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Editorial on the Research Topic 


Etiopathogenesis of Systemic Sclerosis: An Update


Systemic Sclerosis (SSc) or Scleroderma is a complex and puzzling disease having an incidence of 1–2 cases per 100,000. In SSc, inflammation leads to organ failure due to severe fibrosis of the skin and internal organs. At late stages, this disease is characterized by a profound decline in the quality of life and premature death (1). The Research Topic “Etiopathogenesis of Systemic Sclerosis: An Update” is aiming to explore three major features of SSc: vascular injury, fibrosis, and immune dysregulation. Here, we summarize the novel insights reported in this Topic with a list of references to further exploit the given issues. Apostolidis et al. identify genes linked to vascular injury in SSc by scRNA-seq. Among several genes, they found Apelin Receptor (APLNR) and Heparan Sulfate Proteoglycan 2 (HSPG2), not yet associated to SSc pathogenesis but of great interest as they have been reported to sustain vascular dysfunction and fibrosis in different settings (2). These data provide the ground to characterize new biomarkers of vascular injury and, possibly, therapeutic targets. Svegliati et al. define the role of the Anti- platelet- derived growth factor (PDGF) autoantibodies in vascular injury. The authors analyze the expression of distinct functional markers of smooth muscle cells (SMC) from human pulmonary arteries (HPASMC) exposed in vitro to anti-PDGFR autoantibodies from SSc patients. They show that PDGFR autoantibodies activate SMC and may contribute to the development of SSc vascular lesions, therefore suggesting that a downregulation of B cell response could modify disease development (3). Napolitano et al. show that N-formyl peptide receptors (FPRs) can induce Reactive Oxygen Species (ROS) generation in fibroblasts through the interaction with the urokinase-type plasminogen activator/uPA receptor (uPA/uPAR) system, activation of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and alteration of the redox state observed in SSc. Napolitano’s data indicate novel therapeutic strategies in SSc, through the use of small molecules to impair FPRs functional interaction with uPAR and their signal (4). Dolcino et al. suggest the presence of modulated genes and miRNAs playing a predisposing role in the development of malignancies in SSc. Genetic and epigenetic features shared by SSc and cancer shed new light on the pathogenesis of the disease and support the idea that immune activation against a tumor may have a central role in the initiation and progression of SSc, as also indicated by the presence or development of malignancies associated with particular autoantibodies (5). Xiong et al. show that in a murine model of SSc, Sclerodermatous Graft Versus Host Disease (sclGvHD), daily stretching produced a measurable beneficial on reducing skin thickness and improved mobility during the fibrotic phase of the model. Of note, stretching reduced mRNA expression of C-C Motif Chemokine Ligand-2 (CCL2) and a disintegrin and metalloproteinase domain-8 (ADAM8) which are important inflammatory mediators associated with the sclGvHD model and upregulated in SSc skin. B cells appear to have an important role in SSc pathophysiology beyond the classical production of autoantibodies. Data on B cells subsets distribution and functional properties in animal models of SSc are scarce. Moreover, no study has ever considered a possible variation in B cell involvement during the course of SSc. This is of peculiar importance since several works have suggested that B cell-targeted therapeutic strategies may have different effects whether they are started at an early or late stage of the disease. To address these issues (6), Sanges et al. use a novel murine model of SSc in which daily intradermal injections of hypochlorous acid (HOCl) induce a systemic fibrosis. The authors study the modifications in B cell homeostasis. Phenotypic analyses show an early expansion of the mature naïve subset, decrease in plasmablasts, and memory B cells. Functional analyses reveal B-cell overproduction of pro-inflammatory cytokines (Interleukin 6 and CCL3) and an impairment of their anti-inflammatory capacities (decreased production of IL-10 and Transforming growth factor-β and reduced levels of B-regs) at the early inflammatory stage, followed by an overproduction of pro-fibrotic cytokines (TGF-β and IL-6) at the late fibrotic stage. This work reports, for the first time in an SSc animal model, the existence of B cell dysfunctions similar to those observed in SSc patients. It is of note that these anomalies vary over the course of the disease and may contribute to the inflammatory and fibrotic events observed in SSc. This makes the HOCl mouse a relevant experimental model for the study of B cells, and especially B cell- targeted therapies, in SSc (7). SSc is also characterized by alterations of the normal function of T cell, in particular an unbalanced ratio between the effector and regulatory arms of the immune system. Negrini et al. report that CD8+ T-regulatory (T-reg) subsets display functional defects in SSc patients (8), suggesting an impairment of maturation processes affecting CD8+ T-reg cells in SSc patients. This impairment of maturation involves phenotypic alterations that are mainly characterized by a deficient CD39 upregulation and a lack of down-modulation of the CD127 molecule. These data may shed a new light in the dysfunction of immune response underlying SSc. Vettori et al. investigate the dynamics and the function of T cell–fibroblast interaction in SSc, using an experimental co-culture setting, highlighting the role of IL-17A. IL-17 has been proposed to have a central role in SSc (9). The authors show that T cell–fibroblast co-cultures overexpress IL17A and IL17RA, co-cultured fibroblasts also upregulate IL-17A targets while two key effectors of the TGF-β signaling, TGFBR2 and SMAD3, are downregulated. Simultaneous α-IL-17RA mAb treatment restore ProCollagen I levels and reduce fibroblast apoptosis in IL-17A-stimulated co-cultures. Long et al. review the mechanisms regulating ubiquitination in SSc and explore potential anti-fibrosis drugs (10). Considering the central role of TGF-β signaling WNT/β-catenin signaling and STAT3 in SSc, the use of ubiquitin–proteasome system (UPS) inhibitors to selectively disrupt the formation of receptor or co-receptor complexes or block intracellular signaling may yield advances in the development of urgently needed treatments.
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Systemic sclerosis (SSc) is a connective tissue disease characterized by tissue fibrosis, vasculopathy, and autoimmunity. Although the exact pathogenetic mechanisms behind SSc remain to be fully elucidated, a great deal of evidence suggests the existence of an unbalanced ratio between the effector and regulatory arms of the immune system. With regard to the T regulatory (Treg) compartment, we observed that CD8+ Treg subsets display functional defects in SSc-affected patients. Since CD127 down-modulation and CD39 upregulation have been observed on Treg subsets, the phenotypic expression of these molecules was analyzed on the CD8+CD28− Treg precursors and on CD8+ Treg cells generated in vitro through interleukin-10 commitment. Immunophenotypic data from SSc patients were compared to those obtained from healthy subjects. The analyses performed on ex vivo-isolated CD8+CD28− Treg precursors did not show any significant differences in CD39 or CD127 expression as compared to values obtained from healthy donors. On the contrary, in vitro-generated CD8+ Tregs obtained from SSc patients displayed reduced expression of the CD39 molecule as compared to controls. Moreover, the percentage of CD127+ cells was significantly higher in in vitro-generated CD8+ Tregs from SSc patients compared to CD8+ Tregs obtained from healthy donors. Taken together, these findings may indicate an impairment of maturation processes affecting CD8+ Treg cells in SSc patients. This impairment of maturation involves phenotypic alterations that are mainly characterized by a deficient CD39 upregulation and a lack of down-modulation of the CD127 molecule.

Keywords: systemic sclerosis, scleroderma, CD8+ T regulatory cells, CD127, CD39


INTRODUCTION

Several subsets of T regulatory (Treg) lymphocytes with distinct phenotypes and mechanisms of action have been described among CD8+ T cells. As the CD4+ Treg counterpart, these cells play an important role in physiological and pathological conditions such as autoimmune, infectious, or neoplastic diseases (1, 2). In particular, our group has characterized a subset of CD8+ Treg lymphocytes that mediate suppression without antigen restriction. These CD8+ Treg cells originate from circulating CD8+CD28−CD127+CD39− T lymphocytes through in vitro conditioning with interleukin (IL)-2 and IL-10; therefore, they belong to the “peripherally induced” CD8+ Treg subpopulations (1, 3, 4). From a functional point of view, these non-antigen-specific CD8+ Tregs inhibit both T cell proliferation and cellular cytotoxicity through the secretion of cytokines, mostly IL-10, and do not require direct cell-to-cell contact to mediate their inhibitory functions (1, 5, 6). Furthermore, we recently identified an additional regulatory mechanism involving the activity of CD39 ecto-nucleotidase (4), as already described for CD4+ Tregs. Finally, these cells share with CD4+ Treg the down-modulation of the CD127 molecule, so that their exact phenotype is CD8+CD28−CD127loCD39+ (3, 4, 7).

Systemic sclerosis (SSc) is a systemic connective tissue disease characterized by small vessel vasculopathy, immune alterations, and fibroblast dysfunction leading to diffuse tissue fibrosis (8). Even though SSc pathogenesis is still largely elusive, autoimmunity seems to be implicated in disease development as suggested by the presence of several abnormalities in humoral and cellular immunity (9). Concerning this latter point, alterations of the normal functional balance between pro-inflammatory subpopulations, in particular Th17, and Treg subpopulations have been demonstrated in patients affected by SSc (10–15).

With regard to the Treg compartment, we observed that both CD4+ and CD8+ Treg subsets show quantitative and functional defects in SSc patients (16). This is reminiscent of what we recently found studying CD8+ Tregs in primary biliary cirrhosis (PBC), an organ-specific, fibrotic autoimmune disease that share with SSc several pathogenetic mechanisms (17). In PBC, CD8+ Treg abnormalities seem to correlate with increased CD127 antigen expression and reduced CD39 molecule expression. This observation is not surprising since CD127, the α-chain of the IL-7 receptor, is mainly expressed on effector cells and is physiologically down-modulated on Treg lymphocytes (18), while CD39 is a membrane-bound nucleosidase whose activity has been correlated with Treg function (4, 7, 19).

Therefore, we decided to analyze CD127 and CD39 molecule expression in CD8+ Tregs derived from SSc patients in order to determine whether alterations affecting these two pathways could explain the functional impairment observed in the CD8+ Treg subpopulation.



MATERIALS AND METHODS


Patients and Controls

Twenty-eight patients affected with SSc (mean age 64 ± 14 years, female/male ratio 3/1) were enrolled at the Division of Internal Medicine and Clinical Immunology of the Department of Internal Medicine, University of Genoa, after providing informed consent.

Diagnosis of SSc was made according to the American College of Rheumatology criteria (20). Enrolled patients were being treated with vasoactive (e.g., iloprost or dihydropyridine calcium channel blockers) but not with immunosuppressive drugs. Ten healthy subjects, age and sex matched with the SSc patients, were enrolled as controls.

The study was carried out in compliance with the Helsinki Declaration and was approved by the Ethics Committee of the San Martino Hospital in Genoa, Italy.



Monoclonal Antibodies (mAbs)

The following mAbs were used for immunostaining and analysis by flow cytometry (FACS): allophycocyanin (APC)-cyanin 7 (Cy7) conjugated anti-CD4 (Clone RPA-T4), APC-conjugated anti-CD39 (Clone TU66), phycoerythrin-conjugated anti-CD127 (Clone M21), PeCy7 conjugated anti-CD25 (Clone M-A251), fluorescein isothiocyanate-conjugated anti CD45RA (Clone HI100), Brilliant Violet 421-conjugated anti-CD8 (Clone RPA-T8), and Horizon V500-conjugated anti-CD3 (Clone UCHT1) [Becton Dickinson (BD) Biosciences]; PerCP-cyanin 5-conjugated anti-CD28 (Clone CD28.2) (Biolegend). CD8+ T cells (1 × 106) were incubated with a mAb cocktail for 30 min at 4°C in the dark. After staining procedures, the samples were washed with PBS and stored at 4°C. The samples were acquired and analyzed by a FACSCanto flow cytometer II equipped with three lasers (BD Biosciences, San Josè, CA, USA) using the FACSDIVA software (BD Biosciences). Fluorescence minus one was used to properly interpret flow cytometry data.



Purification of CD8+ T Lymphocytes

Peripheral blood mononuclear cells (PBMCs) were purified from the venous heparinized blood samples of healthy controls and SSc patients by centrifugation on Ficoll-Hypaque gradient (Biochrom AG, Berlin, Germany) for 30 min at 1,800 rpm. CD8+ T lymphocytes were isolated by sequential cycles of cell sorting on magnetic beads using microbeads conjugated with a mAb specific for the CD8 antigen (Dynal CD8 positive isolation kit, Invitrogen by Life Technologies Ltd., Paisley, UK) following the manufacturer’s instructions.



In Vitro Generation of CD8 Tregs from the Peripheral Blood Precursors

CD8+ Tregs were generated as previously described (21). Briefly, purified CD8+ T lymphocytes (2 × 105 cells/well) resuspended in culture medium consisting of RPMI 1640 culture medium (Gibco by Life Technologies Ltd., Paisley, UK) added with 10% fetal calf serum (Invitrogen by Life Technologies Ltd., Paisley, UK) were incubated with 20 U/ml of IL-2 (Proleukin, Eurocetus, Amsterdam, The Netherlands) and 10 ng/ml of IL-10 (PeproTech, Rocky Hill, NJ, USA) in 96-well flat bottomed plates (Sardsted) at 37°C for 7 days. The regulatory activity and the membrane antigen study were performed on both freshly ex vivo-purified CD8+ T cells and on in vitro-generated CD8+ Tregs.



Proliferation Suppression Assay

The suppressive activity of Treg was evaluated by monitoring the inhibition of dye dilution in PBMC stained with carboxyfluorescein diacetate succinimidyl ester (CFDA-SE, 5 µM, Molecular Probes, Invitrogen).

Briefly, the PBMC-CFDA-SE+ were pulsed with the anti-CD3 UCTH-1 mAb (5 µg/ml, BD Bioscience) and cultured for 5 days in a 96-well U bottomed plate (1 × 105 cells/well) in the presence (or not) of ex vivo- or in vitro-generated CD8+ T lymphocytes (1 × 105 cells/well). Then, the samples were harvested, washed in PBS, and analyzed by flow cytometry. The dead cells were excluded from analysis by adding 7-aminoactinomycin D (7-AAD) (BD Bioscience) prior to analysis. Suppression activity was expressed as the percentage reduction of the proliferation in the presence of CD8+ Treg lymphocytes compared to the levels of proliferation observed in control cultures of PBMCs cultured in the absence of Treg cells. A suppression activity ≥25% was considered significant. This threshold was chosen based on the results achieved in a large historical cohort of more than 50 healthy subjects of both sexes with age ranging from 18 to 87 years. In healthy donors, CD8+ Treg suppression activity never fell below 25%.



Statistical Analyses

Statistically significant differences between frequencies were analyzed by Fisher’s exact test. Statistically significant differences between mean values were analyzed by the Mann–Whitney test for non-parametric values. Differences were considered statistically significant when p < 0.05. Statistical analyses were performed using GraphPad Prism version 6.03 for Windows (GraphPad Software, San Diego, CA, USA).




RESULTS


Altered Generation of CD8 Tregs in SSc Patients

The suppressive activity of in vitro-generated CD8+ Tregs obtained from SSc patients was analyzed in comparison with that of healthy donors. In vitro generation of CD8+ Tregs led to the differentiation of circulating CD8+ T cells into CD8+CD28−CD127−CD39+ T lymphocytes mediating a suppressive activity ≥25% in suppression assays in 10 out of 10 (100%) healthy donors. In contrast, impaired in vitro generation of CD8+ Tregs was observed in 1/3 of SSc patients since in vitro-generated CD8+ Tregs from 10 out of 28 SSc patients failed to exert a suppressive activity above the 25% threshold. The differences between the frequencies of subjects showing ≥25% suppressive activity by their CD8+ Treg in healthy controls and SSc patients was statistically significant (p = 0.04) as assessed by Fisher’s exact test (Figure 1; Tables S1 and S2 in Supplementary Material).


[image: image1]
FIGURE 1 | In vitro generation of CD8+ T regulatory (Treg) cell in healthy donors and systemic sclerosis (SSc) patients. The bars indicate the frequency of healthy donors (left bar) and SSc patients (right bar) showing normal (suppression activity ≥25%, white bars) or impaired (suppression activity <25%, black bars) CD8+ Treg function. Statistical analyses were performed by Fisher’s exact test.




CD39 Expression on CD8+ Treg Cells

Given that the expression of CD39 is related to the suppressive activity of both CD4 and CD8 Treg cells (4, 7), its expression was analyzed on freshly isolated CD8+CD28− (formally CD8+ Treg precursors) and on in vitro-generated CD8+ Treg cells from both SSc patients and healthy donors.

CD39 molecule was undetectable (with values below 0.01% among the CD3+ T cell population) on freshly isolated CD8+CD28− lymphocytes obtained from both SSc patients and healthy controls at T0 (Figure 2A). Interestingly, while CD39 expression was strongly upregulated in CD8+ Tregs generated from healthy subjects with respect to their circulating precursor CD8+CD28− T cells, this increase was not observed in SSc patients. Indeed, CD39 expression was significantly lower in in vitro-generated CD8+ Tregs from SSc patients with respect to in vitro-generated CD8+ Tregs from healthy donors, as assessed by Mann–Whitney test (p = 0.0032; Figures 2A,B).


[image: image1]
FIGURE 2 | CD39 expression on freshly isolated CD8+CD28− lymphocytes and in vitro-generated CD8+ T regulatory (Treg) cell. (A) Histograms showing the percentages of expression of the CD39 molecule on freshly isolated CD8+CD28− lymphocytes (T0) and on interleukin-10-committed CD8+CD28−CD127− T cells (T7) from a representative healthy donor (left) and a representative systemic sclerosis (SSc) patient (right). (B) Mean percentages of CD39+CD8+CD28− Treg cells in healthy donors (black bar) and SSc patients (white bar). Statistical analyses were performed by Mann–Whitney test.




CD127 Expression in CD8 Treg Subpopulation

We previously observed that CD127 antigen down-modulation is strictly related to the correct functional maturation/generation of CD8+ Tregs: thus, we explored its expression on freshly isolated CD8+CD28− and on in vitro-generated CD8+ Tregs from SSc patients and healthy donors.

No differences in CD127 expression were observed on CD8+CD28− cells from the peripheral blood of SSc patients and healthy controls at T0 (Figures 3A,B). However, CD127 expression diminished on CD8+CD28− after IL10 commitment for Treg generation in healthy donors (p = 0.04), while it increased on the corresponding cells from SSc patients (p = 0.029) with respect to their circulating precursors (Figures 3A,B, analyses performed by Mann–Whitney test). Accordingly, the percentage of CD127+ T cells on CD8+CD28− T lymphocytes after in vitro CD8+ Treg generation was significantly higher in cells from SSc patients as compared to healthy subjects (p = 0.02, Figure 3A).


[image: image1]
FIGURE 3 | CD127 expression on freshly isolated CD8+CD28− lymphocytes and in vitro-generated CD8+ T regulatory (Treg) cell. (A) Mean percentages of CD127+ cells in freshly isolated CD8+CD28− lymphocytes (T0) and in vitro-generated CD8+ Treg (T7) in healthy donors (black bar) and systemic sclerosis (SSc) patients (white bar). (B) Histograms showing the percentages of expression of the CD127 molecule on freshly isolated CD8+CD28− lymphocytes (T0) and on interleukin-10-committed CD8+CD28− T cells (T7) from a representative healthy donor (left) and a representative SSc patient (right). Statistical analyses were performed by Mann–Whitney test.


Collectively, our data envisage the dependence of abnormal CD8+ Treg function in SSc patients on their altered expression of CD39 and/or CD127 molecules. In order to find support to this pathogenic mechanism, the frequencies of SSc patients showing impaired (suppression activity <25%) or normal (suppression activity ≥25%) CD8+ Treg function were related, by Fisher’s exact test analysis, to the existence, in the CD8+ Treg of each single patient, of an abnormal expression of CD39 and/or CD127 molecules (considering as altered expression the downregulation of CD39 and the upregulation of CD127 with respect to the relative CD8+CD28− T cell precursors, respectively). Figure 4 and Table 1 show that the frequency of SSc patients showing abnormal expression of CD39 and/or CD127 molecules within patients with altered CD8+ Treg function was more than twice that observed in patients with normal CD8+ Treg activity. This observation highlights the strict relationship between altered CD39 and/or Cd127 expression and CD8+ Treg function.


[image: image1]
FIGURE 4 | Analysis of the suppression activity of CD8+ T regulatory (Treg) cell generated from systemic sclerosis (SSc) patients in relation to the expression patterns of CD39/CD127. The bars display the frequencies of SSc patients showing impaired (suppression activity <25%, left bar) or normal (suppression activity ≥25%, right bar) CD8+ Treg function in relation to the expression patterns of CD39/CD127 molecules (normal—white bars, abnormal—black bars). Statistical analyses were performed by Fisher’s exact test.



TABLE 1 | Percentage of CD127 and CD39 expression on CD8+CD28− T cells before and after in vitro CD8+ Treg generation.
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DISCUSSION

The results of our work show that (1) in vitro generation of CD8 Treg lymphocytes may be altered in SSc patients, thus leading to impaired suppressor activity; (2) CD8 Tregs generated from SSc patients display reduced CD39 expression and increased CD127 expression compared to CD8+ Tregs generated from healthy donors.

Systemic sclerosis is a chronic connective tissue disease characterized by diffuse tissue fibrosis, microangiopathy, and immune abnormalities. Although the cause of SSc is unknown, autoimmunity seems to play an important role in the pathogenesis of the disease. Support for this hypothesis includes the presence of autoantibodies, evidence of abnormalities in B and T cell compartments in both the circulation and the affected organs, altered levels of growth factors, chemokines and cytokines, and the potential clinical overlap with other clearly recognized autoimmune diseases such as systemic lupus erythematosus and rheumatoid arthritis (8, 17, 22, 23). Our group recently described the existence of an imbalance between effector and regulatory responses in SSc patients. In particular, we observed that an increased Th17 effector response is associated with defective T cell regulation involving quantitative and functional alterations in both CD4+CD25+ and CD8+ Treg subpopulations (16). Furthermore, we recently described the qualitative defects affecting CD8+ Tregs in PBC, an organ-specific, fibrotic autoimmune disease. In this disease, CD8+ Treg functional abnormalities correlate with the defective expression of the CD39 molecule and the increased expression of the CD127 antigen (17).

CD39 is a cell surface ecto-nucleotidase that hydrolyzes extracellular ATP or ADP to AMP. Additionally, in concert with CD73, another ecto-nucleotidase which dephosphorylates AMP, its activity leads to the production of adenosine. Furthermore, there is increasing evidence indicating that CD39 and purinergic signaling alterations may be implicated in pathological conditions such as neoplastic and inflammatory diseases (24). Although the role of CD39 has been less investigated in CD8+ Tregs, our group recently reported that CD39 is expressed and involved in the activity of non-antigen-specific CD8+ Treg cells (4). Furthermore, we correlated the defective expression of CD39 molecules with the functional impairment of CD8+ Tregs generated from patients affected by PBC (17). Based on this, we explored the role of CD39 in SSc. Interestingly, CD8+ Tregs generated from healthy subjects exhibit a significant upregulation of CD39 expression with respect to their precursor CD8+CD28− T cells, while this phenomenon was not observed in CD8+ Tregs generated from SSc patients. Considering the important role of CD39 for Treg regulatory activity, CD39 expression defects could explain, at least in part, the functional impairment observed in CD8+ Tregs generated from SSc patients.

To further define if additional phenotypic abnormalities could be involved in functional alterations found in CD8+ Tregs generated from SSc patients, we analyzed the role of CD127. CD127, the IL-7 receptor α chain, is reportedly a useful marker for identifying memory and effector T cells, while its expression is down-modulated on CD4+CD25+ Treg cells (18, 25, 26).

Similarly to what we observed for CD4+CD25+ Tregs, we previously demonstrated that maturation of circulating CD8+CD28− T cells to CD8+ Tregs is associated with CD127 down-modulation (3). CD127 expression on CD8+CD28− cells from the peripheral blood of SSc patients was similar to what was observed in healthy controls. As expected, CD8+ Tregs generated from healthy donors displayed a down-modulation of CD127 expression with respect to their circulating precursors. On the contrary, CD127 expression increased in CD8+ Tregs generated from SSc patients. Our observation is consistent with recent literature data indicating that IL-7 may play a significant role in numerous T cell-driven chronic inflammatory autoimmune diseases, and that this cytokine likely regulates the proliferation of autoreactive T cells (27).

Our data show for the first time that CD8+ Treg lymphocytes derived from SSc patients display a maturation defect that is characterized by reduced CD39 expression associated with abnormal CD127 overexpression. Alterations of CD39 and CD127 expression could explain, at least partly, the functional defects observed in the CD8+ Tregs generated from patients affected by SSc.
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B Cell Homeostasis and Functional Properties Are Altered in an Hypochlorous Acid-Induced Murine Model of Systemic Sclerosis
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Introduction: During systemic sclerosis (SSc), peripheral B cells display alterations in subset homeostasis and functional properties and are a promising therapeutic target. However, there is only few data regarding whether these anomalies are accurately reproduced in animal models of SSc.

Objective: In this work, we assessed the B cell homeostasis modifications in an experimental model of SSc [hypochlorous acid (HOCl)-induced mouse], both at a phenotypic and functional level, during the course of the disease.

Methods: Balb/c mice underwent daily intradermal injections of HOCl (or phosphate-buffered saline) and were then sacrificed at day 21 (early inflammatory stage) or day 42 (late fibrotic stage). For phenotypic studies, the distribution of the main spleen cell subsets (B cells, T CD4 and CD8 cells, NK cells, macrophages) and splenic B cell subsets (immature, mature naïve, germinal center, antibody-secreting, memory, B1) was assessed by flow cytometry. For functional studies, splenic B cells were immediately MACS-sorted. Production of interleukin (IL)-6, CCL3, IL-10, and transforming growth factor (TGF)-β was assessed ex vivo by RT-PCR and after 48 h of culture by ELISA. Regulatory B cell (Breg) counts were quantified by flow cytometry.

Results: Phenotypic analyses showed an early expansion of transitional B cells, followed by a late expansion of the mature naive subset and decrease in plasmablasts and memory B cells. These anomalies are similar to those encountered in SSc patients. Functional analyses revealed a B-cell overproduction of pro-inflammatory cytokines (IL-6 and CCL3) and an impairment of their anti-inflammatory capacities (decreased production of IL-10 and TGF-β, reduced levels of Bregs) at the early inflammatory stage; and an overproduction of pro-fibrotic cytokines (TGF-β and IL-6) at the late fibrotic stage. These results approximate the anomalies observed in human SSc.

Conclusion: This work reports the existence of anomalies in B cell homeostasis and functional properties in an animal model of SSc that approximate those displayed by SSc patients. These anomalies vary over the course of the disease, which pleads for their participation in inflammatory and fibrotic events. This makes the HOCl mouse a relevant experimental model for the study of B cells, and therefore, B-cell-targeted therapies in SSc.

Keywords: systemic sclerosis, B cell, regulatory B cells, interleukin-6, interleukin-10, animal model


INTRODUCTION

Systemic sclerosis (SSc) is a rare and severe condition classified within the connective tissue diseases. It is characterized by the progressive development of fibrosis in the skin and/or the internal organs such as lungs, digestive tract, and heart (1), impacting on vital and functional prognoses (2–5).

Systemic sclerosis pathophysiology is complex and only partially elucidated (6). It combines, to different degrees, a fibrotic (excessive synthesis of collagen fibers by activated fibroblasts), vascular (microangiopathy), and immunological (dysregulation of cellular and humoral immune systems) components. Among the different immunity actors involved in SSc, the almost-constant presence of autoantibodies and hypergammaglobulinemia has long suggested a potential implication of B cells in the pathogenesis of the disease (7).

Recent data reinforce this hypothesis. Several works have shown alterations in B cell homeostasis and function in SSc patients. For example, there is a decrease in circulating memory B cell counts and an increase in naive B cell counts (8–12). Other teams have documented an enhanced secretion of pro-inflammatory cytokines [such as interleukin (IL)-6], a reduced production of anti-inflammatory cytokines (such as IL-10), and a decrease in circulating regulatory B cell (Breg) counts (9–11, 13–15). In SSc patients, B cells have also been shown to induce pro-fibrotic characteristics in dermal fibroblasts (16). Finally, B cell-targeted therapeutic strategies like anti-CD20 antibodies have been suggested to be effective in this disease (13).

Overall, B cells appear to have an important role in SSc pathophysiology beyond the classical production of autoantibodies. A better description of B cell alterations in this disease, as well as animal models successfully recapitulating them, are therefore mandatory to further understand their pathogenic role and develop new therapeutic approaches. However, data on the modifications in B cell subset distribution and functional properties in animal models of SSc are scarce. Moreover, no study has ever considered a possible variation in B cell involvement during the course of SSc. This is of peculiar importance since several works have suggested that B cell-targeted therapeutic strategies may have different effects whether they are started at an early or late stage of the disease (17–20).

To address these issues, we used a novel murine model of SSc in which daily intradermal injections of hypochlorous acid (HOCl) induce a systemic fibrosis (21). We studied the modifications in B cell homeostasis, both at a phenotypic (B cell subsets distribution) and functional (cytokine production and interaction with fibroblasts) level, at different time points during the course of the experimental disease.



ANIMALS AND METHODS


Induction of the Experimental Disease


Animals

Six-week-old female BALB/c mice (Janvier Labs) were used in all experiments. Animals were housed in a specific pathogen-free facility, within autoclaved ventilated cages with sterile food and water ad libitum, under constant room temperature and with 12-h day–night cycles. This study was carried out in accordance with the local and national guidelines (directive #68/609 CEE). The protocol was approved by the Regional Ethics Committee on Animal Experimentation.



Experimental Procedure

Experimental SSc was induced by daily intradermal injections of 300 µl of an HOCl-generating solution into the shaved backs of mice, using a 27-gauge needle and a 1-ml syringe, as previously described (21). The HOCl-generating solution was extemporaneously prepared by adding NaClO solution (9.6% as active chlorine) to a 100 mM KH2PO4 solution (pH 6.2). The NaClO amount was determined by measuring the optical density (OD) of the solution at 280 nm, and then adjusted to obtain an OD between 0.7 and 0.9. Control mice received injections of 300 µl of sterilized phosphate-buffered saline (PBS).



Sample Collection

Mice were sacrificed by cervical dislocation under deep CO2 anesthesia at either day 21 (early stage) or day 42 (late stage) after the first injection. All samples were collected at the time of euthanasia. Skin samples were collected near the injection site, and either immediately frozen and stored at −80°C (for biomolecular analyses), or fixed in a fresh 4% paraformaldehyde/PBS solution and embedded in paraffin (for histological and immunohistochemical analyses). Whole spleens were immediately dissected to create a spleen cell suspension, filtered on a 70-µm nylon mesh and depleted in erythrocytes using an appropriate lysing buffer (Red Blood Cell Lysing Buffer Hybri-Max, cat. #R7757, Sigma-Aldrich). Blood samples were collected by retro-orbital puncture, set aside for clotting for 30 min, then centrifuged, and stored at −80°C.




Evaluation of the Experimental Disease


Measurement of Skin Fold Thickness

Skin fold thickness was assessed with a caliper by averaging the measure of two different locations near the injection site, twice a week until sacrifice.



Histological Evaluation

Skin samples embedded in paraffin were sliced into serial 4-µm sections. Dermal thickness at the injection site was assessed by performing a May-Grünwald–Giemsa (MGG) staining and measuring the distance between the epidermal–dermal junction and the dermal–subcutaneous fat junction at a 40-fold magnification using the ImageJ morphometic software (U.S. National Institute of Health) (22). Ten random measurements per section were performed by two blinded investigators and averaged for each section. Collagen deposition in the skin was evaluated by performing a picrosirius-red staining and delineating the stained area using a color deconvolution method (23). This allowed a precise quantification of the total area occupied by collagen deposits in each section. Expression of α-smooth muscle actin (α-SMA) in the skin was assessed by immunofluorescence with a specific anti-α-SMA antibody (clone 1A4, cat. #ab7817, Abcam) coupled with DAPI (1:1,000-fold dilution, Thermo Fischer Scientific). Non-specific binding was appreciated using an isotype control antibody. Protein visualization was performed by using a specific Alexa Fluor 488 goat anti-rabbit antibody.



Measurement of Hydroxyproline Content

Collagen content was assessed by using a colorimetric Hydroxyprolin Kit Assay (Sigma-Aldrich) according to the manufacturer’s protocol. Briefly, approximately 10 mg of skin were homogenized in 100 ml of water and hydrolyzed at 120°C for 3 h in an equal volume of concentrated hydrochloric acid (HCl, 12 M). Then, a colorimetric product, visualized at 560 nm and proportional to the hydroxyproline content, was generated by reaction of oxidized hydroxyproline in each sample with 4-(Dimethylamino)benzaldehyde.



Quantification of Fibrosis, Inflammation, and Proliferation Markers RNA Expression in Skin Samples

Approximately 0.5 cm of frozen skin samples were minced and mechanically homogenized. Then, total RNA was extracted with a Nucleospin RNA kit (Macherey-Nagel, Hoerdt, France) and eluted in RNAse-free water. The purity of RNA was evaluated by UV spectroscopy on a Nanodrop system from 220 to 350 nm. Then, 1 µg of total RNA was used to obtain single-stranded cDNA by using a specific Reverse Transcription Kit (Thermo Fisher Scientific) according to the manufacturer’s protocol. Quantitative RT-PCR was performed by using LightCycler FastStart DNA Master SYBR Green I (Thermo Fisher Scientific), according to the manufacturer’s protocol. Primers sets include TGFB for transforming growth factor (TGF)-β1, Acta2 for α-SMA, Fn1 for Fibronectin, COL1a1 for Collagen I-1III, Il-6 for IL-6, Il-1b for IL-1β, tnfa for tumor necrosis factor (TNF)-α, and Pcna for proliferating cell nuclear antigen (PCNA). Sequences and relative NCBI references for each gene are listed in Table S1 in Supplementary Material. All samples were amplified in duplicate. DNA quantification was expressed as critical threshold cycle (Ct) value, or rather the cycle number at which the DNA amplification was first detected. Relative gene expression value was calculated as E = 2−ΔCt, where ΔCt is the difference in crossing points between GAPDH and each gene.




Phenotypic Evaluation of B Cells


Flow Cytometry

Immediately after collection, spleen cells were counted using an automated method (Flow-Count Fluorospheres, cat. #7547053, Beckman Coulter); and their viability was assessed with propidium iodide staining. Approximately 1 million spleen cells were incubated with mouse anti-Fc receptor antibody (FcBlock, clone 2.4G2; cat. #553142, BD Biosciences) for 15 min at 4°C protected from light to limit non-specific antibody binding. They were next incubated with different antibody mixes for membrane staining (Table S2 in Supplementary Material) for 20 min at 4°C protected from light. Data were then acquired on a 3-laser cytometer (Navios, Beckman Coulter) and analyzed with a dedicated software (Kaluza, Beckman Coulter).



Quantification of Serum B Cell-Activating Factor (BAFF) Levels

B cell-activating factor levels were assessed on serum samples in duplicate at a 1:3-dilution using an ELISA assay (Quantikine ELISA Mouse BAFF, cat. #MBLYS0, R&D systems), according to the manufacturer’s protocol.



Quantification of CD19 Expression in Skin Samples

CD19 expression in skin samples was assessed by immunofluorescence using a specific anti-CD19 antibody (0.5 µg/ml, BioLegend) overnight at 4°C, coupled with DAPI (1:1,000-fold dilution, Thermo Fischer Scientific). Protein visualization was performed by using a specific Alexa Fluor 566 goat anti-mouse antibody incubated for 1 h at room temperature.




Functional Evaluation of B Cells


B Cell Sorting

Immediately after collection, B cells were isolated from splenocytes using a negative magnetic bead-assisted sorting assay (EasySep Mouse Pan-B Cell Isolation Kit, cat. #19844, StemCell), according to the manufacturer’s protocol. B cell purity was always above 95% as assessed by flow cytometry.



Quantification of IL-6, CCL3, IL-10, and TGF-β RNA Expression in B Cells

Immediately after sorting, purified B cells were ultra-centrifuged, treated with lysis buffer (NucleoSpin RNA kit, Macherey-Nagel), and stored at −80°C. Quantification of IL-6, chemokine ligand (CCL) 3, IL-10, and TGF-β RNA expression in B cells was performed as detailed in Section “Quantification of Fibrosis, Inflammation, and Proliferation Markers RNA Expression in Skin Samples” (except that levels were normalized to GUSB).



Quantification of IL-6, IL-10, and CCL3 Protein Levels in B Cells

Immediately after sorting, purified B cells were seeded on a 96-well plate (400,000 B cells per well) within complete medium [Roswell Park Memorial Institute (RPMI) 1640 medium containing 10% heat-inactivated fetal calf serum (FCS), 20 UI/ml penicillin, 20 µg/ml streptomycin, 2 mM L-glutamin, 1 mM pyruvate, 50 µM 2-mercaptoethanol, and 1% non-essential amino acids]. They were cultured during 48 h at 37°C in humidified atmosphere with 5% CO2 and stimulated either with lipopolysaccharide (LPS) (Escherichia coli serotype O127:B8, 10 µg/ml; cat. #L4516, Sigma-Aldrich), with LPS and anti-CD40 antibody (clone HM40/3, 2.5 µg/ml; cat. #553721, BD Biosciences), or without immunostimulation. After culture, supernatants were collected and immediately stored at −80°C.

Interleukin-6, IL-10, and CCL3 protein levels in supernatant samples were assessed in duplicate using ELISA assays (Quantikine ELISA Mouse IL-6, cat. #M6000B; Quantikine ELISA Mouse IL-10, cat. #M1000B; Quantikine ELISA Mouse CCL3, cat. #MMA00; R&D systems), at appropriate dilutions (1:10 for IL-6; 1:1 for IL-10; 1:100 for CCL3). All experiments were conducted according to the manufacturer’s protocols.



IL-10 Intracellular Staining

Immediately after sorting, purified B cells were seeded on a 48-well plate (2 million B cells per well) within complete medium (RPMI 1640 medium containing 10% heat-inactivated FCS, 20 UI/ml penicillin, 20 µg/ml streptomycin, 2 mM L-glutamin, 1 mM pyruvate, 50 µM 2-mercaptoethanol, and 1% non-essential amino-acids). As previously described (24), they were cultured during 48 h at 37°C in humidified atmosphere with 5% CO2 and stimulated by anti-CD40 antibody (clone HM40/3, 1 µg/ml; cat. #553721, BD Biosciences). During the last 5 h of culture, LPS (E. coli serotype O111:B4, 10 µg/ml; cat. #L4391, Sigma-Aldrich), PMA (50 ng/ml, cat. #P8139, Sigma-Aldrich), ionomycin (500 ng/ml, cat. #I0634, Sigma-Aldrich), and monensin (2 mM, cat. #00-4505-51, eBiosciences) were added to the culture medium to induce IL-10 expression and block exocytosis (24).

