motif) ligand; OPN, osteopontin; OPG, osteoprotegerin; 
SOST, sclerostin; DKK1, Dickkopf-related protein 1; MMP, matrix metalloproteinase; TNFR, tumor necrosis factor 
receptor; TIMP, tissue inhibitor of metalloproteinases; C5a, complement component 5a; S100A8, S100 calcium-
binding protein A8; CHI3L1, Chitinase-3-like protein 1; TREM-1, triggering receptor expressed on myeloid cells 1; 
sPD-1, soluble programmed cell death protein 1; LAIR-1, leukocyte-associated immunoglobulin-like receptor 1; PAI-
1, plasminogen activator inhibitor-1; TM, thrombomodulin; sBDCA, soluble blood dendritic cells antigen.

Featured analyte OOR < 5%   Featured analyte OOR < 5%  
IL-2 no  

 

CXCL1 yes 
IL-3 no  CXCL5 yes 
IL-4  no  CXCL-6 no 
IL-6 no  CXCL7 yes 
IL-7 no  CXCL9 yes 
IL-9 no  CXCL10 yes 
IL-10  no  CXCL11 yes 
IL-12 no  CXCL12 no 
IL-13 yes  CXCL13 yes 
IL-15  no  CXCL14 no 
IL-17 no  OPN yes 
IL-18 yes  OPG no 
IL-20 no  SOST no 
IL-21 no  DKK1 no 
IL-22 no  MMP-1  yes 
IL-23  no  MMP-3  yes 
IL-26 no  MMP-8  yes 
IL-33 no  MMP-9 yes 
IL-37 no  Cathepsin A yes 
TNF-α no  Cathepsin B  yes 
IFN-α no  Cathepsin L yes 
IFN-β  no  Cathepsin S  yes 
IFN-γ no  TNFR2 yes 
G-CSF yes  Galectin-1  yes 
M-CSF no  Galectin-3  yes 
GM-CSF no  TIMP-1  yes 
SCF no  C5a  yes 
MIF yes  S100A8 yes 
TSLP  no  CHI3L1 yes 
CCL2 yes  TREM-1 no 
CCL3 no  sPD-1 no 
CCL4 yes  LAIR-1 no 
CCL5 yes  P selectin yes 
CCL8 no  Endoglin yes 
CCL11 yes  Angiopoietin 1 yes 
CCL13 no  PAI-1 yes 
CCL17 yes  Elastase no 
CCL18 yes  TM/sBDCA-3 no 
CCL19 yes  Adiponectin yes 
CCL22 yes  Adipsin yes 
CCL20 no  Leptin yes 
CCL25 yes  Chemerin yes 
CCL26 no  Apelin yes 
CCL27 no  Resistin yes 
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Abstract
Background: Immune activation is a hallmark of systemic sclerosis (SSc). However, the 
immunological alterations that occur in preclinical and non-fibrotic SSc and that differentiate 
these subjects from those with primary Raynaud’s phenomenon (PRP) or healthy controls 
(HC) are poorly defined. 
Methods: We isolated CD56+ (NK/NKT-like) cells from HC, patients with PRP, early SSc 
(EaSSc) and definite SSc without skin or lung fibrosis. Cytokine production upon different 
activating stimuli was measured via a multiplex immuno assay.
Results: Clearly discriminative patterns among the different stages of SSc were most 
markedly observed after TLR1/2 stimulation, with increased IL-6, TNF-α and MIP-1α/CCL3 
production in definite SSc patients as compared to HC and/or PRP. Initial alterations were 
observed in EaSSc patients with an intermediate secretion pattern between HC/PRP and 
definite SSc.
Conclusions: CD56+ cells from patients at different stages of SSc differentially respond to 
TLR stimulation, highlighting the relevance of natural immunity in the developmental and 
pre-fibrotic SSc.
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Introduction
Systemic sclerosis (SSc) is a multisystem disease characterized by activation of the immune 
system and widespread vasculopathy culminating in fibrosis of the skin and internal organs 
[1]. Whereas Raynaud’s phenomenon (RP) usually is the first manifestation of disease, both 
vasculopathy as well as activation of the immune system could precede the diagnosis of 
definite SSc by years. Indeed, subjects with RP who test positive for SSc-specific autoantibodies 
and/or display typical alterations at the nailfold videocapillaroscopy are at risk for SSc [2-4]; 
this condition is therefore defined as undifferentiated connective tissue disease at risk for 
SSc (UCTD/SSc) [5] or early SSc (EaSSc) [6]. 
 Innate immune system alterations have extensively been described in established 
SSc with overt skin fibrosis [7, 8], yet little is known about changes in natural immunity that 
may occur in EaSSc or in pre-fibrotic scleroderma as compared to subjects with primary 
Raynaud’s phenomenon (PRP). Recently, we have demonstrated that interferon type I 
signatures in whole blood are a prominent feature of SSc in its developmental phase [9] and 
that EaSSc distinctly have increased plasma levels of dendritic cells (DC)-derived C-X-C motif 
chemokine 4 (CXCL4) [10]. 
 Other components of the natural immunity, such as natural killer (NK, CD56+CD3-) 
and NKT-like (CD56+CD3+) cells, may also have a role in the development and progression 
of SSc. NK are able to release a wide variety of cytokines upon different activating triggers 
and to tune the maturation of other cells of the immune system, such as DC and T cells, 
skewing them into a pro-inflammatory or tolerogenic status or into different Th patterns 
of activation [11]. NKT-like cells are a broad, diverse group of T cells co-expressing T cell 
receptor and NK receptors, which cluster very close to NK cells in terms of multiparameter 
surface-molecule expression, but exhibit a relative transcriptional quiescence, requiring a 
more pro-inflammatory milieu to exert similar immunoregulatory properties [12]. The role 
of NK and NKT-like cells in SSc has not been fully clarified yet, as some authors claimed a 
reduced number and function of NK and NKT-like cells, whereas others suggested a normal or 
increased number of NK cells in the disease along with an activated phenotype but defective 
killing capability, all reviewed in [13]. The current knowledge about NK and NKT-like cells in 
SSc comes from studies conducted on established SSc; only one recent report studied NK 
and NKT-like cells also in a small group of preclinical SSc, finding no differences in the flow 
cytometry absolute count of both NK and NKT-like cells as compared to healthy subjects, but 
no further functional analyses were performed [13]. 
 To assess whether functional alterations in NK and NKT-like cells can be detected in 
the earliest and non-fibrotic phases of SSc to differentiate developing scleroderma from PRP, 
we investigated the response of CD56+ cells to different activating stimuli in patients with 
long-standing PRP, EaSSc and definite SSc yet lacking any cutaneous or pulmonary fibrotic 
involvement. 
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Methods
Patients and controls
Forty-six patients referring to the Scleroderma Unit of the Fondazione IRCCS Ca’ Granda 
Policlinico di Milano were considered. The study group included 10 PRP subjects according 
to the criteria proposed in [14], 24 EaSSc patients according to LeRoy and Medsger criteria 
[6] without any signs and symptoms indicative of definite disease, 12 SSc according to the 
2013 ACR/EULAR criteria [2] without skin fibrosis (modified Rodnan skin score = 0) [15] and 
without any sign of lung fibrosis defined as a typical involvement of the lung parenchyma 
>5% on high resolution computed tomography [16] accompanied by a reduced forced vital 
capacity or diffusing capacity for carbon monoxide <80% of predicted values. Nine healthy 
controls (HC) matched for sex and age were also included as a comparison group. Clinical 
characteristics of the study groups are shown in Table 1. 
 All the subjects gave their written consent to have their laboratory and 
epidemiological data anonymously used for the study, which was approved by the local ethic 
committee (comitato etico Area B Milano, protocol 425/2014) and performed in accordance 
with the Declaration of Helsinki.

Table 1. Baseline clinical and demographic characteristics

HC, healthy controls; PRP, primary Raynaud’s phenomenon; EaSSc, early systemic sclerosis; SSc, definite systemic 
sclerosis; N, number; yrs, years; RP, Raynaud’s phenomenon; ANA, Anti-Nuclear antibodies; ACA, Anti-Centromere 
antibodies; ATA, Anti-Topoisomerase I antibodies; NA, not applicable. Values are expressed as mean ± standard 
deviation, when not differently specified. * p<0.05 if compared to PRP group.

Samples collection and analysis
Peripheral Blood Mononuclear Cells (PBMC) were isolated by density-gradient centrifugation 
over ficoll-Paque from heparinized venous blood. Subsequent positive selection (Miltenyi 
Biotec) was used to isolate CD56+ cells from the PBMC fraction (purity >95%). 5 x 104 CD56+ 
cells/well were seeded in a 96-well plate in a final volume of 100 μl and and stimulated for 
24 hours in culture medium (Gibco® RPMI 1640 medium with 10% Fetal Calf Serum, 1% 
Penicillin-Streptomycin, 1% Glutamine) with TLR agonists (5 μg/ml TLR1/2 Pam3CSK4, EMC 

 HC PRP EaSSc SSc 
N 9 10 24 12 
Females, n (%) 8 (88.9) 10 (100) 21 (87.5) 12 (100) 
Age, yrs 47.8 ± 8.4 48.9 ± 18.7 53 ± 14.9 56.2 ± 11.3 
RP duration, yrs NA 22.5 ± 14.2 *9.8 ± 8.7 18.4 ± 13.3 
Autoantibodies, n (%)     
   ANA  0 (0) 0 (0) 20 (83.3) 12 (100) 
   ACA  0 (0) 0 (0) 13 (54.1) 9 (75) 
   ATA 0 (0) 0 (0) 3 (12.5) 1 (8.3) 
Capillaroscopy, n (%) 0 (0) 0 (0) 18 (75) 12 (100) 
Teleangiectasia, n (%) 0 (0) 0 (0) 0 (0) 5 (41.7) 
Puffy fingers, n (%) 0 (0) 0 (0) 0 (0) 10 (83.3) 
Digital ulcers, n (%) 0 (0) 0 (0) 0 (0) 2 (16.7) 
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microcollections; 10 μg/ml TLR3 Poly(I:C) and 2 μg/ml TLR7/8 R848; InvivoGen); additionally, 
CD56+ cells were stimulated with human recombinant IL-2 (60 U/ml, R&D Systems) and IFN-α 
(1000 U/ml, Cell Sciences). Cell-free supernatants were stored at -80 °C until analysis.
 Levels of IL-6, TNF-α, IL-10, IFN-γ, IL-4, IL-13, IL-17, IL-22, IL-8/CXCL8, GM-CSF, 
RANTES, MIP-1α/CCL3 were measured in cell-free supernatants of CD56+ cells by the 
MultiPlex Core Facility of the Laboratory of Translational Immunology (LTI) with in-house-
developed bead sets as previously described [17]. For statistical analysis, concentrations 
below the detection limit were converted to half of the lower limit of detection. When >10% 
of measurements were below detection limit, the mediator was excluded for further analysis, 
unless >90% was detected in one specific subgroup; IFN-γ, IL-4, IL-13, IL-17 didn’t respect 
these prerequisites and were therefore removed before performing statistical analysis. All 
the concentrations are expressed in pg/mL throughout the paper.

Statistical analysis
All the analyses were conducted via the SPSS ver 22.0 software (IBM Corp, Armonk NY). 
Continuous variables are expressed as mean ± standard deviation (SD). Comparisons were 
performed via one-way ANOVA; the Levene's test was used to test the equality of variances; 
when the test was not significant (>0.05) the F-statistic was used to establish the significance 
of the model, the Welch's test was used otherwise. When ANOVA results were declared 
significant at the 0.00625 level (α=0.05/8 comparisons) post-hoc tests were used to evaluate 
the significance of pairwise comparisons, namely, the Tukey's test or the Games-Howell 
test in relation to Levene's test significance. Post-hoc tests were then considered significant 
at the 0.05 threshold. The ANOVA polynomial linear test was used to evaluate trends for 
continuous variables; polynomial tests were declared significant at the 0.00625 level. To 
provide more robust estimates, univariate outliers, as determined by the boxplot method, 
were removed. 
 To characterize and to provide a better visualization of trends among groups, 
subjects’ data were also categorized: individuals whose analyte concentrations were 
<1st quartile were classified as low producers; individuals with concentrations in the 1st 
- 3rd quartile as intermediate producers; individuals with concentrations >3rd quartile as 
high producers. Categorical trends were evaluated via the Somer’s D test with a nominal 
significance level as above; during categorization outliers were not removed. 

Results
Cytokine levels in supernatants from unstimulated CD56+ cells did not differ among groups 
and no statistical trends could be observed either (Table 2). CD56+ cell stimulation, however, 
not only led to a substantial increase in the amount of produced cytokines but also showed a 
number of significant trends across groups as well as a few significant pairwise comparisons. 
 The data are shown in Table 2 with the exception of the ones referring to IL-10 
and IL-22 production (shown in Supplementary Table S1), whose levels were just above 
the detection limits in each conditions applied and in all groups of patients and HC, thus 
providing only arguable biological relevance. The most consistent results were observed 
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Table 2. Concentrations of analytes according to the different groups

HC, healthy controls; PRP, primary Raynaud’s phenomenon; EaSSc, early systemic sclerosis; SSc, definite systemic 
sclerosis. Trend p, ANOVA polynomial linear trend. ANOVA, analysis of variance. Significant results after Bonferroni 
correction (α = 0.00625) are depicted as dark-shaded cells; results significant at the exploratory 0.01 threshold are 
depicted as light-shaded cells. The symbol ¶ depicts the significant pairwise comparisons, p < 0.05 or ¶¶, p < 0.001 
as compared to the SSc group; the symbol † depicts the significant pairwise comparison, p < 0.05, as compared to 
the HC group. Values are expressed in pg/mL as mean ± standard deviation. 

Analyte Stimulus HC PRP EaSSc SSc Trend p ANOVA p 

IL-6 None 3.29 ± 2.34 12.75 ± 23.4 4.94 ± 4.05 10.12 ± 11.53 .464 .244 

 IFN-α 10.24 ± 9.6 10.75 ± 7.55 9.93 ± 6.53 16.05 ± 14.18 .228 .354 

 IL-2 25.23 ± 12.47¶ 79.65 ± 73.18 53.41 ± 42.9 167.8 ± 141.7 .001 .001 

 TLR1/2 126.7 ± 80.1¶ 247.7 ± 217.5 336.1 ± 269.2† 729.7 ± 574.2 .000 .001 

 TLR3 13.47 ± 8.73 11.32 ± 8.46 17.15 ± 14.03 32.42 ± 25.2 .014 .022 

 TLR7/8 426.1 ± 282.7 505 ± 210.6 1004.6 ± 1053.8 1202.8 ± 889.1 .018 .096 

TNF-α None 3.19 ± 0.96 4.28 ± 1.53 3.26 ± 0.78 4.07 ± 0.95 .278 .026 

 IFN-α 3.68 ± 0.6 3.58 ± 0.24 4.66 ± 1.85 4.67 ± 2.14 .111 .262 

 IL-2 8.48 ± 4.11 11.72 ± 8.62 10.52 ± 7.95 22.96 ± 17.47 .006 .007 

 TLR1/2 14.16 ± 8.78¶ 15.09 ± 11.6¶ 26.11 ± 19.49 53.73 ± 41.06 .000 .001 

 TLR3 5.94 ± 5.48 4.64 ± 2.29 5.1 ± 4.21 5.86 ± 5.32 .974 .888 

 TLR7/8 34.03 ± 20.7 49.46 ± 32.49 130.3 ± 153.6 129.1 ± 125.7 .043 .125 

MIP-1α None 223.1 ± 68.65 232.4 ± 55.42 207.3 ± 44.21 226.6 ± 75.6 .866 .659 

 IFN-α 470.4 ± 468.4 296.2 ± 117.3 308 ± 135.9 362 ± 178 .333 .291 

 IL-2 2184 ± 1215.1 1536.5 ± 565.3 2505.4 ± 4565.9 3485.9 ± 1903.3 .280 .577 

 TLR1/2 1329 ± 695.5¶ 1454.7 ± 942.1¶ 2693.8 ± 2364.7 4123.7 ± 2928.4 .002 .012 

 TLR3 549.7 ± 406.8 390.6 ± 183.5 330.9 ± 157.6 588.8 ± 392 .891 .055 

 TLR7/8 2193.2 ± 1254.8 2083.8 ± 958.2 3678.9 ± 3791.1 4117.2 ± 2644.5 .090 .284 

RANTES None 28.93 ± 8.75 34.63 ± 16.45 23.06 ± 22.24 35.42 ± 23 .794 .289 

 IFN-α 40.29 ± 11.96 52.76 ± 27.5 28.89 ± 16.12 47.72 ± 25.69 .984 .020 

 IL-2 113.9 ± 62.74 104.2 ± 45.91 62.06 ± 36.2¶¶ 142.07 ± 64.48 .548 .001 

 TLR1/2 47.04 ± 27.77 60.3 ± 47.56 37.3 ± 36.25 65.15 ± 29.89 .540 .163 

 TLR3 64.61 ± 54.61 52.28 ± 31.05 26.11 ± 21.18 51.46 ± 37.03 .169 .022 

 TLR7/8 42.88 ± 8.57 46.28 ± 27.69 31.29 ± 31.69 60.73 ± 37.67 .398 .079 

GM-CSF None 1.83 ± 0.62 1.76 ± 0.79 1.98 ± 0.53 1.78 ± 0.73 .934 .773 

 IFN-α 1.5 ± 0.61 2.1 ± 0.21 1.81 ± 0.5 2.24 ± 1.84 .022 .033 

 IL-2 66.03 ± 50.51 56.13 ± 35.9 31.67 ± 25.77¶ 179.3 ± 148.6 .008 .000 

 TLR1/2 25.17 ± 21.02 33.8 ± 26.28 30.78 ± 23.54 53.2 ± 60.39 .102 .266 

 TLR3 2.86 ± 2.41 1.76 ± 1.27 1.26 ± 1.13 2.54 ± 2.36 .550 .077 

 TLR7/8 34.26 ± 20.86 30.73 ± 12.68 47.66 ± 46.16 96.66 ± 73 .003 .007 

IL-8 None 118.8 ± 107.5 173.7 ± 112 202.4 ± 203.7 174.6 ± 129.4 .415 .670 

 IFN-α 468.7 ± 581 72.57 ± 59.82 149.1 ± 158.5 219.9 ± 273.4 .117 .027 

 IL-2 617 ± 399.2 636.3 ± 249.6 1447.5 ± 2089.5 1281.1 ± 979 .230 .430 

 TLR1/2 1361.1 ± 868.3 1875.6 ± 1316.9 5935.2 ± 8117.4 3624.3 ± 3963.3 .207 .150 

 TLR3 273.8 ± 433.6 155 ± 126.9 232.8 ± 264.2 190.4 ± 97.9 .657 .780 

 TLR7/8 1028.2 ± 705.1 1338.1 ± 952.2 1970.8 ± 2340.1 1767.4 ± 1423.5 .278 .566 
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after Pam3CSK4 (TLR1/2) stimulation with a gradual increase from HC to SSc in IL-6 (polynomial 
linear trend p=2x10-4), in TNF-α (p=3.47x10-4) and in MIP-1α concentrations (p = 0.002). For 
IL-6 and TNF-α, a full statistical significance was reached comparing the concentrations 
elicited in CD56+ cells from HC vs SSc or vs EaSSc, and from PRP vs SSc subjects (ANOVA 
F=0.001 and post-hoc tests <0.05); substantial or exploratory significance was also reached 
for MIP-1α for the same comparisons (ANOVA F<0.05 and post-hoc tests <0.05). 
 Categorical analysis (summarized in Supplementary Table S2 and detailed in 
Supplementary Tables S3-S8) confirmed the quantitative results with significant trends 
(Somer’s D <0.00625) observed after TLR1/2 stimulation for IL-6, TNF-α and MIP-1α (Figure 
1), as well as after TLR7/8 stimulation (R848) for the same analytes. As displayed in Figure 1, 
after TLR1/2 stimulation, high production of IL-6, TNF-α and MIP-1α by CD56+ cells is mainly 
observed in SSc patients while in HC or PRP subjects low and/or intermediate production 
dominate; EaSSc show an intermediate activation pattern. 

Figure 1. Distribution of low- intermediate- and high- IL-6, TNF-α and MIP-1α producers after TLR1-2 
stimulation in relation to the diagnosis. HC, healthy controls; PRP, primary Raynaud’s phenomenon; EaSSc, 
early systemic sclerosis; SSc, definite systemic sclerosis. The stacked percent bar plots represent the percentage 
(%) of low- (white), intermediate- (grey) and high- (black) IL-6 (A), TNF-α (B), MIP-1α (C) producers after TLR1/2 
stimulation within the different patients groups.

Discussion
Immune system activation is a cardinal feature of SSc that may antedate the onset of a full-
blown fibrotic disease by years [1-4]. Yet, little is known about the ongoing autoimmune 
process in the preclinical stage of SSc. From a pathogenetic point of view, autoimmune 
diseases are thought to be the consequence of an environmental trigger in a genetically 
susceptible host, where a cascade of events leads to a chronic immune response and finally 
breakthrough of tolerance. Under this conceptual framework, cells of the innate immune 
system may have a fundamental role in eliciting and perpetrating autoimmunity, being the 
body’s first line of response.
 The mechanisms at the basis of the lack of self-recognition and initiation of the 
autoimmune response remain elusive. In particular, it is hard to distinguish which part of 
the inflammatory response observed in the context of autoimmune phenomena is causative 
and which is a mere consequence of the process, yet perpetuating inflammation and 
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tissue damage with continued exposure of self antigens. NK cells have been considered as 
decisive players in many autoimmune diseases and suggested to play an important role in 
the earliest, pre-clinical phases (reviewed in [18]). The loss of self-recognition in NK cells 
could be partly due to failure to deliver inhibitory signals in the form of a MHC class I - 
Killer Immunogloblulin-like Receptors (KIR) mismatch, with inadequate dampening of the 
response to foreign triggers as consequence. More recently though, the current work on 
NK cells points firmly towards a disproportional, maintained activating signaling in patients 
with different autoimmune diseases. Therefore, hyperactivated NK cells could directly cause 
tissue damage by uncontrolled cytotoxic response but also modulate the immune response 
[11], mostly after TLR stimulation [19] in the interaction with antigen-presenting cells and T 
cells, via direct cell-to-cell contact or via cytokine production. In line with this premise, we 
found an increased activation of CD56+ cells after TLR1/2 and to some extent after TLR7/8 
stimulation that allow a clear differentiation and separation of definite SSc from HC and 
PRP subjects. These findings are of paramount importance as in our study we considered 
subjects with definite SSc yet without any sign of advanced disease and that represent a 
unique population with early signs of evolution. Interestingly, even if statistical differences 
in cytokine concentrations between EaSSc and HC was only depicted with regard to IL-6 
secretion, upon TLR1/2 stimulation we observed also clear increasing trends in CD56+ cells 
activation patterns with regard to TNF-α and MIP-1α. These findings enforce the notion 
that in EaSSc subjects vascular and immune mechanisms that will eventually lead to the 
appraisal of a definite SSc are already active yet less preponderant than in established SSc 
[20]. This striking trend can primarily be observed for IL-6 but also for MIP-1α/CCL3 and 
TNF-α, which is indeed consistent with previous observations correlating IL-6 and MIP-1α/
CCL3 levels to SSc disease progression [21]. Our group has shown that a functionally relevant 
TLR2 SNP may affect IL-6 and TNF-α production in SSc myeloid and monocyte-derived DC 
[22], likely through a higher surface expression and a slowed trafficking of TLR1/2. It could be 
hypothesized that the linearly increasing pro-inflammatory effect that we observed in CD56+ 
cells from HC and PRP to EaSSc and ultimately to SSc patients under TLR1/2 stimulation might 
reflect a specific alteration in downstream signaling in CD56+ cells. Alternatively, some of the 
lipopeptidic ligands responsible for TLR1/2 activation, as opposed to nucleic acids recognized 
by intracellular TLRs, might be involved in the inflammatory process.
 NK cells and NKT-like cells share functional capability and they both respond to TLR 
triggering [23] and to the different NK receptors on the cell surface via ligation of MHC class 
I molecules and stress-induced molecules. NKT-like cells though, represent a very diverse 
subset of T cells also capable of TCR-mediated and MHC-restricted activation. CD56bright NK 
cells are known to be the main cytokine-producing subset and express the highest level of 
TLR2 [24]. Similarly, KIR- NKT-like cells have been shown to be more capable of cytokine 
production than their KIR+ counterpart in response to different stimuli, among which TLR2 
triggering [12]. The potentiated cytokine production in response to TLR1/2 triggering 
described in our work could mirror a preferential activation of the CD56bright NK compartment 
and/or of the KIR- NKT-like subset in Early and more prominently in definite SSc patients. 
 In our study, we were not able to phenotype and differentiate between the 
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effect exerted by NK (CD56+CD3-) and NKT-like (CD56+CD3+) cells separately, and therefore 
additional investigations focusing on the influx and contribution of each population are 
currently underway to study this in more detail. Furthermore, it would be of great value to 
assess prospectively the CD56+ pattern of activation after TLR stimulation in EaSSc patients 
who evolve into SSc. 

