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Abstract

Purpose of review—The goal of this review is to summarize recent advances into the 

pathogenesis and treatment of systemic sclerosis (SSc) from genomic and proteomic studies.

Recent findings—Intrinsic gene expression-driven molecular subtypes of SSc are reproducible 

across three independent datasets. These subsets are a consistent feature of SSc and are found in 

multiple end-target tissues, such as skin and esophagus. Intrinsic subsets as well as baseline levels 

of molecular target pathways are potentially predictive of clinical response to specific 

therapeutics, based on three recent clinical trials. A gene expression-based biomarker of modified 

Rodnan skin score (MRSS), a measure of SSc skin severity, can be used as a surrogate outcome 

metric and has been validated in a recent trial. Proteome analyses have identified novel biomarkers 

of SSc that correlate with SSc clinical phenotypes.

Summary—Integrating intrinsic gene expression subset data, baseline molecular pathway 

information, and serum biomarkers along with surrogate measures of MRSS provides molecular 

context in SSc clinical trials. With validation, these approaches could be used to match patients 

with the therapies from which they are most likely to benefit and thus increase the likelihood of 

clinical improvement.
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INTRODUCTION

Systemic sclerosis (SSc; scleroderma) is a rare systemic autoimmune disease with no known 

cause and no FDA-approved treatments. Clinical trials for SSc have typically selected 

patients based upon early active disease, patients that are in diffuse subset, or based on 

internal organ involvement such as pulmonary fibrosis (PF) or pulmonary arterial 

hypertension (PAH). Trials have typically not quantified molecular heterogeneity. Recently 

published studies incorporate molecular data into clinical trials for SSc.
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In this review, we will discuss insights into pathogenesis and heterogeneity of SSc using 

data from the recently published genome-wide gene expression studies of SSc. We will also 

briefly cover advances in proteomic studies in SSc.

Analyzing SSc heterogeneity in skin: intrinsic subsets and clinical phenotypes

The intrinsic subsets of SSc are gene expression-driven molecular subtypes of disease that 

partially reproduce and further expand upon the clinical phenotypes of diffuse and limited 

cutaneous SSc (dcSSc, lcSSc) [1,2]. SSc patients can be assigned to one of the four intrinsic 

subsets based upon the increased expression of genes associated with distinct biological 

processes and specific signaling pathways. The fibroproliferative subset is associated with 

cell cycle and cell growth; the inflammatory subset is enriched in immune response and 

defense response; and the normal-like subset is characterized by increased gene expression 

associated with fatty acid metabolism and a lack of inflammatory or proliferative signatures. 

The limited intrinsic subset tends to be composed of patients with limited skin involvement, 

but has a variable set of functional annotations suggesting that this group of patients displays 

significant heterogeneity that has not been comprehensively characterized.

Recently, several studies have attempted to gain additional insights into the relationship 

between different SSc subsets by using novel computational approaches and capitalizing on 

publicly available gene expression datasets.

Mahoney et al. defined the genes and molecular processes that are reproducible across 

different SSc datasets analyzing gene expression in skin [3*]. The authors developed a novel 

procedure based on the concept of mutual information of partitions and applied it to the 

analysis of three independent SSc gene expression datasets [1,2,4]. This approach identified 

several gene expression modules, or ‘consensus clusters’, that are conserved and associated 

with the intrinsic subsets. Network analysis of the consensus clusters corresponding to the 

fibroproliferative and inflammatory intrinsic subsets with Integrative Multi-species 

Prediction (IMP) [5] showed five distinct and interacting subnetworks: adaptive immunity, 

interferon, cell proliferation, M2 macrophage and extracellular matrix (ECM). Genes linked 

to known SSc polymorphisms were found to interact primarily within the inflammatory 

subnetwork (e.g. IRF5, IRF7, IRF8 and NOTCH4) suggesting that an aberrant inflammatory 

response is an initiating point of the disease. Genes known to be important in SSc 

pathogenesis were either subnetwork hubs (e.g. IFI44 for the interferon subnetwork) or 

connected subnetworks (e.g. PLAUR connecting ECM, M2 macrophage and adaptive 

immunity subnetworks). These data suggested that the initiating inflammatory response is 

linked to the fibroproliferative response via the ECM subnetwork and transforming growth 

factor beta (TGF-β) signaling (Figure 1).

Johnson et al. [6*] analyzed SSc-specific signaling pathways in dermal fibroblasts and their 

enrichment in each intrinsic subset. The fibroproliferative subset showed the strongest 

correlation with the platelet-derived growth factor (PDGF) pathway, consistent with its 

association with cell cycle and proliferation. The inflammatory subset showed significant 

correlations with several pathway signatures including IL4, tumor necrosis factor alpha, and 

nuclear factor kappa B signaling. TGF-β signaling showed enrichment in both inflammatory 

and fibroproliferative patients, paralleling the results of [3] and suggesting that TGF-β 
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signaling may span fibroproliferative and inflammatory subsets. Activation of TGF-β 

signaling was associated with more severe disease confirming prior results of Sargent et al. 