Interleukin-10 intracellular detection was performed as previously described (24). First, B cells were stained with a viability dye (Live/Dead Fixable Far Red Dead Cell Stain Kit, 1:3,200-dilution, cat. #L10120, Life Technologies), saturated with an anti-Fc receptor antibody (FcBlock, clone 2.4G2; cat. #553142, BD Biosciences) to prevent non-specific binding, and stained with an anti-CD19 antibody (Brillant Violet 510 Rat Anti-Mouse CD19, clone 1D3; cat. # 562956, BD Biosciences). Next they were fixed and permeabilized with the Cytofix/Cytoperm kit (cat. #554722, BD Biosciences) according to the manufacturer’s protocol. Permeabilized cells were then stained with an anti-IL-10 antibody (PE Rat Anti-Mouse IL-10, clone JES5-16E3; cat. #554467, BD Biosciences). Data were acquired on a 3-laser cytometer (Navios, Beckman Coulter) and analyzed with a dedicated software (Kaluza, Beckman Coulter).



Fibroblasts–B Cells Coculture Experiments

Mouse embryonic fibroblast cells (BALB/c 3T3, ATCC clone A31) were purchased from American Type Culture Collection (ATCC; MD, USA). B cells were sorted as described in Section “B Cell Sorting.” Cells were cultured in complete medium (RPMI 1640 medium containing 10% heat-inactivated FCS, 20 UI/ml penicillin, 20 µg/ml streptomycin). 3T3 fibroblasts (105 cells) alone, B cells (5 × 105 cells) alone, or cocultures were seeded in 12-well plates for 72 h.

Quantification of fibrosis and proliferation markers RNA expression in fibroblasts was performed as detailed in Section “Quantification of Fibrosis, Inflammation, and Proliferation Markers RNA Expression in Skin Samples.”




Statistical Analysis

Multi-group comparisons were performed using Kruskall and Wallis non-parametric test. Whenever a significant difference was detected, Mann–Whitney test was used to compare each group by pair. All statistical analyses were performed on SPSS v22 (IBM) and GraphPad Prism v6 (GraphPad Software). Quantitative data were expressed as mean ± SEM. Significance was set at p < 0.05. In figures, levels of significance were pictured as follows: ****p ≤ 0.0001; ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05, °p ≤ 0.20; and ns for p ≥ 0.20.




RESULTS


HOCl Injections Induce an Experimental Disease Whose Characteristics and Course Resemble Human SSc


HOCl Intradermal Injections Induce Skin Fibrosis in Mice

In a first step, we wanted to confirm the validity of the experimental disease. Induction of skin fibrosis in HOCl mice was assessed through clinical, protein, and histological evaluations (Figure 1). Thus, we observed a significant increase in the macroscopic skin fold in HOCl mice compared to PBS mice (p < 0.0001) (Figure 1A). Dermal thickness, measured on MGG-stained skin sections, was also significantly higher in the HOCl group than in the control group (p < 0.0001) (Figures 1B–D). A higher amount of collagen fibers in skin sections of HOCl mice, compared to PBS mice, was observed by histological picrosirius-red staining (p < 0.0001) and confirmed by evaluation of the hydroxyproline content, which was significantly increased in HOCl mice (p < 0.05) (Figures 1E–H). Finally, a consistent amount of α-SMA-positive cells on skin from HOCl mice was qualitatively appreciated by immunofluorescence, whereas PBS mice showed a very low number of α-SMA-expressing cells (Figure 1I). Overall, these results indicated the validity of the experimental disease, as previously described (21).
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FIGURE 1 | Evaluation of skin fibrosis in phosphate-buffered saline (PBS) and HOCl mice. To confirm the proper induction of the experimental disease, skin fibrosis was assessed by different methods in PBS and HOCl mice at day 42 after the beginning of the protocol. (A) Skin fold thickness (mm) measured sequentially by caliper (n = 20–26 per group). (B,C) Representative images of skin sections stained with May-Grünwald–Giemsa coloration from PBS [(B); 10×] and HOCl [(C); 10×] mice, showing dermal thickening in the HOCl mouse. (D) Dermal thickness measured on skin sections (n = 10–12 per group). Results are expressed as fold changes compared to the PBS group. (E) Hydroxyproline content in 6-mm skin punch biopsies (n = 7–8 per group). Results are expressed as fold changes compared to the PBS group. (F,G) Representative images of skin sections stained with picrosirius-red coloration from PBS [(F); 10×] and HOCl [(G); 10×] mice, showing collagen deposition in the HOCl mouse. (H) Collagen deposition total surface measured on skin sections (n = 10–12 per group). Results are expressed as fold changes compared to the PBS group. (I) Representative images of skin sections immunostained with DAPI alone (top row), DAPI and anti-α-smooth muscle actin (α-SMA) antibody (middle row), or DAPI and isotype control (bottom row) from PBS (left column) and HOCl (center and right columns) mice, showing expression of α-SMA in the HOCl mouse.




The Early Stage of the HOCl Model Displays More Inflammatory Features than the Late Stage

As human SSc usually evolves through an early inflammatory stage and a late fibrotic stage, we wondered whether a similar phenomenon occurred during the course of the HOCl experimental disease. An evaluation of mRNA expression profile of various fibrosis (fibronectin, α-SMA, collagen, TGF-β), inflammatory (TNF-α, IL-1β, IL-6), and proliferation (PCNA) markers in the skin of PBS and HOCl mice was thus performed at two different time points from the beginning of the protocol (day 21: early stage; day 42: late stage).

At day 21, we observed a significant increase in the mRNA expression of fibrotic, inflammatory, and proliferation markers in the HOCl mice compared to PBS mice (fibronectin: p < 0.0001; α-SMA: p = 0.0004; collagen: p < 0.0001; TGF-β: p = 0.01; TNF-α: p = 0.02; IL-1β: p < 0.0001; IL-6: p = 0.004; PCNA: p = 0.04) (Figure 2). At day 42, a significant increase in the mRNA levels of all pro-fibrotic proteins was still observed (fibronectin: p < 0.0001; α-SMA: p = 0.001; collagen: p < 0.0001; TGF-β: p = 0.0001). However, among inflammatory and proliferation markers, only TNF-α and IL-1β were differentially expressed (p = 0.0006 and p = 0.0005, respectively); there was no longer a significant difference in the production of IL-6 (p = 0.67) and PCNA (p = 0.31) (Figure 2). Overall, these results suggested that the early stage of the experimental disease displays more inflammatory and proliferative features than the late stage, which mimics to some extent the natural course of human SSc.
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FIGURE 2 | Expression of fibrosis, inflammation, and proliferation markers in the skin of phosphate-buffered saline (PBS) and HOCl mice at day 21 and day 42 of the protocol. mRNA levels of various markers of fibrosis [fibronectin (A), α-smooth muscle actin (α-SMA) (B), transforming growth factor (TGF)-β (C), collagen (D)], inflammation [tumor necrosis factor (TNF)-α (E), interleukin (IL)-1β (F), IL-6 (G)], and proliferation [proliferating cell nuclear antigen (PCNA) (H)], normalized to GAPDH and expressed as fold changes to PBS day 21 (for day-21 groups) or to PBS day 42 (for day-42 groups) (n = 15–24 per group).





Splenic B Cell Homeostasis Is Altered in HOCl Mice


Splenic B Cell Subset Distribution Is Modified in HOCl Mice and Varies over Time

Several works have reported disturbances in B cell homeostasis in SSc, especially in B cell subset distribution. We wondered if such anomalies existed in the HOCl model, and if so, how they would evolve during the course of the experimental disease. We compared the main leukocyte and B cell subsets in the spleens of HOCl and PBS mice, at the early and late stages of the disease. The phenotypic definitions and gating strategy used for their identification are detailed in Table 1 and Figure 3, respectively.


TABLE 1 | Phenotypic definitions of spleen cell and B cell subsets.
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FIGURE 3 | Gating strategy used for identification of the main B cell subsets. Doublets were first excluded on an FSC-area/FSC-height dot-plot (not shown). Lymphocytes were then selected based on their size and internal complexity on a FSC/SSC dot-plot (not shown). B cells were next delimited on a CD19/open channel dot-plot and defined as CD19+ non-autofluorescent cells (not shown). B2 cells were identified as CD19+ B220hi cells on a CD19/B220 dot-plot gated on B cells (A). Transitional B cells were then selected as CD93+ cells (B) and divided into their three main subsets based on their expression of CD23 and IgM (C,D). Among mature B2 cells, defined as CD93− cells (B), follicular (FO) and marginal zone (MZ) B cells were separated based on their membrane levels of CD23 and IgM (E). FO B cells were further divided into follicular type I (FO-I) and follicular type II (FO-II) depending on their expression levels of IgM (F). MZP B cells were identified as CD23hi cells within a gate containing CD21hi IgMhi B2 cells (G,H). MZP cells were then backgated out of the T2 and FO populations (D,F). B1 cells were identified as CD23− CD43+ cells among CD19+ B220hi cells (A,I). B1a cells were then separated from B1b cells based on their membrane expression of CD5 (J). FSC, forward scatter; Ig, immunoglobulin; SSC, side scatter.


Regarding total splenic B cell counts, we observed a significant decrease in HOCl mice at day 21 (p = 0.007), but no difference between the two groups at day 42 (p = 0.53) (Figure 4A). A similar trend was noted for the other splenic lymphocyte subsets, with a significant reduction in T CD4+, T CD8+, and NK cells at the early stage, and no difference at the late stage (Figures 4B–E). Monocyte and macrophage counts were equivalent at both stages of the disease (Figure 4F).
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FIGURE 4 | Distribution of the main spleen cell subsets in phosphate-buffered saline (PBS) and HOCl mice at day 21 and day 42. Distribution of B cells (A), T cells (B), T CD4+ cells (C), T CD8+ cells (D), NK cells (E), and monocytes–macrophages (F) in absolute values expressed in cells (n = 12–17 per group).


Regarding immature B cell subsets (Figures 5A and 6), there was a trend for an increase in transitional forms at day 21 (p = 0.07) and a non-significant decrease at day 42 (p = 0.33) in HOCl mice. These anomalies reached statistical significance for transitional type 2 (T2) B cells at the early stage (p = 0.009) and transitional type 3 (T3) B cells at the late stage (p = 0.03).
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FIGURE 5 | Distribution of the main B cell subsets in phosphate-buffered saline (PBS) and HOCl mice at day 21 and day 42. Distribution of immature B cells and its main subsets (A), mature naive B cells and its main subsets (B), germinal center B cells and its main subsets (C), antibody-secreting cells and its main subsets (D), memory B cells (E), and B1 cells (F) in relative values expressed in percentages of CD19+ cells (except for ASC, PB, and PC expressed in percentages of total spleen cells) (n = 7–8 per group).
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FIGURE 6 | Representative dot-plots of immature and mature B2 cells in phosphate-buffered saline (PBS) and HOCl mice at day 21 and day 42. Representative CD19/CD93 dot-plots gated on B cells from PBS (left column) and HOCl (right column) mice at day 21 (top row) and day 42 (bottom row), showing early expansion of the transitional subset and late expansion of the mature naïve cells in the HOCl mouse.


Regarding mature naive subsets (Figures 5B and 6), the opposite phenomenon was noted, with a trend for a decrease at day 21 (p = 0.07) and a significant increase (p = 0.04) at day 42. These anomalies were mainly carried by the major mature naive subset, called follicular (FO) B cells (p = 0.07 at day 21; p = 0.02 at day 42). Interestingly though, the early FO decrease was essentially explained by the follicular type I B cells (p = 0.05) whereas the late FO increase was mostly supported by the follicular type II B cells (p = 0.0003). Conversely, the minor mature naive subset, named marginal zone B cells, was non-significantly decreased at both stages of the disease (p = 0.05 at day 21; p = 0.10 at day 42).

Regarding non-naive B cell subsets, germinal center B cell counts were similar in both groups at both time points, even when considering the centroblast and centrocyte subsets (Figure 5C). Although there was no difference in antibody-secreting cell and plasma cell counts between the two groups, a significant decrease in the plasmablast subset was noted at day 42 (p = 0.003) (Figure 5D). Switched memory B cells were also decreased in HOCl mice at both stages of the disease (p = 0.0007 at day 21; p = 0.001 at day 42) (Figure 5E).

Regarding B1 B cells (Figure 5F), we observed a trend for a decrease in HOCl mice at day 42 (p = 0.09) that reached significance for the B1a subset (p = 0.04).

Overall, these results confirmed that the HOCl model displays alterations in splenic B cell subset distribution (early expansion of transitional B cells; late expansion of the mature naive subset; and decrease in plasmablasts and memory B cells).



Alterations in B Cell Subset Homeostasis Are Independent of BAFF

B cell homeostasis and maturation are regulated by a large number of factors among which survival signals (such as BAFF) play a critical role. Since serum BAFF levels are increased in SSc patients, we wondered if it could contribute to the alterations in B cell subset distribution observed in the HOCl model. However, serum BAFF levels were identical in both groups at both time points (Figure 7), suggesting that this cytokine does not participate in these anomalies.
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FIGURE 7 | Serum B cell-activating factor (BAFF) levels in phosphate-buffered saline (PBS) and HOCl mice at day 21 and day 42. Results expressed in picograms per milliliter (n = 6–7 per group).




HOCl Skin Is Infiltrated by B Cells at the Late Stage

Next we wondered if anomalies in B cell homeostasis were also observed outside the spleen and within disease-targeted organs. To do so, we assessed CD19 expression in skin samples from the two groups and found a significant B cell infiltration in HOCl skin at day 42, but no difference with PBS mice at day 21 (Figure 8).
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FIGURE 8 | Representative images of skin sections immunostained for CD19 in phosphate-buffered saline (PBS) and HOCl mice at day 21 and day 42. Representative images of PBS skin (top row), HOCl skin at day 21 (middle row), and HOCl skin at day 42 (bottom row) immunostained with DAPI (left column), with anti-CD19 antibody (middle column), and with both (right column) (n = 5 per group).


Taken together with our previous results, these findings might indicate that B cells could be recruited from the spleen to infiltrate the skin.




Splenic B Cell Functional Properties Are Altered in HOCl Mice

As human SSc B cells display functional anomalies that contribute to the pathogenesis of the disease, we next wondered whether the same holds true for HOCl splenic B cells. Therefore, we sought to investigate their pro-inflammatory, anti-inflammatory, and pro-fibrotic properties by studying their production of various cytokines.


Splenic B Cell Production of Pro-inflammatory Cytokines Is Increased in HOCl Mice

Based on data from a preliminary work (not shown), we selected two candidate proteins, IL-6 and CCL3, to assess the pro-inflammatory properties of B cells in the HOCl model.

First we measured IL-6 and CCL3 mRNA levels in splenic B cells ex vivo (just after collection and sorting). IL-6 mRNA levels did not differ at day 21 (p = 0.83); but there was a trend for a significant increase in the HOCl group at day 42 (p = 0.06) (Figure 9A). CCL3 production was significantly higher in HOCl mice at both time points (p = 0.02 in both cases) (Figure 10A).
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FIGURE 9 | Interleukin (IL)-6 production by splenic B cells in phosphate-buffered saline (PBS) and HOCl mice at day 21 and day 42. (A) IL-6 mRNA levels in splenic B cells after collection and sorting, normalized to GUSB and expressed as fold changes to PBS day 21 for day-21 groups (top row), and to PBS day 42 for day-42 groups (bottom row) (n = 4–6 per group). (B) IL-6 supernatant levels after culture of splenic B cells for 48 h with various stimulation conditions [none, lipopolysaccharide (LPS), LPS + anti-CD40 antibody] at day 21 (top row) and day 42 (bottom row), expressed in picograms per milliliter (n = 6–8 per group).
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FIGURE 10 | CCL3 production by splenic B cells in phosphate-buffered saline (PBS) and HOCl mice at day 21 and day 42. (A) CCL3 mRNA levels in splenic B cells after collection and sorting, normalized to GUSB and expressed as fold changes to PBS day 21 for day-21 groups (top row), and to PBS day 42 for day-42 groups (bottom row) (n = 4–6 per group). (B) CCL3 supernatant levels after culture of splenic B cells for 48 h with various stimulation conditions [none, lipopolysaccharide (LPS), LPS + anti-CD40 antibody] at day 21 (top row) and day 42 (bottom row), expressed in picograms per milliliter (n = 6–8 per group).


As to further explore these anomalies, we then studied the secretion of IL-6 and CCL3 in splenic B cells cultured with various stimulation conditions. Without immunostimulation, there was only negligible basal secretion of both cytokines at both time points. When stimulated by LPS alone or with anti-CD40 antibody, HOCl B cells produced more IL-6 and CCL3 than the control group at both time points (Figures 9B and 10B). This increase always reached statistical significance, except for CCL3 at day 42 with LPS stimulation (p = 0.18) (Figures 9B and 10B). IL-6 and CCL3 levels in HOCl B cells did not differ between day 21 and day 42 in both stimulation conditions.

Overall, these results suggested that splenic B cells display pro-inflammatory features in HOCl mice.



B Cell Production of IL-10 and Breg Levels Are Reduced in HOCl Mice

As there is a growing body of evidence implicating B cells in immune response suppression and regulatory processes in autoimmune diseases (25), we next studied the anti-inflammatory properties of B cells in the HOCl model. We first assessed the production of IL-10, a potent anti-inflammatory cytokine, by splenic B cells. When measured ex vivo, IL-10 mRNA levels were significantly lower in HOCl B cells at day 21 (p = 0.01) but identical at day 42 (p = 0.82) (Figure 11A). After culture and stimulation by LPS alone or with anti-CD40 antibody, similar results were found: a significant decrease in IL-10 secretion by HOCl B cells at day 21 (p = 0.002 with both stimulations) and identical levels at day 42 (p = 0.51 with LPS and p = 0.47 with LPS + anti-CD40 antibody) (Figure 11B). Of note, without immunostimulation, IL-10 production by HOCl B cells was significantly higher than PBS mice but at negligible levels.
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FIGURE 11 | Interleukin (IL)-10 production and regulatory B cell levels in phosphate-buffered saline (PBS) and HOCl mice at day 21 and day 42. (A) IL-10 mRNA levels in splenic B cells after collection and sorting, normalized to GUSB and expressed as fold changes to PBS day 21 for day-21 groups (left column), and to PBS day 42 for day-42 groups (right column) (n = 4–6 per group). (B) IL-10 supernatant levels after culture of splenic B cells for 48 h with various stimulation conditions [none, lipopolysaccharide (LPS), LPS + anti-CD40 antibody] at day 21 (left column) and day 42 (right column), expressed in picograms per milliliter (n = 6–8 per group). (C) Proportion of B10 cells identified by intracellular IL-10 detection at day 21 (left column) and day 42 (right column), expressed as percentages of CD19+ cells (n = 10 per group). (D) Proportion of CD5+ CD1dhi B cells identified by conventional membrane staining at day 21 (left column) and day 42 (right column), expressed as percentages of CD19+ cells (n = 7–8 per group).


Within the B cell compartment, the main source of IL-10 production is Bregs, a recently identified subset endowed with anti-inflammatory properties (25). In mice, Bregs are formally identified as CD19+ IL-10+ cells (“B10” cells) and mostly contained within the CD19+ CD5+ CD1dhi subset (24). To confirm our previous results, we next measured splenic Breg counts using both phenotypic definitions. Here again, we made similar observations: a significant decrease in B10 cells (p = 0.004) and in CD5+ CD1dhi B cells (p = 0.006) in HOCl mice at day 21; but no difference at day 42 (p = 0.39 and p = 0.24, respectively) (Figures 11C,D and 12).
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FIGURE 12 | Representative dot-plots of B10 cells in phosphate-buffered saline (PBS) and HOCl mice at day 21. Representative CD19/interleukin (IL)-10 dot-plots gated on B cells from PBS (middle column) and HOCl (left column) mice at day 21, showing a decreased proportion of B10 cells in the HOCl mouse.


Overall, these results suggested that B cell anti-inflammatory properties are impaired at the early inflammatory stage of the experimental disease.



Splenic B Cells Display Pro-Fibrotic Properties in HOCl Mice

As B cells have been shown to contribute to fibrogenesis in patients with SSc (16), we then wondered if similar findings could be made in our experimental model. We measured mRNA levels of TGF-β, a major pro-fibrotic cytokine, in HOCl and PBS splenic B cells at both time points. TGF-β production by HOCl B cells was found decreased at day 21 (p = 0.03) but increased at day 42 (p = 0.02) when compared to the control group (Figure 13A).
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FIGURE 13 | Evaluation of pro-fibrotic properties of splenic B cells in phosphate-buffered saline (PBS) and HOCl mice at day 21 and day 42. (A) Transforming growth factor (TGF)-β mRNA levels in splenic B cells after collection and sorting, normalized to GUSB and expressed as fold changes to PBS day 21 for day-21 groups (left column), and to PBS day 42 for day-42 groups (right column) (n = 4–6 per group). (B–E) mRNA levels of markers of fibrosis [α-smooth muscle actin (α-SMA) (B), collagen (C), and fibronectin (D)] and proliferation [proliferating cell nuclear antigen (PCNA) (E)] in 3T3 fibroblasts cultured alone (control; gray bars), with day-42 PBS B cells (white bars) or with day-42 HOCl B cells (black bars). Results normalized to GAPDH and expressed as fold changes to control (n = 5–8 per group).


Finally, we next studied if B cells could directly induce a pro-fibrotic phenotype in fibroblasts. We found that fibroblasts cocultured with HOCl B cells produced higher levels of α-SMA (p = 0.007), collagen (p = 0.0008), and fibronectin (p = 0.009) than when cultured alone (Figures 13B–D). Coculture with HOCl B cells also triggered fibroblast proliferation as we observed a significant increase in PCNA (p = 0.006) (Figure 13E). These mRNA levels tended to be higher in fibroblasts cocultured with HOCl B cells than with PBS B cells (p = 0.08 for α-SMA, p = 0.09 for collagen, p = 0.15 for fibronectin, p = 0.06 for PCNA) (Figures 13B–E). Further studies are warranted to confirm these results.

Overall, these observations suggest that B cells also display pro-fibrotic properties in HOCl mice.





DISCUSSION

To our knowledge, this is the first study to focus on a thorough examination of B cells in an animal model of SSc. Our results can be summarized as follows: (1) HOCl mice exhibit alterations in B cell subset distribution (early expansion of transitional B cells; late expansion of the mature naive subset; and decrease in plasmablasts and memory B cells); (2) HOCl splenic B cells display enhanced pro-inflammatory features (increased production of IL-6 and CCL3); (3) HOCl splenic B cell anti-inflammatory properties are impaired at the early inflammatory stage of the experimental disease (decreased IL-10 production and Breg counts); (4) HOCl splenic B cells may contribute to fibrogenesis by producing TGF-β and inducing a pro-fibrotic phenotype in fibroblasts; and (5) these anomalies are dynamic and vary over the course of the experimental disease.

Perturbations in B cell homeostasis are well documented in human SSc (8–12) but have been rarely assessed in animal models. Aside from the present study, splenic B cell counts and subset distribution have only been examined in tight-skin (Tsk) mice, where they were found similar to controls (26). This makes our work the first to identify alterations in B cell subset homeostasis in an experimental model of SSc. More importantly, the anomalies found in HOCl mice are close to those reported in human SSc. Just as splenic B cell counts are decreased during the early active stage of the experimental protocol, circulating B cell lymphopenia is associated with disease activity and severity in SSc patients (27, 28). Characteristic B cell subset modifications in human SSc consist in an expansion of mature naive B cells and a depletion in memory B cells and plasmablasts (8–12), all of which were observed in HOCl mice in our study. Overall, it appears that the HOCl model correctly approximates the perturbations in B cell homeostasis observed in human SSc. These splenic anomalies could also bear a pathophysiological relevance, as they are associated with a B cell infiltration in the skin at the late stage.

B cell functional anomalies, and especially abnormal cytokine production, have been reported in SSc patients and experimental models (9–12, 14, 16, 26, 29–31). In both contexts, B cells display enhanced pro-inflammatory and pro-fibrotic properties, as well as impaired immune suppression capabilities, which pleads for a significant role in the pathogenesis of the disease and makes them a relevant therapeutic target. HOCl splenic B cells were found to produce higher levels of IL-6 than PBS mice. This confirms results from previous works that also documented an increased B cell secretion of IL-6 in this model (32), in the Tsk and bleomycin-induced SSc models (26, 29–31) and in human SSc (14). B cell overproduction of IL-6 is a significant feature of SSc pathogenesis, since treatment by rituximab induces a decrease in both IL-6 serum levels and skin fibrosis in SSc patients (13). Our study confirms that the HOCl model replicates this important characteristic of SSc B cells. Besides IL-6, we observe in our study a B cell overproduction of CCL3, a chemokine that promotes macrophage migration within inflammatory sites, which has never been described either in SSc models or patients. Interestingly, CCL3 levels are increased in the serum and bronchoalveolar fluid of SSc patients and associated with alveolitis and interstitial lung disease (33–35). As activated CD11b+ macrophages are present in the skin of HOCl mice (36), one could hypothesize that production of CCL3 by B cells may participate to their recruitment and activation in lesioned sites. Interestingly, B cell overproduction of IL-6 and CCL3 is documented not only at the early inflammatory stage, but also at the late fibrotic stage of the experimental disease. As sustained inflammation ultimately leads to fibrogenesis, this could indicate a dual role of these cytokines over time (initially pro-inflammatory and eventually pro-fibrotic).

A crucial result of our work is the documentation of impaired anti-inflammatory properties in HOCl B cells at the early stage of the protocol. Using multiple methods, we found a decrease in B cell production of IL-10 and a reduction in Breg counts in HOCl spleens. Similar observations were made in human SSc (9–11), which makes it yet another feature of SSc B cells adequately reproduced in this model. Interestingly, circulating Breg counts are inversely correlated with C-reactive protein serum levels, suggesting that, just like in HOCl mice, reduction in Breg counts occurs during the inflammatory stage of the disease (11). Bregs are currently the subject of intense research, as their therapeutic administration in several animal models of autoimmune diseases yielded promising results (25). Their potential as a treatment option in SSc remains, however, to be explored.

Aside from their role in inflammation, several studies suggested that B cells also participate in fibrogenesis during SSc. In this work, we found an increased B cell production of TGF-β at the late stage, confirming previous results in this model (32) and in others (30, 31). In SSc patients, B cells are able to induce production of extracellular matrix components by dermal fibroblasts (16). Preliminary data presented in this work tend to suggest that a similar phenomenon occurs in HOCl mice, but further studies are warranted to confirm this observation. Interestingly, we also observed a decreased TGF-β production by B cells at the early stage. Aside from its potent pro-fibrotic effect, TGF-β is also involved in immune response regulation (37). This result could suggest pleiotropic effects for TGF-β in this model, depending on the stage of the experimental disease.

Overall, our results suggest that B cells could participate in the early inflammatory events of the experimental protocol through an overproduction of pro-inflammatory cytokines (IL-6 and CCL3) and an impairment of their anti-inflammatory capabilities (decreased production of IL-10 and TGF-β, reduced levels of Bregs); and in the late fibrotic events through a cytokine overproduction (TGF-β and IL-6) which may induce a pro-fibrotic phenotype in fibroblasts. These functional anomalies are close to those encountered in human SSc.

Our work has some limitations. Most of our results are descriptive in nature, which does not allow for a definitive assessment of their relevance in the pathogenesis of the experimental disease. Further studies, either functional and/or mechanistical in design (such as complete B cell or specific subset depletions), are warranted to draw definitive conclusions.

In conclusion, this work reports, for the first time in an SSc model, the existence of anomalies in B cell homeostasis and functional properties that approximate those displayed by SSc patients. Furthermore, it suggests that these anomalies vary over the course of the disease, which has never been considered before and may contribute to the inflammatory and fibrotic events observed in SSc. This makes the HOCl mouse a relevant experimental model for the study of B cells, and especially B cell-targeted therapies, in SSc.
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Silvia Svegliati1†, Donatella Amico1†, Tatiana Spadoni1†, Colomba Fischetti1, Doreen Finke1, Gianluca Moroncini1, Chiara Paolini1, Cecilia Tonnini1, Antonella Grieco1, Marina Rovinelli1, Ada Funaro2 and Armando Gabrielli1*

1 Clinica Medica, Dipartimento di Scienze Cliniche e Molecolari, Università Politecnica delle Marche, Ancona, Italy

2 Dipartimento di Scienze Mediche, Università di Torino, Torino, Italy

OPEN ACCESS

Edited by:

Raffaele De Palma, Seconda Università degli Studi di Napoli, Italy

Reviewed by:

Marta Rizzi, University Medical Center Freiburg, Germany
Piergiuseppe De Berardinis, Institute of Protein Biochemistry (CNR), Italy

*Correspondence:

Armando Gabrielli
a.gabrielli@univpm.it

†These authors have contributed equally to this work.

Specialty section:

This article was submitted to Primary Immunodeficiencies, a section of the journal Frontiers in Immunology

Received: 28 October 2016
Accepted: 17 January 2017
Published: 08 February 2017

Citation:

Svegliati S, Amico D, Spadoni T, Fischetti C, Finke D, Moroncini G, Paolini C, Tonnini C, Grieco A, Rovinelli M, Funaro A and Gabrielli A (2017) Agonistic Anti-PDGF Receptor Autoantibodies from Patients with Systemic Sclerosis Impact Human Pulmonary Artery Smooth Muscle Cells Function In Vitro. Front. Immunol. 8:75. doi: 10.3389/fimmu.2017.00075

One of the earliest events in the pathogenesis of systemic sclerosis (SSc) is microvasculature damage with intimal hyperplasia and accumulation of cells expressing PDGF receptor. Stimulatory autoantibodies targeting PDGF receptor have been detected in SSc patients and demonstrated to induce fibrosis in vivo and convert in vitro normal fibroblasts into SSc-like cells. Since there is no evidence of the role of anti-PDGF receptor autoantibodies in the pathogenesis of SSc vascular lesions, we investigated the biologic effect of agonistic anti-PDGF receptor autoantibodies from SSc patients on human pulmonary artery smooth muscle cells and the signaling pathways involved. The synthetic (proliferation, migration, and type I collagen gene α1 chain expression) and contractile (smooth muscle-myosin heavy chain and smooth muscle-calponin expression) profiles of human pulmonary artery smooth muscle cells were assessed in vitro after incubation with SSc anti-PDGF receptors stimulatory autoantibodies. The role of reactive oxygen species, NOX isoforms, and mammalian target of rapamycin (mTOR) was investigated. Human pulmonary artery smooth muscle cells acquired a synthetic phenotype characterized by higher growth rate, migratory activity, gene expression of type I collagen α1 chain, and less expression of markers characteristic of the contractile phenotype such as smooth muscle-myosin heavy chain and smooth muscle-calponin when stimulated with PDGF and autoantibodies against PDGF receptor, but not with normal IgG. This phenotypic profile is mediated by increased generation of reactive oxygen species and expression of NOX4 and mTORC1. Our data indicate that agonistic anti-PDGF receptor autoantibodies may contribute to the pathogenesis of SSc intimal hyperplasia.

Keywords: systemic sclerosis, autoantibodies, vascular smooth muscle cells, platelet-derived growth factor, synthetic phenotype


INTRODUCTION

Systemic sclerosis (SSc; scleroderma) is a multiorgan disorder characterized by microvasculature damage, circulating autoantibodies, and fibroblast activation leading to fibrosis of the skin and visceral organs (1–3).

Vascular involvement is an early and very likely primary event in the pathogenesis of scleroderma, precedes fibrosis, and is characterized by endothelial cell (EC) injury and dysfunction, altered capillary permeability, increased expression of adhesion molecules, abnormal secretion of vasoactive mediators, and activation of platelets and fibrinolytic pathways (4–7). Microvascular injury and damage lead to vascular remodeling with striking intimal hyperplasia (also called neointima) due to increase in cell number and extracellular matrix and marked luminal narrowing (7, 8). The process culminates in rarefaction of blood vessels on nailfold capillaroscopy of SSc patients with late-stage disease (9). Loss of microvasculature is associated with tissue hypoxia, which induces strong expression of VEGF and its receptors (10–12).

The source of the intimal cells in scleroderma vasculopathy is a matter of debate. Medial smooth muscle cells, pericytes, circulating fibrocytes, ECs, adventitial fibroblasts, and adventitial stem cells have all been held responsible (13). Furthermore, the exact cause of vascular injury in SSc is unknown, and it may include reactive oxygen species (ROS)-mediated damage, viral agents, anti-EC antibodies, ischemia–reperfusion events, cytotoxic T-lymphocytes, and antibody-dependent cellular cytotoxicity [see for review Ref. (14)]. A further mechanisms has been reported by Riemekasten et al. who detected serum autoantibodies against angiotensin II type I receptor and endothelin-1 type 1 receptor, which induced extracellular signal-regulated kinase 1/2 (ERK 1/2) phosphorylation and increased TGF-β gene expression in ECs and were associated with severe disease manifestations (15).

While over the years much attention has been devoted to EC injury in scleroderma, oddly enough no in vitro studies focused on smooth muscle cells that are rich in PDGF receptors (PDGFR) (16), a key signaling molecule in the pathogenesis of SSc fibrosis. High levels of PDGF and PDGF receptor β (PDGFR β) have been found in skin lesions from patients with scleroderma (17, 18) and may contribute to the differentiation of perivascular pericytes into vascular smooth muscle cells, fibroblasts, and myofibroblasts (19). The beneficial effects of selective inhibitors of PDGF signaling on dermal fibrosis (20, 21) and lung fibrosis (22) further indicate the importance of PDGF in scleroderma. Finally, the relevance of PDGFR has been further emphasized by the high prevalence of anti-PDGFRα autoantibodies in SSc sera (23, 24).

Anti-PDGFRα autoantibodies play a role in the pathogenesis of scleroderma since they convert in vitro normal fibroblasts into SSc-like cells via the ROS, RAS, and ERK 1/2 pathway (23–26) and are capable to induce fibrosis in vivo (27). No report has, however, described their effect on human smooth muscle cells, and since a better understanding of the molecular mechanisms involved in scleroderma vascular events could help to prevent severe complications such as digital ulcers, pulmonary hypertension, and renal crisis, which are responsible for a substantially reduced survival and impaired quality of life (28–30), we decided to investigate the biological effects of SSc agonistic anti-PDGFR autoantibodies on human pulmonary artery smooth muscle cells (HPASMC) in vitro.



MATERIALS AND METHODS


Patients and Biological Samples

Serum samples were obtained from 11 SSc patients (2 were male and 9 were female) with median age of 56 years (range, 43–73 years), and median disease duration (defined as the time from the onset of the first non-Raynaud’s phenomenon clinical manifestation) was 7 years (2–21). Diagnosis was made following the ACR/EULAR preliminary criteria for the classification of SSc (31). Five patients had limited cutaneous SSc and six diffuse cutaneous SSc according to LeRoy et al. (32). Six patients were antitopoisomerase I positive; two patients were anticentromere positive, and three were ANA positive but lacked specific SSc autoantibodies. In the whole group, median PAPs detected by echocardiography was 30 mmHg (range, 28.5–36.5 mmHg) (Table 1). The study was approved by the local ethic committee. A written informed consent was obtained from all patients. At the time of the investigation, patients who had never been on immunosuppressive therapy had not received any treatment for the previous 6 weeks. Control sera were obtained from 10 age-, sex-, and race-matched normal, non-smoking, healthy volunteers. All subjects provided informed consent and the study protocol was approved by the Institutional Ethics Committee of Università Politecnica delle Marche.


TABLE 1 | Clinical characteristics of systemic sclerosis patients (n = 11).
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Antibody Purification

Immunoglobulins were purified from serum using gravity flow column packed with protein A/G agarose following manufacturer instruction (Pierce). Concentrations of all samples were calculated based on absorbance at 280 nm. The eluted IgG fractions that contain the highest absorbance were subjected to buffer exchange with PBS using desalting column, a size-exclusion chromatography with an average molecular weight exclusion limit of 5 KDa (Pierce). Purity of IgG preparations was checked by Coomassie blue staining, and PDGF and TGF-β contaminations were ruled out by immunoblotting with biotinylated anti-human PDGF-BB and anti-human TGF-β antibodies (Abcam), respectively, with detection limit of 0.1 ng cytokine/200 μg IgG.



Human Monoclonal Anti-PDGFRα Autoantibodies

Agonistic (VHPAM-Vκ16F4) and non-agonistic (VHPAM-Vκ13B8) human monoclonal autoantibodies targeting PDGFRα were generated from SSc memory B cells as already described (24).



Cell Cultures

Human pulmonary artery smooth muscle cells (HPASMC) were purchased from Lonza and maintained in Medium 231 supplemented with smooth muscle growth medium (SMGM) and 100 U/ml penicillin/streptomycin (all from Life Technologies). Cells between passages 3 and 9 were used in all experiments performed after 24 h of starvation (0.1% SMGM).

Total IgGs were isolated from each patient and control and were singly tested in triplicate. The same conditions were applied to human monoclonal antibodies. Each experiment was performed at least three times. Means of all experiments are shown.



ROS Detection

Relative changes in intracellular ROS were monitored using the fluorescent probe 2′, 7′-dichlorfluorescein-diacetate (DCFH-DA; Life Technologies). Cells were plated at 2.5 × 105/ml and then incubated with scleroderma (SSc IgG) or normal subjects IgG (N IgG) (200 µg/ml), PDGF (15 ng/ml), or human monoclonal anti-PDGFRα autoantibodies (10 µg/ml) for 15 min and then stained with 10 µM DCFH-DA (Life Technologies) for 10 min at 37°C. Fluorescence was read using a plate reader fluorimeter (Victor 2, Perkin Elmer).

For confocal microscopy experiments, cells were seeded on coverslides and treated as described earlier. Cells were loaded with 10 µM DCFH-DA for 30 min, washed with PBS, and then visualized on a confocal microscope Eclipse C1 (Nikon). Data were analyzed by ImageJ software.