Herein we describe for the first time the unique pattern of activation of NK/NKT-like cells 
in the different stages of preclinical and non-fibrotic SSc. We showed that innate immune 
system responses can initially be altered in subjects with a diagnosis of EaSSc to be 
substantially modified when signs of a definite disease are found. This finding is of relevance 
as it may allow the identification of pathways leading to full-blown SSc and may give rise to 
the possibility of disease interception, treating molecular aberrances before actual disease 
onset.
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Supplementary Material

Supplementary Table S1. Concentrations of IL-10 and IL-22 according to the different groups

HC, healthy controls; PRP, primary Raynaud’s phenomenon; EaSSc, early systemic sclerosis; SSc, definite systemic 
sclerosis; ANOVA, analysis of variance; OOR> 10%, more than 10% of measurements were below detection limit; NA, 
not applicable. Values are expressed in pg/ml as mean ± standard deviation.

Analyte Stimulus HC PRP EaSSc SSc ANOVA p 

IL-10 None 1.97 ± 0.54 2.25 ± 0.64 2.09 ± 0.97 2.34 ± 0.78 .735 

 IFN-α 2.54 ± 0.47 2.28 ± 0.43 2.32 ± 1.02 2.76 ± 1.04 .520 

 IL-2 2.67 ± 1.02 1.92 ± 0.92 2.62 ± 1.74 3.24 ± 1 .179 

 TLR1/2 2.48 ± 0.7 2.78 ± 1.15 4.86 ± 4.62 5.74 ± 2.87 .111 

 TLR3 2.39 ± 0.98 2.7 ± 1.35 1.95 ± 0.92 2.57 ± 1.24 .253 

 TLR7/8 6.13 ± 3.2 6.75 ± 3.13 10.81 ± 10.5 12.03 ± 5.99 .214 

IL-22 None 12.2 ± 2.87 12.12 ± 1.9 11.87 ± 2.24 10.97 ± 1.98 .762 

 IFN-α 14.03 ± 4.2 12.14 ± 1.7 13.12 ± 3.02 11.67 ± 3.72 .360 

 IL-2 12.6 ± 1.75 16.2 ± 3.01 14.97 ± 2.12 16.56 ± 4.82 .097 

 TLR1/2 10.2 ± 8.74  12.56 ± 2.2 11.1 ± 3.43 9.84 ± 4.81 .639 

 TLR3 OOR> 10% OOR> 10% OOR> 10% OOR> 10% NA 

 TLR7/8 13.82 ± 1.9 15.6 ± 2.03 15.84 ± 2.95 14.84 ± 4.02 .201 
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Supplementary Table S2. Summary of categorical trends for CD56+ cells categorized as low-, 
intermediate- and high-producers

Analyte Stimulus Categorical trend p

IL-6 None 0.046

IFN-α 0.261

IL-2 0.018

TLR3 0.455

TLR1/2 0.001

TLR7/8 1.9x10-5

TNF-α None 0.696

IFN-α 0.284

IL-2 0.012

TLR3 0.826

TLR1/2 2.7x10-4

TLR7/8 3.2x10-4

MIP-1α None 1

IFN-α 0.576

IL-2 0.070

TLR3 0.993

TLR1/2 0.001

TLR7/8 0.004

RANTES None 0.753

IFN-α 0.438

IL-2 0.792

TLR3 0.235

TLR1/2 0.367

TLR7/8 0.793

GM-CSF None 0.763

IFN-α 0.254

IL-2 0.450

TLR3 0.683

TLR1/2 0.377

TLR7/8 0.122

IL-8 None 0.910

IFN-α 0.760

IL-2 0.444

TLR3 0.316

TLR1/2 0.156

TLR7/8 0.122
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Supplementary Table S3. Contingency tables for categorized CD56+ cells in relation to IL-6 production 
after TLR1/2 stimulation

HC, healthy controls; PRP, primary Raynaud’s phenomenon; EaSSc, early systemic sclerosis; SSc, definite systemic 
sclerosis. Data are expressed as % of patients within each group.

Supplementary Table S4. Contingency tables for categorized CD56+ cells in relation to IL-6 production 
after TLR7/8 stimulation

HC, healthy controls; PRP, primary Raynaud’s phenomenon; EaSSc, early systemic sclerosis; SSc, definite systemic 
sclerosis. Data are expressed as % of patients within each group.

Supplementary Table S5. Contingency tables for categorized CD56+ cells in relation to TNF-α 
production after TLR1/2 stimulation

HC, healthy controls; PRP, primary Raynaud’s phenomenon; EaSSc, early systemic sclerosis; SSc, definite systemic 
sclerosis. Data are expressed as % of patients within each group.

 Low-producers Intermediate-producers High-producers 

HC 55,6% 44,4% 0,0% 

PRP 30,0% 60,0% 10,0% 

EaSSc 16,7% 58,3% 25,0% 

SSc 16,7% 25,0% 58,3% 

 

 Low-producers Intermediate-producers High-producers 

HC 55,6% 44,4% 0,0% 

PRP 30,0% 60,0% 10,0% 

EaSSc 25,0% 41,7% 33,3% 

SSc 0,0% 58,3% 41,7% 

 

 Low-producers Intermediate-producers High-producers 

HC 44,4% 55,6% 0,0% 

PRP 50,0% 40,0% 10,0% 

EaSSc 12,5% 62,5% 25,0% 

SSc 16,7% 25,0% 58,3% 
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Supplementary Table S6. Contingency tables for categorized CD56+ cells in relation to TNF-α 
production after TLR7/8 stimulation

HC, healthy controls; PRP, primary Raynaud’s phenomenon; EaSSc, early systemic sclerosis; SSc, definite systemic 
sclerosis. Data are expressed as % of patients within each group.

Supplementary Table S7. Contingency tables for categorized CD56+ cells in relation to MIP-1α 
production after TLR1/2 stimulation

HC, healthy controls; PRP, primary Raynaud’s phenomenon; EaSSc, early systemic sclerosis; SSc, definite systemic 
sclerosis. Data are expressed as % of patients within each group.

Supplementary Table S8. Contingency tables for categorized CD56+ cells in relation to MIP-1α 
production after TLR7/8 stimulation

HC, healthy controls; PRP, primary Raynaud’s phenomenon; EaSSc, early systemic sclerosis; SSc, definite systemic 
sclerosis. Data are expressed as % of patients within each group.

 Low-producers Intermediate-producers High-producers 

HC 55,6% 44,4% 0,0% 

PRP 30,0% 60,0% 10,0% 

EaSSc 20,8% 45,8% 33,3% 

SSc 8,3% 50,0% 41,7% 

 

 Low-producers Intermediate-producers High-producers 

HC 33,3% 66,7% 0,0% 

PRP 40,0% 60,0% 0,0% 

EaSSc 20,8% 50,0% 29,2% 

SSc 16,7% 25,0% 58,3% 

 

 Low-producers Intermediate-producers High-producers 

HC 44,4% 44,4% 11,2% 

PRP 30,0% 60,0% 10,0% 

EaSSc 29,2% 37,5% 33,3% 

SSc 0,0% 66,7% 33,3% 
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Abstract
Background: Systemic sclerosis (SSc) is an autoimmune disease characterized by dysregulation 
of the immune system, vasculopathy and fibrosis of the skin and internal organs. To improve 
our knowledge on the contribution of CD56+CD3- natural killer (NK), CD56+CD3+ NKT-like and 
invariant NKT cells in SSc development, we performed phenotyping of NK receptors (NKR) in 
the circulation of SSc patients, including subjects with preclinical SSc. 
Methods: NKR were assessed by flow cytometry using two 13-color panels on whole blood 
of patients with definite SSc without fibrosis (defSSc, n=24), with limited (lcSSc, n=26) and 
diffuse cutaneous (dcSSc, n=19) SSc, with preclinical disease (EaSSc, n=15) and in healthy 
controls (HC, n=20). NK cell degranulation in response to K562 target cells was assessed in 
lcSSc and dcSSc patients versus HC. 
Results: The number of circulating lymphocytes, NKT-like and invariant NKT cells - but neither 
CD3+ T nor NK cells - was reduced in dcSSc, as compared to HC. NKp46+ NK cells co-expressing 
NKG2D and CD16 were decreased in dcSSc, compared to HC and EaSSc. Consistently with 
these observations, dcSSc exhibited lower NK cell degranulation capability. (CD57+)KIR+ and 
activating NKR-expressing NKT-like cells were diminished in both dcSSc and lcSSc versus HC.
Conclusions: dcSSc patients display a defective NK cytotoxicity potential, possibly due to 
the decreased NKp46+ fraction. The cytolytic KIR+ NKT-like fraction was also reduced with a 
parallel decrease of activating receptors expression in both lcSSc and dcSSc. Overall these 
results point toward an impairment of NK and NKT-like cells function in fibrotic SSc.
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Introduction
Systemic sclerosis (SSc) is characterized by dysregulation of the immune system and 
vasculopathy which result in fibrosis of the skin and internal organs. Individuals with Raynaud’s 
phenomenon (RP), SSc-specific antibodies and/or specific nailfold videocapillaroscopy (NVC) 
changes are at risk for developing SSc [1, 2]. This condition has been defined as early SSc 
(EaSSc) [3] or Undifferentiated Connective Tissue Disease (UCTD) at risk for SSc (SSc/UCTD) 
[4]. Recently, we showed that individuals with definite SSc without fibrosis of the skin and 
internal organs - herein referred to as defSSc patients - are clinically and biologically different 
from other subsets [5], representing an intermediate severity stage between EaSSc and 
limited cutaneous (lcSSc) and diffuse cutaneous SSc (dcSSc) [6].
 To date, a large body of evidence supports the contribution of the immune system 
to the pathology of SSc. First, most SNPs associated with increased risk to develop SSc are 
located in or near genes linked to innate immunity or T/B cell biology [7]. Secondly, our 
group previously showed aberrant responses of antigen presenting cells (APC) leading to 
an increased production of CXCL4, a biomolecule with pathogenetic potential associated 
with disease severity [8]. Interestingly, CXCL4 alterations could already be detected in EaSSc 
patients, suggesting an immune derailment from the early phases of SSc. Accordingly, we 
observed an abnormal expression of interferon-responsive genes (type I interferon signature) 
in patients with defSSc and EaSSc [9]. Thirdly, we described abnormal natural killer (NK; 
CD56+CD3-) and NKT-like (CD56+CD3+) joint cell responses to activating toll-like receptors 
(TLR) stimuli in EaSSc and, to a greater extent, defSSc patients [10]. 
 Studies on the enumeration of NK and NKT-like cells in SSc yielded contrasting 
results, either showing a decrease, an increase or no change in the number of circulating 
NK cells [11], most likely as a consequence in the demographical composition of the studied 
cohorts. Although in SSc NK cells express enhanced activation markers, they also display 
diminished cytotoxicity potential [12].  Recently, a general decrease of NKT-like cells in the 
circulation of SSc but not EaSSc patients was described [11]; yet, no functional profiling was 
performed.
 Both NK and NKT-like cells display CD56 and other NK surface cell receptors (NKR) 
that determine their functional response to tumor- and virus-infected cells. These cells are 
also important immune check-points for dendritic cells and activated T cells tuning their 
maturation and function [13, 14]. NK cells are capable of cytokine production mainly through 
the highly-proliferative and immature CD56bright subset, which is thought to be the precursor 
of CD56dim cells. In contrast, the CD56dim subset is responsible for NK cytolytic activity. While 
CD56bright NK cells express the HLA-E molecule-binding NKG2A inhibitory receptor, CD56dim 
NK cells progressively lose NKG2A expression and acquire CD16 and Killer Immunoglobulin-
like (KIR) receptors [15]. The most mature fraction of CD56dim cells co-expresses CD57 and 
is marked by high cytotoxic potential and reduced or no response to proliferating stimuli 
[16]. The activating counterpart of NKG2A, NKG2C, is also triggered by HLA-E ligation and 
represents a specific subset of KIR+CD57+, clonally expanded adaptive NK cells [17]. NK cells 
also express other activating receptors such as NKG2D and the cytotoxicity receptors (NCR), 
amongst which NKp30 and NKp46.
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NKT-like cells express NKR as well as the T-cell receptor (TCR), which makes them capable of 
MHC-mediated activation. However, their TCR has a restricted repertoire, which unveils the 
predominant effector-memory phenotype of these cells and chronic antigen stimulation [18]. 
The expression or the absence of KIR on their surface delineates the two major functional 
subsets, KIR+ NKT-like cells representing the most mature, cytotoxic cells and KIR- NKT-like 
cells the main cytokine-producing fraction, metabolically and transcriptionally similar to 
effector T cells.
 To increase the knowledge about the role of NK and NKT-like cells in SSc, we 
performed phenotyping of these cells in different subsets of SSc patients, including EaSSc 
subjects, comparing the (co-)expression of different NKR on these cell-types and also in a 
subset of NKT cells expressing invariant TCR (invariant NKT; iNKT).

Methods
Patients and Healthy Controls 
Eighty-four SSc patients referring to the Scleroderma Unit of the Fondazione IRCCS Ca’ 
Granda Policlinico di Milano and 20 healthy controls (HC) were included over 3 consecutive 
weeks for flow cytometry analyses. Patients were classified as EaSSc [3] without any signs and 
symptoms indicative of definite disease and SSc according to the 2013 ACR/EULAR criteria 
[19]. Patients with SSc were categorized as defSSc when displaying no fibrosis of the skin and 
internal organs (as defined in [5]), lcSSc or dcSSc in relation to the extent of skin involvement 
[6]. Clinical characteristics of the study groups are shown in Table 1. 
 Two dcSSc and 5 lcSSc patients referring to the Department of Rheumatology of the 
Radboud University Medical Center in Nijmegen and 5 HC were recruited to assess NK cell 
degranulation (Table 2). 
 All the subjects gave their informed consent. The study was approved by the local 
ethic committee (comitato etico Area B Milano) and performed in accordance with the 
Declaration of Helsinki.

Sample preparation and flow cytometry analysis
Cell numbers and surface NKR expression were determined by flow cytometry. The 
experimental procedure is detailed in Supplementary Methods M1. The multicolor 
panels designed for the analysis are detailed in Supplementary Table S1 and explained in 
Supplementary Methods M1. The gating strategy is shown in Supplementary Figures S1-S4. 

NK cell isolation and CD107a-based degranulation assay
To assess NK cell degranulation in response to K562 target cells, peripheral blood mononuclear 
cells were isolated from heparinized venous blood by Ficoll Hypaque gradient separation. 
NK cells were enriched by negative selection (Miltenyi Biotec, Bergisch Gladbach, Germany); 
purity was always > 95%. The experimental procedure is detailed in Supplementary Methods 
M2. 
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Table 1. Characteristics of patients and healthy controls for NK and NKT-like phenotype

HC, healthy controls. n, number. EaSSc, early systemic sclerosis. defSSc, definite systemic sclerosis without 
fibrosis of the skin or of the internal organs. lcSSc, limited cutaneous systemic sclerosis. dcSSc, diffuse cutaneous 
systemic sclerosis. F, females. RP, Raynaud’s phenomenon. NS, not stated. ANA, anti-nuclear autoantibodies. ACA, 
anti-centromere autoantibodies. ATA, anti-topoisomerase I autoantibodies. mRSS, modified Rodnan skin score. 
ILD, interstitial lung disease. DU, digital ulcers. PS, pitting scars. PF, puffy fingers. Data expressed as median and 
interquartile range if not otherwise indicated.

Statistics 
Statistical analysis was performed using IBM SPSS Statistics v 21.0 software (IBM Corp., 
Armonk NY, USA). Differences in cell frequencies amongst the different groups were assessed 
using Kruskal-Wallis test with post-hoc test to identify which groups significantly differed. 
Correlation with numerical variables was calculated with Spearman’s rank correlation 
coefficient. False Discovery Rate (FDR) correction for multiple comparisons was applied 
(Benjamini and Hochberg version) and q values (corrected p values) <0.05 were considered 
statistically significant. Continuous values are expressed as median and interquartile (IQ) 
range throughout the paper. 

 HC  

(n=20) 

EaSSc  

(n=15) 

defSSc 

(n=24) 

lcSSc  

(n=26) 

dcSSc 

(n=19) 

F (n, %) 18 (90) 15(100) 24 (100) 24 (92) 16 (84) 

Age  50 (44-59) 72 (46-77) 58 (49-66) 63 (51-71) 50 (45-63) 

RP duration  NS 12 (9-20) 15 (11-23) 21 (11-30) 14 (2-20) 

Disease duration NS NS 10 (1-17) 17 (5-23) 13 (2-16) 

Autoantibodies (n, %) 

           ANA+ (aspecific) 

           ACA 

           ATA 

0 (0) 

 

 

1 (7) 

12 (80) 

2 (13) 

 

4 (17) 

19 (79) 

1 (4) 

 

2 (8) 

13 (50) 

9 (35) 

 

5 (26) 

0 (0) 

11 (58) 

mRSS 0 (0) 0 (0) 0 (0) 4 (3-5) 10 (5-17) 

ILD (n, %) 0 (0) 0 (0) 0 (0) 10 (38) 14 (74) 

DU/PS (n, %) 0 (0) 0 (0) 5 (21) 14 (54) 12 (63) 

Telangiectasia (n, %) 0 (0) 0 (0) 11 (46) 13 (50) 9 (47) 

PF (in absence of sclerodactily; n, %) 0 (0) 0 (0) 20 (83) NS NS 

Therapy (n, %) 

           Prednisone 

           Immunosuppresants 

 

0 (0) 

0 (0) 

 

0 (0) 

0 (0) 

 

3 (12) 

0 (0) 

 

9 (35) 

5 (19) 

 

14 (74) 

12 (63) 
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Table 2. NK cell CD107a-based degranulation assay cohort and results

HC, healthy controls. n, number. lcSSc, limited cutaneous systemic sclerosis. dcSSc, diffuse cutaneous systemic 
sclerosis. F, females. ANA, anti-nuclear autoantibodies. ACA, anti-centromere autoantibodies. ATA, anti-
topoisomerase I autoantibodies. ILD, interstitial lung disease. PAH, pulmonary arterial hypertension. DU, digital ulcers. 
PS, pitting scars. NS, not stated. Light grey-shaded box, significant p at Kruskal Wallis test without significant pairwise 
comparisons. Dark grey-shaded box, significant p at Kruskal Wallis test with significant pairwise comparisons. a p < 
0.05 vs HC at pairwise comparison. Data expressed as median and interquartile range if not otherwise indicated.

Results
Circulating lymphocytes, NKT-like and iNKT cells are reduced in SSc.
The absolute number of circulating lymphocytes was reduced in all SSc patients (1540/
μl; 1158-2030) as compared to HC (2040 cells/μl; 1710-2590; p=0.023); the decrease was 
more evident when comparing dcSSc (1380/μl; 930-1780) to HC (Figure 1A). Similarly, dcSSc 
patients showed a trend toward decreased number of circulating T cells (774/μl; 530-1117), 
when compared to HCs (1181/μl; 888-1660); this trend was not confirmed at the post-hoc 
tests (p=0.051; Figure 1B). dcSSc NKT-like (28/μl; 14-47; p=0.032) and iNKT cells (0.11/μl; 
0.02-0.7; p=0.011) did exhibit a reduction in the circulation as compared to HC (respectively: 
75/μl; 34-148 and 1.3/μl; 0.15-1.9) (Figure 1C and 1D). In addition, iNKT cells of lcSSc patients 
also showed a significant reduction (0.21/μl; 0.07-0.45) when compared to HC (Figure 1D). 
The percentage of CD4 single positive, CD8 single positive, CD4CD8 double negative and 
CD4CD8 double positive T cells as well as NKT-like cells didn’t vary amongst different patients 
groups and HC (data not shown). The proportion of T cells and NKT-like cells expressing the 
αβ TCR and the γδ TCR also didn’t differ (data not shown), the majority of them being αβ+ 
in both cell subsets. A trend towards a numerical decrease of the γδ+ NKT-like cells - and not 
αβ+ - was observed in dcSSc patients (5/μl; 2.4-7.5; adjusted q value=0.050) compared to HC 
(24/μl; 6.7-53.7). Finally, total NK, CD56bright and CD56dim NK cell numbers were similar among 

 HC (n=5) lcSSc (n=5) dcSSc (n=2) p 

F (n, %) 4 (80) 3 (60) 2 (100) NS 

Age  33 (27.5-66) 64 (55-67.5) 42 (34-50) NS 

Autoantibodies (n, %) 

           ANA+ (aspecific) 

           ACA 

           ATA 

0 (0) 

 

 

2 (40) 

1 (20) 

2 (40) 

 

2 (100)                    

0 (0) 

0 (0) 

NS 

ILD (n, %) 0 (0) 3 (60) 1 (50) NS 

PAH (n, %) 0 (0) 1 (20) 0 (0) NS 

DU/PS (n, %) 0 (0) 3 (60) 1 (50) NS 

Therapy (n, %) 

            Prednisone 

        Immunosuppresants 

 

0 (0) 

0 (0) 

 

1 (20) 

0 (0) 

 

0 (0) 

1 (50) 

NS 

% of CD107a+ NK cells  14.7 (13.6-18.3) 12.2 (11.2-14.7) 11.9 (11.5-12.2) .0473 

% of CD107a+ CD56dimNK cells  20.0 (17.0-25.3) 15.6 (13.0-18.0) 10.6 (10.0-11.1)a .0310 

% of CD107a+ CD56brightNK cells  8.5 (8.2-9.3) 11.4 (8.0-15.5) 13.8 (8.8-18.7) .2268 
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the different groups (Figure 1E and 1F). No correlation with age or disease duration for any 
of the cell-subsets was observed.
 These findings formed the basis for the cell-specific phenotypic analysis.

Figure 1. Distribution of lymphocytes, T cells, NKT-like cells, iNKT cells and NK cells throughout 
the study groups. Box and whiskers graphs showing the distribution of (A) lymphocytes, (B) CD3+ T cells, (C) 
CD56+CD3+ NKT-like cells, (D) invariant NKT (iNKT) cells, (E) CD56+CD3- natural killer (NK) cells and (F) their CD56dim 
and CD56bright subsets, in healthy controls (HC), early SSc (EaSSc), definite systemic sclerosis without fibrosis of the 
skin or of the internal organs (defSSc), limited cutaneous (lcSSc) and diffuse cutaneous (dcSSc) SSc patients. Boxes 
indicate 25th and 75th percentiles and outer whiskers indicate 5th and 95th percentiles; horizontal lines represent 
the median. Post tests: *, p < 0.05.

NKp46+ NK cells co-expressing activating NKG2D and CD16 receptors are 
diminished in the circulation of dcSSc patients, as compared to EaSSc patients 
and HC.
Interestingly, NKR phenotyping on NK cells disclosed a significant decrease in the number 
of NK cells expressing the activating NKp46 cytotoxicity receptor in all SSc patients (75/
μl; 44-123; q=0.024) as compared to HC (141/μl; 87-183) and also to EaSSc patients (152/
μl; 72-200). Moreover, when separating between SSc subsets, we found that the decrease 
compared to both HC and EaSSc individuals was significant specifically in the dcSSc group 
(56/μl; 28-113; q=0.023) (Figure 2A, left graph). This was primarily attributable to the CD56dim 
fraction (50/μl; 24-102; q=0.028), as compared to HC (133/μl; 81-177) and EaSSc patients 
(141/μl; 62-184) (Figure 2A, right graph). 
 As the vast majority of NKp46+ NK cells in our cohort appears to co-express two other 
activating NKR, i.e. NKG2D and CD16, the same pattern was observed for NKG2D+NKp46+ 
(46/μl; 26-83; q=0.028) and CD16+NKp46+ (42/μl; 24-73; q=0.028) NK cells in dcSSc, both 
significantly reduced as compared to HC (respectively, 123/μl; 81-174 and 127/μl; 71-156) 
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and EaSSc individuals (respectively, 143/μl; 61-172 and 123/μl; 64-186) (Figure 2B).
 These findings where confirmed when stratifying patients for the use of steroids and/
or immune suppressive drugs (data not shown). No difference in NKp46+ NK cell numbers was 
observed between early (≤ 3 years from onset) and late (> 3 years from onset) SSc patients 
and a significant negative low correlation with the modified Rodnan skin score (mRSS) was 
observed (Spearman r -0.3282, p=0.0338). 
 Finally, no differences among groups were observed when looking at NKG2D+ or 
CD16+ single positive NK cells, nor considering any other available marker (CD161, NKG2C, 
KIRs, CD57, NKG2A) alone or in co-expression (data not shown). This suggests that NK 
maturation in patients is not different compared to HC or EaSSc individuals, as modifications 
in the relative co-expression of NKG2A/KIR/CD57 [16] or NKG2C/KIR/CD57 [17] NKR would 
have suggested. 
 The decrease of NKp46+ NK cells indicates that the circulating pool of NK cells in 
dcSSc patients could have defective killing capability.

Figure 2. Reduced NKp46+ NK cells co-expressing NKG2D and CD16 in dcSSc. Box and whiskers graphs 
showing the distribution of (A, left graph) NKp46+ natural killer (NK) cells and (A, right graph) NKp46+ CD56dim and 
CD56bright NK cells, (B, left graph) NKG2D+NKp46+ and (B, right graph) CD16+NKp46+ NK cells in healthy controls (HC), 
early SSc (EaSSc), definite systemic sclerosis without fibrosis of the skin or of the internal organs (defSSc), limited 
cutaneous (lcSSc) and diffuse cutaneous (dcSSc) SSc patients. Boxes indicate 25th and 75th percentiles and outer 
whiskers indicate 5th and 95th percentiles; horizontal lines represent the median. Post tests: *, p < 0.05; **, p < 
0.01; ***, p < 0.001.

CD56dim NK cells from dcSSc patients show reduced degranulation against 
K562 target cells.
To determine the actual killing potential of NK cells we then assessed degranulation as 
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percentage of CD107a-expressing NK cells in response to K562 target cells in a smaller, 
different cohort of SSc patients and HC. As shown in Table 2, the overall NK cell degranulation 
in SSc patients was diminished when compared to HC (p=0.0473), but pairwise comparisons 
amongst SSc subsets and HC were not significant. Interestingly, when analyzing the frequency 
of CD107a+ CD56dim NK cells (the main NK cytotoxic subset), we found a significant decrease 
in the dcSSc subset as compared to HC (p=0.0310; p<0.05 in the pairwise comparison), 
while no differences were observed in the degranulation of the CD56bright subset. These data 
indicate a diminished NK cell killing potential in dcSSc patients, which could partially be the 
consequence of the diminished NKp46+ NK cell fraction.

NKT-like cells from SSc patients show a reduction in their KIR-expressing and 
activating NKR-expressing fractions, as compared to HC.
KIR+ NKT-like cells were reduced both in dcSSc (3.7/μl; 2.3-10.2) and in lcSSc (5.1/μl; 1.8-11.7), 
compared to HC (21/μl; 9.7-34.1; q=0.026) (Figure 3A, left graph), whereas no differences 
could be observed for the KIR- fraction (Figure 3A, right graph). This decrease of circulating 
KIR+ NKT-like cells is not paralleled by a decrease in KIR-expressing CD4+ nor CD8+ T cells, 
suggesting that this phenotype is specific for NKT-like cells in SSc (data not shown).
 Next to KIR positivity, we assessed overall CD57 expression as another marker of 
maturation and effector function on NKT-like cells, but did not observe differences among 
the groups (Figure 3B, left graph). Only KIR+CD57+ NKT-like cells showed a clear reduction 
(q=0.026), being KIR+ cells almost all invariably expressing CD57 (Figure 3B, right graph), 
without further differences in their NKG2C+ and NKG2C- fractions. 
 Nonetheless, NKG2C+ NKT-like cells were reduced (q=0.043) in dcSSc (0.5/μl; 0.1-1.5) 
and to a lesser extent in lcSSc (0.7/μl; 0.2-2) as compared to HC (4/μl; 1.2-15.6) (Figure 3C, left 
graph). The number of NKT-like cells expressing NKG2A (the inhibitory receptor counterpart 
of NKG2C) showed also a significant decrease (q=0.045) in dcSSc (2/μl; 1.1-3.2) and lcSSc (3/
μl; 1-8.8) as compared to HC (9.5/μl; 4.1-23.8) (Figure 3C, right graph). Therefore, we looked 
at the ratio between single positive NKG2C (NKG2C+NKG2A-) and single positive NKG2A 
(NKG2C-NKG2A+) and we concluded that their balance is in favor of the inhibitory NKG2A 
(NKG2C/NKG2A ratio < 1; Figure 3D) in all patient groups and HC without difference amongst 
them.
 We then compared the expression of different activating (NKG2D, CD16, NKp46) 
and co-stimulatory (CD161) NKR. We found a decreased number of NKT-like cells in dcSSc 
expressing NKG2D (20/μl; 10-36; q=0.048) (Figure 3E, left graph) and CD16 (5.7/μl; 1.1-12.5; 
q=0.045) (Figure 3E, right graph) as compared to HC (respectively, 62/μl; 31-102 and 21/μl; 
7-56). Moreover, CD16⁺ NKT-like cells in lcSSc showed also a decrease (5.1/μl; 1.6-17.2) when 
compared to HC (Figure 3E, right graph). No difference could be observed in the distribution 
of NKp46+ NKT-like cells amongst patient subsets and HC; however, they were virtually absent 
in each group (data not shown). CD161+ NKT-like cells seemed also diminished in dcSSc as 
compared to HC, but the difference was abolished when selectively looking at the subgroup 
of patients not receiving any corticosteroids or other immunosuppressive treatment.
 Finally, the co-expression pattern analysis in terms of NKG2A/KIR/CD57 maturation 
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status didn’t unravel any further difference amongst groups (data not shown). Also no 
phenotypic differences were observed within the iNKT cell population (data not shown).
 Collectively, these data suggest the presence of a NKT-like cell population with 
diminished cytotoxicity (decreased KIR-expressing cells) and restricted activation potential 
(decreased activating NKR-expressing cells) in both dcSSc and lcSSc patients.
 

Figure 3. Reduced KIR+ and activating NKR-expressing NKT-like cells in fibrotic SSc. Box and whiskers 
graphs showing the distribution of (A, left) KIR+, (A, right) KIR-, (B, left) CD57+, (B, right) CD57+KIR+, (C, left) NKG2C+, 
(C, right) NKG2A+, (E, left) NKG2D+ and (E, right) CD16+ NKT-like cells in healthy controls (HC), early systemic sclerosis 
(EaSSc), definite SSc without fibrosis of the skin or internal organs (defSSc), limited (lcSSc) and diffuse cutaneous SSc 
(dcSSc). Boxes indicate 25th and 75th percentiles; outer whiskers indicate 5th and 95th percentiles; horizontal lines 
represent the median. (D) Scatter dot-plots graph showing the ratio NKG2C single positive / NKG2A single positive 
NKT-like cells in HC, EaSSc, defSSc, lcSSc and dcSSc. Dotted line at NKG2C/NKG2A ratio = 1. Horizontal lines at median 
with interquartile range. Post tests: *, p < 0.05; **, p < 0.01.
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Discussion
While different studies to date focused primarily on the enumeration of circulating NK and - 
more sparsely – NKT-like cells in SSc, here we provide for the first time a detailed phenotypic 
characterization of NK and NKT-like cells in the circulation of SSc patients, including subjects 
with EaSSc and defSSc yet lacking fibrotic hallmarks. We report differences in marker 
expression on both cell-types and principally in the fibrotic, most severe dcSSc patient group. 
 With regard to absolute counts, we partly confirm the findings of Almeida et al. 
who showed diminished lymphocytes and NKT-like cells in the circulation of SSc patients 
[11], even though in our cohort the decrease was only statistically significant for dcSSc. 
Furthermore, we confirm their data showing the lack of differences regarding circulating 
NK cell numbers and their CD56dim and CD56bright subsets. Our results are also in line with a 
previous report about the decrease of peripheral iNKT cells in a small number of patients 
with SSc and other autoimmune diseases [20]. As a major proportion of dcSSc and, to a lesser 
extent, lcSSc patients was treated with steroids and/or immune suppressive drugs, we cannot 
exclude that therapy might have influenced the results. Hence, caution should be exercised in 
the interpretation of our findings even though when patients were stratified for concurrent 
treatment no substantial differences were found.
 As far as the phenotype analysis is concerned, differences in NK cells could be 
detected when comparing HC to SSc patients with fibrotic skin involvement and mostly 
in dcSSc patients. In particular, we show a downregulation of NKp46 cytotoxicity receptor 
accompanied by a decrease in the co-expression of other activating receptors, NKG2D and 
CD16. We hypothesize that this pattern could at least partly be responsible for the diminished 
NK cell degranulation observed in dcSSc patients in response to K562 target cells, as well as 
for the impaired cytolysis exerted by NK cells of SSc patients as described in other reports 
[12]. Several hypotheses can be made to explain NKp46 downregulation. Firstly, such decline 
can be the end result of a chronic NK cell activation [21-23]; although we couldn’t detect 
any difference between patients with recent diagnosis and with longstanding disease. 
Decreased NKp46 expression is also a hallmark of NK exhaustion [24], however we couldn’t 
observe a parallel increase in KIR/inhibitory NKR or an overall decrease in activating NKR, 
as expected in case of NK cell exhaustion [24]. Analysis of the other NCR (NKp30, NKp44) 
and other specific markers, such as PD-1 [25] and Tim-3 [24], could have helped to solve 
this issue that thus remains open to further verification. Secondly, hypoxia, featured in SSc 
as result of vasculopathy, during RP attacks and to a greater extent in fibrotic tissues [26], 
has been shown to induce in vitro NCR and NKG2D downregulation in NK cells [27]. This 
hypothesis could also explain the preferential reduction of NKp46 in cells from subjects with 
advanced skin fibrosis. However, the meaning of NKp46+ NK cell reduction for disease course 
and pathogenesis remains elusive and matter of future functional studies. In particular, it 
will be important to assess whether the decrease in peripheral blood reflects the situation 
in the target organs or - on the contrary - mirrors the preferential migration to the tissues 
with an enrichment of the NKp46+ NK cells in the site of damage. NKp46 is crucial for the 
maintenance of tolerance via activated CD4+ T cells direct killing [28] and/or restrain of APC-
mediated T cell activation [29]. Therefore, the lower amount of NKp46+ NK cells observed 
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as a result of chronic activation and/or hypoxia could concur to perpetuate autoimmune 
phenomena, inflammation and tissue damage, especially in the dcSSc group. Furthermore, it 
has been shown that the intrahepatic expression of NKp46 - but not NKp30 or NKG2D - on NK 
cells negatively correlates with the most advanced stages of HBV-induced liver fibrosis [30]. In 
vitro killing of hepatic stellate cells - whose myofibroblast-like activation is mainly responsible 
for the development of liver fibrosis - is NKp46-mediated and in the absence of NKp46 fibrosis 
is exacerbated [31]. Thus, the negative correlation between NKp46 positivity and extent of 
skin fibrosis would reflect a deficient control on fibrosis progression, possibly induced by 
chronic inflammation and/or hypoxia.
 The number of NKp46+ NK cells has also been evaluated in other autoimmune 
diseases. Conflicting results were found in systemic lupus erythematosus (SLE), as NKp46+ NK 
cell frequency seems increased in newly diagnosed patients [32], while Hervier et al. didn’t 
confirm this finding in a cohort including also patients with longer disease duration [33]. In 
previous work of our group, we couldn’t find any difference in the NCR frequency neither in RA 
nor in psoriatic arthritis as compared to HC [34]. In Sjogren’s syndrome, submandibular gland 
NK cells express NKp46 at a lower intensity than NK cells from splenic tissue [35] yet NKp46 
expression appears to be generally increased in the circulation [36]. Finally, no differences 
in NKp46+ NK cells percentages were found between HC and patients with granulomatosis 
with polyangitis [37]. Therefore, our finding appears to be rather SSc-specific and leads to 
hypothesize a link between the decreased NKp46+ NK fraction and a loss of tolerance and the 
development of fibrosis in these patients.
 Hereby we offer the first phenotypic characterization of the reduced NKT-like 
fraction in SSc. An overall decrease of circulating NKT-like cells has been described also in 
SLE [33], RA [38] and psoriasis [39]. Notably, in psoriatic patients the number of NKT-like cells 
increases after treatment, providing a hint toward an association between disease activity and 
reduced pool of this subset. Within the reduced NKT-like population in SLE, an expansion of 
its activated NKG2D- and NCR-expressing fraction and a reduction of the inhibitory KIR2DL3-
expressing subset are documented. Upon activation SLE NKT-like cells display higher IFN-γ 
and lower degranulation, when compared to HC, which might reflect increased inflammation 
and disease activity. Resembling SLE findings, we show that KIR-expressing NKT-like cells are 
reduced, yet opposed to SLE, we observed a reduction of activating receptors expression as 
well. With our panels we were not able to discriminate between the expression of inhibitory 
and activating KIRs. The KIR+ NKT-like fraction is the one capable of killing virus-infected and 
tumor cells in a pro-inflammatory environment [18], but their behavior in autoimmunity 
is currently unknown and further studies are thus needed to assess the meaning of the 
decrease of this cell population in immune regulation. In our cohort, the most represented 
NKT-like subset is KIR-, described as IL-13 and IFN-γ producing fraction, in which we observe 
a downregulation of activating NKG2D and CD16 NKR. Overall, the analysis of NKT-like cells 
phenotype suggests a cell population with diminished cytotoxicity and restricted activation 
potential in SSc with fibrotic features (both dcSSc and lcSSc), while these alterations could not 
be detected in EaSSc patients and in patients lacking fibrotic involvement (defSSc). 
 In this study, we present an extensive characterization of NKR on NK and NKT-
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like cells in a representative SSc cohort. When compared with data reported for other 
autoimmune diseases, the observed phenotype of NK and NKT-like cells appear to be quite 
specific for SSc and point towards a restrain in the activation capability and function of both 
cell populations, whose effects on immune-regulation and on control of tissue damage 
and fibrosis should be the focus of future studies. These alterations seem to be specific for 
patients with an established fibrotic disease, and for NK cells they can be mostly detected in 
dcSSc subjects, while they cannot be observed in patients without definite sclerodermatous 
features, reinforcing the concept of the defSSc group as biologically different from the fibrotic 
ones. Even if the functional and direct clinical implications of these findings are unknown and 
matter of future studies, herein we describe new potential targets (NKp46 on NK cells and KIR 
on NKT-like cells) for functional profiling and investigations in SSc.
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Supplementary Methods
M1. Samples preparation and flow cytometry analysis
Two samples (2 ml each) of peripheral venous blood were collected in lithium-heparin tubes 
from each patient and HC; Pharm Lyse (BD Biosciences, San Diego CA, USA) lysing buffer 
working solution was prepared by diluting the manufacturer supplied concentrate 1:10 with 
distilled water. Red blood cell lysis was performed by incubating 2 ml of whole blood with 36 
ml of lysing solution for 15 minutes at room temperature in the dark. The cell suspension was 
then centrifuged and washed twice in PBS. For analysis, two different 13-color panels, “panel 
I” and “panel II” detailed in Supplementary Table 1, were designed. Panel I was aimed to 
identify and phenotype NK cells and NKT-like cells on the basis of the expression of activating 
receptors (NKG2D, CD16, NKp46) and of CD161, inhibitory on NK cells and co-stimulatory 
on T cells. Furthermore, panel I was conceived to identify and characterize iNKT cells on 
the basis of the double binding to CD3 and to a CD1d tetramer loaded with PBS-57, a stable 
α-Galactosylceramide analogue (NIH Tetramer Core Facility, Atlanta GA, USA) [1]. Panel II 
was designed to assess markers (NKG2C, KIR, CD57, NKG2A) whose combined/exclusive 
expression describes the maturation status of NK and likely of NKT-like cells [2, 3]. When 
designing Panel II, we chose to assess “panKIR” expression and considered KIR positivity 
when at least one among KIR2DL1/KIR2DS1 (CD158 a/h), KIR2DS3, KIR2DS5 (CD158g), 
KIR2DL2/KIR2DL3 (CD158b), KIR2DL2 (CD158j) or KIR3DL1 (CD158e) was detectable; all other 
cells were considered KIR-. Both panels allowed the characterization of CD4/CD8 expression 
pattern and αβ/γδ TCR positivity on T, NKT-like and iNKT cells in panel I.
 All monoclonal Antibodies (moAbs) conjugates were titrated to determine optimal 
signal/noise ratios and individually tested for sensitivity, resolution and compensation of 
spectral overlap. Combinations of moAb-conjugates were balanced to avoid antibody and 
fluorochrome interactions, steric hindrance and to detect also dimly expressing populations. 
In particular, compensations were first set using BD Plus CompBeads and FACSDiva software 
(both BD Biosciences, San Jose CA, USA) and then refined on cell suspensions obtained from 
healthy donors after red blood cell lysis, as described above. The compensation settings 
obtained were then verified and adjusted with fluorescence-minus-one (FMO) control 
experiments generated for each antibody used. FMO controls together with internal controls 
were also used to achieve optimal gate setting. For loaded-CD1d tetramer gate setting, the 
unloaded-CD1d tetramer control (NIH Tetramer Core Facility) was used.
 The staining was performed for 30 minutes at 4°C in the dark in Brilliant Stain Buffer 
(BD Biosciences). For the samples in which panel I was applied, a pre-incubation step in 
PBS with PBS-57-loaded CD1d tetramer (NIH Tetramer Core Facility, Atlanta GA, USA) was 
performed for 30 minutes for optimal binding. Samples were washed, resuspended in PBS-
1% BSA and immediately measured on a FACS Aria SORP (BD Biosciences, San Jose CA, USA) 
equipped with 5 lasers. 
 The gating strategy is shown in Supplementary Figure 1 (NK cell, NKT-like cell, T 
cell and iNKT cell gating strategy), Supplementary Figure 2 (NKp46 gating strategy is shown 
within NK cell population), Supplementary Figure 3 (CD16, NKG2D gating strategy is shown 
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Supplementary Table S1. Antibody panels

aR&D Systems, Minneapolis MN, USA. bFreely provided by NIH Tetramer Core Facility, Atlanta GA, USA. cBiolegend, 
San Diego CA, USA. dBD Biosciences Pharmingen, San Diego CA, USA. e BC, Beckman Coulter, Marseille, France. 
feBioscience, San Diego CA, USA. gconjugated to NKp46 antibody in Panel I. hconjugated to NKG2A in Panel II. 
iCustom-made.

within NK cell population) and Supplementary Figure 4 (panKIR, CD57, NKG2A, NKG2C, 
CD161 gating strategy is shown within NKT-cell population). A minimum of 100.000 events 
in the T cell gate and of 40.000 in the NK gate were acquired. Data were analyzed using the 
Kaluza Software® 1.3 (Beckman Coulter).