The intracellular content of ROS was also measured at a single-cell level by flow cytometry (FACS, Becton Dickinson). Briefly, cells were detached by trypsin, washed with PBS, and incubated with 5 µM DCFH-DA for 20 min at 37°C. Cells were then washed and resuspended in 1 ml PBS. For each sample, 10,000 events were collected, and intracellular ROS formation was detected as a result of oxidation of DCFH-DA at a wavelength of 520 nm. Data analysis was carried out using the WinMDI software.

Where indicated, the inhibitor of flavoprotein-dependent oxidases diphenyleneiodonium (DPI; 10 µM, Calbiochem), a general ROS inhibitor N-acetyl-cysteine (NAC; 10 mM, Sigma), and the PDGFR chemical inhibitor AG1296 (2 µM, Calbiochem) were added 1 h before stimulation.



Proliferation Assay

Cell proliferation was determined by 5-bromo-2′-deoxyuridine (BrdU) incorporation assay (Roche). Briefly, HPASMC were seeded in 96-well pates at a density of 2.5 × 105 cells/ml and then treated with SSc IgG or N IgG (200 µg/ml), PDGF (15 ng/ml), or human monoclonal anti-PDGFRα autoantibodies (10 µg/ml) for 48 h. Cells were pulsed for 6 h with BrdU, and plates were analyzed in a plate reader at 450 nm (Victor 2, PerkinElmer).



Migration Assay

Migration was studied by the wound scratch assay (33). Briefly, the cell monolayer was scraped by a straight line to create a “scratch” with a pipette tip. Cells were incubated for 24 h with SSc IgG, N IgG (200 µg/ml), PDGF (15 ng/ml), or human monoclonal anti-PDGFRα autoantibodies (10 µg/ml) in the presence or absence of inhibitors. Mitomycin was added to inhibit cell proliferation. Unstimulated cells were used as negative controls. The percentage of cells repopulating the scratch wound was assessed after 24 h.



Reverse Transcriptase Polymerase Chain Reaction

Total RNA was isolated from HPASMC with Pure Link RNA Minikit (Life Technologies) and reverse transcribed using IScript cDNA Synthesis Kit (Bio-Rad Laboratories) according to the instructions of the manufacturer. Gene expression was quantified by SYBR Green real-time PCR in a iCycler iQ™ real-time PCR Detection System (Bio-Rad). Specific primer pairs for each gene were designed with the Universal ProbeLibrary Assay Design Centre by Roche Applied Science and were as follows: NOX1 5′-CTGTTTGTGGATGCCTTCCT-3′ (forward), 5′-TGTGGAAGGTGAGG-TTGTGA-3′ (reverse); NOX2 5′-TCACTTCCTCCACCAAAACC-3′ (forward), 5′GGGATTGGGCATTCCTTTAT-3′ (reverse); NOX4 5′-CTTCCGTTGGTTTGCAGATT-3′ (forward), 5′-GAATTGGGCCACAACAGA-3′ (reverse); type I collagen α1 chain (COL1A1) 5′-AGGGCCAAGACGAAGACATC-3′ (forward), 5′-AGATCACGTCATCGCACAACA-3′ (reverse); smooth muscle-myosin heavy chain (SM-MHC) 5′-CAGGCGTTCCGCCAACGCTA-3′ (forward), 5′-TCCCGTCCATGAAGCCTTTGG-3′ (reverse); smooth muscle-calponin (sm-calponin) 5′-TTTTGAGGCCAACGACCTGT-3′ (forward), 5′-TCCTTTCGTCTTCGCCATG-3′ (reverse); and GAPDH 5′-TGCACCACCAACTGCTTAGC-3′ (forward), 5′-TGGGATTTCCATTGATGA-CAAGC-3′ (reverse).

GAPDH was used to test the quality of cDNA and as a house keeping gene in real-time PCR. The threshold cycle (Ct) was used to detect the increase in the signal associated with an exponential growth of PCR product during the log-linear phase. The relative expression was calculated using the following formula: 2−ΔΔCt. The ΔCt validation experiments showed similar amplification efficiency for all templates used (difference between linear slopes for all templates less than 0.1).



Immunoblotting

Cells were lysed in RIPA buffer [1× PBS, 1% non-idet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 2 mM sodium orthovanadate] supplemented with a cocktail of protease inhibitors (Sigma). Proteins were separated on 4–12% gradient SDS–polyacrylamide gels, transferred onto nitrocellulose membranes, and immunoblotted with antibodies against NOX4, β-actin (Santa Cruz Biotechnology), and phospho mTOR and mTOR (Cell Signalling). Signals were detected by chemiluminescence (Pierce). Densitometric analysis was performed with Quantity One software (BioRad). Where indicated rapamycin (10 nM) was added 48 h before stimulation.



NOX4 Intracellular Expression

For intracellular staining assay, HPASMC were treated with SSc IgG or N IgG (200 µg/ml) and PDGF (15 ng/ml) for 24 h and then permeabilized with Cyto Fix/Perm (Becton Dickinson). Cells were detached by trypsin, washed with PBS, and incubated with antibody against NOX4 (AbCam) for 24 h at 37°C. Cells were then washed and incubated with FITC-conjugated secondary antibody and resuspended in 1 ml PBS. For each sample, 10,000 events were collected. Data analysis was carried out using the WinMDI software.



Small Interfering RNA (siRNA) Experiments

Nox4 was silenced using siRNA oligoribonucleotides (Qiagen) using Lipofectamine™ 2000 reagent (Life Technologies) following the manufacturer’s instructions. Briefly, 10 µM NOX4 siRNA or scrambled oligos and Lipofectamine 2000 were mixed in serum-free Medium 231 without antibiotics and then added to the cells. Medium was changed after 4 h. Gene silencing and ROS production were monitored 72 h after transfection.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 4.0 by two-tailed Student’s t-test. P values less than 0.05 were considered significant.




RESULTS


Agonistic Anti-PDGFRα Receptor Autoantibodies from SSc Patients Induce Increased ROS Generation in HPASMC

Since the pathogenesis of scleroderma is characterized by an abnormal generation of ROS [for review, see Ref. (34)] and several lines of evidence implicate oxidative stress in the pathogenesis of PAH (35), we exploited our previous demonstration that agonistic anti-PDGFRα autoantibodies isolated from SSc sera induce an abnormal generation of ROS in normal fibroblasts via NOX (23, 24, 36). Hence, HPASMC were stimulated in vitro with IgG isolated from serum of distinct scleroderma patients (SSc IgG; n = 11) or distinct normal controls (N IgG; n = 10) (200 µg/ml, 15 min) and then incubated with the peroxide-sensitive fluorophore DCHF-DA. Confocal microscopy (Figure 1A), plate reader fluorimeter (Figure 1B), or FACS analysis (Figure 1C) showed that the levels of ROS, induced by PDGF and SSc IgG, were higher than the levels obtained in unstimulated cells (p < 0.05) and were inhibited by preincubating cells with PDGFR tyrosine kinase inhibitor AG 1296 (2 µM, 1 h) (p < 0.05), indicating that ROS production occurred through PDGFRα. The amount of ROS generated by N IgG was not significantly different from that obtained in unstimulated cells (Figures 1A–C).
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FIGURE 1 | Agonistic anti-PDGF receptor autoantibodies from systemic sclerosis (SSc) patients induce increased reactive oxygen species (ROS) generation in HPASMC. HPASMC were exposed to PDGF (15 ng/ml) or IgG isolated from each SSc patients (SSc IgG; n = 11; 200 µg/ml) or normal controls (N IgG; n = 10; 200 µg/ml) for 15 min in the presence or absence of AG1296 (2 µM) that was added 1 h before stimulation with Ig. Unstimulated cells were used as a control (C). (A) Generation of intracellular ROS was evaluated by fluorescence microscopy using DCHF-DA as a oxidative probe. Representative images of three independent experiments are shown (upper panel). Scale bar = 100 µm. The fluorescence was quantified by ImageJ software (lower panel). The IgG from each subject was tested. Data are presented as mean ± SD of three independent experiments. *p < 0.05. (B) Intracellular ROS production measured by plate reader fluorimeter. The IgG from each subject was tested in triplicate. Data are presented as mean ± SD of three independent experiments. *p < 0.05. (C) ROS production of untreated cells (C) (black line), SSc IgG-treated cells (green line), N IgG-treated cells (red line), and PDGF-treated cells (blue line) by FACS analysis. A representative histogram of three independent experiments is shown. (D) HPASMC were stimulated for 15 min with PDGF (15 ng/ml), SSc IgG (200 µg/ml), and the agonistic (VHPAM-Vκ16F4) and non-agonistic (VHPAM-Vκ13B8) human monoclonal anti-PDGFRα autoantibody (10 µg/ml each). Unstimulated cells were used as a control (C). ROS generation was evaluated by fluorometry. Data are presented as mean ± SD of three independent experiments. *p < 0.05.


Systemic sclerosis IgGs contain a multitude of SSc disease-specific and non-specific antibodies, including agonistic autoantibodies against angiotensin II receptor type 1 and the endothelin receptor type A (37). Thus, to demonstrate that the findings reported above are related to stimulatory antibodies targeting PDGFRα, HPASMC were exposed to combinatorial human monoclonal anti-PDGFRα autoantibody VHPAM-Vκ16F4 (10 µg/ml), which binds and stimulate the PDGFRα in vitro, and to antibody VHPAM-Vκ13B8 (10 µg/ml), which binds but does not stimulate the receptor in vitro (24). Figure 1D shows that the agonistic antibody VHPAM-VK16F4-stimulated cells produced significantly larger amount of ROS compared to unstimulated cells and VHPAM-VK13B8-treated HPASMC. No difference was observed between VHPAM-VK13B8-treated and unstimulated cells.



Enhanced Migration and Proliferation of HPASMC by SSc IgG through PDGFR

The in vitro scratch assay was used to study the effect of SSc IgG on HPASMC migration (33). Incubation with PDGF (15 ng/ml) or SSc IgG (200 µg/ml) for 24 h enhanced migratory ability of HPASMC compared to cells not stimulated used as controls (50 and 45%, respectively, over control cells, p < 0.05) (Figure 2A). Migration after N IgG was not statistically different from that of unstimulated HPSMC. The addition of AG1296 (2 µM, 1 h) significantly reduced PDGF- or SSc IgG-induced migration (p < 0.05). AG1296-treated cells did not differ from unstimulated or N IgG-treated cells (p = n.s.) (Figure 2A).


[image: image1]
FIGURE 2 | Biological effects induced by systemic sclerosis (SSc) IgGs are mediated by PDGF receptor α (PDGFRα). (A) Migration was analyzed by the wound healing scratch test. Cells were scraped and stimulated with PDGF (15 ng/ml), distinct SSc IgG (200 µg/ml, n = 11), or distinct N IgG (200 µg/ml, n = 10) in the presence or absence of AG1296 or with agonistic (VHPAM-Vκ16F4) and non-agonistic (VHPAM-Vκ13B8) human monoclonal anti-PDGFRα autoantibody. After 24 h, the gap size was measured and expressed as a percentage of the original wound. The IgG from each subject was tested in triplicate. Data are presented as mean ± SD of three independent experiments. *p < 0.05. (B) HPASMC treated with PDGF (15 ng/ml), single-tested SSc IgG (200 µg/ml; n = 11), or N IgG (200 µg/ml; n = 10) or with the human monoclonal anti-PDGFRα autoantibody VHPAM-Vk16F4 and VHPAM-Vκ13B8 for 48 h in the presence or the absence of AG1296 (2 µM). Proliferation was determined by 5-bromo-2′-deoxyuridine assay and expressed as fold increase over controls. The IgG from each subject were tested in triplicate. Data are presented as mean ± SD of five independent experiments. *p < 0.05. (C) HPASMC were treated with AG1296 (2 µM) for 1 h and then exposed to PDGF (15 ng/ml), SSc IgG (200 µg/ml; n = 11), or N IgG (200 µg/ml; n = 10) for 24 h. COL1A1, smooth muscle-myosin heavy chain, and SM-calponin mRNA levels were measured by real-time PCR. Data are presented as mean ± SD of three independent experiments. *p < 0.05. The IgG from each subject was single tested.


Agonistic VHPAM-VK16F4 (10 µg/ml) significantly stimulated HPSMC migration when compared to unstimulated cells and VHPAM-VK13B8-treated cells (60 and 62%, respectively; p < 0.05) (Figure 2A). No difference was detected between unstimulated and VHPAM-VK13B8-treated cells (p = n.s.) (Figure 2A).

HPASMC were incubated with PDGF (15 ng/ml) or IgG isolated from serum of distinct scleroderma patients (SSc IgG; n = 11) or normal controls (N IgG; n = 10) (200 µg/ml) for 48 h, and cell proliferation was determined by monitoring BrdU incorporation for 6 h. SSc IgG and PDGF significantly increased the number of BrdU-positive cells compared to unstimulated cells (1.8- and 1.58-fold, respectively; p < 0.05). This effect was reverted by incubating HPSMC with AG1296 (2 µM, 1 h) (Figure 2B). No difference was demonstrated between unstimulated cells and N IgG-treated cells. These findings were confirmed when cells were exposed to VHPAM-VK16F4 and proliferation compared to that obtained with VHPAM-VK13B8 (Figure 2B).

To determine whether SSc IgG contributed to establish a phenotypic modulation of HPASMC cells favoring a transition from contractile to synthetic state, we detected the expression of transcripts of COL1A1 and smooth muscle cell-specific contractile markers, SM-MHC, and SM-calponin mRNA (38). PDGF and SSc IgG increased COL1A1 gene expression (2.8 ± 0.7- and 2.4 ± 0.2-fold, respectively, when compared to unstimulated cells; p < 0.05) and decreased SM-MHC expression (0.46 ± 0.2- and 0.5 ± 0.1-fold, respectively, when compared to unstimulated cells; p < 0.05) and SM-calponin transcription (0.35 ± 016- and 0.4 ± 0.16-fold, respectively, when compared to unstimulated cells, respectively; p < 0.05) consistent with a synthetic phenotype (Figure 2C). Cells incubated with N IgG showed the same levels of transcripts of unstimulated cells. Experiments performed in the presence of AG1296 confirmed the role of PDGFR as a primary target of SSc IgG. All these findings are consistent with the induction of a synthetic phenotype in HPSMC by anti-PDGFRα autoantibodies.

The stimulation of HPASMC by single SSc IgG occurred through enhanced ROS generation, since the addition of the generic antioxidant NAC (10 mM) and the selective NADPH oxidase inhibitor DPI (10 µM) for 1 h before stimulation significantly prevented cell migration and proliferation induced by PDGF (15 ng/ml) and SSc IgG (200 µg/ml; n = 11) (p < 0.05) (Figures 3A,B). Moreover, the upregulation of COL1A1 and the reduction of mRNA transcript for SM-MHC and SM-calponin induced by PDGF and SSc IgG were reverted by the addition of NAC and DPI (Figure 3C).
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FIGURE 3 | Biological effects induced by systemic sclerosis (SSc) IgG are mediated by reactive oxygen species. (A) HPASMC were scraped and stimulated with PDGF (15 ng/ml) or IgG isolated from each SSc patient (200 µg/ml; n = 11) and single tested in the presence or absence of N-acetyl-cysteine (NAC) (10 mM) or diphenyleneiodonium (DPI) (10 µM). After 24 h, the gap size was measured and expressed as a percentage of the original wound. Data are presented as mean ± SD of five independent experiments. *p < 0.05. (B) HPASMC treated with PDGF (15 ng/ml) and SSc IgG (200 µg/ml) for 48 h in the presence or absence of NAC (10 mM) or DPI (10 µM) for 1 h. Proliferation was determined by 5-bromo-2′-deoxyuridine assay and expressed as fold increase over controls. Data are presented as mean ± SD of five independent experiments. *p < 0.05. The IgG from each subject was single tested. (C) HPASMC were treated with NAC (10 mM) or DPI (10 µM) for 1 h and then exposed to PDGF (15 ng/ml) and distinct SSc IgG (200 µg/ml, n = 11) for 24 h. COL1A1, smooth muscle-myosin heavy chain, and SM-calponin mRNA levels were measured by real-time PCR. Data are presented as mean ± SD of three independent experiments. *p < 0.05.


These results indicate that SSc IgG induce phenotypic modulation and affect the rate of proliferation and migration of HPASMC through ROS produced by NOX activation.



Enhanced Expression of NOX4 by SSc IgG in HPASMC

To identify which NOX isoforms were upregulated in stimulated HPASMC, we treated HPASMC with PDGF (15 ng/ml) or single SSc IgG (200 µg/ml; n = 11) or IgG from normal subjects (N IgG; n = 10) (200 µg/ml) for 24 h, and the mRNA levels of the different NOX isoforms were assessed by real-time PCR. After stimulation, NOX4 mRNA levels were significantly upregulated compared to unstimulated cells (8.7 ± 1.5 and 8 ± 1.6 fold, respectively, p < 0.05), whereas NOX2, DUOX1, and DUOX2 were unaffected by the treatment (Figure 4A). PDGF, but not SSc IgG, increased NOX1 mRNA relative to control (2.9 ± 0.2-fold) but, as demonstrated elsewhere (36), the silencing of NOX1 did not influence the ROS generation in these cells (data not shown).
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FIGURE 4 | Induction of NOX4 levels by systemic sclerosis (SSc) IgG. (A) Real-time PCR analysis of NOX isoforms in HPASMC treated with PDGF (15 ng/ml) or IgG isolated from distinct SSc patients (200 µg/ml; n = 11) or distinct N IgG (200 µg/ml; n = 10) and single tested for 24 h. Data are presented as mean ± SD of three independent experiments. *p < 0.05 compared to controls. (B) Total cell lysates from HPASMC stimulated with PDGF (15 ng/ml), single SSc IgG (200 µg/ml; n = 5), or single N IgG (200 µg/ml; n = 5) for 24 h were analyzed by immunoblotting with a specific antibody against NOX4. β-actin was used as a control for normalization. One representative experiment is shown in the upper panel. Densitometric analysis from three independent experiments is reported in the lower panel. Data are presented as mean ± SD from three independent experiments. *p < 0.05. (C) One representative FACS analysis of NOX4 expression is shown. Cells were stimulated with PDGF (15 ng/ml), distinct SSc IgG (200 µg/ml; n = 11), or N IgG (200 µg/ml; n = 10); permealized; and then labeled with anti-NOX4 and secondary FITC-conjugated antibody.


A significant increase of NOX4 protein expression compared to basal conditions was observed by immunoblotting (Figure 4B; p < 0.05) and FACS analysis (Figure 4C; p < 0.05) after a 24-hour exposure to PDGF or SSc IgG, whereas no effect was observed after N IgG addition (200 µg/ml; n = 10).

To dissect the role of NOX4 in ROS generation after PDGF or SSc IgG stimulation, we silenced NOX4 using small interfering RNA (siRNA) (p < 0.05) (Figure 5A). The specific siRNA selectively prevented ROS generation in HPASMC stimulated with either 15 ng/ml PDGF or 200 µg/ml SSc IgG for 15 min (Figure 5B) and reverted the effects of PDGF or SSc IgG on migration and proliferation (Figures 5C,D) compared to unstimulated cells. Silencing of NOX4 inhibited PDGF, SSc IgG induction of COL1A1, and downregulation of SM-MHC and SM-calponin, indicating a regulatory role of NOX4 in the phenotypic modulation of HPASMC (Figure 6).
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FIGURE 5 | Inhibition of systemic sclerosis (SSc) IgG biological effects by silencing NOX4. (A) HPASMC were transfected with NOX4 or scramble siRNA for 24 h, and NOX4 mRNA levels were analyzed by real-time PCR analysis. Data are presented as mean ± SD of three independent experiments. *p < 0.05 compared to cells transfected with scramble siRNA. (B) HPASMC were transfected with NOX4 siRNA or scramble siRNA for 24 h and then were stimulated with PDGF (15 ng/ml) or distinct SSc IgG (200 µg/ml; n = 11) for 15 min. Cells were incubated with DCHF-DA, and free radical production was evaluated by fluorescence microscopy. Representative images of three independent experiments are shown. The fluorescence was quantified using ImageJ software (right panel). (C) HPASMC were transfected with NOX4 or scramble siRNA for 24 h, scraped, and stimulated with PDGF (15 ng/ml) or single SSc IgG (200 µg/ml). After 24 h, the gap size was measured and expressed as a percentage of the original wound. Data are presented as mean ± SD of five independent experiments. *p < 0.05. (D) Transfected cells with NOX4 or scramble siRNA for 24 h were treated with PDGF (15 ng/ml) or single SSc IgG (200 µg/ml; n = 11) for 48 h. Proliferation was determined by 5-bromo-2′-deoxyuridine assay and expressed as fold increase over controls. Data are presented as mean ± SD of five independent experiments. *p < 0.05 compared to unstimulated cells.
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FIGURE 6 | NOX4 silencing drives a synthetic phenotype in HPASMC. Transfected cells with NOX4 siRNA or scramble siRNA for 24 h were treated with PDGF (15 ng/ml) or systemic sclerosis IgG (200 µg/ml; n = 11) for 24 h. COL1A1, smooth muscle-myosin heavy chain, and SM-calponin mRNA levels were measured by real-time PCR. Data are presented as mean ± SD of three independent experiments. *p < 0.05 compared to unstimulated cells.




mTOR Modulated the Effects of SSc IgG

Mammalian target of rapamycin (mTOR) is a serine/threonine kinase that acts as a major activator of cell growth and proliferation. mTOR has also been shown to play a role in proliferation of vascular smooth muscle cells and when dysregulated has been implicated in vascular remodeling (39). To evaluate the role of mTOR as a possible downstream effector in stimulated HPASMC, we treated the cells with PDGF (15 ng/ml) or distinct SSc IgG (200 µg/ml; n = 11) for 24 h in the presence or absence of rapamycin (10 nM), a specific inhibitor of mTOR added 48 h before. Phosphorylation levels of mTOR were higher in samples incubated with PDGF or SSc IgG compared to unstimulated cells and were reverted by rapamycin (Figure 7A). Moreover, the treatment with rapamycin significantly decreased the migration rate (Figure 7B), proliferation (Figure 7C); and COL1A1 expression (Figure 7D) and restored the levels of SM-MHC, and SM-calponin (Figure 7D) in HPASMC incubated with PDGF or SSc IgG. These results demonstrated that mTOR is a crucial downstream signaling of SSc IgG effects via PDGFR.
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FIGURE 7 | Modulation of systemic sclerosis (SSc) IgG effects by rapamycin. (A) HPASMC were stimulated with PDGF (15 ng/ml) or SSc IgG (200 µg/ml; n = 11) for 24 h in the presence or absence of rapamycin (10 nM) added 48 h before. Phosphorylation of mTOR was detected by immunoblotting, and anti-total mTOR antibody was used as a control for normalization. One representative experiment is shown in the upper panel. Densitometric analysis from three independent experiments is reported in the lower panel. Data are presented as mean ± SD. *p < 0.05. (B) Migration was analyzed through wound healing scratch test. Cells were scraped and stimulated with PDGF (15 ng/ml) or single SSc IgG (200 µg/ml; n = 11) in the presence or absence of rapamycin (10 nM) added 48 h before. After 24 h, the gap size was measured and expressed as a percentage of the original wound. Data are presented as mean ± SD of five independent experiments. *p < 0.05. (C) HPASMC cells treated with PDGF (15 ng/ml) or single SSc IgG (200 µg/ml; n = 11) for 48 h in the presence or the absence of rapamycin (10 nM) added 48 h before. Proliferation was determined by 5-bromo-2′-deoxyuridine assay and expressed as fold increase over controls. Data are presented as mean ± SD of five independent experiments. *p < 0.05. (D) HPASMC were treated with rapamycin and then exposed to PDGF (15 ng/ml) or SSc IgG (200 µg/ml; n = 11) for 24 h. COL1A1, smooth muscle-myosin heavy chain, and SM-calponin mRNA levels were measured by real-time PCR. Data are presented as mean ± SD of three independent experiments. *p < 0.05. The IgG from each subject was single tested.





DISCUSSION

Vascular smooth muscle cells are highly specialized cells whose principal functions are contraction and regulation of blood vessel tone. In the mature arterial wall, they exhibit a contractile phenotype characterized by low rate of proliferation and expression of specific markers such as α-SMA, SM-MHC, and SM-calponin. In response to vascular injury, they can dedifferentiate into a proliferative and synthetic phenotype. This phenotypic switching contributes to intimal hyperplasia and has been linked to the development and progression of several vascular disease (38). The functional state of smooth muscle cells is controlled by a complex combination of local environmental cues and epigenetic programs that influences synthetic or contractile, as well as intermediate phenotypes (40–44).

In this study, we analyzed the expression of distinct functional markers of smooth muscle cells from human pulmonary arteries exposed in vitro to anti-PDGFR autoantibodies from SSc patients. In our experimental conditions, the data show that HPASMC acquire a synthetic phenotype characterized by higher growth rate, migratory activity, type I collagen gene expression, and minimal expression of markers characteristic of the contractile phenotype such as SM-MHC and smooth muscle-calponin. Thus, our findings indicate that anti-PDGFR autoantibodies may contribute not only to the development of SSc fibrotic lesions (23, 26) but also to the development of the vascular features. However, it is important to point out that our data do not allow to establish whether the new phenotype is due to the conversion of normal contractile vascular smooth muscle cells to a less differentiate state or to the expansion of medial-derived multipotent vascular stem cells (45).

Furthermore, since none of the SSc IgGs were from patients with pulmonary arterial hypertension, it seems that the impact of anti-PDGFRα autoantibodies on vascular smooth muscle cells reflects a general phenomenon, that is, scleroderma vasculopathy, and the association of their serum levels to specific clinical features (pulmonary arterial hypertension, digital ulcers, and scleroderma renal crisis) must be addressed in a larger cohort of SSc patients.

The activation of PDGFR by SSc IgG was both selective and ROS dependent since the presence of AG 1296 or NAC reduced the proliferation and migration of HPASMC and increased the expression of the differentiation markers. Our data are at variance with the findings reported by Arts et al. (46) who demonstrated that in smooth muscle cells SSc IgG engaged PDGFR leading to the activation of the epidermal growth factor receptor through a PDGFR-independent pathway. Furthermore, even if SSc IgG induced a profibrotic change in smooth muscle cells, collagen gene expression and cell proliferation were not influenced. Finally, some crucial experimental variables such as the source of the cells (aortic rat versus human pulmonary smooth muscle cells) and the timing of stimulation may explain the difference between their and our data.

Reactive oxygen species are known to mediate a variety of intracellular process, and the identification of the sources of these ROS has facilitated our understanding of a number of biological functions. Here, we demonstrated that the SSc IgG-induced abnormal oxidative stress through NOX4 activation facilitated the synthetic phenotype of human pulmonary artery smooth muscle cells. Interestingly and similar to what occurs in SSc fibroblasts (36), SSc IgG increased the expression of NOX4, while NOX1 was unaffected. These findings are the exact opposite of what reported by Lassègue et al. (47). If this discrepancy is to be ascribed to the different cell line and methodology used or indicates a different pathophysiological role of smooth muscle cells, NOX isoforms in response to distinct environmental cues remain to be established. Furthermore, at variance with what we found in normal fibroblasts (36), in HPSMC, SSc IgG did not induce NOX2, suggesting that individual NOX enzymes may play distinct roles between cell types. Thus, the precise interplay of NOX2 and NOX4 in HPSMC following SSc IgG stimulation needs further studies.

Cell proliferation and migration are thought to be a critical step in fibrogenesis, and since there is a strict interplay between mTOR and redox-based signaling (48, 49), we addressed the contribution of mTOR signaling to these phenotypes in cells exposed to ROS inducing stimuli.

mTOR is a serine/threonine kinase that consists of two distinct complexes mTORC1 and mTORC2. Growth factors, nutrients, DNA damage, and hypoxia among others regulate mTOR, which, once activated, phosphorylates multiple downstream signals playing a key role in cellular protein synthesis, control of eukaryotic cell growth, and proliferation, including cell cycle progression, differentiation, protein degradation, apoptosis, and angiogenesis (50). The role of mTOR in the vasculature is subject to intense investigation, particularly in the field of pulmonary arterial hypertension, where evidence has been provided of its importance in the events leading to proliferation and survival of pulmonary vascular cells and its modulation by growth factors, vasoactive agents, vascular Ca2+ channels, and chronic hypoxia (50).

Interestingly, Eid et al. (51), in a different experimental system, have shown that the pharmacological inhibition of mTOR with rapamycin decreases NOX4 activity, ROS production, and podocytes apoptosis induced by high glucose, suggesting that rapamycin may represent a therapeutic modality of diabetic kidney disease (51). In line with their observations, we show that ROS-inducing SSc IgG activated mTOR, and its pharmacological inhibition with the antifungal macrolide rapamycin blocked PDGF and SSc IgG ability to promote crucial functions of vascular smooth muscle cells such as proliferation, migration, and collagen production, implying that mTORC1 mediated the phenotypic conversion.

These findings underscore the potential importance of mTOR in the pathogenesis of SSc, also in light of studies conducted on fibroblasts in vitro and in experimental models of fibrosis. mTOR activation contributes to type I collagen production by dermal fibroblasts (52, 53), and rapamycin improves skin fibrosis in two mouse models of fibrosis (54). Treatment of a small cohort of SSc patients with rapamycin was safe, but the efficacy was not impressive (55). However, the clinical benefit of a more efficient mTOR blockade should be explored exploiting the novel information regarding mTOR signaling targets.

In conclusion, our study demonstrates that stimulatory autoantibodies targeting PDGFR activate smooth muscle cells and may, thus, contribute to the development of SSc vascular lesions.

However, to better define their role in the pathogenesis of the individual SSc vascular manifestations, such as pulmonary arterial hypertension, digital ulcers, and SSc renal disease, it is necessary to study vascular smooth muscle cells of distinct organs, those isolated from tissues of SSc patients, and to establish whether there is indeed an association between the serum levels of anti-PDGFRα autoantibodies and particular vascular features. Nevertheless, the present findings and those already published (23, 24, 27) highlight the importance of an early treatment of scleroderma aimed at downregulating B cell immune response.
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Objective: Although physical therapy can help preserve mobility in patients with systemic sclerosis (SSc), stretching has not been used systematically as a treatment to prevent or reverse the disease process. We previously showed in rodent models that stretching promotes the resolution of connective tissue inflammation and reduces new collagen formation after injury. Here, we tested the hypothesis that stretching would impact scleroderma development using a mouse sclerodermatous graft-versus-host disease (sclGvHD) model.

Methods: The model consists in the adoptive transfer (allogeneic) of splenocytes from B10.D2 mice (graft) into Rag2−/− BALB/c hosts (sclGvHD), resulting in skin inflammation followed by fibrosis over 4 weeks. SclGvHD mice and controls were randomized to stretching in vivo for 10 min daily versus no stretching.

Results: Weekly ultrasound measurements of skin thickness and subcutaneous tissue mobility in the back (relative tissue displacement during passive trunk motion) successfully captured the different phases of the sclGvHD model. Stretching reduced skin thickness and increased subcutaneous tissue mobility compared to no stretching at week 3. Stretching also reduced the expression of CCL2 and ADAM8 in the skin at week 4, which are two genes known to be upregulated in both murine sclGvHD and the inflammatory subset of human SSc. However, there was no evidence that stretching attenuated inflammation at week 2.

Conclusion: Daily stretching for 10 min can improve skin thickness and mobility in the absence of any other treatment in the sclGvHD murine model. These pre-clinical results suggest that a systematic investigation of stretching as a therapeutic modality is warranted in patients with SSc.

Keywords: scleroderma, systemic sclerosis, GvHD, stretching, physical therapy, inflammation, fibrosis


INTRODUCTION

Systemic sclerosis (SSc, also known as scleroderma) is an autoimmune disorder characterized by chronic dysregulation of innate and adaptive immune systems, vasculopathy, and fibroblast dysfunction resulting in fibrosis (1). Although clinical manifestations of SSc are heterogeneous, their hallmark is skin fibrosis, including the dermis and subcutaneous tissue (1–3). When subcutaneous tissue becomes fibrotic, adhesions can form between the skin and underlying connective tissues, which leads to impaired movement between these tissue layers and decreased range of motion (4). Non-pharmacological treatments, including physical therapy and stretching, are thought to be important adjuncts to pharmacological treatment in patients with SSc (5). However, there is evidence that these types of interventions are underutilized, and stretching has not been used systematically to prevent or reverse the diseases process (6, 7). Conversely, the possibility that lack of movement may itself be an important contributor to the pathophysiology of the disease has not been investigated. Thus, the lack of a standardized approach to stretching, including the correct “dose,” and dearth of insight into the mechanisms engaged at the tissue level by stretching has limited the application of this potentially powerful, yet non-invasive treatment (7–9).

We have previously developed an animal model in which mice or rats spontaneously stretch their whole body when they are partially lifted by the tail and allowed to grasp the edge of a surface with their front paws (10). When held in this position, the animals spontaneously extend both front and hind limbs, which increases the distance between shoulders and hips by ~25%. Using this model, we showed that stretching promotes the resolution of inflammation in subcutaneous connective tissues of the back and decreases newly formed collagen in a subcutaneous connective tissue injury model (10–12).

Because inflammation and fibrosis are known to contribute to the development of SSc pathology, the goal of this study was to test the effect of daily stretching in a murine model of SSc. The mouse sclerodermatous Graft-versus-host disease (sclGvHD) has been demonstrated to mimic a subset of SSc patients with an inflammatory gene signature (13, 14). In this model Rag2−/− BALB/c hosts (sclGvHD mice) receive adoptively transferred splenocytes from MHC-matched allogeneic B10.D2 mice (graft). The graft-versus-host reaction culminates in skin inflammation and fibrosis. Seven days after splenocyte transfer, the sclGvHD mice lose weight and inflammatory cells begin to infiltrate the skin. Over the course of the following 4 weeks, collagen accumulates in the skin and fibrosis is clinically manifested as alopecia (15) (15–17). We used novel high-frequency ultrasound methods to follow the course of the disease and measure the impact of stretching. Our ultrasound measures included the thickness of skin and subcutaneous tissue, as well as the relative motion between the skin and underlying subcutaneous connective tissue layers in dynamic ultrasound recordings during passive flexion of the trunk. We chose to focus our measurements on the skin and subcutaneous tissues of the back, which provide accessible flat tissue planes that can be measured reliably with both static and dynamic imaging as previously demonstrated in humans and large animals (18–20), and used high-frequency (50 MHz) ultrasound, which provides the high resolution needed to apply these techniques to rodents. We hypothesized that, in the absence of stretch, ultrasound measurement of skin thickness are increased and subcutaneous tissue mobility are decreased in sclGvHD compared with control mice. We further hypothesized that stretching attenuates these abnormalities in the sclGvHD mice. In addition, because sclGvHD demonstrates a gene expression pattern similar to the inflammatory subset of scleroderma (13, 14) and increased expression of extracellular matrix-associated pathways is evident in this inflammatory subset (13), we also examined the expressions of TGF-β, TIMP1, MMP-12, ADAM8, IL4RA, and CCL2 genes which have been previously shown to be upregulated in both murine sclGvHD and the inflammatory subset of SSc patients (13, 14, 21, 22).



MATERIALS AND METHODS


Mice and sclGvHD Model

The animal testing protocol used in this study was approved by the Harvard Medical School Institutional Animal Care and Use Committee. Rag2−/− mice on a BALB/c genetic background were generated as described previously in Ref. (13, 23). BALB/c and B10.D2, mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). All mice were housed in a specific pathogen-free animal facility at the Harvard School of Public Health. Mice were housed and maintained in accordance with the Guide for Care and Use of Laboratory Animals. The drinking water of all Rag2−/− mice was supplemented with sulfamethoxazole and trimethoprim (Sulfatrim, Hi-Tech Pharmacal, 0.6 mg/ml drinking solution). The sclGvHD model was established as described previously (15).

Six- to nine-week-old males were used for all the experiments. Briefly, 20–40 million BALB/c (syngeneic) or B10.D2 (allogeneic) red-blood-cell-free splenocytes were transferred via tail-vein injection into host mice. Injection of allogeneic splenocytes produced the sclGvHD phenotype, while injection of syngeneic splenocytes served as controls. The mice were weighed and scored clinically once a week by a blinded observer as follows: 0 = no evidence of disease, 1 = fur ruffling or hunched posture, 2 = alopecia < 25% of body surface area, 3 = alopecia > 25% of body surface area, and 4 = death or a veterinary order to euthanize. Half a point was added for periorbital swelling.



Study Design

Mice were randomized into one of four groups (N = 12/group): syngeneic control/no stretch (Ctl-NS), syngeneic control/stretch (Ctl-S), sclGvHD/no stretch (Scl-NS), and sclGvHD/stretch (Scl-S). Allogeneic (sclGvHD) or Syngeneic (Control) splenocytes were injected on day 0. The control group was included to document the effect of scleroderma using ultrasound. The stretch (or no stretch) interventions were performed for 10 min once a day, 5 days per week, for 4 weeks, beginning 3 days after splenocyte injection. Ultrasound measurements were performed once a week during the 4-week intervention, except at week 0 due to barrier facility constraints. At all time points, ultrasound measurements were taken 1 h after the last stretching (or no stretching) session. At the end of week 4, mice were euthanized by decapitation under deep isoflurane anesthesia immediately after the last ultrasound measurements, and skin samples from the back were excised for histology and gene expression analysis after shaving the back.



Intervention Methods

Stretching method: mice were stretched by gently lifting them by the base of the tail until reaching ~45° angle to the horizontal. While grasping onto a bar with their front paws, the mice spontaneously extend their hind limbs. The stretching, which exerted traction on the whole back, increases the distance between the shoulder and hip by ~25% (10). With minimal habituating, mice were able to hold this position comfortably for 10 min without struggling, vocalizing, or other signs of distress (Figure 1A). No stretching (sham): mice were removed from their cage for 10 min but were neither lifted nor stretched (Figure 1B).


[image: image1]
FIGURE 1 | Ultrasound imaging acquisition and stretching methods. (A,B): Stretching (A) and no stretching (B) interventions. (C): Location of rostral and caudal levels for acquisition of transverse ultrasound images. (D): Position of mouse on articulated table during acquisition of dynamic ultrasound imaging during upward and downward table motion. (E): Angle of table motion.