M2. CD107a-based NK cell degranulation assay
The human MHC class I negative erythroleukemic K562 cell line was used as target for NK 
degranulation and labelled with 5 μM car¬boxyfluorescein diacetate succimidyl ester (CFSE; 
Molecular Probes Europe, Leiden, The Netherlands) as detailed in [4]. NK cells isolated by 
negative selection (Miltenyi Biotec, Bergisch Gladbach, Germany) from PBMC after Ficoll-
Hypaque gradient separation, were resuspended in culture medium (RPMI-1640 Dutch 
modification; Gibco Life Technologies, Grand Island NY, USA) supplemented with 10% FCS, 
antibiotic-antimycotic and L-glutamine (Gibco Life Technologies) and seeded in 96-well round-
bottom plates with target cells at 1:1 effector:target (E:T) ratio in a final volume of 200 μl and a 
final concentration of 2.5x105/ml. NK cells in the absence of target cells were plated as controls; 
cells were plated in triplicate wells. PE-Cy5-conjugated CD107a (H4A3; BD Biosciences, San 
Diego CA, USA) was added in a 1:200 dilution to each well and after 24 h incubation at 
37°C, cells were stained with PE-Cy7-conjugated CD56 (N901; Beckman Coulter, Marseille, 
France). Samples were harvested and acquired using a FC500 flow cytometer (Beckman 
Coulter, Marseille, France). NK cell degranulation was determined by measuring cell surface 
expression of CD107a. After exclusion of the CFSE+ target cells, the percentage of CD107a+ 
NK cells was analyzed using the Kaluza Software® 1.3 (Beckman Coulter, Marseille, France).

fluorochrome Panel I clone vendor Panel II clone vendor 
AF-488 NKG2D 149810 R&Da NKG2C 134591 R&Da 

PE PBS-57-loaded  
CD1d tetramer 

  
NIHb 

“panKIR”: 
KIR2DL1/S1/S3/S5 

KIR2DL2/L3/S2 
KIR3DL1 

 
HP-MA4 

DX27 
DX9 

 
Biolegendc 

Biolegendc 

Biolegendc 

PE-CF594 CD16 3G8 BDd CD57 NK-1 BDd 
PE-Cy5 CD161 DX12 BDd CD161 DX12 BDd 
PE-Cy7 CD56 N901 BCe CD56 N901 BCe 
APC TCRγδ B1 BDd TCRγδ B1 BDd 
AF-700 CD3 UCHT1 Biolegendc CD3 UCHT1 Biolegendc 

APC-eF780 Dump 
Fixable viability 

Dye 
CD14 
CD19 

 
 

61D3 
HIB19 

 
eBioscencef 

eBiosciencef 

eBiosciencef 

Dump 
Fixable viability Dye 

CD14 
CD19 

 
 

61D3 
HIB19 

 
eBiosciencef 

eBiosciencef 

eBiosciencef 

BV421g / PBh NKp46 9E2 Biolegendc NKG2A Z199.1.10 BCe,i 

BV510 TCRαβ T10B9 BDd TCRαβ T10B9 BDd 
BV650 CD8 RPA-T8 Biolegendc CD8 RPA-T8 Biolegendc 

BV711 CD45 HI30 Biolegendc CD45 HI30 Biolegendc 

BV785 CD4 OKT4 Biolegendc CD4 OKT4 Biolegendc 
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Supplementary Figure S1. NK cells, NKT-like cells and iNKT cells gating strategy. Density plots depicting 
the gating strategy. From left to right, first row: leukocytes were gated on the basis of CD45 positivity versus 
characteristic side scatter (SSC) (A) with doublets exclusion (B) on the basis of forward  scatter (FSC) height (H) and 
width (W). Lymphocytes (C) were selected within gate B based on characteristic FSC and SSC properties; CD14+ 
monocytes, CD19+ B cells and dead cells based on eFluor780 Fixable Viability Die staining (Suppl. Table S1) were 
excluded (D) from gate C using a dump channel versus characteristic side scatter (SSC). From left to right, second 
row: based on CD56 and CD3 staining, CD56+CD3- natural killer (NK) cells (E), CD56+CD3+ NKT-like cells (F) and CD56-

CD3+ T cells (G) were selected within gate D. CD56bright (H) and CD56dim (I) NK subsets were selected from gate E; total 
CD56-/+CD3+ T cells (J) were selected based on CD3 and CD56 staining within gate D. Their invariant NKT cells (iNKT, 
K) were gated based on CD3 and PBS-57-loaded CD1d tetramer double staining.
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Supplementary Figure S2. Gating strategy of NKp46 within NK cell population. All plots were derived 
from the NK cell gate or T cell gate as depicted in Suppl. Fig. 1 (gate E and G, respectively). From the NK gate: 
(A) NKp46+ NK cells were gated based on FMO control experiment (histogram overlay); NKp46+ NK cells from a 
representative healthy control (HC) (B) and from a representative diffuse cutaneous systemic sclerosis patient 
(dcSSc) (C) were gated based on NKp46 and CD56 double staining (density plots). (D) NKp46 gate (histogram) has 
been verified within the T cell population, which served as internal control.

Supplementary Figure S3. Gating strategy of CD16 and NKG2D within NK cell population. All plots were 
derived from the NK cell gate or T cell gate as depicted in Suppl. Fig. S1 (gate E and G, respectively). (A) CD16+ NK 
cells were gated based on CD16 and CD56 double staining from the NK gate. (B) NKG2D+ NK cells were gated based 
on FMO control experiment (histogram overlay, left panel) and NKG2D/CD56 double staining (density plot, middle 
panel) from the NK gate. NKG2D gate has been verified within the T cell population (histogram, right panel), which 
offered a better discrimination between positive and negative populations for this marker.
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6     Supplementary Figure S4. Gating strategy of panKIR, CD57, NKG2A, NKG2C and CD161 within NKT-
like cell population. All density plots were derived from the NKT-like cell gate as depicted in Suppl. Fig. S1 (gate 
F). (A) panKIR+ NKT-like cells were gated based on panKIR/CD56 double staining; (B) CD57+ NKT-like cells were gated 
based on CD57/CD56 double staining; (C) NKG2C/NKG2A staining pattern allowed to discriminate between single 
positive NKG2A (quadrant A), double positive NKG2C+NKG2A+ (quadrant B) and single positive NKG2C (quadrant C) 
NKT-like cells; (D) CD161+ NKT-like cells were gated based on CD161/CD56 double staining.

References
1. Exley MA, Wilson B, Balk SP. Isolation and functional use of human NKT cells. Curr Protoc Immunol 2010;Chapter 

14:Unit 14 1.
2. Bjorkstrom NK, Riese P, Heuts F, et al. Expression patterns of NKG2A, KIR, and CD57 define a process of CD56dim 

NK-cell differentiation uncoupled from NK-cell education. Blood 2010;116(19):3853-64.
3. Foley B, Cooley S, Verneris MR, et al. Cytomegalovirus reactivation after allogeneic transplantation promotes 

a lasting increase in educated NKG2C+ natural killer cells with potent function. Blood 2012;119(11):2665-74.
4. van Bijnen ST, Cossu M, Roeven MW, et al. Functionally active NKG2A-expressing natural killer cells are elevated 

in rheumatoid arthritis patients compared to psoriatic arthritis patients and healthy donors. Clin Exp Rheumatol 
2015.



109

N
K and N

KT-like cell phenotyping in SSc

6     





Chapter  7

*Sandra T.A. van Bijnen1,2, *Marta Cossu3,4, Mieke W.H. Roeven1,2, 
Tim L. Jansen5, Frank Preijers2, Jan Spanholtz6, **Harry Dolstra2 

and **Timothy R.D.J. Radstake3. 

1Department of Hematology, Radboud University Medical Center, Nijmegen, the 
Netherlands; 2Department of Laboratory Medicine, Laboratory of Hematology, Radboud 
University Medical Center, Nijmegen, the Netherlands; 3Department of Rheumatology, 
Clinical Immunology and Laboratory of Translational Immunology, University Medical 
Center Utrecht, Utrecht, the Netherlands; 4Referral Center for Systemic Autoimmune 
Diseases, Fondazione IRCCS Ca' Granda Ospedale Maggiore Policlinico, Milan, Italy; 
5Department of Rheumatology, Radboud University Medical Center, Nijmegen, the 
Netherlands; 6Glycostem Therapeutics, Oss, The Netherlands.

*,** These authors contributed equally.

Clinical and Experimental Rheumatology 2015 Nov-Dec;33(6):795-804.

F u n c t i o n a l l y  a c t i v e  N K G 2 A - e x p r e s s i n g 
n a t u r a l  k i l l e r  c e l l s  a r e  e l e v a t e d  i n 
r h e u m a t o i d  a r t h r i t i s  p a t i e n t s  c o m p a r e d 
t o  p s o r i a t i c  a r t h r i t i s  p a t i e n t s  a n d 
h e a l t h y  d o n o r s



112

7
Abstract
Background: Natural Killer cell receptors (NKR) have been implicated in rheumatoid (RA) and 
psoriatic arthritis (PsA) pathogenesis. To gain more insight into their role, we characterized 
NKR (co-)expression patterns on NK and T cells and NK cell function in RA and PsA.
Methods: The frequency of NK and T cells expressing Killer like immunoglobulin (KIR) and 
NKG2 receptors and natural cytotoxicity receptors was assessed by 10-colour flow cytometry 
in peripheral blood of 23 RA, 12 PsA patients and 18 healthy donors (HD). NK cell cytotoxicity 
and IFN-gamma production was assessed in 8 RA patients and 8 HD.
Results: In RA but not PsA, the frequency of NK cells (median; range) expressing NKG2A (42%; 
14-81%) was elevated compared to HD (23%; 9-58%). NKG2A+ NK cells predominantly lack 
KIR, but display normal cytotoxicity and IFN-γ production. In contrast, RA patients with normal 
NKG2A+ NK cell frequency have less functional NK cells compared to HD. T cells expressing Fc-
gamma receptor CD16 were elevated in RA (median 0.75%) versus HD (0.3%). Furthermore, 
T cells expressing the KIRs CD158ah in both RA (0.7%) and PsA (0.3%), and CD158e1e2 in 
RA (1.5%) were elevated compared to HD (0.2% and 0.4%, respectively). In RA, CD4+ T cells 
expressing the KIRs CD158ah, CD158b1b2j and CD158e1e2 were low (<2%) but significantly 
elevated compared to HD.
Conclusions: This study demonstrates the presence of an elevated, functionally active NKG2A+ 
KIR- NK cell population in RA. Together with an elevated frequency of NKR-expressing T cells, 
these changes may reflect differential pathogenetic involvement. 
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Introduction
Natural Killer (NK) cell biology is regulated by the balance between activating and inhibitory NK 
receptors (NKR). Inhibitory receptors, including inhibitory isoforms of killer immunoglobulin 
receptors (KIRs/CD158 isoforms), generally recognize major histocompatibility complex class 
I (MHC-I) molecules. Activating receptors, including activating isoforms of KIRs and NKG2 
receptors, bind with lower affinity to MHC-I molecules or other ligands. Together, they tune 
NK cell response upon NKR binding [1]. In contrast to NK cells, NKR function on T cells is not 
fully elucidated. Normally, NKR expressing T cells are infrequent, typically <5 % of CD8+ T 
cells [2]. However, in conditions of chronic immune activation such as autoimmune diseases, 
elevated numbers are found [3]. 
 Rheumatoid arthritis (RA) and psoriatic arthritis (PsA) are two hallmark chronic 
inflammatory diseases sharing clinical features such as chronic synovial inflammation leading 
to destruction of the joints. Accumulating evidence suggests a role of NK cells in both 
conditions. How NK cells contribute to their pathogenesis and/or the difference in clinical 
features between RA and PsA is, however, unknown. Studies in PsA showed that the activating 
KIR genes KIR2DS1 and/or KIR2DS2 increase disease susceptibility, particularly when the HLA 
ligands for the corresponding inhibitory receptors KIR2DL1 and KIR2DL2/3 are lacking [4-6]. 
In RA, the KIR2DS2 gene was associated with a subgroup of patients with vasculitis [7]. In 
addition, polymorphisms in other NKR genes modify disease risk, including NKG2A, NKG2C, 
NKG2D and CD244 [8, 9]. For PsA, associations with HLA-Cw*0602, a KIR ligand [10], and MIC 
polymorphisms were reported [11]. 
 Besides genetic associations, immunophenotypical studies revealed a different NKR 
expression between RA patients and their healthy counterparts. In RA, CD4+ T cells lacking 
CD28 are increased. This subset partially expresses activating KIRs and NKG2D, whereas 
CD4+CD28- T cells from healthy donors do not [12, 13]. Importantly, RA synoviocytes also 
express the NKG2D ligand MIC [13]. A higher frequency of CD28- T cells expressing the 
general NK cell marker CD56 was shown in RA patients compared to HD, particularly in those 
with extra-articular manifestations [14]. The role of NK cells in RA pathogenesis is still unclear. 
Depletion of NK cells in mouse models of collagen-induced arthritis (CIA) has shown both 
protection and exacerbation of arthritis [15, 16]. In RA synovial fluid, CD56bright NK cells are 
abundant. This subset potently produces TNF-α and IFN-γ, and expresses CD94/NKG2A and 
low levels of KIRs [17-19]. 
 Altogether, phenotypical, functional and/or genetic studies suggest a role for NK 
cells and NKR expressing T cells in RA and PsA pathogenesis. Given the role for NKR, it is 
tempting to speculate that the fact that RA is considered an autoimmune disease but PsA 
as an autoinflammatory condition could be determined by a different NK and NKR biology 
in these conditions. To study this, we investigated the phenotype and function of NK and 
NKR expressing T cells in RA and PsA. In RA, but not PsA, we observed differences in NK cell 
phenotype and function compared to healthy individuals. Furthermore, KIR expression by T 
cells was elevated in both RA and PsA whereas the frequency of CD16+ T cells was significantly 
increased in RA.  
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Methods
Patients and cell isolation
Blood samples from 31 RA, 12 PsA patients and 26 HD were collected after obtaining 
written informed consent. All patients fulfilled the American College of Rheumatology 1987 
revised criteria for RA [20] or the Classification of Psoriatic Arthritis Study Group criteria for 
PsA [21]. This study was approved by the local medical ethics committee and performed 
in accordance with the Declaration of Helsinki. Clinical characteristics of patients and HD 
included for phenotypical analysis and in vitro cellular assays are shown in Table 1 and Table 
2, respectively. For functional assays, RA patients were further stratified according to their 
frequency of NKG2A+ NK cells. NKG2Ahigh are patients with a frequency of NKG2A+ NK cells > 
1 standard deviation (SD) higher than the mean frequency of NKG2A+ NK cells in HD; all other 
patients were defined as NKG2Anorm and have a frequency of NKG2A+ NK cells similar to 
HD. Patients receiving biologicals and/or hydroxychloroquine were excluded from the in vitro 
cellular assays. Peripheral blood mononuclear cells (PBMC) were freshly isolated from whole 
blood by Ficoll Hypaque gradient separation and used for flow cytometry or cellular assays.

Table 1. Clinical characteristics of patients and healthy donors included for phenotyping

y = years. NA = not applicable. TJC = tender joint count. SJC = swollen joint count. MTX = methotrexate. HCQ = 
hydroxychloroquinine.

 HD RA PsA 

Number 18 23 12 

Age (y; median, range) 44 (25-60) 59 (15-79) 44 (25-78) 

M/F (number of patients; ratio) 8/10 (0.80) 10/13 (0.77) 5/7 (0.71) 

Disease duration (y; median, range) NA 2 (0.08-23.1) 2.4 (0-11) 

Disease activity: 

DAS28 score (median, range) 

TJC (median, range) 

SJC (median, range) 

ESR (mm; median, range) 

CRP (g/l; median, range) 

NA  

3.3 (2.38-4.93) 

NA 

NA 

9 (2-29) 

<5 (5-23) 

 

NA 

1 (0-7) 

1 (0-7) 

6 (0-44) 

<5 (<5-22) 

Therapy (number of patients): 

None 

MTX 

MTX + anti- TNF-α + HCQ 

MTX + anti- TNF-α 

MTX + rituximab 

MTX + sulfasalazine 

MTX + HCQ 

MTX + prednisolone 

anti- TNF-α 

sulfasalazine 

anti- TNF-α + sulfasalazine 

abatacept 

NA  

2 

6 

1 

6 

2 

2 

1 

1 

0 

1 

1 

1 

 

2 

4 

0 

1 

0 

0 

0 

1 

3 

1 

0 

0 
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Table 2. Clinical characteristics of patients and healthy donors included for cellular assays

SD = standard deviation. y = years. NA = not applicable. MTX = methotrexate. NSAID = non-steroidal, anti-
inflammatory drugs.

Flow cytometry
PBMC were stained with 3 different antibody panels. Antibody panel composition and antibody 
details are shown in Table 3. Samples were measured on a 10-colour, 3-laser Navios flow 
cytometer (Beckman Coulter, Fullerton, CA, USA). After optimizing the PMT settings, spectral 
overlap was compensated using single antibody stainings. Cells were gated on peripheral 
blood lymphocytes (PBL) based on characteristic forward scatter (FSC) and sideward scatter 
(SSC) properties and CD45 positivity (Supplementary Figure 1A). Percentages of positive 
cells were determined within CD3+ (T cells), CD3+CD4+CD8- (CD4+ T cells), CD3+CD8+CD4- (CD8+ 
T cells) and CD3-CD56+ (NK) cells. A minimum of 400.000 cells was measured. In each T and 
NK cell subpopulation, at least 2.500 cells were analyzed. Data were analyzed with Kaluza 
software (Beckman Coulter).

Cellular assays 

NK cells were enriched from PBMCs by negative selection with an NK Cell Isolation Kit (Miltenyi 
Biotec, Bergisch Gladbach, Germany). The human erythroleukemic target cell line K562 was 
maintained in IMDM (Invitrogen, Carlsbad, CA, USA) containing penicillin/streptomycin 
(50 U/50 µg/ml; MP Biomedicals, Solon, OH, USA) and 10% FCS (Integro, Zaandam, The 
Netherlands). Flow cytometry-based cytotoxicity assays were performed as described 
previously [22]. Briefly, target cells were labeled with 5 µM carboxyfluorescein diacetate 
succimidyl ester (CFSE; Molecular Probes Invitrogen, Eugene, OR, USA) in a concentration of 
1x107/mL for 10 minutes at 37°C. CFSE-labelled target cells were resuspended in IMDM with 
2% human serum (PAA Laboratories GmbH, Pasching, Austria) at a final concentration of 0.3-

 

 HD RA NKG2Anorm RA NKG2Ahigh RA 

Number  8 8 5 3 

NKG2A  

(% of positive NK cells; mean, SD) 

46 (±10.3) 54.3 (±10.8) 48.1 (±7.4) 64.6 (±6.5) 

Age (y; median, range) 47 (44-60) 48 (44-59) 47 (44-59) 48 (44-50) 

M/F (number of patients; ratio) 3/5 (0.6) 3/5 (0.6) 1/4 (0.25) 2/1 (2) 

Disease duration (y; median, range) NA 11 (2.1-28) 16 (4-28) 11 (2.1-14) 

Disease activity  

(DAS28; median, range) 

NA 2.71 (1.13-3.44) 3.03(1.13-3.44) 2.45 (1.27-2.97) 

Therapy (number of patients): 

- none  

- MTX 

- MTX + NSAID 

- MTX + prednisolone 

- Leflunomide + prednisolone 

NA  

1 

2 

3 

1 

1 

 

1 

1 

2 

1 

0 

 

0 

1 

1 

0 

1 
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Table 3. Antibody panels

Unless otherwise specified, all antibodies were purchased from or kindly provided by Beckman Coulter Inc. (Marseille, 
France). * Obtained from BD Biosciences, Franklin Lakes, NJ, USA. † Obtained from R&D systems, Minneapolis, MN, 

USA. 

3x105/ml. NK cells were resuspended at a final concentration of 3x105/ml and co-cultured 
with target cells at different effector:target (E:T) ratios in 96-wells round-bottom plates. 
After 18 hours, the number of viable target cells was quantified by flow cytometry based on 
FSC/SSC and exclusion of dead/apoptotic cells using the plasma membrane integrity marker 
DRAQ7 (Biostatus Ltd., Shepshed, UK). Samples were acquired on a FC500 flow cytometer 
(Beckman Coulter). Target cell survival was calculated as follows: % survival = (absolute no. 
viable CFSE+ DRAQ7- target cells co-cultured with NK cells / absolute no. viable CFSE+ DRAQ7- 
target cells cultured in medium)*100. The percentage of specific killing was 100 − % survival. 
 To determine IFN-γ production by IL-12/IL-18 stimulated NK cells (IL-12 10 ng/
ml, IL-18 100 ng/ml; Immunotools, Friesoythe, Germany), NK cells were seeded in a final 
concentration of 2.5x105/ml in 96-wells round-bottom plates. After 1 hour, GolgiPlug (1 µl/ml, 
BD Biosciences, San Diego, CA, USA) was added. After overnight incubation at 37°C, cells were 
stained for cell surface markers (anti-CD56-BV510, clone HCD56; anti-CD158e1-PE, clone 
DX9; anti-CD158b-PE, clone DX27; anti-CD158a/h/g-PE, clone HP-MA4; all purchased from 
Biolegend, San Diego, CA, USA; anti-NKG2A-APC, clone Z199; Beckman Coulter, Marseille, 
France; and the eFluor780 Fixable Viability Dye; eBioscience, San Diego, CA, USA). NK cells 
expressing at least one among KIR2DL1/KIR2DS1 (CD158 a/h), KIR2DS3, KIR2DS5 (CD158g), 
KIR2DL2/KIR2DL3 (CD158b) or KIR3DL1 (CD158e) were considered KIR+; all other cells were 
considered KIR-. Subsequently, cells were treated with fixation/permeabilization buffer 
(eBioscience), stained for intracellular IFN-γ (FITC-coniugated, clone B27; BD Biosciences) 
and acquired on a Gallios flow cytometer (Beckman Coulter). Analysis was performed with 
Kaluza software (Beckman Coulter) using unstimulated cells as control. The gating strategy is 
shown in Supplementary Figure 2A.

Channel (antibody conjugate) Panel 1 Panel 2 Panel 3 

FL1 (FITC) CD4 CD28* CD16* 

FL2 (PE) CD56* NKG2C† CD336 (NKp44) 

FL3 (ECD) CD8 CD8 CD3 

FL4 (PE-Cy5.5) CD158i CD4 CD337 (NKp30) 

FL5 (PE-Cy7) CD158b1b2j CD56 CD335 (NKp46) 

FL6 (APC) NKG2D CD158e1e2 NKG2D 

FL7 (APC-Alexa700) CD158ah CD244 CD8 

FL8 (APC-Alexa750) CD3 CD3 CD56 

FL9 (Pacific Blue) NKG2A NKG2A CD94 

FL10 (Krome Orange) CD45 CD45 CD45 
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Statistics
Mann-Whitney U test or Kruskal-Wallis test was used to compare T and NK cell subset 
frequencies, killing and IFN-γ expression, as appropriate. Statistical significance was accepted 
for p values below 0.05. Correlations between lymphocyte subset frequencies and clinical 
characteristics were determined by linear regression analysis. 

Results
Increased frequency of NKG2A-expressing NK cells in RA but not PsA patients
NK cell frequency (median; range) within PBL was similar in RA (12%; 2-32%), PsA (10%; 
2-27%) and healthy donors (HD) (11%; 4-27%). No significant differences were found in 
the median frequencies of CD56bright NK cells in RA (8.6%, range 1-16%), PsA (6.7%, range 
3-25%) and HD (6.1%, range 1-15%), nor in CD56dim NK cells (Supplementary Figure 1B). In 
RA patients, the frequency of NK cells expressing NKG2A (median 42%, range 14-81%) was 
significantly higher than in HD (median 23%, range 9-58%, p<0.01, Figure 1A-B). This also 
accounted for CD94, the other component of the NKG2A/CD94 heterodimer (p=0.02, Figure 
1A-B). The median frequency of NKG2A+ NK cells was higher in patients with rheumatoid 
factor (RF) (49%, range 36-71%) than in those without (34%, range 14-81%, Figure 1C). No 
correlations were found with other clinical parameters such as disease activity (DAS28 score, 
ESR, CRP, erosiveness), the presence of anti-citrullinated protein antibodies (ACPA), duration 
of disease, patient age, or type of treatment (data not shown). 

Figure 1. Increased frequency of NKG2A and CD94 expressing NK cells in RA patients compared to 
HD. (A) Expression of NKG2A and CD94 within NK cells of RA patients, PsA patients and healthy donors (HD). Cells 
were gated on peripheral blood lymphocytes based on characteristic forward scatter (FSC) and sideward scatter 
(SSC) properties and CD45 positivity. Percentages of positive cells were determined within CD3-CD56+ (NK) cells. 
Lines represent the median percentage of positive cells within the CD56+CD3- NK cell population, boxes indicate 25th 
and 75th percentiles, and outer whiskers indicate the most extreme data points of 23 RA patients, 12 PsA patients, 
and 18 HD. (B) A representative example of a RA patient with NKG2A+ and CD94+ NK cells. Flow cytometry dot plots 
were gated on NK cells and show log fluorescence intensity of NKG2A/CD94 (y-axis) and CD56 (x-axis), demonstrating 
that NKG2A+ and CD94+ NK cells are predominantly CD56dim. Percentages indicate the percentage of cells within a 
specific quadrant. Quadrants were set to define NKG2A+ and CD94+ cells, and to distinguish between CD56dim and 
CD56bright NK cells.  (C) Scatter dot plot comparing the frequency of NKG2A+ NK cells in RA patients with or without 

RF or ACPA. Lines represent median percentages. * = p < 0.05, ** = p < 0.01, Mann-Whitney U test
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Although in both RA and PsA the frequency of KIR, natural cytotoxicity receptors (NCR; NKp 
30, 44 and 46), NKG2C, NKG2D and CD244 expressing NK cells was similar to HD (data not 
shown), we found differences in co-expression patterns of combinations of NKR in RA but 
not PsA (Figure 2). In RA, the frequency of NKG2A+ NK cells negative for CD158e1e2 and 
NKG2C (median 47%, range 14-74%) was elevated compared to HD (median 26%, range 13-
56%, p<0.05). Though typically below 10%, the median percentage of NKG2A+ CD158e1e2+ 

NKG2C+/- cells was higher than in HD (p<0.05, Figure 2A). In addition, CD158ah+ NKG2A- 

CD158b1b2j- CD158i- NK cells were increased in RA (median 6%, range 0-24%) compared to 
HD (median 0%, range 0-43%, p=0.001, Figure 2A).  
 Subsequent characterization of NKR co-expression within the NKG2A+ NK cell 
population did not reveal differences between RA and HD (Figure 2B). The majority of 
NKG2A+ NK cells (median; range) in RA is CD56dim and does not express any other receptor 
tested (CD158e1e2-NKG2C- 70.1%; 28-90%, CD158a- CD158b1b2j- CD158i- 53.9%; 40-87%), 
apart from CD244 and NKG2D which were present on virtually all NK cells (data not shown).
Collectively, these data indicate that in a subset of the RA patients, especially those with 
elevated RF, NKG2A+KIR- CD56dim NK cells are elevated compared to HD.

NK cells of RA patients with higher frequency of NKG2A+ NK cells (NKG2Ahigh) 
have normal functionality
To assess whether the higher frequency of NKG2A+ NK cells in RA patients is associated with 
altered functionality, we first tested cytotoxicity of NK cells against K562 target cells in RA 
patients and HD. The killing capacity of unstimulated NK cells in RA patients (mean at E:T 
10:1 ratio 75%, range 42-92%) was lower than in HD (mean 90%, range 85-98%, p<0.05; 
Figure 3A). Given the variability in the NKG2A+ NK cell frequency within RA patients, we next 
discriminated between the killing potential of NKG2Anorm and NKG2Ahigh RA patients. Only 
NKG2Anorm patients displayed lower lysis capability compared to HD and NKG2Ahigh RA 
patients (both p < 0.05, Figure 3B). 
 NK IFN-γ response to IL-12/IL-18 was similar between RA patients and HD (Figure 
4A). Upon stratification for NKG2Anorm and NKG2Ahigh patients we observed a lower 
but non-significant difference in IFN-γ expression in NKG2Anorm patients compared to 
NKG2Ahigh patients as well as healthy controls (Figure 4B). Further analysis of NK cell subsets 
(NKG2A-/KIR-, NKG2A+/KIR-, NKG2A+/KIR+, NKG2A-/KIR+) showed a similar distribution within 
NKG2Anorm, NKG2Ahigh RA patients and HD (Supplementary Figure 2B-C); however, a 
trend towards an increase of the NKG2A+/KIR- NK cell subset in the NKG2Ahigh subset of 
RA patients is visible and consistent with our phenotypic characterization. NK cell subsets 
in the NKG2Anorm RA patients, which have a similar distribution compared to HD, appear 
less capable of IFN-γ production (Figure 4C). In contrast, the different NK cell subsets in 
NKG2Ahigh RA patients produce IFNγ equally efficient as HD. These data indicate that the 
elevated NKG2A+ NK cell population found in part of RA patients is functionally responsive to 
IL-12/IL-18 stimulation.
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Figure 2. NKG2A, KIR, NKG2C co-expression patterns on NK cells differ in RA patients and HD. 
(A) Scatter dot plots comparing NKR co-expression patterns within the total population of NK cells between RA 
patients (●) and HD (○). Lines represent the median percentage of positive cells within the CD56+CD3- NK cell 
population. Below each column set of RA patients and HD, the presence or absence of a certain NKR is indicated 
by + or -. Left panel: co-expression patterns of NKG2A, CD158e1e2 and NKG2C. Right panel: co-expression patterns 
of NKG2A, CD158ah, CD158b1b2j and CD158i. NKG2A+ NK cell subsets with expression of either CD158ah or 
CD158b1b2j were not shown since their frequency was low (generally <10%) and identical to HD. (B) Scatter dot 
plots characterizing NKR co-expression patterns within NKG2A+ NK cells and compared between RA patients (●) 
and HD (○). Lines represent the median percentage of cells within the NKG2A+ NK cell population expressing (+) 
or lacking (-) the NKR as indicated below the graphs. Left panel: co-expression patterns of CD158e1e2 and NKG2C 
within CD56dim NKG2A+ NK cells (left four columns) and CD56bright NKG2A+ NK cells (right 4 columns). Right panel: 
co-expression patterns of CD158ah, CD158b1b2j and CD158i within CD56dim NKG2A+ NK cells (left 8 columns) and 
CD56bright NKG2A+ NK cells (right 2 columns). CD56bright NKG2A+ NK cell subsets with expression of either CD158ah, 
CD158b1b2j or CD158i were omitted from the figure since their frequency was low (generally <10%) and similar to 
HD. * = p < 0.05, ** = p < 0.01, Mann-Whitney U test.
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Figure 3. Normal cytotoxicity 
by NK cells of NKG2Ahigh, but 
not NKG2Anorm RA patients. 
Cytotoxicity of NK cells isolated from 
HD and RA patients against K562 target 
cells. Specific lysis was determined after 
18 hours of co-culture in a FCM-based 
cytotoxicity assay at E:T 1:1 and 10:1 
ratios. Data are displayed as means 
± standard error of the mean (SEM) 
of the means of triplicate wells from 
8 different experiments. (A) Specific 
cytotoxicity compared between HD and 
RA patients overall. * = p < 0.05, Mann-
Whitney U test. (B) Specific cytotoxicity 
compared between HD, NKG2Ahigh and 
NKG2Anorm RA patients. * = p < 0.05, 
Kruskal-Wallis test.

Figure 4. Normal IFN-γ production 
in IL-12/IL-18-stimulated NK cell 
subsets of NKG2Ahigh, but not 
NKG2Anorm RA patients. IFN-γ 
expression in NK cells isolated from 
HD and RA patients after overnight 
stimulation with IL-12/IL-18. Data are 
displayed as means ± SEM of the means 
of triplicate wells from 8 different 
experiments. All data are shown after 
subtracting the baseline level of IFN-γ 
expression by unstimulated NK cells. 
(A) IFN-γ expression compared between 
HD and RA patients overall. (B) IFN-γ 
expression compared between HD, 
NKG2Ahigh and NKG2Anorm RA patients. 
(C): IFN-γ expression compared between 
HD, NKG2Ahigh and NKG2Anorm RA 
patients stratified within the different 
NKG2A/KIR subsets: NKG2A-/KIR-, 
NKG2A+/KIR-, NKG2A+/KIR+, NKG2A-/KIR+.
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Increased frequency of KIR and CD16 expressing T cells in patients with RA 
but not PsA
As NKR-expressing T cells have been implicated in pathology, we determined their frequency 
in RA and PsA patients. No differences were found in the relative frequencies of CD4+CD8-, 
CD8+CD4-, CD4CD8 double negative (DN) and CD4CD8 double positive (DP) T cells (data not 
shown). The frequencies of CD56, NKG2, NCR, CD16 and CD244 expressing T cells were similar 
between RA, PsA and HD (data not shown). Moreover, the frequency of CD4+CD28- T cells was 
equal to HD (data not shown). In contrast, KIR expression on T cells in RA was different as 
CD158ah expressing T cells were more frequent in both RA (median 0.7%, range 0.2-6%) and 
PsA (median 0.3%, range 0.1-1.4%) compared to HD (median 0.2%, range 0.1-0.5%) (p<0.0001 
and p=0.05 respectively, Figure 5A). In RA patients, the median frequency of CD158e1e2 
expressing cells within the total T cell population (1.5 vs 0.4%, range 0-9.1% vs 0-2.8%) and 
within CD8+ T cells (1.5%, range 0-9.1%) was increased compared to HD (0.35/1.5%, range 
0-1.2/0-2.8% respectively) (p=0.02 and p=0.04, Figure 5A). The frequencies of KIR+CD4+ T 
cells were generally below 1% in both patients and controls. Nevertheless, in RA patients 
the median frequency of CD158ah+ (0.3%, range 0.1-0.8%, p<0.0001), CD158b1b2j+ (0.2%, 
range 0-1.7%, p=0.001) and CD158e1e2+ (0.1%, range 0-0.1%, p=0.0001) CD4+ T cells was 
significantly higher than in HD (medians 0.1/0.1/0%, range 0-0.2/0-1.1/0-0.3% respectively) 
(Figure 5B-C). Neither in RA nor PsA, elevated NKR expressing T cell numbers correlated to 
clinical parameters such as disease activity (DAS28 score or tender and swollen joint counts, 
ESR, CRP, erosiveness), the presence of ACPA or RF, duration of disease, patient age, or type 
of treatment (data not shown).
 Finally, we investigated CD16 expression on T cells. CD16+ T cells were significantly 
higher in RA patients (median 0.75%, range 0.2-11.4%) than in HD (median 0.3%, 0.1-
0.7%) (p=0.004, Figure 6A-B). Also among CD8+ T cells, the percentage of CD16+ T cells 
was increased (median 1.5%, range 0.3-21.3%) compared to HD (median 0.6%, range 0.1-
0.3%)  (p=0.005, Figure 6A-B). The majority of CD16+ T cells (69%) were γδ T cells, as was 
shown in one RA patient with a high frequency of CD16+ T cells (11.7%, Figure 6C). We did 
not find significant correlations between CD16+ T cell numbers and disease activity (DAS28 
score, ESR, CRP, erosiveness), the presence of ACPA or RF, duration of disease, patient age, 
or type of treatment (data not shown). Taken together, these data indicate that several T cell 
populations with expression of NKR are elevated in RA patients. 

Discussion
As solid evidence points towards the role of NK cells and NKR-expressing T cells in autoimmune 
disease [3, 23] we set forth to determine potential differences in the phenotype and/or 
behavior of these cells in two archetypical chronic inflammatory diseases, RA and PsA. We 
demonstrated that the NK cell phenotype in peripheral blood from RA but not PsA patients 
differs from healthy individuals in that NKG2A+ NK cells in RA patients are elevated and have 
a relatively immature status with impaired cytotoxicity. De Matos et al. previously described 
the presence of IFN-γ-producing NKG2A+KIR- CD56bright NK cells in the synovium in different 
types of arthritis [17]. In addition, they showed that this synovial NK cell population expressed 
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Figure 5. Increased frequency of KIR expressing T cells in RA and PsA. KIR expression on T cells in 
patients with RA and PsA and in HD. Cells were gated on peripheral blood lymphocytes based on characteristic 
forward scatter (FSC) and sideward scatter (SSC) properties and CD45 positivity. Percentages of positive cells were 
determined within CD3+ (T cells), CD3+CD4+CD8- (CD4+ T cells), CD3+CD8+CD4- (CD8+ T cells). (A) Frequency of T 
cells (left panel) and CD8+ T cells (right panel) expressing CD158ah and CD158e1e2 in patients with RA (●), PsA 
(    ), and HD (○).  Bars represent median percentages. (B) Frequency of CD4+ T cells expressing the KIRs CD158ah, 
CD158b1b2j, CD158e1e2 and CD158i. Lines represent the median percentage of positive cells within the CD4+ T 
cell population, boxes indicate 25th and 75th percentiles, and outer whiskers indicate the most extreme data points 
of 23 RA patients, 12 PsA patients, and 18 HD. (C) Flow cytometry dot plots of RA patients with high proportions 
of CD4+ T cells expressing KIR. Plots were gated on CD4+ T cells and show log fluorescence intensity for CD3 (y-axis) 
and CD158ah (top panel), CD158b1b2j (middle panel) and CD158e1e2 (lower panel). Percentage within the plot 
indicates the proportion of CD4+ T cells positive for the NKR indicated on the X-axis. * = p < 0.05, ** = p < 0.01, *** 
= p < 0.001, Mann-Whitney U test.

specific chemokine receptors suggestive of preferential recruitment from peripheral blood, 
rather than local maturation [19]. The fact that NKG2Anorm RA patients seem to have NK 
cells with impaired cytotoxic potential and cytokine production, could reflect the results of 
Aramaki et al., who found decreased NK cell cytotoxicity in RA patients [24]. 
 Pathogenic implications as opposed to protective effects of elevated functionally 
active NKG2A+ NK cells remain to be uncovered. Both in vitro and in vivo studies suggest that 
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gated on peripheral blood lymphocytes based on characteristic forward scatter (FSC) and sideward scatter (SSC) 
properties and CD45 positivity. The percentage of positive cells was determined within CD3+ (T cells). (A) Frequency 
of T cells (left panel) and CD8+ T cells (right panel) expressing CD16 in patients with RA (●), PsA (   ), and HD (○). Lines 
represent median percentages. (B) Flow cytometry dot plot of a RA patient with a high proportion of CD16+ T cells. 
The plot was gated on CD45+ lymphocytes and shows log fluorescence intensity of CD3 (y-axis) and CD16 (x-axis). 
(C) Flow cytometry dot plot gated on CD3+ T cells of a RA patient showing CD16 (y-axis) and TCR γδ (x-axis). * = p < 
0.05, Mann-Whitney U test.

blocking NKG2A may be beneficial in RA. Leavenworth et al. showed in murine CIA that NK 
cells are capable of killing pathogenic Thelper (Th) subsets and that anti-NKG2A blocking 
increased joint infiltration by NK cells, decreased pathogenic Th cell numbers, and importantly, 
improved arthritis [25]. In vitro blocking of NKG2A enhanced NK cell degranulation against 
autologous activated CD4+ T cells and RA fibroblast like synoviocytes (FLS) [26, 27]. Other 
than RF positivity, we did not find other correlations between NKG2A+ NK cell frequency and 
clinical characteristics, such as disease activity score (DAS28), presence of erosions, elevated 
inflammatory markers or length of disease.
 Our study revealed several novel observations. First, increased KIR expression on T 
cells in both RA and PsA was observed. Assuming these receptors are activating, as shown 
for KIR expressing CD4+ T cells in RA [12], these T cells may represent autoimmune effectors. 
Secondly, we observed a markedly increased frequency of CD16+ (CD8+) T cells in RA but not 
PsA patients. CD16 is a low-affinity Fc receptor for IgG (Fcγ receptor IIIa) involved in antibody 
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mediated cellular cytotoxicity (ADCC) in NK cells. Its role on T cells is less well characterized. 
It is found on the majority of healthy donor TCR γδ T cells [28], as well as a small proportion 
of TCR αβ T cells [29]. Our finding of elevated CD16+ (CD8+) T cells in RA but not PsA patients 
builds further on the study of Bodman-Smith et al. who reported a trend towards increased 
frequency of CD16+ TCR γδ T cells in RA patient peripheral blood [30]. CD16+ γδ T cells are 
capable of phagocytosis and antigen presentation via MHC class II [31]. CD16+ TCR αβ T cells 
are predominantly CD8+, perforin+ effector memory T cells, present at increased frequency 
in patients with chronic hepatitis C infections and other causes of reactive lymphocytosis 
[29, 32]. Triggering of CD16 on TCR αβ T cells results in production of effector molecules 
such as perforin, granzyme B, IFN-γ and TNF-α [32, 33]. The increased frequency of CD16+ T 
cells reported here, together with the effector phenotype and functional properties reported 
elsewhere, might very well fit a pathogenetic role in autoimmune disease. Therefore, in our 
view, this cell population requires functional characterization in RA. 
 Our study does not confirm the previously reported increased frequencies of T cells 
expressing the general NK cell marker CD56 in either RA or PsA patients [14] nor could we 
confirm an expansion of CD4+CD28- T cells in RA patients as initially reported by Schmidt et 
al., particularly in those with extra-articular manifestations [34, 35]. This may be explained 
by differences in treatment and the absence of extra-articular complications in our cohort. 
Our study included patients on different therapies and only a few drug-naïve individuals. 
Therefore, it cannot be excluded that the type of treatment affects NK cell phenotype or 
function. However, the most common treatment modalities in our cohort, i.e. methotrexate 
and anti-TNF-α, rather seem to enhance NK cell cytotoxicity and IFN-γ production [36, 37] 
and no correlation could be found with the different therapeutic regimen. Furthermore, 
there were no substantial differences in therapeutic regimen between NKG2Anorm and high 
patients that could explain the observed functional differences.  
 In summary, this study demonstrates the presence of an elevated, functionally 
active NKG2A+ KIR- NK cell population in RA but not PsA, in addition to a different subset of 
RA patients with decreased NK cell functionality. Furthermore, we demonstrated increased 
KIR expression by T cells in both RA and PsA and a higher frequency of CD16+ T cells in RA. 
These changes in NK and T cell phenotype and function may reflect differential pathogenetic 
involvement; however their precise role remains to be determined.
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Supplementary Material

Supplementary Figure S1. (A)  gating strategy.  Left panel: forward (FSC) sideward scatter (SSC) dot plot. Cells 
were gated on peripheral blood lymphocytes (PBLs, gate A) based on characteristic FS and SS properties. Middle 
panel: dot plot showing CD45 staining (y-axis) versus SS within gate A as determined by characteristic FSC and SSC 
properties. Right panel: dot plot showing CD3 (x-axis) and CD56 (y-axis) staining within gate B (CD45+ PBLs). Gate 
C: NK cells (CD3-CD56+); gate D: CD56bright NK cells (CD3-CD56bright); gate E: T cells (CD3+CD56-); gate F: CD56+ T cells 
(CD3+CD56+). (B) Frequencies of CD56bright and CD56dim NK cells within NK cells (gate C) of RA patients, PsA patients 
and HD. Lines represent the median percentages, boxes indicate 25th and 75th percentiles, and outer whiskers 
indicate the most extreme data points.
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7 Supplementary Figure S2. (A) gating strategy. Dot plots showing from left to right: peripheral blood lymphocytes 
(PBLs) gated on the basis of characteristic FSC and SSC properties; selection of singlets; exclusion of dead cells on 
the basis of positive staining for eF780 Fixable Viability Dye; NK cell gate. (B) NKG2A/KIR NK subsets gating strategy. 
Subsets were defined as NKG2A-/KIR- (gate A), NKG2A+/KIR- (gate B), NKG2A+/KIR+ (gate C), NKG2A-/KIR+ (gate D) 
within the NK cell gate. (C) NKG2A/KIR NK subsets frequency in HD, RA NKG2Ahigh and RA NKG2Anorm patients. 
Columns represent the mean percentage of the mean of triplicate measurements in each HD/patient; error bars 
show the standard error of the mean (SEM).
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Portraying captivity
The founding hypothesis on which I based most of the work for this thesis is that in distinct 
systemic sclerosis (SSc) stages, qualitative and quantitative differences in terms of clinical 
features and immune changes might occur. By increasing the knowledge on the events 
characterizing SSc in a timely manner, new strategies of therapeutic intervention can arise, 
aiming to prevent “captivity” in the fibrotic end-stage. This has motivated the research herein 
summarized and discussed.

The quest for early biomarkers 
A number of studies have pursued the goal to identify biomarkers which could serve as 
more refined diagnostic and prognostic tools than the ones available and applied to date 
in clinical practice (e.g., autoantibodies) and  possibly detect disease activity [1]. The focus 
has been directed towards markers correlating with the extent of skin involvement and 
the presence/severity of major organ complications (i.e., interstitial lung disease, ILD; and 
pulmonary arterial hypertension, PAH), but hardly on the earliest stages in which Raynaud’s 
phenomenon (RP) is the only visible feature (early SSc, EaSSc [2]) or in SSc patients where 
fibrosis has not emerged yet (defSSc). 
 In particular, the hints on the importance of the type I IFN signature in SSc derive 
at first by the evidence of increased risk to develop the disease in the presence of SNP of 
genes induced by type I IFN (IFN-induced genes, IIG), such as STAT4 [3] and IRF5 [4]. Secondly, 
the modified Rodnan skin score (mRSS) well correlates with IIG expressed in skin biopsies of 
affected SSc skin [5], as well as the composite plasma IFN-inducible chemokine score reported 
by Liu et al. with lung, muscle and skin involvement severity [6]. In Chapter 2, we confirm the 
presence of type I IFN signature in the circulation and in monocytes of patients with fibrotic 
SSc and correlate it with B cell activating factor (BAFF) mRNA expression in monocytes and 
N-terminal propeptide of type III procollagen (PIIINP) serum levels, respectively mirroring 
the potential for B cell activation and the production of collagen. Most strikingly, we also 
show that type I IFN signature is already present in the circulation of the individuals with 
increased risk for SSc (EaSSc) and in the patients without signs of fibrosis (“non-cutaneous”, 
ncSSc - or defSSc, as referred to in the other chapters). Noteworthy, in these earliest phases 
of disease - and in the defSSc group to the greatest extent - the highest prevalence of type 
I IFN signature and the highest averages of IFN scores are observed. Type I IFN signature is 
common in many autoimmune conditions (systemic lupus erythematosus, in particular [7]) 
and in viral infections, and seemingly to a bigger extent than in SSc; but in the new light of 
our data, in SSc it seems to mark more potently the early phases of disease characterized by 
the absence of fibrosis, suggesting an early activation of the plasmacytoid dendritic cell (pDC) 
compartment and possibly augmenting the risk to develop the disease itself and eventually 
the fibrotic features.  
 The distinction of SSc into defSSc and limited/diffuse cutaneous SSc (lcSSc/dcSSc, 
[8]) subgroups we decided to apply has been elicited by the higher sensitivity of the new 
EULAR/ACR 2013 classification criteria in identifying patients with early or more limited 
disease [9], as compared to the 1980 ARA system [10]. There is agreement in the field on the 
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definition of EaSSc – if not on the nomenclature itself - as a group at risk to develop SSc (and 
to a smaller rate, other autoimmune conditions [11]). Nonetheless, it is fair to underline here 
that there is no consensus on the grouping strategy nor on the terminology (ncSSc or defSSc) 
we applied to differentiate the “non fibrotic” SSc patients from the lcSSc/dcSSc individuals. 
Furthermore, we don’t know who among the defSSc patients should be considered merely 
in a stage of progression towards fibrosis - eventually in a milder, smoldering form – and 
who among them belongs to a truncated, permanently non-fibrotic, separate clinical entity. 
Nevertheless, we thought to more closely investigate what distinguishes the pre-SSc/early 
and the defSSc, non fibrotic subsets from the most severe lcSSc and dcSSc forms of disease by 
providing a better clinical characterization and with regard to the pathogenetic traits which 
likely precede fibrosis, such as vasculopathy and immune system activation. 
 To this aim we built a considerably large cohort of patients with EaSSc meeting 
LeRoy and Medsger criteria [2] without any signs or symptoms indicative of definite disease 
and SSc patients classified according to the 2013 EULAR/ACR criteria [9] and further divided 
them in defSSc when displaying no fibrosis of the skin and internal organs, lcSSc or dcSSc in 
relation to the extent of skin involvement [8]. In Chapter 3 we show how different clinical 
parameters reflecting general inflammation (i.e., serum Hb; erythrocyte sedimentation rate, 
ESR; C-reactive protein, CRP) and lung functionality (forced vital capacity, FVC, and diffusing 
capacity for carbon monoxide, DLco) present a linear worsening trend from EaSSc to defSSc, 
to lcSSc and dcSSc. defSSc patients present the highest time to evolution (appraisal of the 
first non-Raynaud symptom) and are mainly anti-centromere autoantibodies (ACA) positive. 
Overall, the severity of disease appears thus to be milder in defSSc in respect to lcSSc and dcSSc 
and intermediate between the latter fibrotic subsets and EaSSc. This clinical stratification is 
mirrored by the linearly increasing serum levels of factors involved with vasculopathy from 
EaSSc, to defSSc, to lcSSc and dcSSc in our cohort, with a particular regard to factors related 
to defective angiogenesis (angiopoietin-2, CXCL16), endothelial activation and perivascular 
tissue modulation (E-selectin, sICAM-1, CXCL16). The data regarding the EaSSc group are in 
line with what Valentini et al. showed [12, 13] and confirm in our more numerous cohort 
that markers indicating endothelial damage are already present at the preclinical stage. The 
novelty resides in the depiction of the defSSc patient group as intermediate between EaSSc 
and lcSSc/dcSSc subsets both in terms of clinical severity and of vascular activation. These 
findings brought us to address more closely the nature of EaSSc and defSSc groups in Chapter 
4 and to examine a broad array of factors involved in inflammation, metabolism and tissue 
damage/remodeling. After selection of potential candidate molecules in a discovery cohort, 
we validated in the same cohort described in Chapter 3, CXCL10, CXCL11, TNFR2 and CHI3L1 
as serum markers which could discriminate EaSSc and defSSc patients from the healthy 
population with a linear increase from EaSSc to defSSc patients. These molecules showed 
an overall progressive increase also in lcSSc and dcSSc subsets, similarly to what we show in 
Chapter 3 for the factors linked to vascular damage and mirroring the gradually increasing 
degrees of severity throughout the different subsets. Most strikingly, when stratifying in 
each subset according to low and high circulating levels of CXCL10 and TNFR2, we found an 
association for EaSSc and defSSc patients with the rate of evolution to definite disease and 
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the development of skin worsening and/or internal organ involvement, respectively: patients 
with higher concentrations of these molecules showed a shorter time to progression.