Ultrasound Data Acquisition

All ultrasound data acquisition and measurements were performed by investigators blinded to intervention condition. Ultrasound images of the back were acquired under isoflurane anesthesia. A high-frequency ultrasound scanner (Vevo 2100, Fujifilm VisualSonic, Toronto, ON, Canada) in B mode with a 50-MHz transducer (MS 700) was used for optimal spatial resolution, which provided a resolution of 30 μm × 75 μm (axial × lateral) and a focal length of 5.0 mm. A conductive gel was centrifuged for 5 min to remove air bubbles and spread over the skin. To ensure complete contact between the skin and the transducer, the fur in the back of the mice was parted after applying the gel and prior to imaging. This was done rather than shaving to avoid injury or irritation to the skin. The transducer was stabilized with a clamp and mounted into an articulated arm to control the distance and the angle between the transducer and the skin surface. For skin thickness measurements, the transducer was oriented transversely, perpendicular to the skin of the back and centered on the midline. Ultrasound images were acquired at two levels, one rostral and one caudal, on the left side of the back as shown in Figure 1C. For cumulative displacement measurement, the transducer was oriented longitudinally, 0.5 cm lateral and parallel to the midline and centered on the caudal level. Accurate positioning was achieved by regulating the micrometric screws and great care was taken to position the transducer in such a way as to avoid any compression of the skin (Figure 1D). In each mouse, an ultrasound cine-recording was acquired on the right and left sides of the back during cyclical passive trunk flexion using an articulated table with the hinge point of the table at the level of animal’s axilla. The table moved up and down at 0.5 Hz at a 17° angle (Figure 1E) from the horizontal for a total of four cycles.



Ultrasound Image Measurement

For measurement of skin thickness, three zones were defined on the ultrasound images as illustrated in Figures 2A–C: Zone 1 (skin and subcutaneous tissue) extended from the superficial border of the dermis to the superficial border of the erector spinae muscle. Zone 2 (skin) extended from the superficial border of the dermis to the superficial border of the subcutaneous muscle, and Zone 3 from the superficial border of the subcutaneous muscle to the superficial border of the erector spinae muscle. Thickness measurements were performed at two fixed points, 1.5 mm (medial) and 2.5 mm (lateral) from the midline, respectively (Figure 2B). Thickness measurements at the four sites (upper and lower levels, medial, and lateral points) were averaged and taken as the outcome measure for Zones 1, 2, and 3 thickness.


[image: image1]
FIGURE 2 | Ultrasound image analysis methods. (A–C): ultrasound thickness measurements. Medial and lateral locations are, respectively, 1.5 and 2.5 mm from the midline (A,B). Zones 1–3 are shown in ultrasound (B) and corresponding histology (C) image shows relation to dermis, loose subcutaneous (sc) tissue, subcutaneous (sc) muscle, and trunk muscle (erector spinae). (D,E): Ultrasound measurement of tissue differential displacement. Segments a and b are, respectively, located on the superficial border of the dermis and the superficial border of the erector spinae perimuscular fascia. (E): representative tracing of tangential displacement of superficial and deep segments shown in (D) (segment A yellow and segment B green).


For measurement of cumulative displacement, two segments were defined at the superficial border of the dermis (segment A) and the superficial border of the erector spinae perimuscular fascia (segment B), respectively (Figure 2D). Tissue displacement for each segment was measured using Vivovasc software as the tangential displacement during successive 40 ms increments over the two middle cycles of table motion (Figure 2E). Tangential displacement is defined as displacement along the direction of tissue planes (skin and perimuscular fascia). The absolute cumulative difference between the displacement of superficial and deep segments was calculated and taken as the outcome measure for relative tissue displacement. Ultrasound image measurement intra-rater reliability (ICCs) were r = 0.98 for tissue thickness and r = 0.87 for tissue displacement.



Histopathological Assessment

At 4 weeks after splenocyte transfer, tissue specimens including skin, subcutaneous tissue, and muscle were excised from the shaved skin of one side of the back between the rib cage and the highest point of iliac crest, fixed in 10% neutral-buffered formalin, embedded in paraffin, and stained with standard hematoxylin and eosin (H&E). A blinded observer experienced in SSc pathology (Robert Lafyatis) scored H&E-stained back skin tissue samples per mouse for four parameters (fibrosis, inflammation, fat loss, and epidermal hypertrophy), using a semi-quantitative scale from 0 to 4. Values were summed to derive a combined histopathological score (13).



Quantitative Real-time PCR

For mRNA expression studies, RNA was extracted from tissue samples corresponding to Zone 1 (skin and subcutaneous tissue) on the side contralateral to that used for histology. RNA was extracted using Trizol reagent (Qiagen, Santa Clarita, CA, USA) and reverse transcribed into cDNA with the Affinity Script CDNA Synthesis Kit (Agilent Technologies, Wilmington, DE, USA). Real-time quantitative PCR (qPCR) was performed using Sybr green reagent (Life Technologies, Grand Island, NY, USA). CT values for duplicate samples were averaged, and the amount of mRNA relative to a housekeeping gene transcript was calculated using the ΔCT method. Data were normalized to Hprt. The qPCR conditions were: 3 min 95°C, then 40 cycles of 10 s at 94°C, 10 s at 60°C, and 20 s at 72°C. Primers used for qPRC analysis are listed in Table 1.


TABLE 1 | Q-PCR primer sequence.
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Ex Vivo Tissue Explant Stretching Experiments and Fibroblast Morphological Measurements

Two separate ex vivo experiments were performed using subcutaneous connective tissue explants as previously described (24). In the first experiment, we compared four groups of mice without in vivo stretching (N = 4 mice per group): control mice euthanized at week 2, sclGvHD mice euthanized at week 2, control mice euthanized at week 4, and sclGvHD mice euthanized at week 4. The second experiment compared two groups: sclGVDH mice stretched in vivo for 4 weeks versus sclGVHD mice non-stretched (NS) in vivo for 4 weeks. In both experiments, immediately after euthanasia, a 8 cm × 3 cm tissue flap containing dermis, subcutaneous muscle, and subcutaneous tissue was excised from the back of the mouse. The tissue flap was cut into two pieces (right and left) that were randomized to ex vivo stretch versus control (no stretch). Each piece was placed transversely in grips and immersed in HEPES-physiological saline solution, pH 7.4 at 37°, containing (millimolars): NaCl 141.8, KCl 4.7, MgSO4 1.7, EDTA 0.39, CaCl2 2.8, HEPES 238.3, KH2PO4 1.2, and Glucose 5.0. The grips and tissues were placed vertically in a tissue bath with the proximal grip connected to a 500 g (4.9 N) capacity load cell. Samples randomized to ex vivo stretch were elongated a rate of 1 mm/s by advancing a micrometer connected to the distal tissue grip to 25% strain relative to the unloaded length (length of the tissue laying flat but not stretched) then maintained at that length for the duration of the incubation. Control samples (randomized to ex vivo no stretch) were incubated for the same duration without stretch. At the end of incubation, the tissue was immersion-fixed in 4% paraformaldehyde for 1 h. After fixation, areolar subcutaneous connective tissue samples (each 10 mm × 10 mm) were dissected and placed flat on a glass slide and stained with Texas Red conjugated phalloidin (4 U/ml; Molecular Probes, Eugene, OR, USA) for 40 min at 4°C then counterstained for 2 min with DAPI (Molecular Probes, Eugene, OR, USA). Samples were mounted on slides using 50% glycerol in PBS with 1% N-propylgallate as a mounting medium and overlaid with a glass coverslip. Three slides were prepared from each sample, with an average of 3–4 images taken from each slide, avoiding the edges, using a 63× immersion oil lens and a digital camera AxioCam MRC 5, Zeiss. Images were imported into the analysis software package Image J for morphometric analysis. An average of 30 fibroblasts were measured per excised tissue sample by a blinded investigator. A cell was excluded if part of its cell body perimeter is outside the image. For each cell, the cell body perimeter was traced as defined as the outline of the cell’s cytoplasm projected in the plane of the image excluding cell processes (defined as an extension of a cell’s cytoplasm longer than 2 μm and less than 2 μm in width at any portion of its length). Fibroblast cell body cross-sectional area was calculated as the area delimited by the cell body perimeter projected onto the image plane (see Figure 8 for illustration of method).



Statistical Analysis

Repeated measures analyses of variance were performed to examine the effects of group, time, and their interaction. Dependent measures were zone-specific tissue thickness, relative tissue displacement, clinical score, and weights. Because group differences were found to be time-dependent (i.e., group × time interaction p < 0.05 for all outcome measures), partial F-tests were used to compare the four groups at each time point. If the partial F-test was significant, Fisher’s Protected LSD was used to perform pairwise comparisons among groups at each time point to control type I error rate experiment-wise. For analyses of clinical score, control animals were excluded as all values were scored as 0. A one-way ANOVA was used to compare the four groups on histopathological score and mRNA expression. For mRNA, analyses of variance were performed on log fold change values, with results presented as geometric means and associated SEs. In a subset of animals (N = 5), estimates of intra-rater reliability were computed using on intraclass correlation coefficients for both tissue thickness and displacement. These estimates were based on variance components that were derived based on mixed model analyses of variance. Correlation between outcome variables were examined using Spearman’s correlation. Repeated measures ANOVAs were used to examine in vivo and ex vivo stretch effects on fibroblast cross-sectional area. All statistical analyses were performed using SAS statistical software Version 9.4 (SAS Institute, Cary, NC, USA). Statistical significance was determined based on α = 0.05.




RESULTS


Clinical Score, Animal Weight, and Histological Score

Clinical scores initially increased from baseline to week 1, subsequently decreased from week 1 to week 2 and rose again at weeks 3 and 4 (Figure 3A). This is consistent with previous studies that identified successive phases of skin involvement in the sclGvHD model, with an early predominantly inflammatory phase followed by fibrosis and atrophy (15–17). sclGvHD animal weights paralleled the clinical scores by first decreasing at week 1, rebounding at week 2 and decreasing again at weeks 3 and 4 compared with controls (Figure 3B). Mean combined histological scores at week 4 for the Scl-NS group was 5.3 ± 0.5 which is consistent with previous reports using this model (25) (Figure 3C). Animal weights were lower in both Scl groups compared with both control groups at weeks 1–4. Differences in clinical scores, weight, and histological scores between Scl-NS and Scl-S groups were not statistically significant (Figures 3A–C; Table 2).


[image: image1]
FIGURE 3 | Clinical and histological measures. (A,B): Clinical score (A) and animal weight (B) over the course of the 4-week experiment. (C): Histological scores at week 4. Significant differences are shown between both sclGvHD/stretch (Scl-S) and sclGvHD/no stretch (Scl-NS) compared to both Con-S and Con-NS groups at week 2 (*p < 0.05). There were no significant differences between Scl-S and Scl-NS groups in any of the outcome measures (N = 12 mice per group).



TABLE 2 | Repeated measurements at weekly time points.
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Ultrasound Measurement of Tissue Thickness

Figure 4 shows examples of ultrasound and corresponding histology images for control (Figure 4A) and sclGvHD (Figures 4B,C) mice illustrating the greater dermal thickness in the sclGvHD mice visible with both ultrasound and histology. Ultrasound measurements of Zone 1 (combined skin and subcutaneous tissue), Zone 2 (skin only), and Zone 3 (subcutaneous tissue only), all demonstrated time-dependent differences between the four experimental groups (ANOVA time by group interaction p = 0.001) (Figure 5A; Table 2). Skin and subcutaneous tissue thickness peaked at week 2 in the sclGvHD mice, which is consistent with the presence of early inflammatory edema.


[image: image1]
FIGURE 4 | Ultrasound and histology images at week 4. Ultrasound and corresponding histology images were taken from the same location on the back (at the location indicated in Figure 2A). (A) Control no stretch; (B) sclerodermatous graft-versus-host disease (SclGvHD) no stretch; (C) sclGvHD-stretch. Histological images show increased dermal collagen density in both non-stretched and stretched sclGvHD mice.



[image: image1]
FIGURE 5 | Ultrasound measurement of tissue thickness (A) and relative tissue displacement (B) over the course of the 4-week experiment in the four experimental groups. (A) Significant differences (p < 0.05) are shown between both sclGvHD/stretch (Scl-S) and sclGvHD/no stretch (Scl-NS) compared to both Ctl-S and Ctl-NS groups at week 2 (*) and between Scl-NS and the other three groups at week 3 (#). (B) Significant differences are shown between Scl-NS and the other three groups at week 3 (#) and between the Scl-NS and both control groups at week 4 (¶). Scl-S and Scl-NS were not significantly different at week 4 (N = 12 mice per group).


Stretching had a significant effect on Zone 1 (combined skin and subcutaneous tissue) and Zone 2 (skin only) thickness, which were both reduced by 11% in the Scl-S group compared with the Scl-NS group at week 3 (Figure 5A; Table 2). Thus, while there was no difference between stretch and no stretch at the peak of inflammation (week 2), stretched sclGvHD mice became more similar to controls at week 3.



Ultrasound Measurement of Tissue Mobility

Ultrasound measurement of relative tissue displacement between skin and subcutaneous tissue during passive trunk flexion also showed significant differences between groups (ANOVA p = 0.01) (Figure 5B; Table 2). Although the interaction between group and time was not significant, differences between groups were significant at weeks 3 and 4. At week 3, relative tissue displacement was 26% greater in the Scl-S group compared with the Scl-NS group (Figure 5B; Table 2). At week 4, relative tissue displacement remained greater in the Scl-S compared with Scl-NS, but this difference was no longer statistically significant (Figure 5B; Table 2). There were no significant differences between experimental groups in the simple displacements of either skin or subcutaneous tissue during the passive trunk motion, indicating that stretching had a specific impact on the relative inter-layer mobility of tissues rather than the absolute amount of tissue displacement. Thus, as in the thickness measurements, stretching improved tissue mobility such that stretched sclGvHD mice were more similar to controls at week 3 only.



Gene Expression Analysis

At euthanasia (week 4), we measured markers of fibrosis (TGF-β, TIMP1, MMP12, ADAM8) and inflammation (IL4RA, CCL2) that have been previously shown to be upregulated in both sclGvHD and SSc patients. RNA expression was significantly greater in the Scl-NS compared to the Ctl-NS group for TGF-β p = 0.006, TIMP1 p = 0.012, MMP12 p < 0.001, ADAM8 p < 0.001, and CCL2 p < 0.001 (Figure 6). Stretching significantly reduced the expression of ADAM8 and CCL2 compared with no stretching in sclGvHD mice (p = 0.011 and p < 0.001, respectively) (Figures 6E,F).


[image: image1]
FIGURE 6 | mRNA expression (qPCR) analyses. (A–F): Significance levels for sclGvHD/no stretch and sclGvHD/stretch groups are shown relative to control/no stretch (Ctl-NS) group (*p < 0.05, **p < 0.01, N = 12 mice per group). There were no significant differences between Ctl-NS and Ctl/stretch groups for any of the outcome measures. Results are presented as geometric means and associated SEs, with the y-axis reflecting log scale.


In order to further investigate possible anti-inflammatory effects of stretching suggested by the reduction in CCL2 at week 4, we conducted additional experiments in which mice randomined to in vivo stretch versus no stretch were euthanized at the peak of inflammation (week 2) for measurement of CCL2 along with additional markers of inflammation and matrix remodeling (COX2, PAK2, PLA2, YAP, CTGF, Adam8, MMP12, TGF-β, IL13, IL13ra1, IL4ra, and TIMP1). Although all markers were elevated in the SclGVHD mice compared with controls, we found no significant differences at week 2 between stretched and NS mice for any of the markers, including CCL2 (data not shown). This suggests that the reduced skin thickness and increased mobility observed at week 3 was not due to an early interruption of the inflammatory cascade.



Correlation Analysis

We did not observe any significant correlation between tissue thickness and either histological score, clinical score, or gene expression measures. However, relative tissue displacement was negatively correlated with both histopathological score (r = −0.70, p = < 0.001) and ADAM 8 expression in tissues of the back (r = −0.69, p < 0.001), and ADAM 8 was positively correlated with the histopathological score (r = 0.77, p < 0.001) (Figure 7).
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FIGURE 7 | Relationship of relative tissue displacement, histological score, and ADAM8 mRNA expression. Spearman’s correlation coefficients were r = −0.70, p ≤ 0.001 (A), r = −0.69, p < 0.001 (B), and r = 0.77, p < 0.001 (C).




Ex Vivo Stretching Experiments

In order to investigate the possible role of connective tissue fibroblasts in the response to stretching in the sclGvHD model, we conducted experiments in which connective tissue samples from control and sclGvHD mice are stretched ex vivo. We previously showed that connective tissue fibroblasts respond to tissue stretch ex vivo with cytoskeletal expansion accompanied by a drop in tissue tension (26) and that this fibroblast response is impaired in cross-linked collagen gels (27). We hypothesized that loss of fibroblast responsiveness to stretching may contribute to increased tissue stiffness in sclGvHd, and that stretching in vivo may help preserve fibroblast responsiveness as well as tissue mobility. We first tested whether fibroblast responsiveness to stretching ex vivo is impaired in sclGvHD compared with controls. We measured fibroblast cross sectional area in tissue explants stretched versus non-stretched ex vivo from four groups of mice: control week 2, sclGvHD week 2, control week 4, and sclGvHD week 4 (Figure 8). We found that, at week 2, fibroblasts in explants from control and Scl GvHD responded similarly to ex vivo stretching (main effect of ex vivo stretch p < 0.001). However, at week 4, fibroblast expansion was reduced in explants from sclGvHD mice compared with controls (group by stretch interaction p < 0.01) (Figure 9A). We then tested whether in vivo stretching for 10 min/day in vivo would prevent the loss of fibroblast responsiveness ex vivo at week 4 and found no significant difference between mice that were stretched versus non-stretched in vivo (Figure 9B). Thus, while cytoskeletal expansion and remodeling of connective tissue fibroblasts is clearly impaired in sclGvHD, this response was not improved by in vivo stretching. This suggests that fibroblast-mediated tissue relaxation is not part of the mechanism underlying the beneficial effect of stretching.


[image: image1]
FIGURE 8 | Fibroblast cytoskeletal response to tissue stretch ex vivo. Tissue explants from Control and sclerodermatous graft-versus-host disease mice were excised immediately after euthanasia at week 2 or week 4, then stretched (S) versus non-stretched ex vivo for 2 h, followed by fixation and staining with phalloidin for measurement of cell body cross-sectional area (outlined as described in Section “Materials and Methods”).



[image: image1]
FIGURE 9 | Ex vivo stretching experiments. (A): Connective tissue explants from control and sclerodermatous graft-versus-host disease (sclGvHD) mice were stretched (S) versus not stretched for 2 h ex vivo, then fixed and stained for measurement of fibroblast cross-sectional area as shown in Figure 8. Fibroblast response to ex vivo tissue stretch was reduced in sclGvHD mice that were euthanized at week 4 but not week 2, compared with controls. (B): In sclGvHD mice, daily in vivo stretching did not result in an increased fibroblast responsiveness to ex vivo stretching at week 4.





DISCUSSION

In this study, we show that in vivo ultrasound is a valuable technique to monitor skin thickness and subcutaneous tissue mobility in the murine sclGvHD model. In addition, daily stretching produced a measurable beneficial effect since it reduced skin thickness and improved mobility during the fibrotic phase of the model (week 3). However, we found no differences in weight loss, clinical and histological scores between stretch and no stretch groups. A possible interpretation for these results is that our ultrasound findings were unrelated to any meaningful clinical improvement. On the other hand, it is also possible that ultrasound measurements are more sensitive than clinical and histological scores in following the course of the disease, since a marked increase in skin thickness in the sclGvHD mice was detectable with ultrasound at week 2 in the absence of clinical symptoms. This may be because the clinical score focuses on alopecia (and marginally periorbital swelling) which is more externally visible than skin swelling. Furthermore, clinicial scores do not reflect lack of tissue mobility which is one of the main sources of impairment in SSc. Even though clinical and histological scores were not different between stretch and no stretch groups, the correlation between skin mobility and histological scores suggests that skin mobility measured with ultrasound may be a useful and sensitive non-invasive marker in this model.

The mechanisms underlying any beneficial effect of stretching on skin thickness and mobility are at present unclear. Stretching reduced mRNA expression of CCL2 which is an important inflammatory mediator associated with the sclGvHD model (13, 14). The lack of accompanying reduction in clinical symptoms stands in contrast to a previous study using this model in which treatment with CCL2 antibodies completely prevented the development of clinical and tissue pathology (13). However, CCL2 antibodies were administered systemically beginning immediately after cell transfer while, in our study, we only saw stretch-induced reduction of CCL2 at week 4 and not at the peak of inflammation (week 2). It is, therefore, possible that reduction in CCL2 by stretching was not sufficient in magnitude or occurred too late to have a significant impact on the inflammatory process. Furthermore, we did not observe any reduction of inflammatory genes at week 2, suggesting that the reduced skin thickness and increased mobility observed at week 3 was not due to an early interruption of the inflammatory cascade.

Another possibility is that the effect of stretching is not primarily anti-inflammatory, but rather is mechanical in nature. Reduced shear plane mobility of subcutaneous connective tissue can result from a number of interrelated factors, including adhesions between tissue layers and increased connective tissue matrix stiffness due to increased collagen deposition and cross linking. We found no significant reduction in TGF-β, TIMP-1, or MMP-12 with stretching, suggesting that stretching did not directly impact fibrotic matrix remodeling. We also found no improvement of fibroblast responsiveness to tissue stretch ex vivo in sclGvHD mice that had been stretched in vivo, suggesting that tissue stiffness remained higher than in controls in both stretched and NS sclGvHD mice at week 4. This is consistent with our ultrasound findings showing further reduction in tissue mobility from week 3 to week 4 in both sclGvHD groups compared with controls. On the other hand, although in vivo stretching did not fully reverse the pathology, the reduction of ADAM8 mRNA expression in stretched mice and positive correlation of ADAM8, tissue mobility, and histological scores suggests a role for cell–matrix interactions in the effect of stretching, since matricellular proteins of the ADAM family have been implicated in mechanical signaling as well as inflammation (28, 29). Further studies will be needed to specifically examine the contribution of extracellular matrix stiffness and cell–matrix interactions to the effects of in vivo stretching.

Although mechanisms are at this point unclear, it is important to note that the observed effects of stretching occurred in the absence of any other treatment. The implication of these pre-clinical findings is that a systematic investigation of stretching as a therapeutic modality is warranted in patients with SSc. This is particularly important in light of a recent report that only 10% of SSc patients received physical/occupational therapy and that a frequent complaint from patients is that physical therapists are often reluctant to treat patients with SSc (6). The magnitude of improvement in tissue mobility (25%) observed in our study was comparable to improvements in range of motion of joints and other tissues that are considered clinically significant in other conditions (30), as well as the magnitude of clinical improvement typically found with commonly prescribed pharmacological treatments in patients with diffuse sclerodermatous skin involvement (31, 32). Although the presence of deep tissue “friction rubs” has been reported as a clinical sign associated with poor prognosis and was suggested as a routine part of the rheumatologic physical examination (33), there are currently no established methods to quantify the involvement of deep tissues. Dynamic ultrasound imaging has been successfully used in humans to measure the mobility of connective tissues (19), but so far this technique has not been applied to scleroderma. Thus, a next step in the translation of our current results to humans would be the development and validation of a clinical protocol using dynamic ultrasound to first follow the course of the disease, and then quantify the effects of treatments, including stretching.
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Gene Profiling in Patients with Systemic Sclerosis Reveals the Presence of Oncogenic Gene Signatures
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Systemic sclerosis (SSc) is a rare connective tissue disease characterized by three pathogenetic hallmarks: vasculopathy, dysregulation of the immune system, and fibrosis. A particular feature of SSc is the increased frequency of some types of malignancies, namely breast, lung, and hematological malignancies. Moreover, SSc may also be a paraneoplastic disease, again indicating a strong link between cancer and scleroderma. The reason of this association is still unknown; therefore, we aimed at investigating whether particular genetic or epigenetic factors may play a role in promoting cancer development in patients with SSc and whether some features are shared by the two conditions. We therefore performed a gene expression profiling of peripheral blood mononuclear cells (PBMCs) derived from patients with limited and diffuse SSc, showing that the various classes of genes potentially linked to the pathogenesis of SSc (such as apoptosis, endothelial cell activation, extracellular matrix remodeling, immune response, and inflammation) include genes that directly participate in the development of malignancies or that are involved in pathways known to be associated with carcinogenesis. The transcriptional analysis was then complemented by a complex network analysis of modulated genes which further confirmed the presence of signaling pathways associated with carcinogenesis. Since epigenetic mechanisms, such as microRNAs (miRNAs), are believed to play a central role in the pathogenesis of SSc, we also evaluated whether specific cancer-related miRNAs could be deregulated in the serum of SSc patients. We focused our attention on miRNAs already found upregulated in SSc such as miR-21-5p, miR-92a-3p, and on miR-155-5p, miR 126-3p and miR-16-5p known to be deregulated in malignancies associated to SSc, i.e., breast, lung, and hematological malignancies. miR-21-5p, miR-92a-3p, miR-155-5p, and miR-16-5p expression was significantly higher in SSc sera compared to healthy controls. Our findings indicate the presence of modulated genes and miRNAs that can play a predisposing role in the development of malignancies in SSc and are important for a better risk stratification of patients and for the identification of a better individualized precision medicine strategy.
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INTRODUCTION

Systemic sclerosis (SSc) is a rare, chronic disease characterized by three pathogenetic hallmarks: vasculopathy, dysregulation of the immune system, and increased extracellular matrix deposition in the skin and internal organs, leading to extended fibrosis and to a remarkable heterogeneity in clinical features and course of the disease, resulting in high morbidity and mortality (1).

Several environmental factors alongside genetic susceptibility and epigenetic mechanisms contribute to the onset of the disease (2–5).

Increased frequency of a few types of cancer, namely breast, lung, and hematologic malignancies in SSc has been reported (6), and it seems to be associated with the presence of particular autoantibodies (7). Moreover, it is worthwhile mentioning that SSc may also be a paraneoplastic disease (8, 9), indicating a strong link between cancer and scleroderma.

Given the high incidence of tumors in patients with SSc, we wanted to assess whether this phenomenon may be supported by a particular gene modulation that can favor cancer development in patients with SSc. Thus, we analyzed transcriptional profiles of peripheral blood mononuclear cells (PBMCs) obtained from patients with SSc to evaluate the presence of modulated genes that are involved in signaling pathways associated with malignancy. Moreover, through a complex network analysis, we verified which pathways could play a pivotal role in cancer development in SSc patients.

Besides environmental and genetic factors, epigenetic mechanisms, such as microRNAs (miRNAs), are believed to play a central role in the pathogenesis of the disease.

microRNAs are a class of small non-coding RNAs that bind 3’ untranslated region of messenger RNAs (mRNAs), negatively regulating target gene expression by either the repression of translation or degradation of target mRNAs (10). miRNAs are considered an important class of epigenetics regulators in many basic cellular processes as well as in the vast majority of diseases, including cancer and autoimmunity (11, 12). Little is known about the role of dysregulated expression of miRNAs in the pathogenesis of SSc (13). An altered expression of profibrotic and/or antifibrotic miRNAs has been suggested as an important factor in the development of fibrosis in SSc patients (14). Moreover, increased evidence suggests that serum miRNA levels may be promising biomarkers for the diagnosis, prognosis, and therapeutic approach in SSc (15). Serum levels of miR-21 and miR-92a have been found significantly higher in SSc samples compared to normal controls (16, 17). Their function is implicated in inflammation, in regulation of immune cells (18) and in favoring fibrosis (16, 17).

Since particular miRNAs have been associated with malignancies, we aimed at evaluating whether transcriptional profiles and dysregulation of particular miRNAs are shared by cancer and SSc.



MATERIALS AND METHODS


Patients

We enrolled 30 patients affected by SSc, attending the Unit of Autoimmune Disease at the University Hospital of Verona, and 30 sex and age matched healthy controls. All patients fulfilled the ACR/Eular classification criteria for SSc (19). The distinction between limited (lSSc) and diffuse cutaneous SSc (dSSc) was performed according to the criteria proposed by LeRoy et al. (20). Fifteen of the 30 patients were affected by lSSc and 15 by dSSc. The clinical and demographic features of the patients enrolled in the study are summarized in Table 1.


TABLE 1 | Clinical and demographic features of the patients enrolled in the study.
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Samples obtained from 10 patients with lSSc, 10 patients with dSSc, and 10 healthy controls were used for the gene expression analysis, whereas samples obtained from all the patients and controls were used for the microRNA study. Blood samples were collected from patients with active disease and in the absence of immunosuppressive therapies.

A written informed consent was obtained by all the participants to the study and the study protocol was approved by the Ethical Committee of the Azienda Ospedaliera Universitaria Integrata di Verona. All the investigations have been performed according to the principles contained in the Helsinki declaration.



Gene Expression Analysis

Blood samples were collected in BD Vacutainer K2EDTA tubes using a 21-gage needle. PBMC were obtained upon stratification on Lympholyte® cell separation density gradient (Cedarlane, Burlington, Canada). Total RNA extraction from PBMC was performed with miRNeasy mini kit following manufacturer’s protocol (Qiagen GmbH, Hilden, Germany). cRNA preparation, samples hybridization, and scanning were performed following the Affymetrix (Affymetrix, Santa Clara, CA, USA) provided protocols, by Cogentech Affymetrix microarray unit (Campus IFOM IEO, Milan, Italy). All samples were hybridized on Human Clariom D (Affymetrix) gene chip and were analyzed using the Transcriptome Analysis Console (TAC) 4.0 software (Applied Biosystem, Foster City, CA USA by Thermo Fisher Scientific, Waltham, MA, USA). The Signal Space Transformation (SST)-Robust Multi-Array Average algorithm (RMA) were applied to background-adjust, normalize, and log-transform signals intensity.

Relative gene expression levels of each transcript were validated applying a one-way analysis of variance (ANOVA) (p ≤ 0.01) and multiple testing correction. Genes that displayed an expression level at least 1.5 fold different in the test sample versus control sample (p ≤ 0.01) were submitted both to functional classification, using the Gene Ontology (GO) annotations, and to Pathway analysis, employing the Panther expression analysis tools1 (21). The enrichment of all pathways and functional classes associated to the differentially expressed genes compared to the distribution of genes included on the Clariom D microarray was analyzed and p values ≤0.05, calculated by the binomial statistical test, were considered as significant enrichment.



Protein–Protein Interaction (PPI) Network Construction and Network Clustering

The Search Tool for the Retrieval of Interacting Genes (STRING version 10.52) is a web-based database which comprises experimental as well as predicted interaction and covers >1,100 completely sequenced organisms (22). DEGs were mapped to the STRING database to detect protein–protein interactions (PPI) pairs that were validated by experimental studies (23) and the corresponding PPI network was constructed. A score of ≥0.7 for each PPI pair was selected to design the PPI network.

To detect high-flow areas (highly connected regions) of the network, we used the CFinder software tool, based on the Clique Percolation Method (CPM) (24). Finally, Cytoscape software (25) was used to define the topology of the built networks.



Cell-Free microRNA Expression in SSc Sera

To isolate cell-free circulating miRNA (cf-miRNA) in serum, we used miRNeasy serum/plasma kit (Qiagen, GmbH, Hilden, Germany). For all the samples, RNA was extracted from 200 μL of serum in accordance with manufacturer’s instructions. In order to minimize the technical variation between samples in down-stream PCR analysis we added, for all isolations, 0.90 fmol of spike-in non-human synthetic miRNA cel-39-3p into the sample after the addition of the lysis/denaturant buffer to the serum. After extraction, RNA was eluted in 14 μL of nuclease-free water.

Mature miRNA expression was assayed by TaqMan® Advanced miRNA assays chemistry (Applied Biosystems, Foster City, CA, USA). Briefly, 2 μL of serum RNA was reverse transcribed and pre-amplified with TaqMan® Advanced miRNA cDNA synthesis kit following manufacturer’s instructions (Applied Biosystems, Foster City, CA, USA). Pre-amplified cDNA was diluted 1/10 in nuclease-free water and 5 μL of diluted cDNA for each replicate were loaded in PCR. 20 μL PCR reactions were composed by 2× Fast Advanced Master Mix and TaqMan® Advanced miRNA assays for hsa-miR-126-3p (477887_mir), hsa-miR-21-5p (477975_mir), hsa-miR-92a-3p (477827_mir), hsa-miR-155a-5p (477927_mir), and hsa-miR-16-5p (477860_mir). Since established consensus house-keeping miRNAs for data normalization are lacking for serum miRNAs, we used cel-39-3p expression (478293_mir) to normalize miRNA expression. Real time PCR were carried out in triplicate on a QuantStudio 6 Flex instrument (Applied Biosystems, Foster City, CA, USA). Expression values were obtained by ΔCt method using QuantStudio Real-time PCR system software v. 1.3.




RESULTS


Gene Array Analysis

In order to gain new insights into the pathogenesis of SSc, we compared the gene expression profiles of PBMC samples obtained from 10 lSSc and 10 dSSc patients with 10 PBMC samples obtained from age and sex matched healthy donors. Raw data have been deposited in the ArrayExpress database at EMBL-EBI3 under accession number E-MTAB-6531.

When we analyzed lSSc samples, we found that 829 differently expressed genes (DEGs) satisfied the Bonferroni-corrected p value criterion (p ≤ 0.01) and the fold change criterion (FC ≥ |1.5|), displaying robust and statistically significant variation between SSc and healthy controls samples. In particular, 736 and 93 transcripts resulted to be over- and underexpressed, respectively. The complete list of modulated genes can be found in Table S1 in Supplementary Material.

When the same Bonferroni-corrected p value and fold change criteria were used, 456 transcripts were differentially modulated in dSSc patients compared to healthy controls, 327 and 129 transcripts resulted to be up- and downregulated, respectively (Table S2 in Supplementary Material).

The Gene Ontology analysis of modulated genes in lSSc patients, showed that a large number of the modulated transcripts can be ascribed to biological processes that may play a role in SSc, including: apoptotic process, cell proliferation, growth factor and growth factor binding, inflammatory response, immune response, angiogenesis, endothelial cell activation, cell adhesion, and extracellular matrix organization process.

Moreover, a large number of modulated genes were ascribed to well-known signaling pathways encompassing Type I interferon, epidermal growth factor (EGF) receptor, transforming growth factor (TGF)-beta, interleukin, Wnt, glycolysis, platelet derived growth factor (PDGF), FAS, and Phosphoinositide 3 (PI3)-kinase signaling pathway.

Table 2 shows a selection of DEGs within the above-mentioned categories and also includes public gene accession numbers and fold changes.


TABLE 2 | Selection of modulated genes in lSSc patients versus healthy controls.
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Among genes involved in apoptosis, we found the upregulation of B-cell lymphoma 2 (BCL2); BCL2-like 1 (BCL2L1); BCL2-like 13 (BCL2L13); mitochondrial fission factor (MFF); translocase of inner mitochondrial membrane 50 homolog (TIMM50), and zinc finger and BTB domain containing 16 (ZBTB16). Interestingly, TIMM50 is an anti-apoptotic gene that has been involved in breast cancer cell proliferation (26).

The upregulation of apoptotic molecules was paralleled by the overexpression of genes involved in cell proliferation including MYC proto-oncogene, bHLH transcription factor (MYC); v-akt murine thymoma viral oncogene homolog 2 (AKT2); Pim-1 proto-oncogene, serine/threonine kinase (PIM); cyclin D3 (CCND3), and T-cell leukemia/lymphoma 1 A (TCL1A).

Interestingly, all these molecules have been previously associated to different type of cancer (27–30). Moreover, we found downregulation for cullin 3 (CUL3) a tumor suppressor molecule (31). All these observations may suggest that a dysregulation of proliferative genes in patients with SSc may predispose to the development of malignancies.

We also found upregulation of growth factors encoding molecules such as platelet-derived growth factor alpha polypeptide (PDGFA), bone morphogenetic factor 6 (BM6), and myeloid differentiation primary response 88 (MYD88) a fibrogenic molecule that controls pericyte migration and trans-differentiation of endothelial cells to myofibroblasts (32).

Chronic inflammation is a feature of SSc; therefore, the upregulation of genes involved in the inflammatory response, including chemokine (C-X-C motif) ligand 10 (CXCL10), chemokine (C-X-C motif) receptor 5 (CXCR5), folate receptor 2 (FOLR2), interleukin 2 receptor, alpha (IL2RA), thromboxane A2 receptor (TBXA2R), and glutathione peroxidase 1 (GPX1), is not surprising.

Scleroderma, like other autoimmune connective tissue diseases, is characterized by immune system alterations and the results of our analysis also highlighted this aspect, showing a modulation of a large number of genes involved in immune response. A selection of these molecules is reported in Table 2 and includes: BLK proto-oncogene, Src family tyrosine kinase; CD79a molecule, immunoglobulin-associated alpha (CD79A); major histocompatibility complex, class II, DR beta 5 (HLA-DRB5); immunoglobulin heavy variable 4-28 (IGHV4-28); immunoglobulin heavy variable 5-51 (IGHV5-51); (IGKV1-27); immunoglobulin kappa variable 2D-29; immunoglobulin lambda variable 1-50 (IGLV1-50); interleukin 4 receptor (IL4R), linker for activation of T-cells (LAT); macrophage migration inhibitory factor (MIF); membrane-spanning 4-domains, subfamily A, member 1 (MS4A1); myeloid differentiation primary response 88 (MYD88); pre-B lymphocyte 3 (VPREB3), and CD200 molecule (CD200). Among the abovementioned molecules, MIF has been described as a lung metastasis inducer (33) and CD200 has been involved in the development of breast cancer metastasis (34) and of myeloid leukemia (35).

The initial stages of SSc are accompanied by an angiogenic response to tissue ischemia and vascular damage, that is later replaced by a deficient wound healing and by fibrosis (36). Indeed, several genes involved in angiogenesis were upregulated in lSSc samples including calcium and integrin binding 1 (CIB1); integrin beta 3 (ITGB3), platelet-derived growth factor alpha polypeptide (PDGFA), and protein kinase C, alpha (PRKCA). Interestingly, PDGF stimulates tumor cells, promotes angiogenesis, and the development of cancer associated fibroblasts (37) leading to tumor progression. In addition, aberrant expression of PKCA is associated with a range of malignancies and has recently become a target for anti-cancer therapies (38).