 In conclusion:
In the light of these observations, we conclude that defSSc patients do present with a milder 
disease form (Chapter 3) and are molecularly distinct not only from the EaSSc individuals, 
but also from the fibrotic SSc subsets. The molecular aberrations which are present in the 
EaSSc and in the defSSc groups are found also in lcSSc and dcSSc, but in different degrees. In 
particular, the IFN type I signature is more pronounced in the pre-fibrotic stages in respect to 
lcSSc and dcSSc subsets (Chapter 2), pointing towards a preferential role of pDC and myeloid 
activation in this phase. On the contrary, the different markers of vascular activation and 
damage (Chapter 3), inflammation and general immune activation (Chapter 4) which could 
provide a clear stratification of the patient groups in our cohort, gradually increase from 
preclinical, to defSSc and reach the highest expression in the fibrotic subsets. Interestingly, the 
two markers associated with a shorter time to progression for both EaSSc and defSSc - CXCL10 
and TNFR2 (Chapter 4) - are indirectly linked to T, natural killer (NK) and NKT-like cell biology, 
the first functioning as potent chemo-attractant for these cells in target tissues [14] and the 
second marking their activation status [15]. Even though this distinction is deliberately blunt 
and doesn’t reflect the complexity of the pathways and the interplay of the cell compartments 
I mentioned, nevertheless it could help to identify the timely changes in the pathophysiology 
of the different stages of SSc and offer hints for more targeted intervention.

CD56+ NK and NKT-like cells in SSc
The choice to investigate these two cell populations - for which still limited data is available 
in SSc - has been determined by the crucial role they exert in innate immunity as first barrier 
against pathogens and for their ability to profoundly influence downstream adaptive immune 
responses by regulating T cell activation, directly or via antigen-presenting cells (APC). In 
particular, (viral) infections have long been considered possible triggers or early events in 
the development of SSc in predisposed individuals and T cells important effectors in the 
pathobiology of the disease. 
 In Chapter 5 we have examined the reactivity of CD56+ cells as a whole (NK and NKT-
like cells together) to different Toll-like receptors (TLR) and broad activating stimuli (IL-2 and 
IFN-α) focusing on patients with EaSSc and defSSc without signs of fibrosis, but also individuals 
with primary Raynaud’s phenomenon (PRP). We tried to mimic in vitro the conditions following 
the extravasation of CD56+ cells attracted by chemokine gradient to the site of damage, where 
likely they are triggered by different pathogen- and damage- associated molecular patterns 
(PAMPs and DAMPs, respectively) and are exposed to inflammatory mediators. We found a 
gradually increasing production of IL-6, TNF-α and MIP-1α from HC/PRP to EaSSc and finally 
to defSSc when CD56+ cells were stimulated with TLR1/2 and - to some extent - also to TLR7/8 
ligands. Thus, on the basis of CD56+ cell response to TLR triggering, it is possible to separate 
the different disease groups and see how SSc patients without fibrotic features present the 
largest prevalence of high cytokine producers among them, by that increasing the risk of 
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uncontrolled inflammation and tissue damage and paving the way for fibrosis development.
Unfortunately, in this set of experiments lcSSc and dcSSc patients haven’t been included, so 
we can’t comment on the reactivity of CD56+ cells to TLR triggering in the fibrotic phases of 
SSc. Thus, as next step, we set to discriminate between the contribution of NK and NKT-like 
cells not only in the pre-fibrotic stage, but also in lcSSc and dcSSc patients. Persuaded that 
the phenotypic characterization allows to dissect different stages of cell maturation as well 
to identify subsets endowed with distinct functional capabilities, in Chapter 6 we performed 
a detailed NKR phenotyping of NK and NKT-like cell populations in EaSSc, defSSc and lcSSc/
dcSSc disease subsets. 
 We could identify a NK cell population with low NKp46 cytotoxicity receptor 
expression accompanied by a decrease in the co-expression of two other activating 
receptors, NKG2D and CD16, specifically in dcSSc patients. This NK cell pattern could at least 
partly explain the diminished NK cell degranulation activity we observed in dcSSc patients in 
response to K562 target cells and it reflects a NK cell population with restrained activation 
and cytolysis potential in dcSSc, regardless of disease duration and of the presence/absence 
of concomitant (immunosuppressive) therapies, but negatively correlating with the mRSS 
and the extent of skin fibrosis. The relevance and the implications of these findings in SSc 
are yet to be disentangled. NKp46 represents an intriguing target for the implications that its 
diminished frequency on NK cells can have on both immune regulation - due to the lack of 
NKp46 check-point on T cell activation [16, 17] - and fibrosis control - given the observation 
that NKp46-mediated killing of human hepatic stellate cells attenuates liver fibrosis [18] and 
that in our cohort the NKp46-deficient subset is the most fibrotic, dcSSc. A direct comparison 
with other systemic autoimmune diseases is not optimal due to different experimental 
designs (i.e., whole blood vs PBMC analyses, different flow cytometry multicolor panels and 
functional assays applied). Nevertheless, it seems that these patterns are rather specific 
for SSc, both in the light of the data readily available in literature (e.g., in the case of SLE, 
among others [19, 20]) and also in our own work on NKR phenotyping in rheumatoid arthritis 
(RA) and psoriatic arthritis (PsA) patients, described in Chapter 7. NKR phenotyping on NK 
cells from PsA patients didn’t show any differences when compared to the general healthy 
population, while in RA it highlighted an increase in the frequency of NKG2A+(KIR-) NK cells 
and no differences in the expression of any natural cytotoxicity receptors, including NKp46. 
The functional profiling of RA NK cells showed a decrease cytotoxicity against K562 target 
cells, even though the defect was primarily attributable to the NK cells from RA patients with a 
NKG2A frequency which was similar to the one observed in the healthy donors (NKG2Anorm), 
while patients with a higher frequency of NKG2A-expressing NK cells (NKG2Ahigh) showed 
a killing activity which was comparable to the one in HC. NKG2Anorm NK cells in RA patients 
also exhibited a trend for diminished IFN-γ expression when stimulated with IL-12/IL-18 
combination. Although, since the majority of RA patients displays a higher frequency of these 
functionally active NKG2A+ NK cells, it is possible to hypothesize that NK cells in RA could 
play an active role in sustaining inflammation. This concept is corroborated by the evidence 
of IFN-γ producing NKG2A+KIR- CD56bright NK cells in the synovium of RA patients [21] and 
by the evidence that NKG2A blockade in vivo was beneficial in a collagen-induced arthritis 
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mice model [22] and enhanced in vitro the killing of activated CD4+ T cells and fibroblast-like 
synoviocytes [16, 23]. 
 The analyses of NKT-like cells in Chapter 6 uncovered an overall reduction in the 
circulation of lcSSc and dcSSc patients and more specifically of the (CD57+)KIR+ subset. 
(CD57+)KIR+ NKT-like cells are the vast majority of KIR-expressing T cells and represent 
mature, antigen-experienced and presumably chronically stimulated effector memory cells, 
which also potently respond to isolated innate stimuli, achieving tumor/virally-infected cell 
killing [24-27]. The lack of upregulation of KIR on NKT-like cells from lcSSc and dcSSc patients, 
together with an overall downregulation of activating NKG2D and CD16 NKR and a NKG2 
ratio skewed towards inhibitory NKG2A rather than activating NKG2C, suggest that in the 
fibrotic phase of SSc an impairment in the mechanisms which contain chronic infections and 
the consequent inflammation and tissue damage could be present [28, 29]. The same does 
not apply to the pre-clinical and non fibrotic SSc patients - who also presented enhanced TLR 
reactivity (Chapter 5) -, even though a far less pronounced/non significant decrease of KIR+ 
NKT-like cells can be observed already in this subset. The opposite situation with an increase 
of KIR- and CD16-expressing CD3+CD56- T cells in RA, described in Chapter 7, could unravel 
a pathogenic role for either enhanced viral (CMV?) reactivity or for the presence of cross-
reactivity with self-antigens exposed during the disease process [30], by that indicating rather 
different pathogenetic pathways involved in RA vs SSc.

 In conclusion:
In this work on CD56+ NK and NKT-like cells we have observed a linearly increased production 
of inflammatory and pro-fibrotic mediators (IL-6, TNF-α, MIP-1α) in response to TLR1/2 and 
TLR7/8 triggering from HC and PRP to EaSSc and spiking in defSSc patients without fibrotic 
features (Chapter 5).  In contrast, the NKR analysis we performed on the same patient groups 
and additionally also on lcSSc and dcSSc, revealed altered expression patterns only in the 
fibrotic subsets, with reduced (NKG2D+/CD16+) NKp46+ NK cells in dcSSc - fitting the impaired 
degranulation observed in the same subset - and decreased (CD57+)KIR+ accompanied by 
downregulation of activating NKR on the remaining NKT-like cell fraction in both lcSSc and 
dcSSc (Chapter 6). These NKR patterns suggest an inhibited phenotype on both NK and NKT-
like cells, which differ from the one described for NK and T cells from RA patients (Chapter 
7). On the basis of these findings and within the limits of our experimental set-up, we can 
hypothesize that the hyperactivation caused by innate stimuli in the earliest, pre-fibrotic 
stages could increase the risk for unrestrained inflammation and tissue damage/fibrosis 
development in SSc. The chronic activation and the hypoxic conditions which follow during 
the fibrotic stages, could give raise to deranged NK/NKT-like cell compartments, deficient in 
further controlling tissue remodeling and possibly in exerting immune regulatory functions. 
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Future perspectives 
With the work of this thesis, I intend, firstly, to draw the attention on the need for a better 
stratification and subsetting of SSc patients and, secondly, to contribute by proposing new 
pathways for investigation and early intervention. 

Achieving adequate patient stratification for early intervention
The initiative of introducing the term “defSSc” to describe patients where the fibrotic 
process is not evident yet and of investigating separately this subset, has been allowed by 
the better performance of the new 2013 EULAR/ACR criteria [9] in classifying SSc patients 
with more limited disease. Nevertheless, this approach is based almost solely on personal 
clinical observation: these patients do exist and already follow a clinical monitoring to 
detect complications. As for EaSSc individuals, it is challenging to predict who and how fast 
will progress, which patients will not develop fibrosis and will require “only” symptomatic 
treatment for severe RP and/or ulcers (i.e., calcium-channel blockers, prostanoids). 
Furthermore, we are aware that this proposed grouping strategy gives space to criticism 
and additional/alternative subsetting systems, which in our view are not only possible, but 
necessary. For example, we wonder whether patients with fibrosis located distally to the 
metacarpophalangeal joints (MCP, sclerodactily) are radically different in respect to patients 
with puffy fingers (PF). Possibly, a better stratification would be achieved by grouping together 
patients with PF and sclerodactily and considering separately the ones with more extensive 
fibrosis (proximal to the MCP), as in a sort of “modified” Barnett classification strategy [31].  
 The creation of large (multicentric), prospective cohort studies to follow up patients 
since the EaSSc stage would surely help to find tools to identify progressors on the basis of 
detailed clinical profiling and it would offer the ideal source to provide an in-depth molecular 
characterization in parallel. In such cohorts, the cross-disciplinary nature of a systems 
biology approach [32] could generate data from genome, epigenome, transcriptome and 
microbiome, to be combined with clinical, immune and psychosocial parameters, to finally 
identify new pathways for disease interception, possibly together with a new (molecular-
based?) patient classification. Such an approach, though, requires a vision that clearly goes 
beyond the timespan (and the funding) available for a PhD trajectory. Even more: it requires a 
huge, long-term and continuous network of collaborations among the experts who supervise 
the project – clinicians, biologists and computational biologists – and the will of funding 
agencies to wait decades for results. 
 This approach is relevant for the most severe, fibrotic stages, but even more when 
considering individuals already known to be at increased risk for SSc (EaSSc) and in defSSc 
patients with a milder form of disease who are at risk to progress, because it would create a 
window of opportunity to prevent SSc development and/or arrest disease progression. 

“Old” and new targets in SSc
From a therapeutic perspective, the notion that endothelial injury precedes the onset of SSc 
- as reflected by the circulating vascular dysfunction markers described in Chapter 3 – and 



139

G
eneral D

iscussion

8     

increases progressively from non fibrotic to fibrotic subsets, strongly supports the design of 
clinical trials to evaluate whether the initiation of vascular-targeted therapies in the earliest 
phases can modify the course of disease. The use of readily available medications such as 
calcium-channel blockers or type 5 phosphodiesterase inhibitors - the first being the first 
line approach for severe RP and the second one of the valuable alternatives [33] - since the 
EaSSc stage and also in completely asymptomatic individuals, can possibly prevent further 
endothelial damage and disease progression. The evidence that the highest prevalence 
of type I IFN signature and the highest averages of IFN score occur in the EaSSc and pre-
fibrotic patient groups (Chapter 2), suggests a similar approach with type I IFN antagonists. 
In particular, the indirect proof of suppressive effects on T cell activation and collagen 
accumulation in SSc for anifrolumab, an anti-IFN-αAR1 receptor antibody [34], and the 
benefit of its administration on disease activity of patients with moderate to severe SLE [35], 
in particular the ones with a high IFN signature at baseline, make it a promising therapeutic 
tool also for SSc, namely prior to fibrosis development. 
 High type I IFN activity in the early phases of SSc could be one of the causes of the 
augmented CD56+ NK/NKT-like cell responsiveness we observed to TLR stimulation (Chapter 
5). The functional impairment that likely occurs during the fibrotic phases (Chapter 6) could 
be the result of prolonged disease activity and inflammation. Additional research is required 
to investigate how NK cell biology is affected in the different phases of SSc. Fuelled by the 
data presented in this thesis, I propose to enquire the interaction between NK and NKT-
like cells with pDC - as major type I IFN producers - and APC (e.g., mDC) [36] - whose pro-
inflammatory profile in response to the same TLR triggers which strongly activated CD56+ cell 
response, is already documented in SSc [37] -, focusing on EaSSc and defSSc before fibrosis 
development and on the effect of such interplay on T(h2) cell activation. Additionally, it will 
be of great value to assess the degree of infiltration of NKp46+ NK cells and KIR+ NKT-like 
cells in the affected and non affected tissues - primarily in the skin - and to assess whether 
the CXCL10-CXCR3 axis (as suggested by the findings in Chapter 4) is involved in chemotaxis 
and eventually which profile (cytokine production, Th skewing/suppression activity) the 
tissue NK/NKT-like cells display. It’s emerging how NKp46-mediated signaling and activity is 
influenced by its different isoforms [38]; furthermore, a link to the new concept of “NK cell 
exhaustion”, originated in cancer field, and NKp46 downregulation [39] offers new ground for 
investigation in dcSSc for this newly emerged target. Another intriguing research line for NK 
and NKT-like cells in SSc is indicated by the association of several IL-12 pathway-related genes 
(STAT4, IL12A, IL12RB1, and IL12RB2) with SSc susceptibility [40]. IL-12 is a key-cytokine in NK 
and NKT-like cell activation and main responsible for their IFN-γ production. The Th2 skewing 
observed in SSc, together with the late upregulation of serum IL-12 and mainly in the lcSSc 
form of disease [37], support the concept of an impaired CD56⁺ compartment. It is tempting 
to speculate that restoring NK function could positively modify disease course in SSc, as 
growing evidence is already showing in the cancer field [41].
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Paul Klee heeft als kunstenaar vele avant-garde kunststromingen uit het begin van de 
20ste eeuw geïnspireerd. Hij geloofde dat de zichtbare en tastbare wereld enkel de 
toegankelijke laag van de werkelijkheid behelst. Door gebruik te maken van kleuren, 
patronen en een miniatuur systeem van tekens beoogde hij een licht te werpen op wat 
normaal onzichtbaar blijft. Daarmee maakt hij “het onzichtbare zichtbaar” en legt hij 
de “natuurwetten bloot” om de diepere bedoeling te onthullen. Veel minder bekend is 
het literaire werk van Paul Klee waarin hij zijn artistieke bedoeling uitlegt maar ook op 
filosofische wijze wetenschap benaderd. Hij benadrukt dat “intuïtie” het belangrijkste 
middel is om het proces van exacte wetenschap te versnellen. De werken die hij in de 
laatste jaren van zijn leven worden sterk beïnvloed door en verwijzen daarmee ook 
naar de last en het lijden aan de ziekte systemische sclerose (SSc). Voor de voorkant 
van mijn proefschrift heb ik gekozen voor een schilderij waarin Paul Klee het gevoel van 
veel patiënten goed weergeeft als zijnde gevangen in hun eigen lichaam naarmate de 
verharding van de huid verergert en de beperkingen toenemen (Gevangen, 1940).
 Fibrose is het herstelproces van weefsel in reactie op schade waarbij collageen 
vezels en de cellen die collageen produceren, te weten fibroblasten, de specifieke 
weefselcellen, die de functie van een orgaan vervullen, verdringen. De fibrose 
beschadigt ook bloedvaten die essentieel zijn in het transport van zuurstof en andere 
voedingstoffen naar het weefsel en de nieuwgevormde bloedvaten na de initiële 
schade hebben een slechtere structuur en verdeling over het weefsel. Het ontstaan 
van ongeremde fibrose – waarbij de initiële schade onbekend is – is het belangrijkste 
en meest evidente kenmerk van SSc. Het wordt voornamelijk in de huid gezien (die dik 
of dun of minder elastisch wordt en moeilijk tussen vingers te knijpen tot uiteindelijk 
een consistentie lijkend op hout) maar worden ook de interne organen (longen, hart, 
maag- darmstelsel, nieren) in verschillende gradaties van ernst aangetast. Longfibrose 
en betrokkenheid van het hart in het proces zijn de voornaamste doodsoorzaak in de 
patiënten met SSc.
 Fibrose op verschillende plekken is daarmee het meest “zichtbare” aspect 
van SSc maar wordt voorafgegaan door veranderingen in het vasculaire system en het 
afweersysteem. Een indirect bewijs hiervan zijn de afweer cellen met een geactiveerd 
profiel (monocyten/macrofagen, CD4+ en/of γ/δ T cellen) die clusteren rondom 
bloedvaten van niet aangedane huid in SSc patiënten. Tevens heeft het verreweg 
grootste deel van de SSc patiënten lang – soms jaren- voorafgaand aan de diagnose 
last van het zogenaamde fenomeen van Raynaud waarbij met name vingers en tenen 
in reactie op koude of emotionele stress wit (ischemie), blauw (cyanose) en rood 
(reperfusie) verkleuren door een disbalans tussen vasoconstrictie en vasodilatatie. 
Daarnaast zijn enkele symptomen van SSc patiënten helemaal niet fibrotisch van aard; 
in de beginfase zijn de vingers bijvoorbeeld vooral gezwollen (oedeem en ontsteking), 
kleine bloedvaatjes kunnen uitzetten en zichtbaar worden (teleangiectasien) en 
sommige patiënten krijgen moeilijk te genezen wondjes aan de vingers of tenen (digitale 
ulcera). Deze symptomen kunnen ontstaan voordat de fibrotische kenmerken zichtbaar 
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worden en op basis van de nieuwe  EUropean League Against Rheumatism (EULAR)/
American College of Rheumatology (ACR) classificatie criteria kan dit symptoomcomplex 
al gedefinieerd worden als SSc. Een subgroep van patienten met wat we vroege SSc 
(Early SSc, EaSSc) noemen worden gezien als patienten met een hoog risico op het 
ontwikkelen van SSc, vergelijk met de algemene bevolking. Dit zijn patienten met RP met 
daarnaast SSc-specifieke circulerende auto-antistoffen en/of SSc specifieke afwijkingen 
aan de capillairen zichtbaar met een special techniek genaamd videocapillaroscopie 
(hierbij worden de capillairen in de nagelriem doormiddel van een microscoop zichtbaar 
gemaakt). Het is noodzakelijk EaSSc patienten te vervolgen ook in afwezigheid van een 
fibrotisch kenmerk.
 Het doel van dit proefschrift is het onderzoeken van het verschil tussen 
patienten met EaSSc of SSc zonder fibrotische kenmerken (vanaf nu defSSc) en SSc 
met duidelijke fibrotische kenmerken en hiermee het vergroten van inzicht in de 
ontstaanswijze van fibrose en het vinden van nieuwe aangrijpingspunten voor therapie 
om fibrose te voorkomen.