The upregulation of genes such as chemokine (C-X-C motif) ligand 10 (CXCL10), forkhead box P1(FOXP1), protein arginine methyltransferase 5(PRMT5), and selectin P (SELP) is consistent with the endothelial cells activation that is typical of SSc and is accompanied by the overexpression of cell adhesion molecules involved in endothelial cells and leukocytes interactions as well as in blood cells extravasation. We indeed found upregulation for intercellular adhesion molecule 2 (ICAM2), protocadherin 9 (PCDH9), integrin beta 3 (ITGB3), integrin beta 7 (ITGB7), and CD151 molecule that, importantly, is an emerging possible poor prognostic factor for solid tumors (39).

Systemic sclerosis is characterized by connective tissue fibrosis of skin and internal organs that is sustained by extracellular matrix (ECM) remodeling (40). Accordingly, we found an increased expression of transcripts that play a role in ECM organization including laminin gamma 1 (LAMC1), collagen, type XIX (COL19A1), bone morphogenetic protein 6 (BMP6), cystatin C (CST3), and secreted protein, acidic, cysteine-rich (SPARC), a secreted protein that is overexpressed in the fibroblasts of skin biopsy from patients with SSc (41). Noteworthy, remodeling of the stromal ECM by cancer-associated fibroblasts is crucial for tumor cell migration and invasion (42) and SPARC has been associated to these events (43). Interestingly, an elevated preoperative CST3 level was demonstrated to be related with worse survival in patients with renal cell carcinoma (44).

The pathway enrichment analysis that we performed to find signaling network that were overrepresented by modulated genes in lSSc samples, showed an enrichment in apoptosis, glycolysis, PDGF, 5HT4 type receptor, Fas cell surface death receptor (FAS), histamine H2 receptor, serine glycine biosynthesis, beta 3 adrenergic receptor, angiotensin (through G proteins and beta-arrestin), and interleukin signaling pathways (Table 3).


TABLE 3 | Pathways enriched in genes modulated in lSSc samples.
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Interestingly, several of the abovementioned enriched pathways are involved in cancer development.

Other modulated transcripts belong to the epidermal growth factor (EGF), transforming growth factor (TGF) beta, Wnt, and PI3 kinase signalings, all involved not only in the development of the SSc associated fibrosis (45, 46) but also in cancer development (47–50). In particular, we observed overexpression of the AKT2 member of the EGF signaling pathway and of the FOXO1 component of the PI3K pathway. The deregulation of these genes has been associated with tumor progression and metastatic spread (29, 51).

The functional classification of DEGs in dSSc samples shows that they reflects the gene modulation observed in lSSC samples (see Table 4).


TABLE 4 | Selection of modulated genes in diffuse SSc patients versus healthy controls.
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The apoptosis functional class accounted for several upregulated transcripts namely apoptosis enhancing nuclease (AEN), B-cell CLL/lymphoma 2 (BCL2), B-cell CLL/lymphoma 7 C (BCL7C), signal transducer and activator of transcription 1 (STAT1), TNF receptor-associated factor 2 (TRAF2), and translocase of inner mitochondrial membrane 50 homolog (TIMM50). In addition to genes that were also modulated in lSSc samples (i.e., MYC, AKT2, and PIM1), other genes involved in cell proliferation and also in tumor development were overexpressed. These genes include: hes family bHLH transcription factor 1(HES1), CDC28 protein kinase regulatory subunit 2 (CKS2), and cyclin D3 (CCND3) (52–54). Moreover, three upregulated transcripts were ascribed to the growth factor binding gene category: glucose-6-phosphate isomerase (GPI), fibroblast growth factor intracellular binding protein (FIBP), and MYD88 (also modulated in lSSc samples as mentioned above). Noteworthy, also in dSSc samples, we observed the down-modulation of the tumor suppressor CUL3.

Several modulated genes encode for inflammatory molecules including chemokine (C-X-C motif) ligand 11 (CXCL11), Fc fragment of IgG, high affinity Ib, receptor (FCGR1B), Fc fragment of IgG, low affinity IIIa, receptor (FCGR3A), linker for activation of T-cells (LAT), prostaglandin E receptor 4 (PTGER4), CXCL10, and CXCR5. These last two transcripts were also overexpressed in lSSc samples.

Genes involved in the immune response were modulated also in dSSc samples and, besides the genes overexpressed in lSSc samples (i.e., IL4R, LAT, and MYD88), we found upregulation of CD79b molecule, immunoglobulin-associated beta (CD79B), complement component receptor 2 (CR2), forkhead box P3 (FOXP3), major histocompatibility complex, class I, A (HLA-A), major histocompatibility complex, class I, B (HLA-B), major histocompatibility complex, class I, E (HLA-E), major histocompatibility complex, class I, G (HLA-G), immunoglobulin heavy variable 3-66 (IGHV3-66), immunoglobulin heavy variable 4-61 (IGHV4-61), radical S-adenosyl methionine domain containing 2 (RSAD2), and transporter 1, ATP-binding cassette, sub-family B (TAP1).

Among DEGs involved in angiogenesis there are: glucose-6-phosphate isomerase (GPI), hematological and neurological expressed 1 (HN1), KRIT1, ankyrin repeat containing (KRIT1) and CIB1 (also modulated in lSSc samples).

Endothelial activation was well represented in dSSc samples by the overexpression of gene encoding for endothelin 1 (EDN1) that is associated with diseases characterized by endothelial dysfunction and fibrosis (55).

Finally, we found upregulation of three transcripts that play a role in the ECM organization including ADAM metallopeptidase domain 2 (ADAM2), CST3 (increased also in lSSc samples), and basigin (BSG). BSG, also named ECM metalloproteinase inducer (EMMPRIN), is expressed on the surface of tumor cells and induces fibroblasts to synthesize matrix metalloproteinases (56).

Pathways enrichment analysis showed that pathways also overrepresented in lSSc samples were enriched in dSSc samples (i.e., glycolysis, apoptosis, and interleukin signaling pathway). Besides these signaling pathways, we found an enrichment in pathways involved in tumor development including: inflammation mediated by chemokine and cytokine, cell cycle, Ras (57), oxidative stress response (58), p53 (59), ubiquitin proteasome (60), JAK/STAT (61), p38 MAPK (62), angiogenesis, and EGF receptor signaling pathway (Table 5). Among modulated genes belonging to these pathways, we mention ras homolog family member C (RHOC), the overexpression of which indicates poor prognosis in breast cancer cells (63), and the abovementioned AKT2 and HES1.


TABLE 5 | Pathways enriched in genes modulated in diffuse SSc samples.
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As found in lSSc samples, among other DEGs involved in signal transduction, several transcripts were involved in Wnt, PDGF, and type I interferon signaling pathway and, their role in cancer development has been already stressed in our dissection of genes modulated in lSSc. Not surprisingly, type I interferon pathway accounted for a large amount of DEGs (14) and the evidence of the modulation of this molecular signaling both in lSSc and in dSSc further underlines its role in the pathogenesis of the disease.



Network Analysis of Modulated Genes in SSc

The gene expression profiling of SSc patients was complemented with a network analysis. With this purpose, by a bioinformatic analysis, we selected all the functional and experimentally validated interactions between the protein products of modulated genes and we constructed the two protein–protein interaction (PPI) networks that were representative of lSSc and dSSc dataset.

The lSSc-PPI network comprised 440 genes (nodes) and 1351 pairs of interactions (edges) (Figure 1A), whereas the dSSc included 225 genes and 870 pairs of interactions (Figure 1B).
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FIGURE 1 | Network analysis of modulated genes in systemic sclerosis (SSc) patients. Protein–protein interaction network of differently expressed genes in lSSc (A) and in diffuse cutaneous SSc (B) samples.


The PPI networks were then submitted to a modular analysis to find set of highly interconnected nodes (modules) that participate in multiple activities in a coordinated manner and that are expected to play a prominent role in the development of biological phenomena.

In the lSSc-PPI network, we identified nine modules that are graphically represented in Figure 2. Moreover, a functional enrichment analysis was applied to find the associations between each module and relevant enriched “GO terms” and pathways. All the significantly enriched (p < 0.05) biological processes (BPs) and pathways in each module are showed in Table S3 in Supplementary Material and Table 6 shows a selection of the most relevant terms. We observed that the most enriched BPs in module M0, were the signaling of G-protein coupled receptors (GPCRs) and mediated by chemokine. Interestingly, the GPCRs pathway is involved in cancer initiation and progression and GPCRs are emerging as anti-cancer drug targets (64). In the same module M0, we could highlight, among other, an enrichment in inflammation mediated by chemokine and cytokine, PI3 kinase and endothelin signaling pathway. Module M1 showed an enrichment in the positive regulation of type I interferon production BP whereas, among different enriched pathways, we found the glycolysis pathway and again, the endothelin signaling pathway. Module M2 and M4 were the most representative of the type I interferon response. In M2, the GO terms associated to the type I interferon signaling were the most enriched biological processes, followed by terms associated to the innate immune response (i.e., innate immune response, defense response to virus, interferon gamma mediate signaling) and to the adaptive immune response (i.e., antigen processing and presentation of exogenous peptides). Interestingly, the enriched pathways in M2 were related to the Jak/Stat and Interleukin signaling, both associated to tumor development as previously remarked.
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FIGURE 2 | Modular analysis of the lSSc-protein–protein interaction network. Modules originated from the interaction network of modulated genes in lSSc samples.



TABLE 6 | Most relevant biological processes and pathways enriched in lSSc modules.
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In M4, the most enriched BPs were interferon-gamma-mediated signaling pathway and cellular response to interferon-gamma. Besides the BPs associated to type I interferon response, we found an enrichment in terms referred to the lymphocyte-associated immune response (i.e., regulation of lymphocyte activation, regulation of T cell activation, regulation of T cell proliferation and antigen processing, and presentation of peptide antigen via MHC class I and II). Most enriched pathways in M4 were referred to interferons (alpha, beta and gamma) pathways. Interestingly, in M4, we observed an enrichment in the PD-1 signaling, an immune-inhibitory-checkpoint that acts as crucial mediator for the escape phase of cancer immune editing (65). Module M3 and M5 were enriched in terms related to translation and other metabolic processes of proteins and, in module M6 the most enriched BPs and pathways were referred to the glycolytic pathway. In module M7, we observed an enrichment of many BPs associated to positive and negative regulation of apoptosis and concordantly, an enrichment in the apoptotic FAS and p53 pathways signaling. Moreover, in M7, several cancer-associated signaling pathways were included, including PI3 kinase, Ras, Interleukin, FGF, and EGF receptors signaling pathways. Finally, in module M8, the protein ubiquitination BP and the ubiquitin proteasome pathway were the most over-represented. Interestingly, tumor cells have a high dependency on the proteasome for survive and proteasome deregulation is frequently induced by many types of tumors (66).

From the dSSC-PPI network, we could extract seven modules (Figure 3) that were studied by a functional enrichment analysis. The results of this analysis are fully presented in Table S4 in Supplementary Material and the most relevant terms are showed in Table 7.
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FIGURE 3 | Modular analysis of the diffuse SSc (dSSc)-protein–protein interaction network. Modules originated from the interaction network of modulated genes in dSSc samples.



TABLE 7 | Most relevant biological processes and pathways enriched in diffuse SSc modules.
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The BPs that we found enriched in the module M0 were mainly referred to the immune response. In particular, we observed an enrichment in the regulation of tumor necrosis factor superfamily cytokine production process. Moreover, the over-represented pathways in M0 reassumed nearly all signalings that were enriched in the entire dSSc dataset, including inflammation mediated by chemokine and cytokine, JAK/STAT, p53, oxidative stress response, Ras, interleukin, EGF receptor, and angiogenesis signaling pathway. Module M1 was largely enriched in ATP and purine ribo/nucleoside metabolic processes, whereas M2 was mostly represented by BPs referred to the type I interferon signaling followed by BPs involved in both innate and adaptive immune response. In addition, DEGs in M2 mainly play a role in ubiquitin proteasome, Jak/Stat, interleukin, EGF receptor, and PDGF signaling pathways. In M3, the most enriched BP was cellular response to TNF and, not surprising, the most over-represented pathway was the apoptosis signaling. Other pathways, statistically representative of module M3 were toll-like receptor (TLR), ubiquitin proteasome, and p53 pathway. In particular, the enrichment of TLR signaling is interesting since it is well known that inducing pro-inflammatory cytokines and co-stimulatory molecules, it contributes to the development of an excessive inflammatory response, leading to both autoimmune disorders and tumor growth (67). Module M4 was mostly enriched in G-protein coupled receptor signaling, and we also observed enriched BPs related to leukocyte/lymphocyte chemotaxis, whereas the most over-represented pathway was inflammation mediated by chemokine and cytokine signaling pathways. The Wnt signaling pathway was preeminent in module M5. In addition, DEGs in this module were also primarily involved in the p53 pathway. Response to virus was the most representative BP of module M6: is worthwhile mentioning that numerous viruses have been proposed as possible triggering factors in SSc (68), and indeed, it has been estimated that up to a quarter of human tumors are connected to infection or infection-associated chronic inflammation (69).

A large number of BPs involved in immune cells activation, proliferation, and differentiation and in type I interferon signaling, were prevalent in M6. The over-represented pathways in this module were again signalings also involved in cancer and already mentioned in this analysis (i.e., p53, interleukin, PDGF, Jak/Stat, TLR, Ras, and apoptosis signaling pathway).



MicroRNAs in SSc Sera

Systemic sclerosis is associated with an increased risk of malignancies, and in the present study, we found a modulation of genes encoding for molecules that have been previously associated to different types of cancers. An important role of miRNAs in human cancers is well established (12). The higher incidence of cancer in SSc patients prompted us to investigate whether specific cancer-related miRNAs could be deregulated in the serum of SSc patients as compared to healthy controls.

Since SSc patients are mainly affected by breast, lung, or hematological malignancies (70), we selected miRNAs with a solid evidence in literature for deregulation in these kind of cancers. We focused on miR-155-5p, miR-126-3p, and miR-16-5p. Furthermore, we decided to analyze miR-21-5p and miR-92a, since they play key roles in many cancers, and to confirm their upregulation in our cohort of SSc patients (Table 8). Cell-free miRNAs (cf-miRNA) in limited and diffuse SSc and in healthy sera was evaluated by real time PCR, as represented in Figure 4. A significant higher expression of 4/5 of the miRNAs tested in SSc sera was found as compared to healthy controls. miR-126-3p expression also showed a trend of upregulation in SSc samples although it did not reach statistically significant differences in the samples tested compared to controls. Moreover, no significant differences between limited and diffuse SSc were found in our analysis. miR-21-5p and miR-92a-3p were upregulated, as reported in literature, further supporting the hypothesis of their involvement in SSc pathogenesis. To our knowledge, upregulation of miR-155-5p and miR-16-5p in SSc sera has not been reported yet, and it suggests a role of these miRNAs in the disease.


TABLE 8 | Cancer-related miRNAs selected for expression analysis in SSc serum.
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FIGURE 4 | Cell-free circulating miRNA expression in systemic sclerosis (SSc) sera. The expression of the indicated miRNAs was evaluated by real-time PCR in serum of systemic sclerosis patients (SSc; n = 30) and of healthy controls (Healthy; n = 30). Expression values of mature miRNAs were calculated using the comparative ΔCt method and normalized to spike-in cel-39-3p. Histograms represent mean ± SD. p-values (ns = not significant; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001) were determined using the Mann–Whitney rank sum test.





DISCUSSION

Systemic sclerosis represents a major medical challenge and many unmet needs in the treatment of the disease still remain. However, advances have been made thanks to the increased understanding of the pathogenesis of SSc and the overall patients’ survival is improved.

The increased risk of malignancies in SSc is a major source of concern and the identification of risk factors for both disorders may have implications for the prognosis and for the treatment.

We therefore wanted to carry out a gene expression profile and an epigenetic analysis in scleroderma patients to verify the presence of common bases for the development of malignancies and SSc.

We have noticed that the functional classes, to which the genes modulated in limited and diffuse forms of SSc belong, were virtually overlapping and, in both cases, we observed the modulation of genes and pathways previously associated with malignancy. Although it has been reported a higher incidence of some tumors in patients with dSSc than in those with lSSc, our data seem to suggest that in both forms of the disease there is a genetic modulation that may be linked to the onset of a neoplastic transformation. Indeed, from our analysis has emerged that the various classes comprising genes potentially linked to the pathogenesis of SSc (such as apoptosis, endothelial cell activation, extracellular matrix remodeling, immune response, and inflammation), include genes that directly participate in the development of malignancies or that are involved in pathways known to be associated with carcinogenesis.

In this regard, several pathways enriched in lSSc and/or dSSc (apoptosis, glycolysis, PDGF, Fas cell surface death receptor, FAS, angiogenesis, interleukin, Ras, Jak/Stat, and EGFR signaling pathways) are involved in cancer development.

Indeed, altered apoptosis has a crucial role in the induction of a malignant phenotype, and it is well known that some oncogenic mutations block apoptosis, leading to cancer progression (79). Moreover, some cancer cells express FAS ligand (FasL) and the activation of FAS pathway may favor immune privilege to tumors by inducing apoptosis of anti-tumor lymphocytes (80).

The modulation of genes involved in the glycolytic pathway is not surprising, given that upregulation of glycolysis is a well-documented property of cancers, and this mechanism confers to tumor cells a significant growth advantage (81).

Platelet derived growth factors and PDGF receptors have substantial role in regulating cell growth during embryonal development. An enhancement of PDGF receptor signaling, may also sustain tumor cell growth. Moreover, fibroblasts, and myofibroblasts of solid tumors stroma express PDGF receptors, and PDGF stimulates these cells promoting tumorigenesis (82). Noteworthy, PDGF enhances c-myc expression and stimulates the c-myc promoter (83). This gene, found overexpressed in our lSSc dataset, coordinates cell growth and cell proliferation and its deregulation is a near-universal property of primary and metastatic cancers (84).

Ras proteins are key elements in malignant transformation; moreover, the Jak/stat signaling pathway sustains epithelial mesenchymal transition and generates a pro-tumorigenic microenvironment. The EGF receptor signaling pathway modulates migration and survival of cancer cells.

It has been established that inflammation caused by either chronic disease or infection is an important risk factor in cancer development and that a variety of interleukins are involved in both inflammation and carcinogenesis (85). In particular, among genes involved in the interleukin signaling pathways that was enriched in lSSc modulated genes, we found overexpression of the interleukin 2 receptor alpha (IL2RA) gene. The soluble form of this molecule is released from neoplastic cells and is expressed on the surface of both lymphoid and non-lymphoid cancer cells (86).

Pathway analysis also highlighted the modulation of a large number of genes (11) involved in the Type 1 interferon signaling pathway. This pathway is a hallmark of many systemic autoimmune diseases (87) including SSc (88) and has also been considered as a “double-edged sword” in cancer. Indeed, in cancer, it promotes both T cell responses and a negative feedback leading to immunosuppression. Tumor cells can take advantage from this counter-regulatory effects induced by IFN type I to avoid immune cell killing (89).

This suggests that there are multiple points of contact between the signaling pathways leading to scleroderma and those that predispose to the development of a malignancy. However, these pathways may lead to different outcomes in different tissues in which they are expressed, and indeed in patients with scleroderma, some malignancies are more frequent such as those affecting breast, lung, and lymphoid tissue.

Endothelial cell apoptosis is among the first manifestations of vasculopathy associated with the development of SSc, and fibroblasts activation and proliferation lead to the fibrotic characteristics of the disease. Gene expression profiles obtained from the PBMC of patients with SSc indicate an altered modulation of genes involved in apoptosis and in cell proliferation that could, at tissue level, exert a mitogenic effect on some cellular populations or lead to down-modulation of oncosuppressor genes, as suggested by the downregulation of CUL3 (31) in both lSSc and dSSc.

Our data also suggest the presence of a genetic modulation that can favor angiogenesis, a common feature associated to the development and progression of any type of cancer.

Modulation of many genes involved in the immune response, including genes inducible by type I interferon, reflects the strong immune system dysregulation associated with excessive antigenic stimulation typical of autoimmune diseases. Such dysregulation can either induce proliferation of cells of the immune system, leading to malignancy in susceptible individuals or modify the immune system’s regulatory mechanisms that inhibit the development of naturally occurring cancers.

Several modulated genes participate in the remodeling process of the extracellular tissue matrix. Excessive deposition of ECM promotes the development of fibrosis, hallmark of SSc, and the fibrotic and inflammatory processes of the lung have been considered the basis for the eventual onset of lung cancer in SSc. On the other hand, within these functional classes, we have also observed over-expression of metalloproteases (i.e., ADAM2) or ECM metalloproteases inducers (i.e., BSG) typically induced by several tumor cells (56, 90). Moreover, genes associated with the migration of tumor cells such as SPARC (43), a glycoprotein associated with ECM, are involved in the development of non-small cell lung cancer. Therefore, while ECM deposition and related profibrotic events may favor carcinogenesis through different mechanisms such as blocking lymphatic channels and creating niches in which carcinogens may eventually accumulate, on the other hand, there is a genetic modulation that favors cancer cells spreading.

A crucial issue in basic and clinical research is to understand gene modulation in terms of biological networks since proteins usually function in protein–protein interacting networks. We therefore wanted to dissect meaningful relationships among modulated genes in SSc, analyzing the PPI network in which their protein products can be involved. Moreover, since it is known that the deregulation of protein expression may provoke more drastic biological effects when genes/proteins with more interacting partners are involved, we focused our attention on the most connected genes/proteins that “as a matter of fact” (by definition) are included in the network areas called modules. This is particularly important when studying gene regulation in certain diseases in order to identify the molecular pathways that are most relevant in disease pathogenesis. The pathway enrichment analysis of modulated genes included in the modules confirmed the enrichment of signaling pathways (i.e., the aforementioned Jak/stat, glycolysis, Ras, PDGF, EGF receptor, Wnt, and type I interferon signaling pathways) associated with carcinogenesis in both datasets.

The genes participating to these pathways are indeed comprised in network areas (modules), whereas gene interactions are concentrated and generally underline significant biological processes.

These molecular pathways also emerged from our first global analysis of the two datasets, but the network analysis further underlined their involvement in SSc. Indeed, members of these signaling networks are concentrated in modules were the molecules that are supposed to play a prominent role in shaping the typical features of the disease, are positioned.

Another aspect we have investigated is the expression of microRNAs in SSc. Altered expression of miRNAs in SSc, as well as their involvement in inflammation and fibrosis, has been described (14, 91). Similarly, the implication of miRNAs in human cancers is well established (12). A fascinating hypothesis is that a dysregulated epigenetic control mediated by miRNAs in SSc could promote tumorigenesis. Deregulated expression of miRNAs has been found in blood of SSc patients and it could exert oncogenic effects at distant sites from SSc lesions. Indeed, the upregulation of miR-21 and miR-92a in SSc (16, 92) may support this hypothesis, since these miRNAs play a role in many tumors, repressing important oncosuppressor genes (74, 93). Thus, the higher incidence of breast, lung and hematological malignancies in SSc patients (70) prompted us to investigate whether specific cancer-related miRNAs could be deregulated in the serum of SSc patients. We found that miR-21-5p, miR-92a-3p, miR-155-5p, and miR-16-5p expression was significantly higher in SSc sera compared to healthy controls. miR-21 can play a role in SSc since it is also upregulated in SSc fybroblasts and it is implicated in TGF-β-regulated fibrosis (17). Interestingly, miR-21 upregulation promotes proliferation, migration, and invasion in lung cancer (71). Elevated miR-92a levels in serum and in dermal fibroblasts of SSc patients have also been reported (16), and this miRNA is implicated in angiogenesis and proliferation in lung cancer and it can promote leukemogenesis (74, 75). MiR-155-5p expression was also increased in SSc sera. Notably, miR-155 was found upregulated in SSc fybroblasts, and it was associated to the progression of lung fibrosis in dSSc patients (94, 95). miR-155 upregulation also sustains survival and proliferation in hematological disorders and breast cancer (72, 76). We found increased miR-16-5p levels in SSc sera despite this miRNA is frequently associated to oncosuppressor functions and it is frequently absent in human leukemias (78). Since this miRNA inhibits cell proliferation and promotes apoptosis (96), it could participate to the apoptotic process of endothelial cells, considered the first pathogenic event in SSc. A release of miR-16 in the bloodstream from apoptotic endothelial cells could explain the increased levels of the miRNA in SSc sera. We also decided to evaluate miR-126 in SSc sera since it was found downregulated in breast and lung cancer (76, 77). Moreover, miR-126 plays an important role in angiogenic signaling and in vascular integrity (97), and we found several genes involved in angiogenesis upregulated in SSc by microarray analysis. We did not find statistically significant differences in the miR-126 expression levels between SSc patients and healthy controls, although we observed a trend toward upregulation in SSc samples. In conclusion, we describe here interesting findings on deregulated cancer-related miRNAs in SSc patients. However, further studies are needed to elucidate the potential role of these miRNA in SSc. In particular, since the levels of circulating microRNAs can be affected by different cell types, interesting points will be to elucidate which cells mainly contribute to these circulating oncogenic miRNAs and whether they can play an active role in the increased tumorigenesis associated to the disease.

Taken together, our data suggest the presence of modulated genes and miRNAs that can play a predisposing role in the development of malignancies in SSc. The findings of genetic and epigenetic features that are shared by SSc and cancer shed new light on the pathogenesis of the disease and strengthen the idea that autoimmunity plays a central role in the initiation and progression of SSc, since the presence or development of malignancies is associated with particular autoantibodies. These aspects are central to a better risk stratification of patients and to develop an individualized precision medicine strategy.
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Systemic sclerosis (SSc) is a chronic autoimmune disease characterized by fibrosis, alteration in the microvasculature and immunologic abnormalities. It has been hypothesized that an abnormal redox state could regulate the persistent fibrotic phenotype in SSc patients. N-Formyl peptide receptors (FPRs) are chemotactic receptors overexpressed in fibroblasts derived from SSc patients. In this study, we demonstrated that stimulation of FPRs promotes the generation of reactive oxygen species (ROS) in skin fibroblasts. In fibroblast cells, ROS production was due to FPRs interaction with the urokinase receptor (uPAR) and to β1 integrin engagement. FPRs cross-talk with uPAR and integrins led to Rac1 and ERKs activation. FPRs stimulation increased gp91phox and p67phox expression as well as the direct interaction between GTP-Rac1 and p67phox, thus promoting assembly and activation of the NADPH oxidase complex. FPRs functions occur through interaction with a specific domain of uPAR (residues 88SRSRY92) that can be exposed on the cell membrane by protease-mediated receptor cleavage. Immunohistochemistry analysis with a specific anti-SRSRY antibody showed increased expression of uPAR in a cleaved form, which exposes the SRSRY sequence at its N-terminus (DIIDIII-uPAR88–92) in skin biopsies from SSc patients. As expected by the increased expression of both FPRs and DII-DIII-uPAR88-92, fibroblasts derived from SSc patients showed a significantly increase in ROS generation both at a basal level than after FPRs stimulation, as compared to fibroblasts from normal subjects. C37, a small molecule blocking the interaction between FPRs and uPAR, and selumetinib, a clinically approved MAPKK/ERK inhibitor, significantly inhibited FPRs-mediated ROS production in fibroblasts derived from SSc patients. Thus, FPRs, through the interaction with the uPA/uPAR system, can induce ROS generation in fibroblasts by activating the NADPH oxidase, playing a role in the alteration of the redox state observed in SSc.
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INTRODUCTION

Systemic sclerosis (SSc) is an autoimmune disorder characterized by thickening of the skin and a severe and often progressive fibrosis of multiple internal organs. Fibrosis is a process characterized by a deregulated repair with an excessive deposition of collagen and other extracellular matrix components, which follows the features of the embryonic development and of the physiological wound healing (1, 2).

The release of reactive oxygen species (ROS) (3) as well as the secretion of chemokines and growth factors, i.e., platelet-derived growth factor (PDGF), transforming growth factor beta (TGF-β), connective tissue growth factor (CTGF), interleukin-6 (IL-6), and interleukin-13 (IL-13), all significantly higher in SSc patients than in controls (1–3), can promote fibroblast activation, fibroblast to myofibroblast transition, and collagen deposition in fibrosis (4).

High levels of ROS and oxidative stress have been directly or indirectly implicated in SSc (1). Indeed, free radicals through a direct profibrogenic effect on fibroblasts contribute to the production of key factors implicated in fibrosis, such as TGF-β (1–4).

In SSc, high levels of ROS are observed in fibroblasts, due to the stimulation of the membrane NADPH oxidase system (5–7). Early in the disease, inflammation generates a mild oxidative stress. Low levels of ROS stabilize and increase the Ras protein level that, in turn, determines increased sensitivity of fibroblast cells to growth factors. ROS also inhibits tyrosine phosphatases and maintains MEK, and ERK1/2 in the active state. Subunits p67 and p47 of the NADPH oxidase undergo phosphorylation by ERK1/2 and further stimulate the production of ROS (1, 8). In addition, a ROS-mediated loop increases the expression of NADPH oxidase 2 and 4 in skin fibroblasts from SSc patients (9).

The circuit linking Ras with ERK1/2 and ROS amplifies and maintains the cytokines and growth factors and their cognate receptors in an autocrine amplification loop (1).

N-formyl peptide receptors (FPRs) are a family of pattern recognition receptors, regulating innate responses (10). FPRs, by interacting with several structurally diverse pro- and anti-inflammatory ligands, possess important regulatory effects in multiple pathophysiological conditions, including inflammation and cancer (10, 11).

We have previously demonstrated that skin fibroblasts from SSc patients overexpress all the three FPRs (FPR1, FPR2, and FPR3) (12). Leoni et al. recently identified a novel intestinal epithelial FPR signaling pathway that is activated by an endogenous FPR1 ligand, annexin A1, and its cleavage product Ac2-26, which determines generation of ROS through NOX1, an epithelial NADPH oxidase (13). The redox signaling pathway resulting from the epithelial FPR1/NOX-1-activation promotes mucosal wound repair.

Since inappropriate NADPH oxidase activation seems to play a fundamental role in determining fibrosis in SSc (1, 4, 8, 9), and FPRs are able to activate NADPH oxidase, both in leukocytes (14) and epithelial cells (13), we sought to investigate whether FPRs could be involved in ROS generation in fibroblasts derived from normal and SSc subjects, through the interaction with the urokinase (uPA)/urokinase receptor (uPAR) system.

Indeed, several functions of FPRs occur through the interaction with uPAR. uPAR is characterized by three homologous domains (DI, DII, DIII) anchored to the cell membrane by a glycosyl-phosphatidylinositol (GPI) tail. uPAR is able to interact with FPRs, tyrosine kinase receptors and integrins, regulating main signal transduction pathways engaged in wound repair, angiogenesis, and tumor progression (15). In the flexible linker connecting uPAR domains DI and DII, a specific region of uPAR, corresponding to amino acids 88–92 (SRSRY), interacts with FPRs, mediating uPA or fMLF-dependent cell migration. uPA or its aminoterminal fragment (ATF), upon binding to the receptor, can promote uPAR interaction with FPRs, through the exposure of the uPAR88–92 region. Moreover, the removal of DI, uPA-mediated, results in the expression on the cell surface of a truncated uPAR form that can contain the chemotactic peptide that is able to interact with FPRs and to regulate their signal (DII-DIII-uPAR88–92) (16).

Besides FPRs, uPAR can also interact with other cell surface receptors, such as integrins and receptor tyrosine kinases (16–22). uPAR-integrin interactions activate the MAPK cascade, in particular ERK 1/2, with the involvement of non-receptor tyrosine kinase src, tyrosine-kinase family src (Hck, Fgr, Fyn), and focal adhesion-associated protein kinase (FAK) (18). Furthermore, uPAR-mediated cell migration, allowed by uPAR interactions with FPRs and β1 integrins, involves as signaling mediators, specifically, small Rac1 and Rho GTPases (15).

In this study, we investigated FPRs-uPAR-integrin cross-talk as a potential player in ROS generation skin fibroblasts derived from normal subjects and SSc patients.



MATERIALS AND METHODS


Peptides and Chemicals

The hexapeptide Trp-Lys-Tyr-Met-Val-D-Met-NH2 (WKYMVm) was synthesized and HPLC purified (95%) by Innovagen (Lund, Sweden); the peptide uPAR84–95 was synthesized by PRIMM (Milan, Italy) and N-Formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLF) was obtained from Calbiochem (La Jolla, CA, USA). Protein concentration was determined with a modified Bradford assay (Bio-Rad Laboratories). ECL Plus was obtained from GE Healthcare (Buckinghamshire, UK), and 29, 79-dichlorodihydrofluorescein diacetate (DCHF-DA) was obtained from Molecular Probes (Invitrogen, Paisley, UK). The protease and phosphatase inhibitors cocktail was obtained from Calbiochem. Monoclonal mouse anti-FPR1 phycoerythrin (PE)-conjugated, anti-FPRL1/FPR2 fluorescein (FITC)-conjugated, anti-FPRL2/FPR3 allophycocyanin (APC)-conjugated antibodies were from R&D System (Minneapolis, MN, USA). Mouse anti-gp91phox, rabbit anti-p67phox, mouse anti-phospho-ERK, and rabbit anti-ERK 2 were from Santa Cruz Biotechnology (Santa Cruz, CA, USA); rabbit anti-actin was obtained from Sigma-Aldrich (St. Louis, MO, USA); mouse anti-uPAR monoclonal antibody R4 was kindly provided by Dr G. Hoyer-Hansen (Finsen Laboratory, Copenhagen, Denmark); secondary anti-mouse and anti-rabbit Abs coupled to HRP were from Bio-Rad (Munchen, Germany). The rabbit antibody anti-uPAR84–95 peptide IB (15) was obtained from PRIMM (Milan, Italy), mouse monoclonal anti-uPAR ADG3937 was obtained from American Diagnostica (Greenwich, CT, USA), mouse anti-uPAR monoclonal antibody R3 was kindly provided by Dr G. Hoyer-Hansen (Finsen Laboratory, Copenhagen, Denmark). Diphenyleneiodonium (DPI), PD98059, and NSC23766 were from Calbiochem; P25 peptide and a peptide with the exact composition of amino acids of P25 but in scrambled control peptide (Scp) were from PRIMM; selumetinib (AZD6244) from AstraZeneca; and C37 from the NCI/DTP Open Chemical Repository (Available from: http://dtp.cancer.gov). They were dissolved in dimethyl sulfoxide (DMSO), stored at −20°C, and added to the culture at final concentrations indicated in the text.



Tissues and Patients’ Samples

Eleven females and three males affected by SSc, admitted to the Department of Translational Medical Sciences of the University of Naples Federico II, were diagnosed by following the ACR/EULAR criteria (23) in limited cutaneous (n = 8) or diffuse cutaneous (dcSSc; n = 6) subsets (24). The mean age of patients was 49.5 years (range, 30–69 years). Patients according to the disease duration (<5 years for early-stage limited cutaneous SSc and <2 years for early-stage diffuse cutaneous SSc) and skin histopathology were stratified as having an early-stage (n = 6) or late-stage (n = 8) SSc (25). All patients showing serum positivity for antinuclear Abs (ANA), anti-SCL-70 topoisomerase, and anticentromere (CENP-B) I positivity were included in the study. After obtaining written informed consent, all patients were washed out from steroid treatment at least 30 days before skin biopsy was done. Proton pump inhibitors and vasodilators were allowed. Patients were excluded if severe organ complications prevented steroid treatment washout. All patients with overlapping symptoms of other autoimmune, rheumatic, and/or connective tissue diseases were excluded from the study. Control donors (eight females and two males; mean ± SD age, 45 ± 15 years) were matched with each scleroderma patient (age, sex, and biopsy site) and processed in parallel.



Cell Cultures

Surgical specimens were mechanically dissociated and trypsinizated, as described previously (26). Cells were plated and cultured in monolayer in DMEM (Life Technologies Carlsbad, CA, USA) supplemented with 10% heat inactivated FBS (Life Technologies), 100 U/ml penicillin G sodium, and 100 mg/ml streptomycin sulfate, at 37°C, in a humidified atmosphere of 5% CO2. Fibroblasts from normal subjects and from patients with SSc were used between the 3rd and 10th passage in culture.

The BJ (human foreskin fibroblasts; ATCC accession number CRL-2522), the HGF-1 (human gingival fibroblasts; ATCC accession number CRL-2014), and the MRC-5 (human lung fibroblasts; ATCC accession number CCL-171) were from ATCC (LGC Standards, Milan, Italy) and were grown in DMEM (Life Technologies) with 10% FBS. BJ cells were obtained from ATCC at the sixth passage, subcultured and frozen in stock vials; they were used between the 1st and 10th passage in culture.

The H460 (cell lung cancer; ATCC accession number HTB-177), as a positive control for uPAR expression, was obtained from ATCC and grown in RPMI 1640 medium (Life Technologies) supplemented with 10% FBS.



Flow Cytometric Analysis of Surface Molecules

Flow cytometric analysis of cell surface molecules was performed as previously described (27). Briefly, after saturation of non-specific binding sites with total rabbit IgG, cells (1 × 106) were incubated for 20 min at +4°C with specific or isotype control antibodies. Finally, cells were washed and analyzed with a FACSCalibur Cytofluorometer using Cell Quest software (Becton & Dickinson, San Fernando, CA, USA). A total of 104 events for each sample were acquired in all cytofluorimetric analyses.



Western Blot Analysis

Cells were harvested in lysis buffer (50 mM HEPES, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM EGTA, 1.5 mM MgCl2, 10 mM NaF, 10 mM sodium pyrophosphate, and 1 mM Na3VO4) supplemented with a cocktail of proteases and phosphatases inhibitors. Fifty micrograms of protein was electrophoresed on a 10% SDS-PAGE and transferred onto a polyvinylidene fluoride membrane. The membrane was blocked with 5% nonfat dry milk and probed with specific Abs: mouse anti-uPAR ADG3937 (1 μg/ml), mouse anti-Rac1 (1 μg/ml), mouse anti phospho-ERK (5 μg/ml), rabbit anti-ERK 2 (1 μg/ml), mouse anti-gp91phox (1 μg/ml), rabbit anti-p67phox (1 μg/ml), and rabbit anti-actin (0.5 μg/ml). Finally, washed filters were incubated with HRP-conjugated anti-rabbit or antimouse Abs. The immunoreactive bands were detected by a chemiluminescence kit and quantified by densitometry (ChemiDoc XRS, BioRad) (12).