In het eerste deel van dit proefschrift proberen we te beschrijven hoe verschillende 
factoren van het vasculaire system en het immuun system zich gedragen in mensen met 
EaSSc, in patienten met SSc zonder fibrose en in SSc patienten met duidelijke tekenen 
van fibrose. In hoofdstuk 2 onderzoeken we de aanwezigheid en uitgebreidheid van de 
zogenaamde Interferon (IFN) handtekening, waarvan de aanwezigheid in SSc al eerder is 
aangetoond. De IFN handtekening bestaat uit factoren die in hoeveelheid toenemen in 
reactive op IFN, waarbij IFN zelf weer een gevolg is van activatie van het afweersysteem, 
in het bijzonder van plasmacytoide dendritische cellen van wie de bijdrage aan het 
ontstaan van ziektes als SSc (en andere auto-immuunziektes) al eerder is aangetoond. 
De resultaten getoond in hoofdstuk 2 bevestigen niet alleen de aanwezigheid van de 
IFN handtekening in patienten met fibrose maar benadrukken dat deze handtekening 
aanwezig is vanaf de EaSSc fase en meest duidelijk is in patienten met defSSc waarbij 
nog geen tekenen van fibrose te zien zijn. Deze bevindingen onderschrijven het concept 
dat veranderingen in het afweersysteem in verschillende fases van de ziektes anders 
tot uiting komen en dat daar mogelijk een tijdsrelatie zit. In hoofdstuk 3 hebben we 
verschillende markers in het bloed gemeten die de mate van vasculaire betrokkenheid 
reflecteren. Hierbij zien we dat in het enkele (angiopoietin-2, CXCL16, E-selectin en 
ICAM-1) al verhoogd zijn in het bloed van EaSSc patienten en gradueel toenemen 
in patienten met defSSc zonder fibrose om de hoogste waardes te bereiken in SSc 
patienten met fibrose. Deze data zijn in lijn met de progressief ontsporende klinische 
parameters (verhoogde ontstekingswaarden zoals bezinking en CRP, verslechtering van 
longfunctietesten of uberhaupt de aanwezigheid van longbetrokkenheid) van EaSSc 
naar defSSc zonder fibrose naar SSc met fibrose. Hieruit kunnen we concluderen dat 
patienten met defSSc zonder fibrose qua ernst van de ziekte vallen tussen EaSSc – de 
meest milde vorm – en SSc met fibrose – de meest ernstige vorm. Dit in overweging 
nemende besloten we in hoofdstuk 4 het aantal gemeten factoren uit te breiden 
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naar 88 waaronder ook factoren belangrijk bij onsteking, weefselherstel en metabole 
veranderingen. Hiermee konden we voor het eerst in een grote groep van patienten 
bevestigen dat verschillende factoren (CXCL10, CXCL11, TNFR2 and CHI3L1) verhoogd 
tot uiting komen in EaSSc en nog meer verhoogd in defSSc zonder fibrose in vergelijking 
met gezonde controles. Sterker nog, we zagen na vijf jaar dat de patienten die klinische 
progressie toonden (EaSSc patienten die zich ontwikkelden naar een volledige SSc 
of defSSc patienten die fibrose ontwikkelden) ook diegene waren met de hoogste 
waardes van CXCL10 en TNFR2. Deze factoren – indirect gerelateerd aan activatie van 
afweercellen zoals T-cellen, natural killer (NK) cellen en NKT cellen – kenmerken zowel 
progressie als de eerste fase van SSc. Deze bevinding kan helpen in de zoektocht naar 
het ontstaan van de ziekte SSc en bij het identificeren van individuen wiens ziekte snel 
progressief zal zijn.

In het tweede deel van dit proefschrift onderzoeken we meer in detail veranderingen 
in het afweersysteem, in het bijzonder in NK- en NKT-cellen. Deze cellen zijn niet 
alleen erg belangrijk bij het controleren van tumor groei en infecties maar reguleren 
ook de activiteit van andere afweercellen (T-cellen en dendritische cellen) waarvan 
een gestoorde activiteit in SSc al eerder is aangetoond. Hiervoor onderzoeken we in 
hoofdstuk 5 hoe NK- en NKT-cellen reageren op verschillende activerende stimuli. 
Op basis van een opvallende respons (van met name pro-inflammatoire en pro-
fibrotische factoren TNF-α en IL-6) met name in reactie op TLR1/2 en TLR7/8 stimulatie 
concluderen wij dat deze celgroep een verhoogde reactiviteit laten zien in patiënten 
met EaSSc en nog duidelijker in patiënten met defSSc zonder fibrose. Vervolgens wilden 
we in hoofdstuk 6 deze NK- en NKT-cellen beter beschrijven door de expressie van 
verschillende activerende en remmende receptoren aan de buitenzijde van de cel te 
meten, ook wel het fenotype vastleggen. Verschil in expressie van deze receptoren zegt 
iets over de mate van rijping van deze cellen en geeft inzicht in hun functie. Als we het 
patroon van expressie tussen verschillende patiëntengroepen vergelijken (EaSSc, defSSc 
zonder fibrose en SSc met fibrose) zien we een afname van NK-cellen die de activerende 
receptor NKp46 tot expressie brengen. In patiënten met de meest uitgebreide fibrose 
(diffuse cutane SSc (dcSSc) zien we ook een afname in NKT-gelijkende cellen die de 
Killer-Immunoglobuline-like (KIR) receptor tot expressie brengen. Dit patroon van 
expressie suggereert dat in dcSSc – en dus niet in EaSSc en ook niet in patiënten 
met defSSc zonder fibrose, en daarmee in overeenstemming met de data die een 
toegenomen reactiviteit laten zien in deze prefibrotische patiënten – zowel NK als NKT-
gelijkende cellen een defecte functie hebben. We bevestigen deze hypothese door een 
in vitro test met NK cellen geïsoleerd uit de circulatie van fibrotische patiënten om de 
cytotoxische functie van deze NK cellen vast te stellen. Opnieuw wijzen de data op een 
onderscheidend immunologisch profile in patiënten die al fibrose hebben ontwikkeld 
vergeleken met patiënten zonder fibrose of met mensen die ‘alleen’ een risico 
hebben op het ontwikkelen van SSc (EaSSc). De toegenomen reactiviteit kan leiden 
tot ongeremde ontsteking resulterend in weefsel en orgaan schade en uiteindelijk in 
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het ontstaan van fibrose. De aanhoudende stimulatie van NK en NKT-gelijkende cellen 
zou met de tijd afname van functie kunnen veroorzaken en daarmee de capaciteit om 
het fibrotische proces binnen te perken te houden beperken. Onze data brengen twee 
cel populaties onder de aandacht die tot nu toe verwaarloosd zijn in SSc onderzoek 
en tonen nieuwe aangrijpingspunten (NKp46, KIR) om te valideren en om de verdere 
functionele implicaties van te onderzoeken. De door ons gevonden patronen van 
expressie van receptoren lijken zelfs specifiek voor de ziekte SSc. In de literatuur wordt 
een dergelijk patroon niet gevonden in andere auto-immuunziektes (systemische 
lupus erythematosus, syndroom van Sjögrens granulomateuze polyangiitis) en ook als 
wij zelf, in hoofdstuk 7, het fenotype van activerende en remmende receptoren in NK 
en T cellen van patiënten met andere immuun gemedieerde ziektes onderzoeken, te 
weten reumatoïde artritis (RA en artritis psoriatica (PsA). Het fenotype verschilt niet 
wezenlijk tussen patiënten met PsA en gezonde controle echter in RA patiënten zien 
we een toename van ger aantal circulerende NK cellen wat NKG2A tot expressie brengt. 
Dit is geassocieerd met een verminderde rijping en een verhoogde potentie om IFN-γ 
te produceren. Dit suggereert een verhoogde NK cel reactiviteit in RA patiënten en dus 
een andere pathogenetisch mechanisme dan wat we in (dc)SSc hebben gezien.

Het initiatief om SSc patiënten zonder duidelijke tekenen van fibrose (defSSc) beter 
te definiëren, beschrijven en apart te analyseren ten opzichte van patiënten met 
duidelijk fibrose is geïnspireerd door eigen klinische observatie en gefaciliteerd 
door de verhoogde sensitiviteit van de nieuwe EULAR/ACR SSc classificatie criteria 
uit 2013 om patiënten met (nog) beperkte ziekte te identificeren. Ook al laten onze 
data een duidelijk onderscheid tussen patiënten zien in zowel ernst van de ziekte als 
het profile van activatie van het afweersysteem als in tekenen van vasculaire schade, 
het doel van dit proefschrift is niet om een nieuw classificatie system voor te stellen 
maar om de aandacht te vestigen op de moleculaire en klinische heterogeniteit van 
SSc en de behoefte aan meer toegesneden stratificatie van patiënten. We zijn ervan 
overtuigd dat meer accurate classificatie zal leiden tot de ontwikkeling van betere 
behandeling omdat daarmee de behandeling gericht zal zijn op het mechanisme 
wat in die specifieke fase van de ziekte van belang is in de pathogenese. Het is onze 
overtuiging dat patiënten niet alleen op basis van klinische parameters moeten worden 
ingedeeld maar dat hierin het moleculaire profiel (zowel ontsteking als metabolisme 
als vasculaire activatie) wat gedefinieerd moet worden in longitudinale cohort studies 
moet worden meegenomen, en ook de veranderingen van dit profile in de tijd met het 
oog op de klinische ontwikkeling van de patiënt. Deze benadering vraagt echter een 
radicale verandering in de opzet van wetenschappelijke studies, de beschikbaarheid van 
financiële middelen om lange termijn onderzoek te ondersteunen, de motivatie om een 
uitgebreid multicenter netwerk op te bouwen en daarmee grote patiënten aantallen 
te includeren en uiteindelijk een intensieve samenwerking tussen verschillende 
professionals te weten de medisch specialist, de bioloog en de bio-informaticus.
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English Summary
Paul Klee (1879-1940) was an artist who deeply inspired different avant-gardes and artistic 
movements throughout the 1900 with his work. He believed that the material, visible world 
is the most accessible layer of reality open to human awareness. He used design, pattern, 
color and a miniature sign systems in the effort to employ art as a window in an attempt 
to disclose what would normally remain invisible to human eyes. In this way, he sought to 
“make it visible” and finally “diplay the laws of nature”. The literary production of Paul Klee 
is less renowned; there he not only explained his artistic theories, but he addressed topics 
regarding philosophy of science in which he gives great importance to “intuition” as a tool to 
“accelerate the progress of exact scientific research”. The production of his last years of life 
is hugely influenced and often refers to the burden and the suffering caused by the outbreak 
of systemic sclerosis (SSc). In the painting of Klee which I chose for the cover of this thesis, 
“Captive” (1940), Paul Klee portraits the feeling expressed by many patients to be “prisoners 
in their own bodies”, as the thickening of the skin progresses and disability worsens.
 Fibrosis is a tissue repair process in response to a damage, where the accumulation 
of collagen and of the cells by which collagen is produced, the fibroblasts, substitues the 
specific tissue cells specialized in giving structure and exert the function of the organs in our 
body. Also blood vessels, which bring oxigen and the needed sources of energy to the tissues, 
are affected in the process and the blood vessels that newly grow after the damage, show a 
deranged structure and distribution. The development of unrestrained fibrosis – where the 
nature of the initial damage is unknown – is the hallmark and most evident feature in SSc. It 
is found mostly in the skin (which thickens or becomes thin, unelastic and difficult to pinch 
as it reaches the consistence of wood itself) and also in the internal organs (lungs, heart, 
gastrointestinal trait, kidneys), affecting their function in different patterns and severity 
degrees. Lung fibrosis and heart involvement represent the main causes of death in these 
patients.
 Fibrosis in its various localizations is thus the most immediately “visible” feature in 
SSc, but it is known that vascular and immune modifications appear before overt fibrosis. As 
indirect proof, immune cells with an activated profile (monocytes/macrophages, CD4+ and 
of γ/δ T cells)  accumulate around the blood vessels of the non-affected skin in SSc patients. 
Accordingly, episodic color changes of the extremities (predominantly the digits) turning 
white (ischemia), blue (cyanosis) and red (blood reperfusion) - called Raynaud’s phenomenon 
(RP) -, mirror an impaired balance between vasoconstriction and vasodilation in response to 
different stimuli – mainly cold or emotional stress – and in the vast majority of cases precedes 
– sometimes by years - the onset of SSc. Furthermore, some characteristic SSc features are 
actually not at all fibrotic: typically in early disease the fingers become swollen, “puffy” (i.e. 
a sign of edema and inflammation in the skin), some patients experience dilations of the 
capillaries which are visible to the naked eye (teleangiectasia) and in more severe cases 
difficult to heal wounds develop in the digits (digital ulcers). It can happen that such features 
develop before the fibrotic ones and on the basis of the new EUropean League Against 
Rheumatism (EULAR)/American College of Rheumatology (ACR) classification criteria, the 
disease can be already defined as SSc. In particular, a subset of patients called “early SSc” 
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(EaSSc) are considered at risk to develop SSc when compared with the general population. 
These patients are individuals with RP who also have SSc-specific circulating autoantibodies 
and/or SSc-specific modifications of the capillaries which are visible with videocapillaroscopic 
technique (a method to magnify the capillaries at the nailfold). EaSSc patients deserve 
medical follow-up, even in the absence of additional SSc signs or symptoms.
 With the work of this thesis we aimed to characterize how patients with EaSSc and 
SSc yet without any clear sign of fibrosis (here labelled as “defSSc”) differ from SSc patients 
already showing fibrosis, by that contributing to increase the knowledge about the events 
which lead to the onset of fibrosis and provide new ground for therapies able to prevent 
fibrosis development itself.

In the first section of this thesis we tried to portrait as a picture would, how different factors 
involved in vascular and immune activation “behave” in EaSSc individuals, in defSSc patients 
without fibrosis and in SSc patients with clear signs of fibrosis. In Chapter 2 we investigated 
the presence and the magnitude of an immunological trait that is known to be altered in 
SSc patients with fibrosis, the Interferon (IFN) signature, i.e. an increase of the products 
resulting from the release of IFN, which itself reflects the presence of inflammation and more 
specifically the activation of a subset of immune cells, plasmacytoid dendritic cells, for which 
a role in the pathogenesis of SSc and other autoimmune diseases has already been claimed. 
The results shown in Chapter 2 not only confirm the presence of the IFN signature in patients 
with fibrotic features, but they also highlight its presence since the EaSSc stage and to the 
highest extent in the defSSc group where no fibrosis is present yet. These data corroborate 
the concept of immune modifications which are differently expressed in a timely manner 
throughout the distinct disease stages. In Chapter 3 we measured markers that in peripheral 
blood reflect the extent of vascular activation during Ssc and we observed that some of 
them (angiopoietin-2, CXCL16, E-selectin e ICAM-1) are already elevated in the circulation 
of EaSSc patients and in a gradually increasing fashion in SSc patients without fibrosis and 
to the highest degree in fibrotic patients. These data mirror the progressive deterioration 
of some clinical parameters (inflammation indicators such as ESR and CRP, lung function 
tests and prevalence of lung involvement) from EaSSc to SSc without fibrosis and finally to 
fibrotic SSc. It is thus possible to conclude that the defSSc subset stratifies in an intermediate 
severity stage between  EaSSc - the mildest – and fibrotic SSc – the most advanced. On 
the basis of these considerations, in Chapter 4 we set to enlarge the number of measured 
molecules (88) in peripheral blood, broadening the research not only with regard to markers 
of vascular damage, but also looking into factors involved in inflammation, tissue remodeling 
and metabolic modifications. As first in the field, we could validate in a very large cohort 
of patients markers (CXCL10, CXCL11, TNFR2 e CHI3L1) that were expressed differently in 
the circulation of patients with EaSSc and even more in defSSc patients without fibrosis in 
respect to healthy controls. Furthermore, after a 5 years follow-up, we observed that within 
each group the patients who faster evolved (EaSSc individuals developing full-blown SSc and 
defSSc patients developing fibrotic features) were the ones with the highest circulating levels 
of CXCL10 and TNFR2. These molecules - indirectly related to the activation of immune cells 
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such T lymphocytes, natural killer (NK) and NKT-like cells - define the earliest stages of SSc and 
their progression. This finding can help to shed light on the events that precede fibrosis in SSc 
and to identify the patients bound to faster clinical evolution.

To investigate more closely the modifications occurring in the immune system in SSc, in the 
second part of this thesis we focused on NK and NKT-like cells, both very important not only in 
controlling tumor development and infections, but also in regulating the activity of other cells 
of the immune system (dendritic cells, T cells), whose dysregulation in SSc has already been 
acknowledged. To do so, in Chapter 5 we investigated how the pool of NK and NKT-like cells 
react to different activating triggers. On the basis of the marked response (in terms of pro-
inflammatory/pro-fibrotic cytokines - TNF-α and IL-6 - produced) in particular after triggering 
via Toll-like receptor (TLR) 1/2 and TLR7/8, we concluded that these cell populations present 
an enhanced reactivity in the patients with EaSSc and to a higher extent in the ones with 
SSc without fibrosis. We then set to better characterize NK and NKT-like cells in Chapter 6 
by measuring on their surface the expression of some activating and inhibitory receptors 
(phenotyping); different receptors expression patterns reflect distinct degrees of maturation 
of these cells and give hints into their functioning. By comparing the patterns expressed in 
the different patients groups (EaSSc, defSSc without fibrosis and fibrotic SSc), we found a 
reduction in NK cells which express the activating receptor NKp46 and in NKT-like cells which 
express Killer-Immunoglobulin-like (KIR) receptors mainly in patients with the most extensive 
skin fibrosis, the diffuse cutaneous form of disease (dcSSc). The expression of these patterns 
suggest that in dcSSc patients - but not in EaSSc nor in patients with defSSc without fibrosis, 
in agreement with the data of increased reactivity for these prefibrotic subsets, shown in 
Chapter 5 - both NK and NKT-like cells could have impaired function. We confirmed this 
hypothesis applying an in vitro test on NK cells isolated from the circulation of fibrotic patients 
to study their cytotoxic capability. Once more, the data point toward a different immunologic 
profile in patients who have already developed fibrosis when compared to patients who 
haven’t and to the individuals who are “only” at risk of progression to SSc (EaSSc). We can 
hypothesize that the enhanced reactivity to inflammatory stimuli shown in the preclinical 
and prefibrotic stages lead to unrestrained inflammation which results in organs and tissues 
damage and ultimately fibrosis development. The ongoing, lasting activation of NK and NKT-
like cells could induce a functional impairment over time and limit even more the capability 
to contain the fibrotic process. Overall our data draw the attention on two cell populations 
which have been neglected until now in SSc research and offer possible targets (NKp46, 
KIR) to validate and investigate further the functional implications and the relevance in the 
pathogenesis of disease. Moreover, these expression patterns on NK and NKT-like cells seem 
rather specific for SSc. This observation derives from the data which are already available in 
literature for other autoimmune diseases (systemic lupus erythematosus, Sjögren syndrome, 
Wegener’s granulomatosis), as well as from the the phenotyping of activating and inhibitory 
receptors we performed on NK and T cells from patients with other immune-mediated 
diseases, rheumatoid arthritis (RA) and psoriatic arthritis (PsA) in Chapter 7. The analysis in 
these different sets of patients show no differences between PsA patients and healthy donors, 
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but disclose an increased frequency of circulating NK cells that express NKG2A receptor, 
usually associated with a low degree of maturation and high IFN-γ production potential. These 
pattern suggests a high NK cell reactivity in RA patients and therefore different pathogenetic 
pathways than the ones implied in (dc)SSc.

The initiative to define, describe and separately analyze SSc patients without clear fibrotic 
features (defSSc) in respect to patients with overt fibrosis, is based on personal clinical 
observations and allowed by the increased sensitivity of the new EULAR/ACR SSc classification 
criteria introduced in 2013, in identifying patients with more limited disease. Even if our data 
show a clear separation of this subset in terms of clinical severity, immune activation profile 
and vascular damage signs when compared to the fibrotic patients, in this thesis we don’t 
aim to propose a new classification system, but to draw the attention on the - molecular 
and clinical - heterogeneity of SSc and on the need for a more accurated stratification of the 
patients. We are convinced that a more precise classification will lead to the development 
of refined options of treatment, because they will be more targeted on the mechanisms 
which underlie the pathogenetic process in the different stages of disease. In our opinion 
the categorization of patients into groups – based solely on clinical parameters to date – 
should be implemented with the data that will be provided by the molecular profiling in 
longitudinal, cohort studies, which are meant to assess different parameters (inflammation, 
metabolism, vascular activation, etc.) through time and comparing with the clinical evolution 
that each patient develops. This approach, though, requires a radical switch when designing 
research studies: the financial means to support the projects for longer periods of time (many 
years) while waiting for the outcomes, the will to establish wide, multicentric networks and 
therefore be able to include an adequate patients number, and, finally, a tight cooperation 
between different professionals: the clinical specialist, the biologist and the computational 
biologist.
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Riassunto per i Profani
Paul Klee (1879-1940) è stato un artista che ha profondamente influenzato le avanguardie 
e movimenti artistici del secolo scorso con il suo lavoro. Egli sosteneva che la realtà visibile 
non sia che la parte più immediatamente accessibile per l’uomo e cercò di rendere “visibile”, 
rivelare ad ognuno anche la porzione immateriale del reale, dove la natura possa finalmente 
“svelare le proprie leggi”. Meno conosciuta è la sua produzione letteraria, nella quale non 
solo espone la sua teoria artistica, ma si cimenta anche con aspetti di filosofia della scienza 
e dà grande spazio all’intuizione come strumento per potenziare le cosiddette scienze 
“esatte”. Le opere degli ultimi anni di vita risentono ed esprimono gli effetti devastanti della 
malattia che lo ha poi portato alla morte, la sclerosi sistemica (SSc), la cui caratterizzazione 
sin dalle sue fasi più precoci è il tema portante di questa tesi. Il dipinto di Klee che ho deciso 
di mostrare in copertina, “Prigioniero” (1940), ben esprime la sensazione di essere per 
l’appunto “prigionieri” nel proprio corpo, esperienza drammaticamente comune per molti 
pazienti sclerodermici. 
 La fibrosi è un processo di riparazione tessutale in risposta ad un danno, dove 
l’accumulo di collagene e delle cellule che lo producono, i fibroblasti, sostituisce le cellule 
specializzate nel dare struttura e contribuire alla funzione che l’organo di cui fanno parte 
svolge nell’organismo. Anche i vasi sanguigni che portano ossigeno e il necessario nutrimento 
ai tessuti vengono distrutti nel processo e i vasi che si riformano sono di solito disordinati nella 
struttura e nella distribuzione. Lo svilluppo di fibrosi incontrollata – nel quale la natura del 
danno iniziale non è nota - è la caratteristica principale e più evidente nella SSc e si estrinseca 
principalmente a carico della cute (che si ispessisce o talvolta assottiglia, diventando anelastica, 
difficilmente riducibile in pliche fino a poter raggiungere la consistenza del legno stesso) e 
degli organi interni (polmoni, cuore, tratto gastrointestinale, reni), influendo negativamente 
sulla loro funzionalità in diversi quadri di gravità e di coinvolgimento. La fibrosi interstiziale 
polmonare e il coinvolgimento cardiaco rappresentano le principali cause di morte in questi 
pazienti.
 La fibrosi nelle sue varie forme è dunque la parte più immediatamente “visibile” 
della SSc, ma è noto che la presenza di danno vascolare e di alterazioni della funzionalità 
delle cellule del sistema immunitario sono presenti e precedono la fibrosi stessa. Una  prova 
indiretta è la presenza intorno ai vasi della cute non ancora coinvolta nei pazienti con SSc 
di cellule del sistema immunitario che presentano caratteristiche di attivazione (monociti-
macrofagi, cellule T CD4+ e γδ). Clinicamente, un tipico cambiamento di colore delle dita di 
mani e piedi e più raramente di altre estremità corporee con fasi di ischemia (colore bianco), 
cianosi (blu) e riperfusione sanguigna (rosso) e che riflette una disregolazione dei meccanismi 
di controllo del tono vascolare in risposta al freddo e forti emozioni – chiamato fenomeno 
di Raynaud (FdR) –, si presenta spesso anni prima dell’esordio vero e proprio di malattia. 
Inoltre, alcuni dei segni specifici della SSc non sono propriamente segni di fibrosi; si pensi alle 
dita che diventano gonfie (edematose, infiammate, “puffy”), alle ulcere che si sviluppano nei 
casi più severi, alle dilatazioni capillari visibili ad occhio nudo (teleangectasie). Alcune volte 
questi disturbi si presentano prima della fibrosi e già – in base ai nuovi criteri classificativi 
EUropean League Against Rheumatism (EULAR)/American College of Rheumatology (ACR) 
introdotti nel 2013 – in alcuni di questi casi la malattia è ben definibile e classificabile come 
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SSc. In particolare, vi è un gruppo di pazienti, chiamati “early” (iniziali, precoci), che sono stati 
identificati come a rischio aumentato di sviluppare la SSc rispetto alla popolazione generale 
(early SSc, EaSSc). Le persone con EaSSc oltre al FdR presentano specifici autoanticorpi e 
alterazioni del letto capillare visibili alla videocapillaroscopia. Tali alterazioni sono considerate 
indicatori specifici di SSc; i pazienti con EaSSc meritano, quindi, un follow-up medico nel 
tempo, anche in assenza di disturbi ulteriori riconducibili alla SSc. 
 Con la ricerca contenuta in questa tesi abbiamo voluto caratterizzare come i pazienti 
con EaSSc e SSc senza ancora segni di fibrosi (che ho definito “defSSc”) si comportano rispetto 
ai pazienti con SSc e fibrosi conclamata, con l’intenzione di accrescere la conoscenza degli 
eventi che portano allo sviluppo della fibrosi vera e propria e creare le basi per ottenere in 
futuro una terapia che idealmente possa prevenirne il suo stesso sviluppo. 