ROS Detection

The BJ cells were plated overnight at 2 × 104 cells/well in 96-well plates using DMEM with 10% FBS. Cells were incubated with 5 μM 2′,7′-dichlorodihydrofluorescein diacetate (DCHF-DA) for 30 min in the dark at 37°C. The esterified form of DCHF-DA can permeate cell membranes before being deacetylated by intracellular esterases. The resulting compound, dichlorodihydrofluorescein, reacts with ROS, producing an oxidized fluorescent compound, dichlorofluorescein (DCF), which can be detected by a multiplate reader. After incubation with DCHF-DA, cells were washed twice and treated with medium alone, fMLF (10−4 M; 10−8 M), uPAR84–95 (10−8 M), WKYMVm peptide (10−8 M), and TGF-β (20 ng/ml) as positive control, in the presence or in the absence of P25 peptide (50 μM), anti-uPAR84–95 antibody (5 μg/ml), DPI (10 μM), PD98059 (50 μM), NSC23766 (25 μM), C37 (10 μM), and selumetinib (2.5 μM) for 5, 15, 30, and 60 min at 37°C in a humidified 5% CO2 incubator. DCF was detected at a wavelength of 535 nm by a microplate reader (Tecan Trading AG, Switzerland).



Determination of Rac1 Activity and Association With p67phox

BJ cell lysates were in vitro treated with GDP and GTPγS (Upstate) to generate Rac1-GDP and Rac1-GTP, respectively. Rac1-GDP and Rac1-GTP containing lysates were precipitated using the p21-binding domain (PBD) of PAK1, bound to agarose beads. Eluted proteins were subjected to SDS-page and Western blot analysis was performed with antip67phox, anti-gp91phox antibodies and anti-Rac1 antibody as a control.

BJ cells (1 × 106) were incubated at 37°C with or without specific FPRs agonists for the indicated times. Same amount of total protein from clarified lysates were precipitated using the p21-binding domain (PBD) of PAK1, and eluted proteins were subjected to SDS-page and Western blot analysis was performed using anti-p67phox, anti-gp91phox antibodies and anti-Rac1 antibody, as a loading control.



Histology and Immunohistochemistry

A 3-mm skin punch biopsy was taken from a representative area of 14 SSc patients and from 10 controls. Specimens were fixed in 10% buffered formalin, embedded in paraffin, and serial sectioned (4-mm-thick sections). One section for each case was stained with H&E and the others were stained by immunohistochemistry (streptavidin-biotin standard technique) with the specific primary antibodies (12). Cells showing a definite black staining confined to the nucleus or cytoplasm were judged positive. All slides were examined in a double-blinded fashion by two investigators, and the final staining for each case was expressed as the percentage of positive cells among the total number of counted cells (at least five high-power representative fields).



Statistical Analyses

All statistical analyses were performed using GraphPad Prism 5.0 software (GraphPad). All the experiments have been executed at least in triplicate. The results are expressed as mean ± SEM. Values from groups were compared using a paired Student’s t-test (28). Differences were considered significant when p < 0.05.




RESULTS


Expression of FPRs and Effects of Their Ligands on ROS Production by Normal Human Fibroblasts

In order to study ROS generation via FPRs-uPAR cross-talk in human fibroblasts, we sought a fibroblast cell line to be used as a model. To this aim we investigated, by cytofluorimetric analysis, FPRs expression in three human fibroblast cell lines from different sources: BJ cells (normal foreskin fibroblasts), HGF-1 cells (normal gingival fibroblasts), and MRC5 cells (normal lung fibroblasts). Fibroblasts from the three cell lines, even with a different pattern of expression, synthesized all the three members of the FPRs family (Figure 1). Given their derivation from human normal foreskin, all the experiments were conducted on BJ non-immortalized fibroblasts capable to proliferate to a maximum of 72 population doublings before the onset of senescence.


[image: image1]
FIGURE 1 | Cytofluorimetric analysis of N-formyl peptide receptors (FPRs) expression in human normal fibroblasts. Mean fluorescence intensity of FPR1 (white column), FPR2 (gray column), and FPR3 (black column) expression in BJ (human normal foreskin fibroblasts), HGF-1 (human normal gingival fibroblasts) and MRC-5 (human normal lung fibroblasts) cell lines expressed as a percentage of increase of mean fluorescence intensity of antibody-treated cells over mean fluorescence intensity of isotype control treated cells (considered as 100%).


We have demonstrated that in normal fibroblasts the FPRs/uPAR cross-talk is able to mediate several functions such as migration, proliferation, and induction of a myofibroblast phenotype through ROS generation, matrix deposition, and α-SMA overexpression (12).

We investigated the effects of FPRs activation and cross-talk with uPAR on ROS release from normal fibroblasts, using BJ cells as a model. To this aim, we evaluated ROS levels after stimulation with a wide range of concentrations of specific FPRs agonists, fMLF (10−4M–10−10M), the synthetic peptide WKYMVm (10−6M–10−9M), and the synthetic soluble uPAR84-95 peptide (10−7M–10−9M), containing the uPAR-derived 88SRSRY92 sequence and able to interact with FPRs on the cell surface and to activate their signals. The intracellular ROS levels were determined after 5, 15, 30, and 60 min of stimulation and compared with unstimulated cells (Figures 2A–D).


[image: image1]
FIGURE 2 | Effects of N-Formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLF), WKYMVm peptide, and uPAR84–95 on reactive oxygen species (ROS) production in BJ cells. Cells were plated in a 96-well plate and treated with DCHF-DA. At the end of incubation, cells were treated with medium alone (black columns), fMLF (dark gray columns), WKYMVm peptide (white columns), and uPAR84–95 peptide (light gray columns). ROS release was measured as dichlorofluorescein (DCF) fluorescence intensity at 5, 15, 30, and 60 min (A–D). Results are expressed as mean fluorescence intensity of DCHF-DA-loaded cells. DCHF-DA-loaded unstimulated cells and TGF-β stimulated cells were examined in parallel, as controls, and are shown in insets. Values are the mean ± SEM of three experiments performed in triplicate. *p < 0.05; **p < 0.001.


Figure 2 shows that ROS production from BJ cells was increased in a significant manner after FPRs stimulation with all the three agonists (p < 0.05). In particular, we observed that fMLF induced an optimal response both at high concentrations (10−4M), which activate the high affinity receptor FPR1, and lower concentrations, active on FPR2. Indeed, the WKMVYm and uPAR84−95 peptides exert their effects with a bell-shaped dose response curve, similar to the typical response observed with fMLF in inflammatory cells (27). As a control, the effect of TGF-β (20 ng/ml), able to stimulate ROS release by a FPRs independent pathway (4), was examined in parallel in BJ cells (Figure 2, panel A–D; insets).



Role of FPRs-uPAR-Integrin Cross-Talk in ROS Generation by Normal Human Fibroblasts

The observation that 88SRSRY92 stimulates ROS production (Figure 2) suggests that FPRs cross-talk with cell surface uPAR may mediate the same effect. Indeed, uPAR is an important signaling partner of FPRs at the cell-surface (21). Moreover, several studies show that uPAR also requires integrins as co-receptors (15). In fact, uPAR over-expression in tumor cells, controls cell migration and invasion by the recruitment of integrins and FPR1 on cell surface and regulating their signaling pathways (15). Thus, we first investigated the expression of uPAR, both in the native and in the cleaved form (DII-DIII-uPAR), by Western blot, in BJ cells at different time of culture (first and fifth passage). Figure 3A shows that BJ cells markedly over-expressed uPAR in the native form; DII-DIII-uPAR was also expressed although to a lesser extent (lane 2 and 3).
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FIGURE 3 | Effects of the inhibition of the cross-talk between FPRs-uPAR-Integrins on reactive oxygen species (ROS) induction in BJ cells. (A) Western blot analysis of uPAR expression in H460 cell line as a positive control (lane 1), BJ cells at first passage (lane 2) and fifth passage (lane 3) in culture with the R4 anti-uPAR mAb and with an anti-β-actin Ab, as a loading control. (B) BJ cells were plated in a 96-well plate and treated with DCHF-DA. At the end of incubation, cells were treated with medium alone, N-formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLF), WKYMVm or TGF-β in the absence (black columns) or in the presence of nonimmune immunoglobulins (medium gray columns), IB antibody (dark gray columns), scrambled control peptide (Scp) (white columns), and P25 peptide (light gray columns). ROS release was measured as dichlorofluorescein (DCF) fluorescence at 30 min. Results are expressed as a percentage of increase of mean fluorescence intensity of stimulated DCHF-DA-loaded cells in respect to unstimulated DCHF-DA-loaded cells (considered as 100%). Values are the mean ± SEM of three experiments performed in triplicate. *p < 0.05; **p < 0.001.


Then to test the hypothesis that FPRs could regulate ROS production in fibroblasts through the recruitment, at cell surface of the uPAR/integrins complex, we performed the ROS production assay in the presence of IB, a polyclonal antibody directed against the region involved in uPAR interaction with FPRs, corresponding precisely to the 88SRSRY92 region (17) and in the presence of the P25 peptide, which disrupts uPAR interactions with β1 or β2 integrins (29).

Treatment of BJ cells with the IB antibody (5 μg/ml) and the P25 peptide (50 μM) completely inhibited FPRs-mediated ROS production, in response to their specific agonists, fMLF 10−4M and WKYWM peptide 10−8M, whereas non-immune immunoglobulins and a Scp did not exert any effect. As a control, the IB antibody and the P25 peptide did not affect TGF-β induced ROS release by BJ cells (Figure 3B).

These results suggest that FPRs could control ROS production by interacting with uPAR, thus participating to a supramolecular complex including integrins, as already demonstrated for cell migration and invasion (15).



Rac1 and ERK1/2 Role in FPRs-Mediated ROS Production in Normal Human Fibroblasts

In order to study the signaling pathways involved in FPRs-mediated ROS generation in fibroblasts, we focused on the small GTPase Rac1 and on the ERK1/2 pathway.

uPAR-mediated cell migration, allowed by uPAR interactions with FPRs and β1 integrins, involves as signaling mediators specifically small Rac1 and Rho GTPases (15).

One important effector of Rac1 activity is p67phox, which combines with other components of the NADPH oxidase system to generate a functional complex for producing ROS (30). NADPH oxidase system-derived ROS can also activate other downstream signals, such as ERK 1/2 signaling pathways (9). Interestingly, also uPAR-dependent signaling pathways lead to the activation of ERK MAPKs through the activation of PI3K (18).

We analyzed the effects of FPRs stimulation with optimal concentrations of fMLF (10−4M), WKYMVm peptide (10−8M), and uPAR84–95 (10−8M) on Rac1 and ERK1/2 activation. All the stimuli increased the levels of Rac1-GTP and p-ERK 1/2 (Figures 4A,B). Furthermore, we evaluated ROS levels after stimulation with the same agonists, in the absence or in the presence of an inhibitor of Rac-specific GEF (guanine nucleotide exchange factor) Trio and Tiam1 (NSC23766) (25 μM) and of a specific MEK 1/2 inhibitor (PD98059) (50 μM). BJ cells, which responded to all the three stimuli, were unable to produce ROS in presence of NSC23766 and PD98059 (Figure 4C). These results are compatible with the hypothesis that FPRs stimulation in normal fibroblasts determines ROS production by activating Rac1- and ERK 1/2-dependent signals.
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FIGURE 4 | FPRs-mediated Rac1 and ERK activation in BJ cells. (A) BJ cells, treated with medium alone (-),N-formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLF), WKYMVm peptide, or uPAR84–95 peptide, were lysed and subjected to Rac1 activity assay using PAK-PBD-glutathione sepharose beads. Immunoprecipitates and the corresponding total lysates, as an input control, were subjected to Western blot analysis with an anti-Rac1-specific Ab and with an anti-β-actin Ab, as a loading control. (B) BJ cells, treated with medium alone, fMLF, WKYMV peptide, or uPAR84–95 peptide were lysed and subjected to Western blot analysis with an anti phospho-ERK 1/2 (p-ERK)-specific Ab and then with anti ERK-2 and anti-β-actin Abs, as a loading control. (C) BJ cells were plated in a 96-well plate and treated with DCHF-DA. At the end of incubation, cells were treated with fMLF, WKYMVm peptide, and uPAR84–95 peptide in the absence (white columns) or in the presence of NSC23766 (black columns) or PD98059 (gray columns). ROS release was measured as dichlorofluorescein (DCF) fluorescence intensity at 5 min. Results are expressed as a percentage of increase of mean fluorescence intensity of stimulated DCHF-DA-loaded cells in respect to unstimulated DCHF-DA-loaded cells (considered as 100%). Values are the mean ± SEM of three experiments performed in triplicate. *p < 0.05; **p < 0.001.




FPRs-Mediated ROS Production and NADPH Oxidase-2 Activation in Normal Human Fibroblasts

Having established that FPRs activation induced ROS production through Rac1 and ERK 1/2 signaling in BJ cells, we assessed whether ROS were generated by the NADPH oxidase complex through cell pretreatment with the NOX-inhibitor DPI (10 μM, 1 h) before the addition of fMLF (10−4M), WKYMVm peptide (10−8M), and uPAR84–95 (10−8M). Figure 5A shows that treatment with DPI in BJ cells determined a significant reduction in ROS levels compared to untreated cells (p < 0.001).
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FIGURE 5 | Effects of the NOX-inhibitor diphenyleneiodonium (DPI) on N-formyl peptide receptor (FPR)-mediated reactive oxygen species (ROS) production and FPRs-induced modulation of gp91phox and p67phox expression in BJ cells. (A) BJ cells were plated in a 96-well plate and pretreated for 1 h at 37°C with 10 μM of the NOX-inhibitor DPI. At the end of incubation, cells were treated with N-formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLF), WKYMVm peptide, uPAR84–95 peptide, or TGF-β. Results are expressed as percentage of increase of mean fluorescence intensity of stimulated DCHF-DA-loaded cells in respect to unstimulated DCHF-DA-loaded cells (considered as 100%). Values are the mean ± SEM of three experiments performed in triplicate. **p < 0.001. (B) Western blot analysis with anti-gp91phox, -p67phox, and β-actin antibodies of lysates from BJ cells stimulated with fMLF, WKYMVm peptide, and uPAR84–95 peptide for 0, 5, 30, and 60 min.


Diphenyleneiodonium treatment did not significantly affect ROS release by BJ cells (Figure 5A). Indeed, in fibroblast cells, TGF-β mostly induces mitochondrial ROS through the complex III of the electron transport chain (31).

Recently, it has been demonstrated that in SSc fibroblasts, NOX2 and NOX4 are constitutively overexpressed and are responsible for ROS production in these cells (9).

To investigate whether FPRs stimulation could induce ROS production through upregulation and/or activation of the NOX2 complex, we evaluated, by Western blot, the expression levels of gp91phox and p67phox after stimulation with specific agonists of FPRs. Figure 5 shows that BJ cells responded to fMLF (10−4M), WKYMVm peptide (10−8M), and uPAR84–95 (10−8M) by slightly upregulating the expression of both gp91phox and p67phox (Figure 5B).

Upon stimulation, activated GTP bound-Rac1 and/or Rac2 translocate to the plasma membrane and recruit p67phox by binding to its N-terminal (30, 32). In order to demonstrate that the binding of p67phox to Rac1/2-GTP is the limiting step in the assembly of the active NADPH oxidase complex, BJ cell lysates were treated with GDP and GTPγS to generate Rac1-GDP and Rac1-GTP, respectively. Cell lysates containing Rac1-GDP and Rac1-GTP were incubated with the p21-binding domain (PBD) of PAK1, bound to agarose beads. Western blot analysis of precipitated with a polyclonal anti-p67phox antibody revealed that Rac1-GTP binds to p67phox (Figure 6A). As a control, Western blot analysis with anti-gp91phox antibody did not show any association with Rac1-GTP (not showed).
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FIGURE 6 | FPRs-mediated Rac1 GTP-p67phox interaction in BJ cells. (A) BJ cells lysates were treated with GDP and GTPγS (Upstate) to generate Rac1-GDP and Rac1-GTP, respectively. Rac1-GDP and Rac1-GTP containing lysates were precipitated using the p21-binding domain (PBD) of PAK1, bound to agarose beads. Eluted samples and the corresponding total lysates were subjected to Western blot analysis with a polyclonal anti-p67phox antibody and with anti-Rac1 antibody as a loading control, respectively. (B) BJ cells, after incubation with medium alone (-),N-formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLF), WKYMVm peptide, for 5 min, or uPAR84–95 (10−8M) for 30 min at 37°C in a humidified (5% CO2) incubator, were lysed and subjected to Rac1 activity assay. Active Rac1 (Rac1-GTP) was precipitated from cell lysates using the PBD of PAK1, bound to agarose beads. Eluted samples and the corresponding total lysates were subjected to Western blot analysis with a polyclonal anti-p67phox antibody and with anti-Rac1 antibody as a loading control, respectively.


To investigate whether FPRs stimulation could induce the interaction between Rac1-GTP and p67phox, the same pull-down experiments were carried out in BJ cells, after stimulation with the specific FPRs agonists, fMLF (10−4M), WKYMVm peptide (10−8M), and uPAR84–95 (10−8M). Western blot analysis of precipitated polyclonal anti-p67phox antibody revealed that FPRs stimulation increased interaction between Rac1-GTP and p67phox, thus allowing the assembly of the active NOX2 complex (Figure 6B) (33).

After stimulation with specific FPRs agonists, association between Rac1-GTP and gp91phox did not increase (not showed). Thus, our data demonstrate that FPRs/uPAR-mediated ROS generation in fibroblast cells is mediated by a direct binding of Rac1 to p67phox that, in turn, could interact with gp91phox and probably p22phox membrane subunits to generate the active NOX2 complex as described (33).



Ex Vivo Expression of Different uPAR Forms in Human Fibroblasts

Urokinase receptor cleavage contributes to the impaired angiogenesis observed in SSc patients (34, 35). uPAR gene inactivation causes dermal and pulmonary fibrosis and peripheral microvasculopathy in mice. Moreover, native full-length uPAR expression is significantly decreased in the skin of SSc patients, as assessed by a monoclonal anti-uPAR/domain DI antibody (36).

Although full-length uPAR expression is downregulated in SSc dermis, we hypothesized that the DII-DIII-uPAR88–92 form, able to interact with FPRs, could instead be increased. To confirm our hypothesis, we investigated the expression of the different uPAR forms in SSc and normal skin biopsies by IHC. In particular, we used the R3 mAb that recognizes domain DI (37), thus the full-length uPAR; the IB polyclonal antibody specifically directed against the 88Ser-Arg-Ser-Arg-Tyr92 sequence of uPAR, which is mostly exposed only in the truncated uPAR form (38); the ADG3937 mAb, recognizing an epitope located in the domains DII + DIII which, also, identifies the full-length receptor. SSc skin biopsies revealed dermal fibrosis showing prominent involvement of the deep dermis and the subcutaneous fat, admixed with chronic inflammatory infiltrate, mostly confined deeply around vessels of the subcutis. All biopsies showed an absent/low staining for R3 in fibroblasts, endothelial cells, and lymphocytes. Conversely, IB was found positive in fibroblasts, endothelial cells, and lymphocytes of all specimens; finally, ADG3937 was expressed only in 4 out 14 selected cases. By contrast, skin fibroblasts from control donors showed positivity for the three antibodies (Figure 7A).


[image: image1]
FIGURE 7 | Ex vivo expression of uPAR forms and analysis of the effects of C37 and selumetinib on FPRs-mediated reactive oxygen species (ROS) production in fibroblasts derived from normal subjects and systemic sclerosis (SSc) patients. (A) (a–d) staining for R3 in localized scleroderma: fibroblasts, lymphocytes, and endothelial cells were negative for R3 (a: original magnification, ×25; b: original magnification, ×50, c: original magnification, ×100; d: original magnification, ×200); (e) staining for R3 in normal human fibroblast cell line: fibroblasts were positive for this antibody [original magnification, ×200] (f–i) staining for IB in localized scleroderma: most fibroblasts, lymphocytes and endothelial cells were positive for IB (f: original magnification, ×25; g: original magnification, ×50, h: original magnification, ×100; i: original magnification, ×200); (j) staining for IB in normal human fibroblast cell line: fibroblasts were positive for this antibody (original magnification, ×200) (k–n) staining for ADG3937 in localized scleroderma: positivity for ADG3937 was observed in fibroblasts, lymphocytes and endothelial cells (k: original magnification, ×25; l: original magnification, ×50, m: original magnification, ×100; n original magnification, ×200); (o) staining for ADG3937 in normal human fibroblast cell line: fibroblasts were positive for this antibody (original magnification, ×200) (B) Fibroblasts derived from normal subjects (white columns) and SSc patients (gray columns) were plated in a 96-well plate and treated with DCHF-DA. At the end of incubation, cells were washed, and ROS release was measured as dichlorofluorescein (DCF) fluorescence intensity. Results are expressed as a percentage of increase of mean fluorescence intensity of DCHF-DA–loaded cells, as compared with DCHF-DA–unloaded cells (considered as 100%). Values are the mean ± SEM of three experiments performed in triplicate. *p < 0.05; **p < 0.001. (C) Fibroblasts derived from primary cultures of three normal subjects were plated in a 96-well plate and treated with DCHF-DA. At the end of incubation, cells were treated with fMLF, WKYMVm peptide, or uPAR84–95 peptide in the absence (white columns) and in the presence of C37 (medium gray columns) or selumetinib (light gray columns). ROS release was measured as dichlorofluorescein (DCF) fluorescence intensity at 30 min. Values are the mean ± SEM of three experiments performed in triplicate. *p < 0.05. (D) Fibroblasts derived from primary cultures of three SSc patients were plated in a 96-well plate and treated with DCHF-DA. At the end of incubation, cells were treated with N-formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLF), WKYMVm peptide, or uPAR84–95 peptide in the absence (white columns) and in the presence of C37 (medium gray columns), selumetinib (light gray columns). ROS release was measured as DCF fluorescence intensity. Values are the mean ± SEM of three experiments performed in triplicate. *p < 0.05; **p < 0.001.




Effect of Selumetinib and C37 on FPRs/uPAR-Mediated ROS Production in Fibroblasts Derived From SSc Patients

We next aimed to investigate whether inhibition of the structural and functional interaction between FPRs and uPAR by new compounds or tested drugs could affect ROS generation in fibroblasts from SSc patients.

First, fibroblasts derived from primary cultures of three healthy controls and three SSc patients were tested for their ability to produce ROS in basal conditions (Figure 7B). To this aim, fluorescence was measured in both cell types after loading with DCHF-DA without any stimulation. Fibroblasts from SSc patients showed an increased level of basal ROS generation at all time points examined, as compared to normal primary fibroblasts.

Then, fibroblasts derived from primary cultures of three healthy controls (Figure 7C) and three SSc patients (Figure 7D) were tested for their ability to produce ROS after stimulation with fMLF (10−4M), WKYMVm (10−8M) peptide and uPAR84–95 (10−8M) peptide, in the absence or in the presence of C37 (10 μM) and selumetinib (2.5 μM). C37 is a small molecule identified by our group by structure-based virtual screening able to target the 88SRSRY92 sequence of uPAR in the hot-spot residue Arg91 (39); for this reason, its effect on FPRs/uPAR-mediated ROS production was evaluated after stimulations with fMLF and WKYMVm. The effect of selumetinib, a highly selective MEK1 inhibitor currently approved for various anticancer therapies (40), on ROS release mediated by FPRs/uPAR activation was evaluated in parallel, after all the three stimuli. Indeed, we have demonstrated ERK 1/2 involvement in ROS generation induced by FPRs/uPAR activation.

Figure 7C shows that in primary fibroblasts from healthy controls, which significantly responded to all the three stimuli, neither C37 nor selumetinib were able to inhibit FPRs/uPAR-mediated ROS production.

Figure 7D shows that in primary fibroblasts from SSc patients, which responded more efficiently than normal fibroblasts to all the three stimuli, both C37 and selumetinib were significantly active.

The results from these studies show that C37 and selumetinib, through inhibition of FPRs-mediated ROS generation, may lead to the development of novel antifibrotic therapeutic strategies.




DISCUSSION

N-formyl peptide receptors involvement in different inflammatory conditions and in innate immune responses is well established (11). We have already demonstrated that FPRs and their cross-talk with uPAR are involved in the pathogenesis of SSc. Here, we investigated whether FPRs stimulation and their cross-talk with uPAR could induce ROS generation in fibroblasts, thus playing a role in some ROS-mediated processes such as tissue remodeling and fibrosis.

In order to study the molecular mechanisms of FPRs-mediated ROS generation in fibroblast cells, we pursued our studies on the BJ cell line. We demonstrated that FPRs stimulation induces ROS generation in fibroblasts by interacting with uPAR and integrins, as shown in epithelial cell migration and invasion (15). Our study also reported that FPRs/uPAR/β1integrin cross-talk determines ROS production through Rac1 and ERKs activation in human skin fibroblasts.

One important effector of Rac1 activity is p67phox, which combines with the NADPH oxidase system to generate a functional complex for producing ROS. Upon activation by GTP-Rac1, p67phox translocates to the membrane where it associates with gp91phox. FPRs stimulation promoted gp91phox and p67phox expression as well as a direct interaction between GTP-Rac1 and p67phox.

We already provided in vitro and in vivo evidence that human normal skin fibroblasts expressed FPRs and that SSc fibroblasts overexpress these receptors (12). Here, we evaluated the role of FPRs interaction with uPAR and integrins in the pathogenesis of SSc.

It has been reported that skin sections from uPAR-deficient mice showed increased dermal thickness, collagen content and a significantly greater myofibroblast count than uPAR wild-type mice, mimicking the histopathological features of SSc. Moreover, the expression of full length uPAR was decreased in skin biopsies of SSc patients (36). Since the cleavage of uPAR is crucial in fibroblast-to-myofibroblast transition (12, 41) and has been implicated in SSc microvasculopathy (34), we hypothesized that the DII-DIII-uPAR88–92 form, able to interact with FPRs, could instead be increased. To confirm our hypothesis, we analyzed the expression of the different uPAR forms on SSc skin biopsies. We demonstrated that SSc fibroblasts showed increased membrane levels of DII-DIII-uPAR88–92, expressing at the N-terminus the chemotactic sequence able to interact with overexpressed FPRs.

According to their increased expression levels, in vitro treatment of SSc fibroblasts with C37, a new small molecule able to inhibit the cross-talk between FPRs and uPAR, inhibited ROS production, after stimulation of FPRs with specific ligands. Inhibition of the MAPK/ERK pathway with selumetinib also blocked ROS production upon FPRs stimulation in the same cells.

In conclusion, the results of the present study show that FPRs, through the interaction with the uPA/uPAR system and integrins, induce increased levels of ROS. Both FPRs and a cleaved form of uPAR were able to interact with FPRs, which appear to be overexpressed in skin biopsies of SSc patients when compared to normal controls. This observation reinforces our previous hypothesis of the possible involvement of FPRs/uPAR in the pathogenesis of SSc. Since FPRs functional interaction with uPAR and their signal can be efficiently inhibited by new small molecules, our observations can also help in the development of novel therapeutic strategies in the treatment of SSc.
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Single Cell RNA Sequencing Identifies HSPG2 and APLNR as Markers of Endothelial Cell Injury in Systemic Sclerosis Skin
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Objective: The mechanisms that lead to endothelial cell (EC) injury and propagate the vasculopathy in Systemic Sclerosis (SSc) are not well understood. Using single cell RNA sequencing (scRNA-seq), our goal was to identify EC markers and signature pathways associated with vascular injury in SSc skin.

Methods: We implemented single cell sorting and subsequent RNA sequencing of cells isolated from SSc and healthy control skin. We used t-distributed stochastic neighbor embedding (t-SNE) to identify the various cell types. We performed pathway analysis using Gene Set Enrichment Analysis (GSEA) and Ingenuity Pathway Analysis (IPA). Finally, we independently verified distinct markers using immunohistochemistry on skin biopsies and qPCR in primary ECs from SSc and healthy skin.

Results: By combining the t-SNE analysis with the expression of known EC markers, we positively identified ECs among the sorted cells. Subsequently, we examined the differential expression profile between the ECs from healthy and SSc skin. Using GSEA and IPA analysis, we demonstrated that the SSc endothelial cell expression profile is enriched in processes associated with extracellular matrix generation, negative regulation of angiogenesis and epithelial-to-mesenchymal transition. Two of the top differentially expressed genes, HSPG2 and APLNR, were independently verified using immunohistochemistry staining and real-time qPCR analysis.

Conclusion: ScRNA-seq, differential gene expression and pathway analysis revealed that ECs from SSc patients show a discrete pattern of gene expression associated with vascular injury and activation, extracellular matrix generation and negative regulation of angiogenesis. HSPG2 and APLNR were identified as two of the top markers of EC injury in SSc.

Keywords: ScRNA-seq, HSPG2, APLNR, systemic sclerosis, endothelial dysfunction


INTRODUCTION

Vascular injury is a hallmark event in the pathogenesis of Systemic Sclerosis (SSc) (1). Endothelial dysfunction happens early in the course of the disease and drives some of the most prominent clinical manifestations of SSc, including Raynaud's phenomenon (RP), telangiectasias, gastric antral vascular ectasias (GAVE), pulmonary arterial hypertension (PAH), and SSc renal crisis (SRC) (1, 2). Loss of nailfold capillaries, nailfold microhemorrhages, and “giant” capillaries are a very useful tool for physicians to diagnose SSc and underlines the importance of microvascular damage in the disease progression (3). Histopathologic examination of the affected vessels reveals extensive intimal hyperplasia, adventitial fibrosis and vascular smooth muscle hypertrophy that lead to luminal narrowing and ultimately occlusion and thrombosis (4, 5). The result is progressive tissue hypoxia, recurrent cycles of ischemia—reperfusion injury and inflammatory changes. In the majority of SSc patients, vascular changes precede the onset of fibrosis suggesting that endothelial injury is central in the pathogenesis of the disease (6–8) and can involve organs in which fibrosis is not traditionally seen such as the kidneys.

The exact mechanisms that lead to endothelial cell injury and propagate the vasculopathy in SSc are not well understood. The presence of tissue hypoxia should promote compensatory angiogenesis. However, this process is defective in SSc patients who exhibit impaired neovascularization and loss of capillaries and arterioles leading to painful digital ulcerations, PAH and SRC (1, 9, 10). A complex network of interactions between endothelial cells, pericytes, myofibroblasts, and the extracellular matrix (ECM) has been implicated in the pathogenesis of SSc (8). It is currently unclear what drives the activation of fibroblasts and the increased ECM deposition responsible for the fibrotic changes seen in SSc. The endothelial cell injury has been proposed to play a prominent role through the production of activating cytokines by SSc endothelial cells (2, 11), disruption of vascular permeability and extravasation of growth factors (1), induction of hypoxia (2), and possibly by contributing to the pool of myofibroblasts through endothelial-to-mesenchymal transition (12).

Altered gene expression, alternative splicing and epigenetic mechanisms have been shown to contribute to the aberrant endothelial function (13–15). Prior gene expression profiling studies (16–19) and proteome-side analyses (13) have shed light onto the molecular pathways affected in SSc patients. However, these studies do not address the discrete contributions of the implicated cell subsets or individual cells and they do not account for cellular heterogeneity and differential cell composition of the target tissues. Thus, interpretation of their results is limited.

In this report, we implemented single cell sorting and subsequent RNA sequencing of cells isolated from SSc and healthy control (HC) skin. We present evidence that scRNA-seq provides a robust platform for cellular identification that allows for gene expression analysis at the single cell level and accounts for cellular heterogeneity. We focus on skin endothelial cells and define the differential in situ gene expression profile in SSc patients. Using pathway analysis software, we highlight the implicated molecular pathways. Finally, we verify independently on skin biopsies using immunohistochemistry and on primary endothelial cells using qPCR that APLNR and HSPG2 represent markers highly expressed in endothelial cells from SSc skin and can potentially be used as surrogates of endothelial dysfunction in SSc patients.



MATERIALS AND METHODS


Study Participants

The Boston University Medical Center Institutional Review Board (Boston, MA, USA) reviewed and approved the conduct of this study. Informed consent was obtained from patients with diffuse cutaneous SSc [according to diagnostic (20) and subtype (21) criteria] and healthy subjects. Skin biopsies were obtained from the dorsal mid forearm and immediately collected in PBS for single cell isolation. The modified Rodnan skin score (MRSS) was determined for each patient on the day of the biopsy (22).

For the qPCR studies with primary endothelial cells, human microvascular endothelial cells (MVECs) were isolated as described previously (23) from skin biopsies of four diffuse cutaneous SSc patients and four age and sex-matched healthy controls. Informed consent was obtained in compliance with the Institutional Review Board of Human Studies of University of Toledo. All patients fulfilled the American College of Rheumatology criteria for the diagnosis of SSc; they were not on immunosuppressive or steroid therapy and none had digital ulcers or PAH.



Skin Digestion and Single Cell Suspension Preparation

Skin digestion was performed using the whole skin dissociation kit for human (130-101-540, Macs Miltenyi Biotec). Enzymatic digestion was completed in 2 h, followed by mechanical dissociation using gentleMacs Dissociator running the gentleMACS program h_skin_01.



MoFlo Analysis

Live cells were stained using NucBlue Live Cell Stain ReadyProbes reagent (Hoechst33342), and sorted using fluorescence-activated cell sorting (FACS) with a Beckman Coulter MoFlo Legacy, excited with multi line UV and detected with 450/20 band pass filter. Cells were deposited with cyclone in TCL buffer (Qiagen) on a 96-well plate, and stored at −80°C until RNA-seq processing.



RNA-seq Protocol and Data Analysis

RNA-seq was performed using the SmartSeq2 protocol. The SmartSeq2 libraries were prepared according to the SmartSeq2 protocol (24) with some modifications (25). The Smart-Seq2 data was processed at the Broad Institute using a standard computational pipeline. Libraries were barcoded by cell. They were sequenced using Illumina NextSeq platform. Data was deconvoluted by barcode and aligned using Tophat version 2.0.10 (26). Transcripts were quantified using the Cufflinks suite version 2.2.1 (27). Cuffnorm files were analyzed using the R environment for statistical computing (version 3.2.1). Using R, we performed t-distributed stochastic neighbor embedding (t-SNE) analysis, k-means clustering and hierarchical clustering. The following packages were used in R: tsne, rtsne, heatmap.2, rorc, gplots, ggplot2, hmisc, reshape, stringr, mixtools, reshape2, vioplot, seurat. The following parameters were used for t-SNE plots: perplexity 30, max iterations at default of 1000, initial dimensions at 10 and theta 0.0. Pathway analysis was performed using the Gene Set Enrichment Analysis software (GSEA) developed by the Broad Institute (28). Our dataset was compared against the following reference genesets: extracellular matrix, KEGG ECM receptor interactions, hallmark epithelial mesenchymal transition, positive regulation of angiogenesis, negative regulation of angiogenesis. Data was also analyzed with the Ingenuity Pathway Analysis (IPA, QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis).



MVEC Cultures

Microvascular endothelial cells (MVECs) were isolated from the biopsy samples and purified using CD31 magnetic beads as previously described (23) and cultured in Clonetics Endothelial Cell Basal Medium-2 (EBM-2) supplemented with EGM-2-MV growth factors (EGM-2) at 37°C in 5% CO2. Normal control dermal MVECs were similarly derived from healthy adult donors who were matched with the SSc patients for age, sex and race.



Immunohistochemistry, Immunofluorescence, and qPCR

Immunohistochemistry for HSPG2 was performed using an anti-HSPG2 antibody (anti-Perlecan, mouse IgG1 Antibody, clone 5D7-2E4, Millipore Sigma), using a staining protocol as previously described (29). Four healthy control skin biopsies and six scleroderma skin biopsies were stained with anti-HSPG2 antibody. Quantitative real-time PCR was performed using primary endothelial cells (MVECs) for APLNR and ACTB control, using the ddCT method as previously described (30), with the following TaqMan probes on a 7300 Real-Time PCR system (Applied Biosystems):

APLNR: Hs00270873_s1, FAM-MGB, Cat. #4453320 (ThermoFisher Scientific, Applied Biosystems).

ACTB: Hs01060665_g1, FAM-MGB, Cat. #4448892 (ThermoFisher Scientific, Applied Biosystems).

Immunofluorescent single and dual antibody staining using tyramide signal amplification (Tyramide SuperBoost Kits with Alexa Fluor Tyramides; ThermoFisher Scientific, Waltham, MA) were performed on formalin fixed paraffin embedded SSc skin tissues. Tissue sections (5 μm thick) were depariffinized and rehydrated followed by heat induced antigen retrieval in citrate buffer pH6.0 (Vector Labs, Burlingame, CA) for 10 min then allowed to cool for 10 min. Blocking was achieved by using 3% H2O2 followed by 10% goat serum (ThermoFisher Scientific, Waltham, MA) for 1 h each. Dual antibody staining was performed using combinations of mouse monoclonal anti-HSPG Perlecan antibody (1:100; Millipore, Temecula, CA); anti-human Von Willebrand Factor mouse monoclonal antibody (1:100; Dako, Santa Clara, CA); anti-human Von Willebrand Factor rabbit polyclonal antibody (1:50); Sigma Aldrich, St. Louis,MO) and Apelin receptor rabbit monoclonal antibody(clone: 5H5L9, 1:500, ThermoFisher Scientific, Waltham, MA). All primary antibodies were incubated overnight at 4°C. Enzymatic development was performed using appropriate goat anti-rabbit or goat anti-mouse Poly-HRP conjugated secondary antibodies (ThermoFisher Scientific, Waltham, MA) for 1 h followed by Alexa Fluor 488 or 594 labeled tyramide solution and completed with reaction stop solution (ThermoFisher Scientific, Waltham, MA) Dual antibody stained samples underwent the same staining process; after the first antibody development was complete tissue again underwent an additional heat induced antigen retrieval, blocking, incubation with compatible primary antibody, poly-HRP secondary antibody and development with spectrally compatible tryamide Alexa Fluor. Slides underwent nuclear staining with Hoeschst stain (1:2000; ThermoFisher Scientific, Waltham, MA). All wash steps consisted of PBS washes 3 times 10 min each. Finally, slides were cover slipped, using ProLong Diamnond Antifade Mountant (ThermoFisher Scientific, Waltham, MA). Images were taken using an Olympus FLUOVIEW FV1000 (Olympus, Waltham, MA) confocal laser-scanning microscope.




RESULTS


Dimensionality Reduction and Clustering of the Dataset

In order to discover the altered regulation of gene expression in diffuse cutaneous systemic sclerosis (dcSSc), we analyzed skin biopsies from one dcSSc patient and one age and sex-matched healthy control. Supplementary Figure 1 shows H&E staining of the skin of the dSSc patient with notable fibrosis and inflammatory infiltration. The skin biopsies were digested and single cell suspensions were used to FACS sort single cells in individual wells, which were subsequently used for cDNA library creation and down-stream RNA sequencing. We successfully sequenced 88 cells from the healthy skin biopsy and 96 cells from the SSc skin biopsy.

For our initial goal to visualize and ultimately define the various cell subsets in the dataset, we used t-distributed stochastic neighbor embedding (t-SNE), a method of unsupervised learning for dimensionality reduction. 2D projection of the t-SNE effectively reduced the dimensionality of the data, revealing clustering patterns that represent distinct cellular populations (Supplementary Figure 2). Next, we performed K-means clustering analysis of the t-SNE output. First, we calculated the recommended number of k-means centers to be 10 using the “elbow criterion” (Supplementary Figure 3). Subsequently, we overlaid the k-means clustering on the t-SNE projection to visualize individual clusters (Figure 1A).
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FIGURE 1. (A) t-SNE analysis of the cells isolated from the systemic sclerosis (SSc) and healthy control (HC) skin. Overlaid is k-means clustering with a defined number of 10 clusters with every cluster represented by a different color. (B) Violin plots showing the expression levels and density of expression for the VWF, CDH5, PECAM1, and GAPDH genes in the cells derived from HC and SSc skin. (C) Co-expression plots of VWF with PECAM1 (left) and CDH5 (right) in both HC (black dots) and SSc (red dots) skin cells. (D) Overlay of the t-SNE analysis with the expression level of VWF, PECAM1, and CDH5 for each cell. The expression levels for each gene were normalized within the respective graph.





Identification of Individual Cell Subpopulations

In order to define the cluster that represents the endothelial cell population in our dataset we employed known endothelial cell markers. Von Willebrand factor (gene name VWF), platelet endothelial cell adhesion molecule (gene name PECAM1) and vascular endothelial cadherin (gene name CDH5) were expressed in a distinct group of cells in our dataset (Figure 1B). Furthermore, plotting VWF against PECAM1 and CDH5 demonstrated that the cells expressing high levels of VWF were also the cells that expressed increased levels of PECAM1 and CDH5 (Figure 1C). Next, we overlaid the expression of these genes on the t-SNE projection plot (Figure 1D) and were able to identify cluster 4 as the endothelial cell cluster (see Figure 1 for cluster numbering). This cluster contained 9 cells from healthy control skin and 8 cells from SSc skin. We used the gene expression profiles of these cells for the rest of the analysis.



Differential Gene Expression Profile of Endothelial Cells in SSc vs. Healthy Skin

After defining the endothelial cells in our dataset, we identified differentially expressed genes between HC and SSc ECs of the skin. We focused on the two-fold up-regulated or two-fold down-regulated genes in SSc compared to HC endothelial cells (Supplementary Figure 4 and Supplementary Table 1). Differential expression was performed using excel. Pair-wise comparison was done with t-test and FDR applied to account for multiple tests. Only genes that that had >2.0 or < −2.0 FC in a statistically significant manner were included. Figure 2A shows the genes upregulated by at least two-fold in a statistically significant manner (top bin) that contain already established markers of endothelial injury and activation, such as the Apelin receptor APLNR (31–36), as well as previously identified markers of vascular dysfunction in SSc, such as THBS1 (16, 37–39) and VWF (13, 40–44). The top bin also includes components of the extracellular matrix, including the heparan sulfate proteoglycan 2 (gene name HSPG2) that was previously shown to be implicated in fibrotic processes (45–47) including SSc-associated fibrosis (48), wound healing (49, 50) and TGF-β signaling (51, 52). Violin plots for the expression of VWF, THBS1, APLNR, and HSPG2 demonstrate that these genes are upregulated in endothelial cells from SSc skin compared to HC skin (Figure 2B).
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FIGURE 2. (A) Heatmap of genes that were at least two-fold upregulated in SSc endothelial cells compared to endothelial cells isolated from healthy skin. (B) Violin plots for the VWF, THBS1, APLNR, and HSPG2 genes showing the expression level and density of expression for the endothelial cells from HC and SSc skin. The corresponding p-values are also depicted for each gene.





Pathway Enrichment Analysis

In order to understand the pathways enriched in our dataset and to find gene signatures that are positively or negatively regulated in SSc endothelial cells compared to their healthy counterparts, we used Gene Set Enrichment Analysis (GSEA) (28) and Ingenuity Pathway Analysis (IPA, Qiagen). GSEA provides a software platform to analyze gene expression data through pairwise comparison of the dataset of interest with known biological processes and pathways. ECM alterations are a prominent feature in SSc pathogenesis. Intimal thickening and adventitial fibrosis are commonly seen in biopsies of SSc skin and are the pathologic representations of defective angiogenesis, skin fibrosis and vascular wall remodeling. Previous functional studies have shown that endothelial cells play a central role by promoting the fibrotic intimal lesions through interaction with vascular smooth muscle cells and pericytes (1, 53) and possibly by TGF-β mediated endothelial-to-mesenchymal transition (1, 54, 55). Using genesets that represent the ECM production and ECM receptor interactions, we found that the SSc endothelial cell gene expression profile correlated weakly with ECM (p = 0.38, Figure 3A, ECM) but more strongly in the complex interactions associated with ECM formation and receptor interactions (p = 0.0001, Figure 3A, ECM receptor interaction). Using a signature geneset for epithelial-to-mesenchymal transition (EMT), we show that SSc endothelial cells showed a trend toward enrichment in EMT-associated genes (p = 0.284, Figure 3B). Finally, in order to better understand the effect of SSc in angiogenesis, we employed two different GSEA sets: one corresponding to negative and one to positive regulation of angiogenesis. SSc endothelial cells demonstrated enrichment of genes associated with negative regulation of angiogenesis (p = 0.018, Figure 3C); conversely, genes associated with the positive regulation of angiogenesis showed a trend toward downregulation in SSc. (p = 0.2703, Figure 3D). Thus, GSEA demonstrates that the SSc endothelial cell expression profile is enriched in processes associated with ECM generation, weakly associated with EMT, and detects angiogenesis to be negatively regulated in SSc endothelial cells.
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FIGURE 3. GSEA analysis of the scRNAseq dataset against the GSEA geneset for extracellular matrix (A, left) and extracellular matrix (ECM) receptor interactions (A, right), epithelial-to-mesenchymal transition (B), negative regulation of angiogenesis (C) and positive regulation of angiogenesis (D). A positive enrichment score on the y-axis indicates positive correlation with the SSc endothelial cell group and a negative enrichment score indicates a negative correlation.



In order to find the top biologic processes, signatures, and pathways associated with our dataset, we used Ingenuity Pathway Analysis (Qiagen). Examining the canonical pathways enriched in our database, we found the SSc endothelial cells show enrichment in pathways associated with inhibition of angiogenesis, acute phase response, complement activation and matrix metalloproteinases (Figure 4).


[image: image]

FIGURE 4. Ingenuity Pathway Analysis (IPA) of the scRNAseq database showing the top canonical pathways enriched in the endothelial cells derived from SSc skin compared to those from healthy control skin.





Independent Verification of Sentinel Markers

Complementing our scRNA-seq experiments, we independently verified our findings using distinct experimental protocols. First, we stained skin biopsies of SSc skin and HC skin with the extracellular matrix protein HSPG2, one of the differentially expressed genes in the scRNA-seq experiments (Figure 2). HSPG2 staining was more robust in SSc skin, especially in the perivascular areas (Figure 5A). HSPG2 has been shown to be regulated in a TGF-β dependent manner (51, 52). Both APLNR and HSPG2 co-stained by immunoflorescence with VWF, confirming that they are expressed by endothelial cells in SSc skin (Figure 5D). In order to explore the effect of TGF-β signaling blockade on HSPG2 in SSc patients, we used our previously generated microarray data from our clinical trial of a TGF-β blocking antibody, fresolimumab (for patient characteristics, study details, outcomes and microarray data, refer to (16), Clinicaltrials.gov NCT01284322, GEO database accession number GSE55036). In this trial, SSc patients were treated for 7 and 24 weeks with fresolimumab (Figure 5B) and HSPG2 expression was reduced by the end of 24 weeks in a statistically significant manner (ANOVA, p value 0.027), indicating that HSPG2 expression is inhibited by TGF-β blockade, coincident with the decrease in disease activity and skin inflammation seen with fresolimumab.
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FIGURE 5. (A) Immunohistochemistry of skin biopsies from healthy and SSc skin showing the expression of HSPG2. (B) The microarray data from the Fresolimumab clinical trial were analyzed to show the expression of HSPG2 gene within the study subjects during treatment with fresolimumab at week 7 and week 24. Expression levels are normalized to the onset of study at the time of enrollment. Data were analyzed using ANOVA and shown is the p-value. (C) qPCR analysis of the expression of APLNR in MVECs isolated from healthy and scleroderma skin. Data are normalized to ACTB. t-test analysis was performed and the p-value is shown. (D) Dual antibody immunofluorescent (IF) staining of formalin fixed paraffin embedded scleroderma and control skin biopsies sectioned in 5 μm sections. Upper panels show dual IF staining of HSPG2 (green) and Von Willebrand factor (red) co-localizing on blood vessels. Lower panels show dual IF staining of Von Willebrand factor (green) and APLNR (red) co-localizing on blood vessels in scleroderma skin with DAPI nuclear stain. Scale bar = 50mm.



APLNR was another gene found to be increased in the SSc endothelial cells using scRNA-seq (Figure 2). To independently verify this result, we studied APLNR gene expression in microvascular endothelial cells (MVECs) isolated from the skin of four distinct SSc patients and four healthy controls using qPCR. APLNR was more highly expressed by SSc primary endothelial cells compared to HC endothelial cells (Figure 5C).




DISCUSSION

Vascular injury is a central event in the pathophysiology of SSc. However, our knowledge regarding the pathogenesis and pathways involved in the generation of endothelial cell injury is limited. Here, we provide a comprehensive analysis of scRNA-seq data generated from cells derived from SSc and healthy skin. We show that scRNA-seq provides a robust platform for identifying specific cell subtypes and more importantly differential gene expression profiles and signatures in the cell subpopulations of interest at the single cell level.

Using scRNA-seq, we identified distinct markers that can provide insight in the development of endothelial cell injury, including markers that have been previously linked with the pathogenesis of SSc, such as Thrombospondin 1 and Von Willebrand Factor (13, 16, 37–44). Additional genes identified by our analysis, notably APLNR and HSPG2, have not been previously linked to SSc pathogenesis. These genes are of particular interest as they have been associated with vascular activation and dysfunction as well as fibrosis in different settings (31–36, 45–50, 56).

Apelin and Elabela are both ligands of the Apelin receptor (APLNR/APJ), a G-protein coupled receptor found on endothelial cells (57). These ligands play central roles in cardiovascular development and angiogenesis (31, 35, 56, 58). The Apelin/Elabela-APLNR signaling is critical in regulating vascular maturation and APLNR –/– mice are embryonically lethal secondary to cardiovascular defects (33). APLNR expression is induced in conditions of hypoxia (32, 36). APLNR signaling has not been investigated in SSc other than data suggesting that elevated Apelin levels are associated with more severe vascular disease (59). The Apelin/Elabela-APLNR signaling has been implicated in pulmonary arterial hypertension, one of the major complications of SSc (60, 61). In this setting, increased Apelin activity appears beneficial and receptor agonists are being considered as therapies. In this context, increased APLNR expression might represent a positive adaptive response to hypoxia, fibrosis and/or other vascular injury in the SSc skin microenvironment. On the other hand, APLNR has been associated with pathological retinal angiogenesis and telangectasias (34, 62) and, thus, it might contribute to the dysregulated angiogenesis seen in SSc.

The HSPG2 gene codes for the extracellular matrix protein perlecan, which represents a main component of the blood vessel basement membrane (63). HSPG2 has been implicated in several fibrotic processes, including liver fibrosis and desmoplastic tumors (45–47). Interestingly, a C-terminal fragment of HSPG2 was found to be a main fibrogenic mediator produced by apoptotic SSc endothelial cells (48). Specifically, the C-terminal HSPG2 fragment produced by apoptotic SSc endothelial cells induced PI3K-dependent resistance to apoptosis in fibroblasts and activated myofibroblast differentiation (48). HSPG2-deficient mice exhibit delayed wound healing (49), impaired angiogenesis (49, 52) and decreased TGF-β production in the mouse skin (50). Reciprocally, TGF-β signaling induces HSPG2 promoter activity (51). Analysis of the fresolimumab clinical trial microarray data suggests that HSPG2 gene expression in SSc skin is regulated by TGF-β. Thus, TGFβ up-regulation of HSPG2 may mediate a profibrotic response to vascular injury in SSc skin.

Our pathway analysis on the single-cell platform demonstrates that the pathways of extracellular matrix generation, inhibition of angiogenesis, epithelial to mesenchymal transition and matrix metalloproteinase production are highly activated and centrally involved in the pathophysiology of endothelial cell injury in SSc patients. A recent study has highlighted the potential importance of endothelial-mesenchymal transition in SSc (64). Our pathway analysis, showing a trend toward upregulated epithelial-mesenchymal transition, supports this notion.

A limitation of the current study is that only one patient and one control biopsy were analyzed by scRNA-seq. However, ancillary studies examining RNA expression in cells and skin immunohistochemistry support the generalizability of the scRNA-seq findings. We anticipate with emerging technologies that more cells and more robust signatures might be found.

Vascular injury occurs early in the disease course of SSc. Raynaud's phenomenon and other vascular malformations can precede the development of overt disease for years to decades. Understanding the endothelial cell injury pathways has the potential of allowing early identification of patients and more accurate prognostication. In addition, our data point to several upregulated endothelial cell genes in SSc skin and implicate these genes in distinct pathways in SSc pathogenesis. Our results provide the framework for the development of biomarkers representing vascular injury and therapeutic targets to be further explored.
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Supplementary Figure 1. H&E staining of the skin from the dcSSc patients used for the scRNA-seq showing the extensive fibrosis (arrows) and inflammatory infiltration (arrowheads).

Supplementary Figure 2. Two-dimensional projection of the t-SNE analysis of the cells isolated from the systemic sclerosis (SSc) and healthy control (HC) skin. Cells were pooled together to facilitate cell subset identification.

Supplementary Figure 3. The “elbow” criterion used to determine the optimal number of clusters to be used for the k-means clustering used in conjunction with the t-SNE analysis.

Supplementary Figure 4. Heatmap with hierarchical clustering of genes that were at least two-fold up-regulated or down-regulated in SSc endothelial cells compared to endothelial cells isolated from healthy skin.

Supplementary Table 1. Genes regulated < 2-fold in SSc compared to healthy skin endothelial cells.
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Scleroderma (systemic sclerosis, SSc) is a highly heterogeneous rheumatic disease, and uncontrolled fibrosis in visceral organs is the major cause of death in patients. The transforming growth factor-β (TGF-β) and WNT/β-catenin signaling pathways, along with signal transducer and activator of transcription 3 (STAT3), play crucial roles in this fibrotic process. Currently, no therapy is available that effectively arrests or reverses the progression of fibrosis in patients with SSc. Ubiquitination is an important post-translational modification that controls many critical cellular functions. Dysregulated ubiquitination events have been observed in patients with systemic lupus erythematosus, rheumatoid arthritis and fibrotic diseases. Inhibitors targeting the ubiquitination pathway have considerable potential for the treatment of rheumatic diseases. However, very few studies have examined the role and mechanism of ubiquitination in patients with SSc. In this review, we will summarize the molecular mechanisms of ubiquitination in patients with SSc and explore the potential targets for treatment.
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INTRODUCTION

Scleroderma (systemic sclerosis, SSc) is a complicated heterogeneous rheumatic disease that is characterized by progressive fibrosis in the skin and multiple other organs. Both environmental and genetic factors contribute to the etiology of SSc and trigger a chronic self-amplifying inflammatory process, leading to vascular alterations, autoimmunity and fibrosis (1). Many molecules and signaling pathways participate in the progression of fibrosis, such as the transforming growth factor-β (TGF-β) and WNT/β-catenin signaling pathways, signal transducer and activator of transcription 3 (STAT3), platelet-derived growth factor (PDGF), endothelin 1, interleukin 6, interleukin 13, autoantibodies, and numerous biologically active substances. Among these pathways, the TGF-β and WNT/β-catenin signaling pathways and STAT3 play key roles. Based on accumulating evidence, post-translational modifications have important regulatory roles in these pathways, such as acetylation, phosphorylation and ubiquitination, suggesting that these modifications are potential targets for the treatment of fibrosis (2–4).

Ubiquitin is a highly evolutionarily conserved protein that modifies other proteins for degradation. Ubiquitination is a process by which target protein is covalently bound to ubiquitin through an enzymatic cascade that is orchestrated sequentially by activating (E1), conjugating (E2) and ligating (E3) enzymes (5). E1 enzymes activate ubiquitin and transfer it onto the E2 conjugating enzyme, and then E3 ligases interact with the ubiquitin-loaded E2 enzyme and substrate protein to mediate the formation of polyubiquitin chains. Subsequently, the polyubiquitin chain is recognized by the 26S proteasome complex and degraded into individual amino acids.

The human genome contains two E1 enzymes, approximately forty E2 enzymes and >600 E3 ligases. The diverse E3 ligases have important roles in the selective recognition of each targeted protein. Additionally, >100 deubiquitinating enzymes (DUBs) have been identified that remove ubiquitin from the substrate proteins (6).

Ubiquitination plays important roles in the proteasomal degradation of proteins, inflammatory signaling, immune responses, autophagy, and T cell activation and differentiation (7). Dysregulation of ubiquitination has been observed in many autoimmune diseases, such as systemic lupus erythematous (8), rheumatoid arthritis (RA) (9) and fibrotic diseases (10). Anti-ubiquitin antibodies are present in 42% of patients with SSc and are associated with anti-histone antibodies. The latter might be positively correlated with the severity of pulmonary fibrosis in patients with SSc (11). According to results from whole-exome sequencing, an E3 ubiquitin ligase-related gene was associated with a higher risk of SSc. Therefore, ubiquitination might play an important role in SSc (12). However, little is known about ubiquitination in the pathology of SSc. Herein, we will summarize the role of ubiquitination in SSc and then discuss the future perspectives for SSc therapy.



MUTATIONS IN UBIQUITINATION-RELATED ENZYMES IN PATIENTS WITH SSC

Many susceptibility regions have been identified in patients with SSc by genome-wide association studies (GWAS), and the most common and confirmed susceptibility locus is the HLA locus. Recently, non-HLA susceptibility genes have also been identified, and most are correlated with inflammation, T cell differentiation and autoantibodies (13).

The susceptibility genes TNF-α-induced protein 3 (TNFAIP3), TNF receptor-interacting protein (TNIP1), ankyrin repeat and SOCS box-containing 10 (ASB10), and autophagy-related 5 (ATG5) are involved in the ubiquitination-proteasome system (UPS). TNFAIP3 expression (encodes A20) is rapidly induced by TNF-α. TNFAIP3 possesses both E3 ubiquitin ligase and deubiquitinase activities and negatively regulates the inflammatory response by deubiquitinating proteins in the NF-κB pathway, such as IKKg/NEMO, RIP1 and RIP2. TNFAIP3 is associated with diffuse cutaneous SSc, anti-topoisomerase I antibody, lung fibrosis and pulmonary arterial hypertension (14). TNIP1 interacts with A20 and represses the activity of the TLR-induced NF-κB signaling pathway, decreasing the production of proinflammatory cytokines in patients with SSc. Recombinant TNIP1 downregulates inflammatory cytokine-induced collagen synthesis (15). ASB10 belongs to the E3 ubiquitin ligase complex and may be involved in the pathogenesis of SSc and pulmonary vascular complications (12, 16). The protein encoded by the ATG5 gene interacts with ATG12 and forms a complex that functions as an E1-like activating enzyme. ATG5 is also associated with RA, juvenile idiopathic arthritis and primary biliary cirrhosis. However, the function of ATG5 in patients with SSc requires further investigation (17).



UBIQUITIN MODIFICATION OF PROTEINS IN KEY SIGNALING PATHWAYS INVOLVED IN SSC


TGF-β Signaling Is Regulated by Ubiquitination

Definition

The TGF-β superfamily consists of TGF-βs, bone morphogenetic proteins (BMPs) and activin. These proteins activate TGF-β signaling by binding to their membrane-anchored serine/threonine kinase receptors TGF-βRI or TGF-βRII. The canonical TGF-β signaling pathway is regulated by Smad proteins. Smad proteins are divided into three types. R-Smads are receptor-regulated Smads, including TGF-β/activin-specific Samd2 and Smad3, BMP-specific Smad1, Smad5 and Smad8. I-Smads are inhibitory Smads and include Smad6 and Smad7. Co-Smad is the common Smad and is represented by Smad4. The Smad proteins regulate the transcription of various genes. Many transcription factors and co-factors are also involved in this process; transcription factors include Mixer, FoxH1, E2F, and Runx-related proteins, co-activators include p300 and CBP, and co-repressors include c-Ski and SnoN (18) (Figure 1A).
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FIGURE 1. Ubiquitin modifications in the TGF-β pathway. (A) Schematic showing the Smad-dependent and Smad-independent TGF-β signaling pathways. (B) Ubiquitinating enzymes, DUBs and target proteins in the TGF-β pathway. Red square nodes represent enzymes, green circles represent target proteins.



The Role of TGF-β Signaling in SSc

TGF-β is commonly viewed as playing a critical role in the fibrosis process. Dysregulation of the TGF-β signaling pathway is involved in the pathogenesis of SSc (19). High levels of TGF-β and its regulated genes have been detected in skin biopsies and were positively correlated with the severity of SSc (20). The TGF-β neutralizing antibody fresolimumab exerts anti-fibrotic effects on patients with SSc, but its use is also accompanied by a high incidence of keratoacanthomas, which limits its use in long-term treatment. Therefore, the development of new drugs that target downstream mediators of TGF-β signaling is important (21, 22).

Ubiquitin Enzymes in TGF-β/SMAD Signaling

Many E3 ligases are involved in TGF-β/SMAD signaling, including Smurfs (E6-accessory protein C-terminus, HECT), WWP family (HECT type), NEDD4L (HECT type), Arkadia (RING-H2 finger domain), CHIP (C-terminus of HSC70-interacting protein), β-TrCP (Skp1-Cullin-F-box (SCF)-type ubiquitin ligase), and Fbxw7 (SCF type). TGF-β/SMAD signaling regulates the transcription of various genes, including negative regulators, such as I-Smads and Smurfs. When TGF-β signaling is activated, I-Smads and Smurfs interact in the nucleus and translocate to the cytoplasm (23, 24). Smad7 recruits WWP1 and NEDD4L to the active TGF-β receptor complexes and induces the degradation of the complexes (25, 26). Smurf1 ubiquitinates Smad1 and Smad5 (27, 28), and Smurf2 ubiquitinates Smad1 and Smad2 under steady-state conditions (29, 30). Arkadia and NEDD4L ubiquitinate phospho-Smad2/3 (31, 32), whereas CHIP regulates the abundance of Smad1 and Smad3 (33, 34). Smurfs, WWP1, NEDD4-2, CHIP, and β-TrCP conjugate polyubiquitin chains onto Smad4 and mediate its degradation (35). As mentioned above, E3 ligases mainly function as inhibitors of TGF-β signaling. However, they have also been shown to enhance TGF-β signaling. Arkadia degrades the negative regulators of TGF-β signaling, such as Smad7, c-Ski, and SnoN (36). Smad7 is also ubiquitinated by WWP-C and WWP2-FL (37). Phosphorylated TGIF1 (TGF-β-induced factor 1) is a transcriptional repressor of TGF-β signaling that is degraded by the ubiquitin ligase complex containing Fbxw7 (38).

Ubiquitin Enzymes in Smad-Independent TGF-β Signaling

Ubiquitination also plays important roles in Smad-independent TGF-β pathways. TGF-β induces the ubiquitination and degradation of KLF4 (Krüppel-like factor 4), which is important for TGF-β-mediated regulation of transcription (39). The TGF-β/RhoA pathway is required for the progression of the epithelial-mesenchymal transition (EMT). Smurf1 targets RhoA for degradation (40). In TGF-β-induced anti-inflammatory signaling, Smurf1 ubiquitinates TRAFs (TNF receptor-associated factors), and Smurf2 interacts with TRAF2 and ubiquitinates TNF receptor 2, thereby inhibiting downstream signaling (41). In fibroblasts from patients with SSc, Smurf2 is upregulated after stimulation with TGF-β (42), and the Smad7-Smurf-mediated inhibitory effect is impaired (43). Ubiquitination also promotes Smad2/3 signaling and increases collagen I accumulation by stabilizing Ha-Ras, which is independent of TGF-β activation. All of these mechanisms eventually contribute to collagen overproduction. The dysregulation of E3 ubiquitin ligases involved in TGF-β signaling has also been observed in patients with other fibrotic diseases and in animal models. The levels of MDM2 (RING-type) and FIEL1 (HECT-Type E3) are increased in lung tissues from patients with idiopathic pulmonary fibrosis (IPF) (44, 45). Smurf2 is upregulated in the fibroblasts present in hypertrophic scars (46). Smurf1, Smurf2, Arkadia and Hrd1 (Synoviolin, RING-type) levels are increased in animals with unilateral ureteral obstruction-induced renal fibrosis (47–49). Smurf2 and Synoviolin are upregulated in a liver fibrosis model (50–52). NEDD4 and Pellino1 (RING-type) expression are increased in keloid fibroblasts (53) and cardiac fibroblasts, respectively (54). These E3 ubiquitin ligases not only directly mediate the degradation of components of the TGF-β signaling pathway but also participate in inducing the transition of epithelial cells to mesenchymal cells, enhancing fibroblast proliferation and invasiveness, and increasing TGF-β production.

DUBs

DUBs have also been implicated in TGF-β signaling. UCH37 and USP11 were shown to deubiquitinate TβRI or TβRII, which is important for early steps in the TGF-β signaling pathway (55–57). High levels of USP11 have been detected in lung tissues from patients with IPF and bleomycin-induced mice, whereas inhibition of USP11 expression attenuates TGF-β signaling (57). CYLD deubiquitinates Smad7 and inhibits TGF-β signaling (58). In mice with liver fibrosis, CYLD ameliorates hepatocellular damage and liver fibrogenesis (59). USP15 deubiquitinates mono-ubiquitinated R-Smads and is required for proper TGF-β signaling. Other DUBs, such as AMSH (the associated molecule with the Src homology 3 domain of the signal-transducing adaptor molecule) and AMSH-like protein cleave K63-linked ubiquitin chains, which are associated with I-Smads and inhibit their functions (60–62) (Figure 1B).



The WNT/β-Catenin Pathway Is Regulated by Ubiquitination

Definition

The canonical WNT pathway is closely related to the regulation of β-catenin and its potential to modulate transcription. When WNT signaling is inactivated, β-catenin is phosphorylated (pβ-catenin) in the cytoplasm by a multiprotein complex (Axin/APC complex) composed of Axin, APC, CK1 and GSKβ. The pβ-catenin protein is immediately degraded by the UPS and is rarely detected in normal cells. Upon stimulation, WNT binds to the receptor Frizzled (Fz) and the coreceptors LRP5/6, recruits the cytoplasmic effector protein Disheveled (Dvl) and inhibits the Axin/APC complex. Consequently, the high levels of cytosolic β-catenin are translocated to the nucleus and regulate the transcription of target genes via β-catenin/TCF complexes. Based on accumulating evidence from recent studies, ubiquitin modification also plays important roles in regulating the WNT pathway (63).

The Role of WNT/β-Catenin Pathway in SSc

WNT signaling plays pivotal roles in developmental processes and tissue homeostasis. The canonical WNT/β-catenin pathway elicits fibrotic responses both directly and through TGF-β (2). High levels of activated β-catenin and its regulated gene AXIN2 have been in skin and lung tissues from patients with SSc, as well as in animal models of fibrosis (64, 65). SSc autoantibodies and oxidative DNA damage mediate Wnt inhibitor factor 1 (WIF-1) silencing and promote WNT activation and subsequent fibrosis. Strategies that restore the expression of WIF-1 prevent collagen accumulation in vivo. Microarray studies have also revealed the activation of WNT/β-catenin pathways in the skin tissues from patients with SSc. According to the results from clinical trials, treatments targeting the WNT/β-catenin pathway (tankyrase and porcupine inhibitors) are effective, well-tolerated and safe for long-term application (66). C-82, which targets the β-catenin/CBP interaction, is now in phase I/II clinical trials for SSc therapy. Therefore, the molecular mechanisms regulating the WNT/β-catenin pathway must be completely identified (67, 68).

Ubiquitin Enzymes and DUBs in WNT Signaling

The cell-surface receptor Fz is ubiquitinated by the transmembrane E3 ligases ZNRF3 and RNF43 and is deubiquitinated by UBPY/Ub-specific protease 8 (USP8) for recycling to the plasma membrane (69, 70). LRP6 is retained in the endoplasmic reticulum due to palmitoylation and monoubiquitylation, suggesting that an E3 ligase and DUBs participate in this process; however, the types of ubiquitin chains remain unknown (71). Dvl proteins (Dvl1, Dvl2 and Dvl3) play key roles in both canonical and noncanonical WNT signaling. Multiple E3 ligases that ubiquitinate Dvl negatively regulate WNT signaling (72). The DUBs CYLD and USP14 remove the K63-linked polyubiquitin chain from Dvl (73, 74). Axin is degraded by the E3 ligase RNF146 and Smurf1 and Smurf2, which interact with LRP5/6 (75–77). HectD1 ubiquitinates APC, promotes its interaction with Axin and negatively regulates WNT signaling (78), whereas USP15 protects the APC from ubiquitin-mediated degradation (79). β-TrCP assembles K48-linked polyubiquitin chains onto β-catenin and mainly regulates the nuclear pool of β-catenin (80). The ubiquitin ligase Jade-1 also mediates β-catenin ubiquitination and is responsible for degrading cytoplasmic β-catenin (81). Unlike β-TrCP and Jade-1, Rad6B (an E2 ubiquitin-conjugating enzyme) and EDD (an E3 ubiquitin ligase) ubiquitinate β-catenin and increase its activity (82, 83) (Figure 2).
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FIGURE 2. Ubiquitin modifications in the WNT/β-catenin pathway. When WNT signaling is inactivated, β-catenin is phosphorylated (pβ-catenin) in the cytoplasm by the Axin/APC complex and degraded by Jade-1 and β-TrCP. Upon stimulation, WNT binds to the receptor Frizzled and the coreceptors LRP5/6, recruits Dvl and inhibits the Axin/APC complex, leading to the translocation of high levels of cytosolic β-catenin into the nucleus. Fz is ubiquitinated by ZNRF3 and RNF43 and deubiquitinated by USP8. Dvl is deubiquitinated by CYLD and USP14. Axin is degraded by RNF146, Smurf2, and Smurf1. APC is ubiquitinated by HectD1 and deubiquitinated by USP15. Rad6B and EDD ubiquitinate β-catenin; Jade-1 also ubiquitinates β-catenin in the nucleus.





STAT3 Regulation by Ubiquitination

STAT3 belongs to the transcription factor family that transduces cellular signals from a number of soluble growth factors and cytokines, including PDGF, epidermal growth factor (EGF) and IL-6 family cytokines. STAT3 plays critical roles in several biological processes, including cell proliferation, differentiation and migration. Upon stimulation, cytoplasmic STAT3 is phosphorylated, dimerizes, and then translocates to the nucleus to regulate the transcription of target genes. Recently, STAT3 was shown to integrate multiple profibrotic signals and was identified as a key checkpoint in fibroblast activation. STAT3 is considered a potential target for SSc treatment (4, 84). The STAT3 dimerization inhibitor S3I-201 exerts strong anti-fibrotic effects on animal models of SSc. STAT3 is ubiquitinated with lysine-63-linked ubiquitin chains by TRAF6 (tumor necrosis factor receptor-associated factor 6) (85), which exhibits E3 ubiquitin ligase activity. STAT3 is also ubiquitinated and degraded by the E3 ligase COP1 (86).



Treatment of SSc by Strategies Targeting the UPS

Bortezomib is a reversible 20S proteasome inhibitor and the first drug approved to treat multiple myeloma. In the UPS, the proteasome is the final step in protein degradation and a valuable target for developing potential drugs. Bortezomib derivatives, such as carfilzomib and marizomib, are in various phases of clinical trials as potential treatments for several malignancies (87). In fibroblasts from patients with SSc, proteasome inhibitors replenish human dermal fibroblasts, degrade the extracellular matrix and exert anti-fibrotic effects (88). The proteasome inhibitor MG-132, synthetic lactacystin, and bortezomib decrease the expression of type I collagen and tissue inhibitor of metalloproteinase-1 and increase the production of metalloproteinase-1 in a dose-dependent manner (89). However, proteasome inhibitors have been reported to induce resistance and side effects, and a combination of several UPS inhibitors targeting different components may overcome this challenge (6).

Studies of E1 enzyme inhibitors are rare due to their lack of specificity as therapies. Several inhibitors of E2 enzymes are in preclinical research stages, but their role in SSc has been poorly investigated. The specificity of the UPS depends mainly on E3 ubiquitin ligases. The FIEL1 inhibitor BC-1485 ameliorates lung fibrosis in a mouse model (44). The Synoviolin inhibitor LS-102 reduces endoplasmic reticulum stress-induced collagen secretion from lung epithelial cells, suggesting that it might be a potential treatment for IPF (90). In patients with SSc, the TGF-β and WNT/β-catenin signaling pathways and STAT3 are mainly regulated by E3 ligases at multiple levels, which presents the potential for specific substrates for drug target design. Erioflorin, which is isolated from Eriophyllum lanatum, has been shown to block β-TrCP and affect WNT/β-catenin signaling (91). Specific inhibitors or antagonists of other E3 ligases, such as Smurf1, Smurf2 and NEDD4, have not yet been discovered.

DUBs deubiquitinate and rescue substrates from proteasomal degradation, and thus are regarded other potential targets for drug development. WP1130 has been shown to suppress the activity of several DUBs, including UCH37 and USP14, which regulate both TGF-β and WNT/β-catenin signaling. The combination of WP1130 and bortezomib exerts pro-apoptosis and anti-proliferation effects on tumor cells (92). b-AP15 is a small-molecule inhibitor of USP14 and UCHL5. b-AP15 blocks USP14 in a reversible manner and regulates WNT/β-catenin signaling (93). UCHL5 levels are elevated in lung tissues from patients with IPF (80). b-AP15 also reduces the levels of the fibronectin, type I collagen, and SMAD2/3 proteins in lung tissues from mice with fibrosis (94). The USP11 inhibitor mitoxantrone attenuates TGF-β signaling in lung fibroblasts and has been indicated as a potential antifibrotic drug for subjects with fibrosis.

In animal models and clinical trials, the UPS has been validated as a valuable molecular target for the treatment of cancer, asthma and arthritis, as >1,000 proteins have been identified in the UPS. These proteins represent substantial opportunities and challenges for researchers to investigate the molecular mechanisms underlying the addition of ubiquitin chains and the main components. The identification and validation of these components will expand the pool of targets for drug discovery for fibrosis (95).




CONCLUSIONS AND FUTURE PERSPECTIVES

In this review, we highlight the mechanisms regulating ubiquitination in patients with SSc and explore potential anti-fibrosis drugs. Effective therapies for many fibrotic manifestations in patients with SSc are currently unavailable. Considering the central role of TGF-β signaling, WNT/β-catenin signaling and STAT3 in SSc, the use of UPS inhibitors to selectively disrupt the formation of receptor or co-receptor complexes or block intracellular signaling may yield advances in the development of urgently needed treatments. These drugs are very powerful and might also induce severe side effects because of their unselective action that would limit their widespread use. In the near future, the elucidation of new, potent and highly specific drugs targeting specific UPS components is required. Therefore, investigations of the enzymology of ubiquitination will be of paramount importance in the next few years. Moreover, more studies are needed of enzymes involved in ubiquitination that represent promising drug targets to ameliorate fibrosis in patients with SSc.
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Background: Systemic sclerosis (SSc) T cells can induce apoptosis of autologous skin fibroblasts in vitro. Th17 cells have been reported to increase in SSc patients, and interleukin-17A (IL-17A) has a profibrotic function. We used a system based on T-cell-autologous fibroblast co-cultures to further investigate a possible role of IL-17A in SSc.

Methods: T cells from diffuse SSc patients were co-cultured with autologous skin fibroblasts. IL17A mRNA was assessed by real-time PCR in co-cultured and control T cells, while IL17RA, CXCL1, CCL2, CCL3, COL1A1, COL3A1, CTGF, TGFBR2, and SMAD3 mRNAs were assessed in co-cultured and control fibroblasts. In subset experiments, co-cultures and control cells were treated with either IL-17A or IL-17A plus anti-IL17 receptor monoclonal antibody (α-IL-17RA mAb). Chemokine and procollagen type I (PCI) production was further investigated at the protein level in cell culture supernatants by multiple suspension immunoassay and sandwich ELISA, respectively. Co-cultured and control fibroblasts were also stained with Annexin V and analyzed by flow cytometry.

Results: T cell–fibroblast co-cultures overexpressed IL17A and IL17RA. Furthermore, co-cultured fibroblasts upregulated IL-17A targets CXCL1, CCL2, and CCL3, while COL1A1, COL3A1, CTGF, and two key effectors of the TGF-β signaling, TGFBR2 and SMAD3, were found downregulated. Consistently, chemokine concentrations were increased in co-culture supernatants, while PCI levels were reduced, especially after stimulation with ectopic IL-17A. Finally, simultaneous α-IL-17RA mAb treatment restored PCI levels and reduced fibroblast apoptosis in IL-17A-stimulated co-cultures.

Conclusion: These data suggest that IL-17A upregulation might play a role in modulating T cell-mediated antifibrotic and proapoptotic effects in co-cultured autologous skin fibroblasts.