Nella prima sezione di questa tesi, abbiamo cercato di visualizzare come in una fotografia 
come diversi fattori che riguardano l’attivazione vascolare e immunitaria si presentino nelle 
varie fasi di malattia a partire dai pazienti con EaSSc, arrivando poi ai defSSc senza ancora segni 
di fibrosi fino ai pazienti in cui la fibrosi è conclamata. Nel Capitolo 2 abbiamo investigato la 
presenza e l’entità nei pazienti con EaSSc e defSSc di un tratto immunologico che notoriamente 
è alterato nei pazienti fibrotici, l’Interferon (IFN) signature, ovvero la presenza di un aumento 
di prodotti il cui rilascio è sostenuto dall’IFN. La presenza di IFN signature rispecchia la 
presenza di infiammazione sistemica e più in particolare l'attivazione di un sottogruppo di 
cellule del sistema immunitario, le cellule dendritiche plasmacitoidi, già chiamate in causa 
nella patogenesi della SSc e di altre malattia autoimmuni. I risultati mostrati nel Capitolo 
2 non solo confermano la presenza di IFN signature nei pazienti fibrotici, ma evidenziano 
come sia già presente nei pazienti con EaSSc e ancor più nei defSSc e come in questi gruppi 
raggiunga i livelli più elevati di espressione, se raffrontati con quelli dei controlli sani e dei 
pazienti fibrotici. Questi dati rafforzano il concetto che in diverse fasi della SSc alterazioni 
distinte o espresse in diversa entità siano presenti. Nel Capitolo 3 abbiamo quantificato 
alcuni dei fattori che nella circolazione rispecchiano le alterazioni vascolari in corso di SSc 
e osservato come alcuni di essi (in particolare, angiopoietin-2, CXCL16, E-selectin e ICAM-1) 
siano aumentati già nella EaSSc e in modo progressivamente crescente nei pazienti con SSc 
senza fibrosi fino a raggiungere i livelli più alti nei pazienti con fibrosi. Questi dati rispecchiano 
il progressivo peggioramento di alcuni parametri clinici (segni di infiammazione come VES e 
PCR, prove di funzionalità respiratoria, prevalenza di interessamento polmonare) da EaSSc 
a SSc senza fibrosi fino alla SSc con fibrosi. È così possibile concludere che il sottogruppo 
dei pazienti con defSSc stratifichi in un grado intermedio di severità clinica e di danno 
vascolare fra gli EaSSc - lo stadio  più mite – e i pazienti con fibrosi – il più avanzato. In base 
a queste considerazioni abbiamo deciso di estendere la misurazione ad un maggior numero 
di molecole circolanti (88) nel Capitolo 4, allargando la ricerca non solo nell’ambito del danno 
vascolare, ma guardando anche a livello dell’infiammazione, del rimaneggiamento dei tessuti 
e delle alterazioni metaboliche. Per la prima volta rispetto a quanto è già noto in letteratura, 
abbiamo validato alcuni dei parametri che presentavano differenze significative nei pazienti 
con EaSSc e SSc senza fibrosi (in particolare, CXCL10, CXCL11, TNFR2 e CHI3L1) in una coorte 
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molto numerosa di pazienti, tra i quali anche pazienti con le forme fibrotiche di SSc. Abbiamo 
constatato che all’interno di ciascun sottogruppo di pazienti coloro che sono evoluti più in 
fretta (gli EaSSc sviluppando malattia conclamata e i defSSc la fibrosi in uno lasso di tempo di 
5 anni) sono stati quelli con i livelli circolanti più elevati di CXCL10 e TNFR2. Queste molecole 
sono indirettamente legate all’attivazione delle cellule T, natural killer (NK) ed NKT-like e 
sembrano definire le fasi precoci e la progressione di malattia. La loro identificazione può 
aiutare a far luce sugli eventi che precedono lo sviluppo della fibrosi in corso di SSc e ad 
identificare quali pazienti evolveranno più velocemente. 

Per studiare poi più da vicino le modificazioni del sistema immunitario, nella seconda parte 
di questa tesi abbiamo concentrato l’attenzione sulle cellule NK ed NKT-like, molto importanti 
nel controllare infezioni e tumori, ma anche nel regolare le funzioni e l’attivazione di altre 
cellule immunitarie (cellule dendritiche, cellule T) già riconosciute come importanti nella 
patogenesi della malattia. Per fare ciò nel Capitolo 5 abbiamo misurato il grado di attivazione 
di NK ed NKT-like considerate nel loro insieme in risposta a diversi stimoli. Sulla base della 
risposta elevata (produzione di citochine infiammatorie/profibrotiche TNF-α e IL-6) in 
particolare in seguito alla stimolazione di TLR1/2 and TLR7/8, abbiamo concluso che queste 
cellule reagiscano eccessivamente già nei pazienti con EaSSc e ancor di più nei pazienti 
con SSc senza fibrosi. Abbiamo quindi deciso di caratterizzare meglio queste cellule nel 
Capitolo 6 misurando sulla loro superficie l’espressione di alcuni recettori attivanti e inibitori 
(fenotipizzazione) che ne definiscono il grado di maturazione e la funzionalità, paragonando 
i pazienti con EaSSc, SSc senza e con fibrosi. I risultati rivelano una diminuzione di cellule NK 
che esprimono NKp46, un recettore attivante, e di cellule NKT-like che esprimono recettori 
Killer-Immunoglobulin-like (KIR) nei pazienti con fibrosi e soprattutto nella forma più estesa o 
“diffusa” (dcSSc). In entrambe le popolazioni cellulari, NK ed NKT- like, l’espressione di questi 
pattern recettoriali suggerisce che nei pazienti con fibrosi  - ma non in quelli senza fibrosi nè 
negli EaSSc, in accordo con i dati di iperreattività mostrati nel Capitolo 5 – la loro funzionalità 
sia ridotta, inibita. Abbiamo, quindi, confermato questa ipotesi a livello funzionale nel 
medesimo capitolo (6) con il test di citotossicità effettuato in vitro con le cellule NK isolate 
dai pazienti stessi. Ancora una volta risulta evidente che i pazienti che hanno già sviluppato 
fibrosi si comportino diversamente in termini immunologici da quelli che ancora non l’hanno 
sviluppata e dai pazienti con EaSSc, per definizione solo “a rischio” di sviluppare la sclerosi 
sistemica. Possiamo ipotizzare che l’aumentata reattività a stimoli infiammatori mostrata 
dai pazienti in fase preclinica e nei pazienti con SSc senza segni di fibrosi manifesta, conduca 
ad infiammazione incontrollata e conseguente danno di organi e tessuti, nel contesto dei 
quali la fibrosi viene sviluppata. L’attivazione continua e prolungata di cellule NK ed NKT-like 
potrebbe provocarne nel tempo un deficit funzionale, limitando ancor più la capacità dei 
pazienti di arginare il processo fibrotico stesso. I nostri dati gettano luce su due popolazioni 
cellulari fino ad ora trascurate nell’ambito della ricerca sulla SSc e su possibili target (NKp46, 
KIR) nel loro contesto. Questi target potenziali dovranno essere validati e approfonditi in 
progetti futuri per quanto riguarda le implicazioni funzionali e al fine di chiarirne il peso nel 
determinare o amplificare i meccanismi alla base della malattia. Inoltre, la diminuzione di 
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NKp46 sulle cellule NK e di KIR sulle cellule NKT-like sembrano specifiche per la SSc. Questa 
osservazione deriva dai dati già descritti in letteratura per altre malattie autoimmuni (lupus 
eritematoso sistemico, morbo di Sjögren, granulomatosi di Wegener), ma anche dalla 
fenotipizzazione di recettori attivatori e inibitori che abbiamo effettuato nel Capitolo 7 sulle 
cellule NK e T dei pazienti con altre malattie immuno-mediate, artrite reumatoide (AR) e 
artrite psoriatica (PsA). Le analisi in queste diverse categorie di pazienti non evidenziano 
alcuna apprezzabile alterazione a carico delle cellule NK nei pazienti con PsA, ma mostrano 
un incremento della frequenza di cellule NK circolanti che esprimono il recettore NKG2A, 
correlato ad un basso grado di maturazione cellulare e ad elevata produzione di IFN-γ, 
suggerendo cellule ad alta reattività nei pazienti con AR e quindi un meccanismo patogenetico 
profondamente differente da quello che appare nella (dc)SSc. 

L’iniziativa di definire, caratterizzare e analizzare separatamente i pazienti con SSc senza 
alcun segno di fibrosi obiettivabile (“defSSc”) rispetto ai pazienti con chiaro interessamento 
fibrotico è basata unicamente su personale osservazione clinica ed è stata permessa 
dalla maggiore sensibilità dei nuovi criteri EULAR/ACR introdotti nel 2013 nell’individuare 
pazienti sclerodermici con malattia meno avanzata. Pur a fronte di una chiara separazione 
in termini di severità clinica, dei segni di attivazione immunitaria e danno vascolare di questi 
pazienti rispetto ai codificati gruppi degli EaSSc e dei pazienti con fibrosi, con questa tesi 
non intendiamo proporre nuovi criteri classificativi, bensì porre l’accento sull’eterogeneità 
- clinica e molecolare - della malattia e sul bisogno di una stratificazione più accurata dei 
pazienti. Siamo infatti convinti che ad una maggior precisione diagnostico-classificativa 
farà seguito lo sviluppo di migliori opzioni terapeutiche, perchè più mirate rispetto ai 
meccanismi che nelle diverse fasi sottendono il processo patogenetico. La categorizzazione 
dei pazienti, finora basata su criteri prettamente clinici, a nostro parere dovrebbe essere 
integrata dai dati che saranno offerti dalla caratterizzazione molecolare permessa da studi 
di coorte (longitudinali) che considerino sequenzialmente i cambiamenti di diversi parametri 
(infiammatori, metabolici, vascolari, etc.) rispetto all’evoluzione clinica presentata dai 
pazienti nel tempo. Questo presuppone, però, un profondo cambiamento di mentalità nel 
programmare la ricerca: la disponibilità finanziaria nell’aspettare l’analisi dei risultati nel loro 
insieme solo dopo molti anni dall’inizio di un progetto, la costituzione di reti di collaborazione 
multicentrica per poter includere un numero adeguato di pazienti e una stretta cooperazione 
tra diverse figure professionali: il clinico, il biologo e il biologo computazionale.
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supportive and expressing your esteem and for the good talks. Elenina, sweet girl, keep the 
good work and it will be fine. Sandra you’re always so dear, I’m proud of the work you pulled 
through no matter what. Ana, Tiago, Rina and Sofie you’re always very present, temperate 
and humane; Sofie, so nice to remain colleagues in rheumatology! Alsya, I don’t think I ever 
heard you complaining or ever saw you facing life without a smile: thanks for your friendship 
and attitude. Pawel, thanks for initiating me to the secrets of Photoshop! Andrea, I gave 
you quite a responsibility while leaving, but I’m sure you will succeed! Wiola and Chiara, 
thanks for the support you gave me. Julia, not a Radstake member, lovely colleague: looking 
forward to a lot of great movies and marvelous wine & cheese together in the upcoming 
years! Aridaman, thanks for the good talks, the company and the nice beers we shared; was 
great to have you as roomie. Matt, since you arrived I finally have a native speaker to teach 
me a proper English…but also a great new friend to talk and share with! And finally my girls, 
Maili and Frederique: I don’t think I would have survived this year without your love and 
support, you were the best roomies I could ever hope for! Maili, with Piero you’ve opened 
your home to me; the time spent with you guys has been so precious, I look forward to much 
more to come! I wish each of you in the lab inspiring research and great results and that you 
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can enjoy the trip in the meantime; I’ll be happy to find you in a couple of years as I’m be back 
at the UMCU for my rheumatology training. Regarding that, all of my gratitude to Prof. Jaap 
van Laar, Evelien and to each staff member singularly for the full support I received when I 
applied for the job. Ruth, you are missed! Your support and advices have been so important 
to me; I hope to come visiting soon in Vienna.
Alessandra, since you arrived to the LTI I’ve almost become envious of your drive and passion 
for research, it is obvious that for you it is a virtuous circle where the more you invest on it, the 
more energy and ideas you get back. You pushed me to look at the bright side always, at the 
huge value of what Iam and I have  -in research as in daily life - when I most needed it, dried 
up by projects or by circumstances sometimes difficult to deal with. You are always present 
and a real friend; with you I've always been perfectly free to share everything. You never give 
up and obtained the funding you needed to go back to Italy and start your own research line: 
chapeau! I’m glad that people like you are back in our country and can help making the change 
in mentality you’re fighting for. But I miss you! I still hope to have you and Michele back in the 
Netherlands one day…for now I’ll have you here as my paranymph at least. It will be beautiful 
to see our friendship grow between the Netherlands, Milan and wherever life will bring us. 
Through swing dance (“it don't mean a thing if it ain't got that swing!”) I met people who I 
can now hardly imagine my life here without… Annina e Davide: we start sometimes from 
different backgrounds and approaches to life, but with both of you singularly we find always 
ground to discuss and confront each other’s experiences, desires and choices and grow in 
that. I cannot count the rich evenings at your place where you’ve “reserved” me a room, so 
often you hosted me through these years. I was blessed you wanted to share your life with 
me and I could be part of the many, beautiful changes that happened: the gorgeous time 
together in Tuscany, your marriage and now the birth of the sweetest boy ever, Leonardo. 
Hope to keep sharing life with you here in the Netherlands for many, many years to come! 
Katha, gorgeous woman, talented dancer, great teacher, sweetest friend: I wish we had seen 
each other more often lately, I treasure each moment I have with you! Chiara, we’ve got to 
know each other only recently, but I’m amazed by how near, understanding and caring you’ve 
been to me ever since…idea, my Utrecht friends: shall we all move to Amsterdam once and 
for all?! Denise, how I miss the jazz singing lessons with you! I miss our conversations, the 
great cookies and tea, how you shared your stories about Suriname, the years in NYC, your 
experience with music and your committment in society. I'm blessed that you accepted me as 
your student and hope to be able to start back the soonest. Your amazing voice and the way 
you sing mirror the depth of your soul and are a relief for each heart.

Köln
Valentina mia, if I think about family, you are in the picture with Tobi and Flavio! You are 
"home", you gave me "shelter" more than ones, took care of everything, prepared amazing 
sardinian food, watched with me Dirty dancing a thousand times (!). I saw you facing any 
sort of challenges in your life with determination and character ("Nobody can put Vale in a 
corner!!"). You built a whole new life as rheumatologist in Germany and are for me a great 
example that anything is possible. A pity you could not be here as paranymph today, but 
you're always near and involved with my life. I hope I can be always present in your life to see 
you and your family flourish and happy!
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New York City
"The city seen from the Queensboro Bridge is always the city seen for the first time, in its first 
wild promise of all the mistery and beauty in the world. (...) 'Anything can happen now that 
we've slid over this bridge,' I thought; 'anything at all...' "

(The great Gatsby, Francis Scott Fitzgerald)

Here it was hard to choose a quote, I could have better pasted some of them and let them 
talk on my behalf to express what this city  -so dense with humanity, literature, music and 
evoking images - represents for me. Each time I land it's a joy, it's home; the City welcomes me 
back and everything is again at my feet, ready for me, the land of beauty and possibilities. But 
without the great friends I have there, maybe even NYC would be ultimately empty, hollow. 
It started with visiting my dear Gigi and Mari, years ago, and coming back for their marriage, 
the birth of Maddi...thanks to you -now in Milan- I've met people with whom friendship keeps 
holding and growing. Fra, you literally always give me a roof above my head and you make me 
feel welcome anytime I arrive; my gratitude is immense. You share your NYC and your art with 
me, I hope I can at times give you back at least a fragment of it in a new way. Doesn't matter 
how far we are, we are present and support each other's life and grow together. Thanks from 
my heart for designing the cover of this thesis!! Diana, caring and determined woman, you 
have also welcomed me in your life and by now you are also used to me dropping by in El 
Barrio every once in a while; I look forward to multiply the chances to meet between NYC, 
Italy, Amsterdam and -I hope!- your land, Palestine. Silvia, I could write a book here. But I'll 
summarize it like this: I cannot imagine how I could have done without you in the last year, 
really, I can't. Your presence in my life means the world to me and supports me each step 
of the way. Will I ever find words to thank enough for your existence and vicinity? Giulia, 
yes, you're also a big part of my NYC life: we might not talk for a year and we still start back 
exactly where we left. Thanks for such spontaneous and immediately deep sharing. In NYC 
I can always find peace, rest and begin again through its beauty, energy and the love of the 
people who tirelessly wait for me there. The same happens in Boston (I'm a lucky girl!): 
Gabriele, Miriam, you will forgive me if I don't create an apart section, you know my heart 
is in NYC, but it's also with you and your family. To me you are near no matter how often we 
manage meeting or talking; I'd love to come back soon and see how your life and your music 
is developing and blossoning, bring some more airplanes for Giovanni, hug back Caterina 
and finally meet Cecilia. I'm not a musician, you know, but music is a vital component and the 
relationship with you has been crucial through time to go deeper into this passion and give 
it a place in my life. Stefi, my mind still "locates" you in Boston, not Milan nor Charleston and 
not even on your new route between Bologna and Texas...you've shared with me a similar 
itinerary, in Milan and then away from it for SSc research, with our same Prof. stimulating and 
supporting our travel. You were a great travelmate in Indonesia, I look forward to other trips 
together and seeing you at my defense!

Eindhoven
Maria Chiara, tesoro, do you realize how important you are for me in this beautiful Dutch life?? 
Your house is always open for me, you're helpful, caring and tenacious; we move on fearless 
and thankful for this rich life and we do that together. Saretta, thanks for your affection, 
constancy and discretion, please, let's organise real soon another roadtrip altogether!!
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Leiden
Emma, you are family: even if we deal with completely different circumstances, we're 
together! You, Carlo, Titta, Lo, Cati and Gio have opened your house for me and I'm just 
deeply grateful. You are my favorite architect and I would feel quite lost without your precious 
advises in my quest for a house.

Kampen 
Gianni, Claudine, Michele e Marco: ma che bello che vi siate trasferiti in Olanda! Gianni, 
ammiro tanto il tuo spirito di iniziativa e come con passione ti sia dedicato alla cucina 
riscoprendoti cuoco provetto. Casa vostra mi accoglie sempre, vi voglio bene! Patrizio, from 
Groningen to Kampen the distance is small...thanks for all the laughs, shared beauty and 
support! And always "dai, dai, dai!!!".

Amsterdam
"'t Is stil in Amsterdam / De mensen zijn gaan slapen / mmhh-mh, mmhh-mh..." (Ramses Shaffy)

I started falling in love for Amsterdam little by little, just strolling around and exploring along 
the Amstel and the grachten. First of all, Amsterdam meant music: tiny jazz clubs and jam 
sessions where I can nurture my soul. Mateusz, we met improvising on two standards in a 
session and since then a deep friendship and so much beautiful music! I treasure the memory 
of my walks to your old place in Jordaan preparing myself to sing together all evening. I still 
don't get why such a talented jazz guitarist should choose to make music also with me. But 
I'm grateful and hope to start back the soonest. Without the human touch of the community 
at the Bethany's and Leo being so caring and convincing to get me singing on stage, probably 
it would have never happened and I would have missed the experience of freedom from 
my own judgement and the beauty. Louis, discovering such a friend who shares with me 
the most fundamental questions in life (and the passion for jewish culture!) has been like 
finding a hidden treasure. You're now in Bremen, but I'm with you nevertheless and I can't 
wait to leave to Israel together this summer! Greg, ma quindi quando torni? Io non perdo la 
speranza... Yaniv, the chance to join the activities (I hope more and more in the future) of the 
Sechel Vereniging and our conversations -no matter how many or how often- have disclosed 
the possibility to go deeper and understand my fashination for Jewish literature and culture, 
to go to the core of my identity, of what I love and value in this precious life. So my gratitude 
is immense, because I feel accompanied on this path. I look forward to the Jewish studies 
congress in Jerusalem this summer and to all that will grow by going deeper in the language 
and the knowledge.

As in the song of Ramses Shaffy, in the end, everyone desires om eindelijk iemand tegen te 
komen - to find companions with deep humanity to walk together the path of life, everyone 
following his/her personal route. I'm grateful to have been blessed with many of those in 
the rich years of research here in the Netherlands - no matter how winding the road, the 
questions that remain unanswered, the losses and the scars. I can now make space, linger in 
the moment and look forward to the encounters and the discoveries that this mysterious life 
will bring with peace, hope, curiosity, passion and awe.
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