Keywords: systemic sclerosis, T cells, fibroblasts, co-cultures, apoptosis, IL-17A, IL-17RA, chemokines


INTRODUCTION

Systemic sclerosis (SSc) is a chronic multiorgan disease characterized by microvascular injury, autoimmune phenomena, and fibroblast activation, leading to uncontrolled extracellular matrix (ECM) deposition in the skin and visceral organs and increased mortality due to vital organ dysfunction (1, 2). The etiopathogenesis of the disease remains unknown. However, endothelial, immune cell, and fibroblast activation, and most notably T cell–fibroblast cross-talk, play a role (3). In the past years, we and others showed that the skin of patients with diffuse SSc (dcSSc) of recent onset (<3 years) is predominantly infiltrated by oligoclonally expanded CD4+ T cells (4, 5). Furthermore, we demonstrated that SSc T cells co-cultured with autologous skin fibroblasts up to 10 days display the same clonotypes found in the skin of these patients and can induce fibroblast apoptosis in vitro (6). These data suggest that an antigen-driven T-cell response could be initially devoted to control the aberrant fibroblast activation found in SSc. In line with our observations, other authors reported that chemically pre-activated peripheral γδT cells from SSc patients can also induce autologous fibroblast apoptosis after a short-term exposure in vitro (7). In those experiments, both T cell–fibroblast interaction and activation of γδT cells was paralleled by a cytokine burst in which profibrotic cues were more prominent (5, 6, 8, 9). These events may account for the escape of fibroblasts from a control attempted by T cells and for the resistance to apoptosis in vivo.

More recent evidences suggest that, among other immune-inflammatory mediators, interleukin-17A (IL-17A) and Th17 could play a key function in the pathogenesis of SSc (10), even though their role remains unclear (11). IL-17A seems to promote the production of proinflammatory mediators and metalloproteinases in human fibroblasts. Moreover, this cytokine suppresses collagen type I and connective tissue growth factor (CTGF) synthesis and counteracts alpha-smooth muscle actinin (α-SMA)-mediated myofibroblast transdifferentiation in vitro (12–15). However, in animal models of lung and skin fibrosis, IL-17A deficiency seems to protect against collagen deposition (16–18), and IL-17A stimulation of mouse fibroblast lines induces CTGF and transforming growth factor-β (TGF-β) overexpression (18). A possible explanation for this dual role of IL-17A in SSc has been provided by Dufour et al., who showed that IL-17A plays different effects on cultured SSc fibroblasts, depending on the prevalent activation of either IL-17A or TGF-β signaling pathway (19). In this context, the assessment of IL-17A levels in our co-cultures and a better knowledge of the effects of its modulation in T cell–fibroblast co-cultures could be helpful to add details on T cell–fibroblast dynamics in SSc in vitro.



METHOD


Patients

Nine dcSSc patients (20) with a disease duration from Raynaud's phenomenon (RP) onset ≤ 3 years, all meeting ACR/EULAR 2013 classification criteria (21), underwent whole blood drawing for peripheral blood mononuclear cell (PBMC) isolation and punch skin biopsy as described elsewhere according to international standards (6, 22), after giving informed written consent. Supplementary Table 1 summarizes demographic, clinical, and serological features of the patients enrolled. All biospecimens were obtained at first observation before initiating any immunomodulatory treatment.

The study protocol was approved by the Ethics Committee of the Department of Internal and Experimental Medicine “F.Magrassi-A. Lanzara” of the Second University of Naples (protocol n. 303/March 16th 2017).



Cultures and Reagents

Fibroblasts were obtained by outgrowth culture from two to three 1-mm2 skin pieces into Petri dishes with DMEM added with 10% heat-inactivated fetal calf serum (FCS), 1 mM penicillin–streptomycin, and 2 mM l-glutamine. After 2–3 weeks, cells reached confluence, were harvested by trypsin treatment, and re-seeded in RPMI1640. Cells at passages 3–7 were used to set co-cultures. For each experiment, at least five cell batches were assayed in duplicate. All reagents were purchased from Invitrogen, ThermoFisher Scientific Inc., Waltham, MA, USA.

PBMCs were isolated from 20 ml of peripheral blood by centrifugation in a density gradient (Ficoll-Hypaque, Pharmacia LKB Biotechnology, New Brunswick, NJ, USA), washed, counted, and co-cultured up to 10 days with autologous fibroblasts in a 10:1 ratio in the presence of human recombinant IL-2 (hrIL-2) at a concentration of 20 U/ml, as described previously (5, 6), to sustain fibroblast-induced T-cell expansion (23). Fibroblasts alone and PBMCs alone plus hrIL-2 were cultured separately as controls. In subset experiments, co-cultures were added with human recombinant IL-17A (hrIL-17A) at a concentration of 6.25 ng/ml and/or IL-17RA neutralizing monoclonal antibody (α-IL-17RA mAb) at a concentration of 16 μg/ml. Human BSA 0.1% and goat isotype IgG were used as irrelevant controls for IL-17A and α-IL-17RA mAb treatment, respectively (IL-17A from Gibco, ThermoFisher Inc., Waltham, MA, USA; α-IL-17RA from R&D Systems Inc., Minneapolis, MN, USA). Minimal effective concentrations of both hrIL-17A and α-IL-17RA mAb were assessed by titration experiments measuring target gene expression induction, according to manufacturer instructions (Supplementary Figure 1).



RNA Isolation and Gene Expression Analysis

RNA isolation was performed on cultured cells after trypsinization, washing in PBS and addition of Trizol Reagent (Invitrogen, ThermoFisher Scientific Inc., Waltham, MA, USA) according to manufacturer instructions. Then, 100 ng of total RNA was reverse transcribed using random hexamers, Multiscribe reverse transcriptase 50 U/μl, RT buffer, dNTPs, and RNase inhibitor 20 U/μl. 18S rRNA was used as endogenous control and analyzed by TaqMan-based real-time PCR using a pre-developed FAM-labeled primer-probe system (Hs99999901_s1; Applied Biosystems, ThermoFisher Scientific Inc., Waltham, MA, USA), while IL17A, IL17RA, IL17RC, CXCL1, CCL2, CCL3, TGFBR2, SMAD3, CTGF, COL1A1, and COL3A1 mRNAs were analyzed by real-time PCR in a Sybr Green Master Mix, using 1 μl of cDNA and 11.25 μM self-designed primer pairs (all Applied Biosystems, ThermoFisher Scientific Inc., Waltham, MA, USA). Samples without the enzyme in the RT reaction were used as negative controls to exclude genomic contamination, and the quality of the primer amplification was tested by dissociation curve analysis (24). For relative quantification, the comparative threshold cycle (Ct) method was used (25). Primer sequences are reported in Supplementary Table 2.



Protein Analysis

CXCL1, CCL2, and CCL3 levels were measured in culture supernatants by immunosuspension assay. Tests were performed with spectrally encoded beads coupled with capture antibodies each specific to the analyte of interest as the solid support, and a biotinylated detection antibody–streptavidin–phycoerythrin complex, as the reporter system (Merk Millipore, Billerica, MA, USA) to be read by a double laser-based fluorimetric instrument (Luminex 200, Luminex Corporation, Austin, TX, USA). Concentrations obtained by interpolation of sample fluorescence intensities with a standard curve were expressed as pg/ml.

Serum procollagen type I (PCI) levels were measured by sandwich ELISA and concentrations were also expressed in pg/ml by interpolation of sample optical densities with standard curves (Elabscience Biotechnology Co, Whu Han, PRC).



Apoptosis Analysis

The Annexin V-FITC-labeled Apoptosis Detection Kit (Roche Diagnostics GmbH, Penzberg, Germany) was used to detect and quantify apoptosis by flow cytometry according to the manufacturer instructions. Cells were collected by centrifugation for 10 min at 500 g and then re-suspended at a density of 1 × 105 cells/ml in 1 binding buffer (HEPES buffer, 10 mM, pH 7.4, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, and 1.8 mM CaCl2) and stained simultaneously with FITC-labeled Annexin V and propidium iodide (PI). PI was used as a cell viability marker. Cells were analyzed using a FACScalibur flow cytometer.



Statistical Analysis

GraphPad Prism software version 6.0 (GraphPad software Inc., San Diego, CA, USA) was used for statistical analysis. Continuous variables were expressed as mean ± SD and medians with interquartile range (IQR). The D'Agostino-Pearson test was applied to test normality data distribution and the Student's paired or unpaired t-test or the Mann–Whitney and the Wilcoxon tests were used as appropriate. The one-way ANOVA test was used for multiple group comparison. Results were considered statistically significant for p < 0.05.




RESULTS


IL-17A Is Upregulated in Co-cultured PBMCs and IL-17RA Is Upregulated and Activated in Autologous Co-cultured Skin Fibroblasts From Early dcSSc Patients

In Figure 1A, we show IL-17A expression in SSc PBMCs co-cultured with autologous skin fibroblasts. In these experiments, we found an increase in IL-17A mRNA levels by median 11.5-fold as compared to PBMCs cultured alone in the presence of hrIL-2 (p < 0.01), thus suggesting that IL-17A is secreted during T cell–fibroblast interactions in early dcSSc. This finding was consistent with the increased expression in the mRNA levels of both the subunit A of IL-17A receptor, IL-17RA, and the subunit C, IL-17RC, in the co-cultured fibroblasts by median 4.3-fold (p < 0.05) (Figure 1B), and mean 4-fold (Figure 1C), respectively, as compared to fibroblasts cultured alone. However, to investigate whether IL-17 receptor overexpression in co-cultured fibroblasts ensues in the activation of the receptor, a heteromeric structure made of at least one subunit IL-17RA that partners IL-17RC in IL-17A-mediated responses in autoimmune disorders (26), we investigated mRNA levels of several IL-17A target genes in the co-cultured fibroblasts, namely, CXCL1, CCL2, and CCL3, that were found increased by 29-fold, 11.9-fold, and 773.3-fold, respectively (p < 0.05) (Figures 2A–C). Consistently, the corresponding secreted proteins were increased by 11.2-fold, 8.9-fold, and 252.4-fold, respectively (p < 0.05), in supernatants from co-cultures as compared to supernatants from unstimulated fibroblasts (Figures 2D–F).


[image: Figure 1]
FIGURE 1. Levels of IL17A, IL17RA, and IL17RC in co-cultured PBMCs and fibroblasts from early dcSSc patients. Results are fold changes in mRNA levels of target genes in real-time PCR. (A) Shows the expression of IL17A in PBMCs co-cultured with autologous skin fibroblasts and hrIL-2 20 U/ml as compared to PBMCs cultured in the presence of hrIL-2 20 U/ml only. (B) Shows the expression of IL-17RA in fibroblasts co-cultured with autologous PBMCs and hrIL-2 20 U/ml as compared to fibroblasts alone. (C) Shows the expression of IL-17RC in fibroblasts co-cultured with autologous PBMCs and hrIL-2 20 U/ml as compared to fibroblasts alone. Data are median and IQR ranges, Wilcoxon signed rank test in panels (A,B). Data are mean and SD, one sample t-test in panel (C) because of normal data distribution. *p < 0.05; **p < 0.01; number of samples per group = 6.



[image: Figure 2]
FIGURE 2. Levels of CXCL1, CCL2, and CCL3 in co-cultured fibroblasts and supernatants from early dcSSc patients. Results in panels (A–C) are fold changes in mRNA levels of IL17A target genes in real-time PCR. Results in panels (D–F) are concentrations expressed in pg/ml, in multiple suspension immunoassay. (A–C) Show the expression of CXCL1, CCL2, and CCL3 in fibroblasts co-cultured with autologous PBMCs and hrIL-2 20 U/ml as compared to control fibroblasts. (D–F) Show the concentrations of secreted CXCL1, CCL2, and CCL3 in supernatants from co-cocultures and hrIL-2 20 U/ml as compared to supernatants from control fibroblasts after adjusting by concentrations measured in PBMCs cultured with hrIL-2 20 U/ml only. Data are median and IQR ranges, Wilcoxon signed rank test. *p < 0.05; **p < 0.01; number of samples per group = 5.




IL-17RA Upregulation and Activation in Skin Fibroblasts Co-cultured With Autologous PBMCs Are Associated With the Downregulation of Pro-Fibrotic Genes in Early dcSSc

Previous reports suggested that IL-17A could negatively regulate type I collagen expression in humans (11, 27, 28) and we found that IL-17A was upregulated in our co-cultured PBMCs. Therefore, we looked at COL1A1 and other profibrotic genes, namely, COL3A1 and CTGF in SSc fibroblasts co-cultured with the autologous PBMCs overexpressing IL-17A. We found that all these genes were significantly downregulated in co-cultured fibroblasts as compared to control cells to 0.33-fold (p < 0.001), to 0.24-fold (p < 0.01), and to 0.31-fold (p < 0.05) (Figures 3A–C), respectively. Furthermore, the expression of two key molecules crucial to the TGF-β signaling pathway, TGFBR2 and SMAD3, was downregulated as well to 0.59-fold and 0.79-fold (p < 0.05), respectively (Figures 3E,F). Finally, since type I collagen is the most abundant collagen type that accumulates in human skin in SSc (29), we measured concentration of PCI in supernatants from co-cultures as compared to supernatants from unstimulated fibroblasts. Here, we found a decrease of PCI levels in co-cultures from mean 639 ± 109.7 to 486.4 ± 88.16 pg/ml (p < 0.05) (Figure 3D), thus further confirming a functional effect due to IL-17A.


[image: Figure 3]
FIGURE 3. Profibrotic gene levels in co-cultured fibroblasts from early dcSSc patients and PCI in co-culture supernatants. Results in panels (A–C) and (E,F) are fold changes in mRNA levels of the profibrotic genes COL1A1, COL3A1, and CTGF, and of the two key mediators of the TGF-β signaling TGFBR2 and SMAD3 in real-time PCR. All show the expression of the investigated genes in fibroblasts co-cultured with autologous PBMCs and hrIL-2 20 U/ml as compared to control fibroblasts. Data are median and IQR ranges, Wilcoxon signed rank test. Results in panel (D) are concentrations as expressed in pg/ml in sandwich ELISA. Data are mean ± SD, paired Student's t-test. *p < 0.05; **p < 0.01; ***p < 0.001; number of samples per group = 5.




Hampering IL-17A Signaling in Fibroblasts Co-cultured With Autologous PBMCs Affects Procollagen Type I Secretion and Protects Fibroblasts From Apoptosis in Early dcSSc

Data generated so far prompted us to evaluate if the activation of IL-17A signaling pathway could be implicated in the in vitro dynamics between SSc PBMCs and autologous skin fibroblasts from early dcSSc patients. Different T-cell subsets can be present in these co-cultures playing complex interactions with each other and with fibroblasts. Therefore, to link PBMC antifibrotic activity and previously reported proapoptotic effects on co-cultured autologous fibroblasts, we looked at both PCI production and fibroblast apoptosis after stimulation of co-cultured cells, adding a suboptimal dose of ectopic hrIL-17A in order to maximize effects due to this cytokine, given the multiple components that may drive PBMC-induced apoptosis in co-cultured autologous fibroblasts. As further control, in a subset of experiments, we simultaneously administered α-IL-17RA mAb to co-cultures to counteract IL-17A signaling. In these experimental settings, co-cultured fibroblasts showed a reduced PCI production in the presence of hrIL-17A to levels lower than those measured in the presence of PBMCs and BSA 0.1% (354.2 ± 181.2 vs. 486.4 ± 88.16 pg/ml), even though the difference was not statistically significant. In addition, combined treatment with IL-17A and α-IL-17RA mAb allowed the measurement of PCI levels in co-culture supernatants similar to those found in supernatants from fibroblasts cultured alone (623.4 ± 133.6 pg/ml), although the difference with PCI levels from co-cultures with rhIL-17A and isotype control IgG was not statistically significant (Figure 4A). Most intriguingly, when we looked at co-cultured fibroblasts stained with annexin V and PI, we found that cells treated with rhIL-17A had an significantly increased expression of Annexin V, that was reduced from mean 44.2 to 32.3% (p < 0.01) in presence of α-IL-17RA mAb (Figure 4B). Figures 4C,D are scatterplot graphs from a representative SSc fibroblast-autologous PBMC co-culture showing the percentage of apoptotic fibroblasts (Annexin V positive) in presence of either rhIL-17A or rhIL-17A plus α-IL-17A, respectilvely.
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FIGURE 4. PCI concentration and SSc fibroblast apoptosis in co-cultures exposed to either IL-17A or IL-17A+α-IL-17A mAb. (A) Shows that concentrations of PCI in supernatants from SSc PBMC–fibroblast co-cultures treated with ectopic rhIL-17A 6.25 ng/ml are decreased, while simultaneous treatment of these co-cultures with ectopic rhIL-17A and a neutralizing mAb against IL-17RA subunit, α-IL-17A mAb16 μg/ml, increases PCI production (number of samples per group = 3). (B) Shows that α-IL-17A mAb at the same concentration is able to reduce significantly the apoptotic rate of co-cultured SSc fibroblasts exposed to rhIL-17A (number of samples per group = 5). Data are mean ± SD, paired Student's t-test. **p < 0.01. The scatterplot graph in panel (C) shows the percentage of apoptotic fibroblasts co-cultured with autologous PBMCs obtained from a representative SSc patient, added with ectopic rhIL-17A 6.25 ng/ml. The scatterplot graph in panel (D) shows the percentage of apoptotic fibroblasts co-cultured with autologous PBMCs obtained from the same representative SSc patient, added with both ectopic rhIL-17A 6.25 ng/ml and α-IL-17A mAb16 μg/ml.





DISCUSSION

We have previously reported that T cells of early SSc patients kill autologous fibroblasts in vitro, while we did not observe this phenomenon in the same experimental setting when we used cells from patients affected by different autoimmune diseases, such as systemic lupus erythematosus (5, 6). These data support the hypothesis that T cells undergo an antigen-driven oligoclonal expansion in the skin of SSc patients in the early phases of the disease toward the aberrantly activated fibroblasts (6, 7). Moreover, it is well-known that a T-cell response in SSc tissues is detectable only in the early disease stage, while an extensive fibrosis with a neglectable immune infiltrate is observed in late stages. Factors that drive the failure of such immune response in vivo are not known (3). Due to these observations, we wanted to further investigate the dynamics and the function of T cell–fibroblast interaction in SSc, using our experimental co-culture setting that we previously detailed (5, 6).

IL-17 has been proposed to have a central role in SSc (reviewed in 11). Analysis of our in vitro data demonstrated an increased production of IL-17A when T cells and autologous SSc skin fibroblasts were co-cultured. Starting from this finding, we moved to show a role of IL-17A, and its signaling pathway, in profibrotic gene modulation and in proapoptotic effects played by PBMCs co-cultured with autologous skin fibroblasts from early dcSSc patients.

Indeed, we found a downregulation of the mRNA levels of TGFBR2 and SMAD3 in co-cultured fibroblasts that could be, at least in part, associated with modulatory effects exerted by IL-17A on the TGF-β signaling, as recently described in other fibrotic disorders (30). A functional shift of the Th response toward a Th17 profile in SSc patients has been described by us and others (31, 32). Therefore, one possible explanation could be that skin microenvironment in SSc drives a Th17 polarization (10), thus promoting a Th polarization that, in the long term, is not able to eliminate altered SSc fibroblasts but concurs to the fibrosis development through the production of IL-17 (33, 34).

In vitro, data from other groups showed that, in human cells, IL-17A is able to induce a proinflammatory profile (12, 13, 35), including increased expression of CCL2 and CXCL8 chemokines (13, 35), interleukins IL-1β and IL-6 (12, 35), adhesion molecules like ICAM-1 and VCAM-1 (12, 35), and metalloproteinases like MMP-1 (14). Actually, all these factors have been implicated in the pathogenesis of SSc, even though their role seems to be strictly dependent on the phase of the disease (3, 11, 36). Moreover, recent data also indicate that, despite the fact that IL-17A shares high homology with IL-17F and is coordinately expressed, the effects in SSc skin and fibroblasts are restricted to the IL-17A isoform (37).

In a previous paper, we reported that in PBMC–fibroblast co-culture supernatants from early dcSSc patients, TGF-β levels are stably increased over the entire culture period (10 days) (6). In these new sets of experiments, we confirm the stable increase of TGFB1 and also of IL4 and IL1B mRNAs in PBMCs over the 10 days of co-culture (Supplementary Figure 2). This aspect partially explains the impairment of the immune response.

The potential antifibrotic activity of activated T cells has long been known (38, 39). This is the first report that describes such effects in a dynamic system like PBMC–fibroblast co-cultures, highlighting the role of IL-17A. Of note, in previous reports, activated T cell-derived particles specifically induced type I collagen inhibition (40) and, interestingly, also more recent data show that IL-17A antifibrotic effects seem to affect primarily type I collagen (13, 19, 27, 28). In our experiments, actually, we could demonstrate a downregulation also of the α1 chain of type III collagen at the mRNA level that should be further investigated.

As regards CTGF downregulation, data are consistent with the impaired expression of genes encoding for the TGF-β signaling components TGFBR2 and SMAD3, as CTGF is one of the major downstream mediators of TGF-β (41). Consistently with our findings, Nakashima et al. reported that IL-17A is able to induce COL1A1 and CTGF downregulation indirectly via the overexpression of miR-129-5p (15). Moreover, Truchetet et al. recently showed that IL-17A is able to prevent TGF-β-dependent myofibroblast differentiation in vitro (14).

It has to be underlined, however, that the hypothesized antifibrotic role of IL-17A in SSc is not supported by experimental models of inflammatory/drug-induced fibrosis, in which IL-17A seems to induce fibrosis in both skin and lung disease (16, 17, 42, 43). These discrepancies might depend on the fact that none of the mouse models that have been used to investigate the role of IL-17A in skin and lung fibrosis in vivo recapitulate the complete features of SSc. In particular, these animals do not display features of peripheral vasculopathy, nor do they present with circulating autoantibodies.

Lastly, but most intriguingly, the activation of IL-17A axis in our co-cultures was implicated in the modulation of fibroblast apoptosis. Apoptosis of SSc skin fibroblasts induced by co-cultured autologous PBMCs in vitro is likely to be influenced by different factors, one of which is the overexpression and activation of the death receptor Fas, as shown by our previous results (6). However, here we demonstrate that the high apoptotic rate of co-cultured fibroblasts added with rhIL-17A was counteracted by the simultaneous treatment with a neutralizing α-IL-17RA mAb, thus demonstrating that IL-17A axis plays a role regardless other possible mechanisms.

To date, little is known about IL-17A implication in programmed cell death. Arif et al. (44) reported that circulating IL-17+ cells autoreactive against several β-islet antigens are detectable in the blood of type I diabetes mellitus patients and induce β-cell death via activation of STAT1 and (NF)-kB transcription factors. Moreover, Su et al. (45) demonstrated that IL-17A is crucial in cardiomyocyte apoptosis through STAT3-iNOS pathway activation. On the contrary, other authors described an antiapoptotic activity played by IL-17A in other disease settings (46, 47). In particular, Kim et al. (47) reported that fibroblast-like synoviocytes exposed to IL-17 develop morphological and functional changes in mitochondrial proteins involved in autophagy resulting in resistance to apoptosis.

Our study has some limitations. First, all data come from in vitro experiments, as no other options are so far available to explore T cell–fibroblast interactions in SSc. Second, we did not use controls. However, other authors demonstrated that IL-17A stimulation has similar effects in SSc and healthy control fibroblasts (13, 19), thus suggesting that its pro/antifibrotic function is strictly depending on the microenvironment. Moreover, we demonstrated in previous studies (5, 6) that T cell–fibroblast interactions in vitro are specific to SSc. Taken together, our data and data from previous studies from independent groups (6, 7) suggest that T cell response in SSc might be also aimed to contrast aberrant TGF-β-dependent myofibroblast activation that is seen in this disease and that IL-17A might play a prominent dual role in this scenario (10–14), bridging a T cell response from a protective role to a profibrotic one in the long term. More studies are needed because of the paucity of data and inconsistent evidences from experimental models of fibrosis. Given so, the lack of clinical trials with IL-17 modulators in SSc is not surprising. Future lines of research are necessary, in particular to explore the proapoptotic potential of IL-17A to be translated in the clinical setting.
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bAt the end of 7 days in vitro generation of CD8+ Treg.
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miRNA Modulation Cancer Reference
in cancer

miR-21-5p Upregulated Breast; lung; leukemias  (71-73)

miR-92a-3p  Upregulated Lung (74,75)

miR-155-6p  Upregulated Breast; lung; leukemias (71,72, 76)

miR-126-3p  Downreguiated  Breast (72,77)

miR-16-5p Downregulated  Leukemias 78)
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Demographic and clinical features Systemic sclerosis patients

ISSc  Diffuse cutaneous SSc

Patients 15 15
Male/female 213 115
Mean age (vears) 56 £ 15 5412
Laboratory findings ~ ANA 14 (93%) 15 (100)
Anti-centromere 9 (60%) 3 (20%)
Scl-70 1(6%) 11 (73%)
Lunginvolvement  Interstitial disease 4 (26%) 8(53%)
Puimonary arterial 1 (6%) 2(13%)
hypertension
Skin involvement mRSS 8+3 14+8
Digital ulcers 5(33%) 7 (46%)
Video Capillaroscopy ~ Early 1(6%) 4(26%)
Active 8(53%) 5(33%)
Late 6 (40%) 6 (40%)
Kidney involvement 0(0%) 1(6%)

Gastro-intestinal involvement 9 (60%) 14 (93%)
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Gene

Adamg*
Colze
Hort>
ra>
Mmp12:
Tgto1®
Timp1®

Primer forward

AGTTCCTGTTTATGCCCCAAAG
GGCTCAGCCAGATGCAGTTAA
GTTAAGCAGTACAGCCCCAAA
TCTGCATCCCGTTGTTTTGC
GAACTTGCAGTCGGAGGGAA
CTTCAATACGTCAGACATTCGGG
GCAACTCGGACCTGGTCATAA

Primer reverse

AAAGGTTGGCTTGACCTGCT
CCTACTCATTGGGATCATCTTGCT
AGGGCATATCCAACAACAAACTT
GCACCTGTGCATCCTGAATG
TCTTGACAAGTACCATTCAGCA
GTAACGCCAGGAATTGTTGCTA
CGGCOCGTGATGAGAAACT

*Primers were selected from the Primer Bank website.

“Primers were described in Ref. (13).

“Primers were designed with Primer Blast website tool.
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Time point Control/no stretch Control/stretch sclGvHD/no stretch sclGvHD/stretch p-Value
(week) N=12 N=12 N=12 N=12 (ANOVA)
Thickness 1 489.14 £ 13.97° 488.06 £ 17.77° 472.77 £ 16.30% 462.60 + 11.35° 0.040
Zone 1 (um) 2 486.50 £ 9.82° 485.15 £ 14.84° 606.08 + 14.22° 599.06 + 15.76° <0.001
3 491.67 £9.27° 47952 + 16.30° 554.85 + 16.26° 503.19 + 13.50° <0.001
4 47329 £17.92 476.96 + 18.47° 463.04 + 13.93% 448.40 + 16.94° 0.037
Thickness 1 327.29+ 11.39° 34552 £ 16.10° 327.54 + 16.64° 320.46 + 9.75° 0.060
Zone 2 (pm) 2 319.10£9.27° 320.38 + 12,27 410.23 £ 11.06° 410.75 + 16.69° <0.001
3 319.25 £ 12.75° 324.75 + 14.43° 396.77 + 15.91° 356.75 + 13.05" <0.001
4 312.06 + 17.48° 326.40 + 17.42° 313.35 % 12.91° 300.46 + 15.46" 0.120
Thickness 1 161.17 £ 6.37° 142.54 +5.50° 14523 £2.71° 14215 £ 4.79° 0.040
Zone 3 (um) 2 167.40 + 4.46° 164.77 +4.20° 195.85 +8.38° 18831 £ 6.27° <0.001
3 17242 £ 7.61° 154.77 + 3.60° 159.08 £ 4.98% 147.44 + 4,440 0011
4 161.23 £3.70° 150.56 + 3.78* 149.69 + 5.77* 138.94 + 5.50° 0.037
Cumulative 1 429.98 + 44.92° 432.64 + 28.59° 381.75 + 34.95° 364.27 + 42.33° 0.238
displacement (um) 2 422.20 £ 52.54° 464.33 £ 29.66° 416.84 £ 37.61° 456.58 + 49.48" 0.629
3 456.93 £ 35.99° 444.10 + 33,98 344.88 + 31.90° 430.00 + 30.34° 0.037
4 457.39 + 33.13* 473.83 +23.88° 331.28 +:38.32¢ 388.45 + 22.28% 0.003
Ciinical score 1 NA NA 0.88+0.09° 0.88+0.12° 0.961
2 NA NA 0.04 1 0.04° 0131009 0.864
3 NA NA 1.26 032" 1.50 + 0.36° 0.524
4 NA N/A 222 +0.30° 1.94 +034° 0.378
Weight () 1 26.40 + 0.55° 2610 +0.86° 20.30 + 0.58° 2017 £ 040° <0.001
2 26.90 +0.58° 26.46 +0.73° 2413 044 24.26 +0.38° 0.001
3 27.06 +0.48° 26.22 +0.63° 2283 +0.57° 23.30 +0.45° <0.001
4 2713 £051° 2653 +0.70° 2153 £0.59° 22.41+048° <0.001

Results are expressed as mean + SE. Means for experimental condltions within each time point.
Not sharing a common letter are significantly different (o < 0.05, Fisher's protected LSD).
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TABLE 6 | Continued

Gene ontology pValue Panther p Value

biological processes pathways

Monosaccharide metaboic process 0007

Carbohydrate metabolic process 0009

M7

Apoptotic process <0.001 Apoptosis <0.001
signaling pathway

Programmed cell death <0001 FAS signaling 0010
pathway

Regulation of apoptotic process <0.001 p53 pathway 0013
feedback loops 2

Positive regulation of 0008 Phosphoinositide  0.016

apoptotic process 3 kinase pathway

Negative regulation of apoptotic process 0,027 Ras Pathway 0030

Extrinsic apoptotic signaling pathway 0033 Interleukin 0035
signaling pathway
FGF signaling 0042
pathway
Epidermal growth 0,042
factor receptor
signaling pathway

v8

Protein ubiquitination <0.001 Ubiquitin 0.001
proteasome

pathway
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D Genesymbol  Description Foldchange  p-Value  Publc gene IDs
Apoptosis

TCIS00008231g1  AEN Apoptosis snhancng nuciease 204 00024 NwLoz2TET
TC180000889101  BOL2 B-cal CLymphoma 2 190 00000 NML000633
TC16000000920g.1  BCLIC B-cal CLymphoma 7 C 156 00101 NML01286826
TCO200015242bg.1  STATY ‘Signal ransduces and actator of ranscription 1 240 0002 NMLCO7a1S
TCI000117290g.1  TIMMSO ‘Transiocase ofiner mitochondia membvane 50 176 00024 NMLODTOOISES
TC0000002420g.1  TRAF2 TN recoptor assocted factor 2. 182 0008 NML021138
Cell proiferation

TC0300000916hg1  HES! Hos famiy BHLH transcripton facor 1 200 00001 NM_00S824
TCONO00TBEING.T  CKS2 GDG2B proton kiase roguiatory subunt 2. 150 00088 NMLootE27
TCO200016887 g1 CUL3 Culin3 194 00088 NML001257107
TCOB00011600hg.1  CONDS Cycin 03 156 00007 NML0D1136017
TCO800008B45hg1  MYC MYC proto-oncogens, bHLH transcrgtio factor 200 00072 Nw_oo2d67
TC1900010696g1  AKT2 A muing hymoma vral oncogere homolog 2. 196 00012 NML001243027
TCOB0000BE21g1  PM1 Pim-1 proto-oncogens, serna/ifveonine kinase. 212 00012 NML001243188
Growth factor and growth factor binding

TCI900011707g1  GPI Gicose6 phosphale isomerase 182 00016 NM.0OIZS
TCO0007067g.1  MYDES. "Myooid dferntaton primry responso 68 250 <0001 NM_001172566
TC1100011258hg1  FIBP. Fibrobast growth factor inraceluar binding poten 170 00082 NMLO214
Inflammatory response

TCOH000110830g.1  OXCLIO ‘Chamaking (C-X.C ot igand 10 680 00001 NML0D1E8S
TCO400011054hg1  OXCLI Chemokine (C-X.C mof igan 11 201 00023 NMLODI2123
TC1100000225mg1 XGRS ‘Chamakina (C-X.C m) receptor 5 331 00088 NMLOOTTI
TCOX00000667.1g1  FCGRIB Fe ragment of1gG, high iy 0, receptor (CDB4) 25 00076 NML0D1004340
TC1400000209hg.1  FOGRIA Fc ragment of G, low affity la, ecoplor (CD16) 200 00012 NM_000S69
TC16000113680.1  LAT Linker for acthation of Tosls 180 00042 NML0D1014987
TCI00000134hg.1  PTGER4 Prostaglandi E receptor 4 subtype EP4) 21 00020 NML000S58
immune response

TC1700000612hg.1  CO79B D790 moecule immunogiobuin-associted beta 280 00020 NM.00628
TCii000 18881 CR2 ‘Complement componen receptor 2 190 00015 NMLODIOOB8SE
TCI00011707hg1  FOXPY Forkhead box P3 201 00086 NWLOD14377
TCOR00007501  HUAA Major hstocompatisity complex, cass |, A 21 00002 NMLODIZA2758
TCOBOO0O7487 g1 HAB Major hstocompatiity complex, cass | B 154 00022 DB0431
TCIT00012468g1  HAE Mejor hstocompatiity compie, cass | E 168 00034 NM_0DSS16
TCI7000078310g1  HAG Meor histocompatiity complex, olass . G 152 00045 NwLOD2127
TCI10000830g1  IGHVS-66 Immunogiobuin heavy variable 3.6 3s0 000B0  EUBGTE091
TCI6000073120.1  IGHVA-81 Immunogiobuin heavy variable 41 ast 00027 PNSS033.1
TCI4000105840g1 LR Intriukin 4 roceptor 202 <0001 NM_OOD4TE.
TCis0o00sBBg T LAT Linkee for actvation of Tosls 197 00011 NMLOD1014987
TC1100013178hg1  LSTH Loukocyte specic transcrit 1 21 00052 NWLOOTIS!
TCI2000089200.1  MYDBS Myeod dfeentiaton premaey response 88 208 00006 NMLOO1I72568
TC1900011255hg.1  RSADR Ragical S-adenosyl methionne domain contaning 2 834 00001 NVL0BOGST
TCI000008236 5.1 TAPY Tansporer 1, ATP-bindng cassete, sub-famiy B 200 00017 NM_0D1202022
Angiogenesis.

TCIS000104290g1 OBt ‘Calotum and itegin binding 1 (camyrn) 208 00008 NM_OD1277764
TC1900011707g1  GPt ‘Giucose-6-phosphale isomerase 150 00022 NMLODOI7S
TCI70001246801 KNI Hematdogeal and neurlogical expressed 1 215 00001 NM_01002082
TCOT0001177001  KAITY KRITA, ankyrn repeat containing -203 00054 NM_001013406
Endothelal coll activation

TC11000092250g.1  CXCLIO ‘Chamkine (C-X.C o lgand 10 594 00004 NM_001SES
TCOBO0O0967.ng.1  EDN1 Endothein 1 228 00042 NMLOOTIBE31S
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TABLE 4 | Continued

D Gene symbol  Description Foldchange  p-Value  Public gene IDs
p38 signaling pathway

TC2200008641.hg.1 RAC2 Rho family, small GTP binding protein Rac2 171 00054 NM_002872
TC1700008757.hg.1 MAP2KE Mitogen-activated protein kinase kinase 6 -1.66 0.0042 NM_002758
TC0300007432.hg.1 MAPKAPK3 Mitogen-activated protein kinase(PK)-activated PK 3 1.92 00077 NM_001243925
Epidermal growth factor receptor signaling pathway

TC0200007446.hg.1 PRKCE Protein kinase C, epsion 158 00020 NM_005400
TC2200008641.hg.1 RAC2 Ao family, small GTP binding protein Rac2 1.82 00031 NM_002872
TC1200010908hg.1 STAT2 Signal transducer and activator of transcription 2 1.80 00008 NM_005419
TC0200015242.hg. 1 STATY Signal transducer and activator of transcription 1 253 00042 NM_007315

TG1900010696.hg.1 AKT2 v-Akt murine thymoma viral oncogene homolog 2 2.06 0.0006 NM_001243027
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Panther pathways p-Value
Apoptosis signaiing pathway (PO0006) <0.01
Glycolysis (P00024) <001
Platelet derived growth factor signaling pathway (P00047) <001
5HT4 type receptor mediated signaiing pathway (P04376) 001
FAS signaling pathway (P00020) 001
Histamine H2 receptor mediated signaling pathway (PO4386) 001
Serine glycine biosynthesis (P02776) 002
Beta3 adrenergic receptor signaiing pathway (PO4379) 002
Angiotensin l-stimulated signaling through G proteins and beta- 003
arestin (PO5911)

Interleukin signaling pathway (PO0036) 0.05
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Spleen cell subsets
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T cell / CD3*

TCD4* cell / CD3* CD4*
T CD8" cel / CD3* CD8

NK cell / CD335*

Monocyte-macrophage MM CD11b* FSC*

B cell subsets

B2 cell 82 CD19* B220"

Immature B cells

=Transitional B cel R CD19* B220" CD93"

Type 1 transitional B cell T CD19* B220" CD93" CD23~ IgM™
Type 2 transitional B cell i CD19* B220" CD93* CD23* IgM™
Type 3 transtional B cell 3 CD19* B220" CD3* CD23* IgM>
Marginal zone precursor B cel MzP CD19 B220" CDI3~* CD23" IgM" CD21™

Mature naive B cells CD19* B220" CD93-
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Nature non-naive B cells
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Antibody-secreting cells ASC CD138" CD19-
Plasmablasts B CD138" CD1g° CD22!
Plasma cells PC CD138" CD19%- CD22-

Memory B cells MemB CD19* CD93- CD3B Ig-

B1 cells 81 CD19* B220° CD23- CD43* IgM™

B1aB cels Bla CD19* B220° CD23- CD43" IgM™ CD5*

B1b B cells B1b CD19+ B220° CD23- CD43* IgM" CD5:

Regulatory B cells

CD5* CD1d" B cells / CD19* CD5* CD1d™
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