[7]. Normal-like and limited intrinsic subsets were primarily characterized by lack of 

specific pathway signatures. A weak association between the inflammatory subset and 

interferon alpha (IFNα) signaling was observed and IFNα signaling was associated with 

early disease suggesting it is an early event in pathogenesis. These data suggest that an early 

inflammatory response characterized by IFNα signaling and innate immune cells, leads to 

TGF-β signaling and transition from inflammatory to fibroproliferative subsets, which 

ultimately results in activation of PDGF signaling (recently reviewed in [8]).

Assassi et al. [9**] recently analyzed SSc gene expression heterogeneity in an independent 

cohort using a separate technology platform. Analysis of the differentially expressed genes 

between SSc patients and healthy controls showed two groups of patients with signatures of 

increased keratin expression and separate inflammatory signature (termed fibro-

inflammatory in this study) enriched in both inflammatory and fibrotic pathways. The 

inflammatory signature showed significant overlap with inflammatory genes from the 

intrinsic subset of Milano et al. [1]. A subset of patients showed the normal-like gene 

expression signature [1]; these patients had the longest disease duration suggesting that 

patients transition to normal-like when their disease reaches an inactive state. Analysis of 

cell type-specific gene signatures showed macrophage and fibroblast cell types had the 

highest correlation with the fibro-inflammatory signature identified in the study. In general, 

the inflammatory profile of SSc patients was very heterogeneous as the majority of patients 

showed increased dendritic and macrophage signatures and a few SSc patients had the 

increased expression of natural killer cell, CD4 and CD8 T-cell signatures.

Apart from the question of inter-dataset reproducibility and functional relationship of 

intrinsic subsets, it was not known whether subsets were a skin-specific feature of SSc or if 

they could be found in other organs and tissues. Recent data have suggested that intrinsic 

gene expression subsets are, in fact, a common feature of end-target tissues. Taroni et al. 

[10*] analyzed the gene expression data from esophageal biopsies of SSc patients. The 

authors identified three stable groups of esophageal samples, two of which showed 

significant enrichment in functional terms associated with immune response and 

proliferation. These esophageal molecular subsets were functionally equivalent to the 

inflammatory and fibroproliferative intrinsic subsets from skin. These results suggest that 

the intrinsic subsets likely represent common processes of SSc pathogenesis across multiple 

organs and tissues. Of course, a broader and more formal test of this hypothesis, involving 

the analysis of many different tissues, is required to support this hypothesis.

Patient stratification in drug trials and clinical response biomarkers

Several recent studies have examined the relationship between the intrinsic subset of a 

patient at baseline and a clinical response to a specific therapeutic (Table 1). Clinical 

response in these cases was defined as improvement in modified Rodnan skin score (MRSS) 

between pre- and post-treatment time points.

Chung et al. [11] reported two patients with dcSSc that improved in response to treatment 

with imatinib mesylate (Gleevec™; Novartis International AG, Basel, Switzerland), a 
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tyrosine kinase inhibitor (TKI) that specifically targets Abelson tyrosine-protein kinase 1, 

KIT and PDGF receptor (PDGFR). The genes that changed in response to imatinib were 

those typically found with high expression in the fibroproliferative SSc samples, although 

the intrinsic subset of the patients who improved was not determined in this study.

More recently, Hinchcliff et al. [4] analyzed data from an investigator-initiated trial of 

mycophenolate mofetil (MMF, CellCept™; Hoffmann-La Roche, Basel, Switzerland) in 

dcSSc. MMF is an immunosuppressant that inhibits B and T lymphocyte proliferation. The 

patients that improved while taking MMF were primarily classified as inflammatory 

whereas none of the fibroproliferative patients improved.

Several recent studies have confirmed that the intrinsic gene expression subset assignment 

of a patient, or the activation state of the targeted molecular pathway at baseline, may 

predict improvement to a given therapy. Chakravarty et al. [12*] analyzed clinical outcomes 

and gene expression changes in a placebo-controlled study of abatacept (Orencia™; Bristol-

Myers Squibb Company, New York City, New York, United States), an immunomodulator 

that inhibits T cell CD28 costimulation by preferentially binding to CD80/86 receptors. 

Most patients treated with abatacept showed significant improvement in MRSS after 6 

months of therapy. Four out of five improvers were assigned to the inflammatory intrinsic 

subset whereas the single non-improver was classified as normal-like. Abatacept improvers 

showed a significant decrease in immune response and cytokine signaling pathways post-

treatment. Specifically, the expression levels of genes associated with CD28 signaling were 

significantly higher in abatacept improvers than in the non-improver at baseline, consistent 

with the abatacept molecular mechanism of action, suggesting that only patients with 

baseline activation of the pathway improve. Improvers showed significant downregulation 

of CD28-dependent costimulatory signaling, while this pathway was unchanged in non-

improver and placebo-treated patients.

Nilotinib (Tasigna™; Novartis International AG, Basel, Switzerland) is a TKI with a kinase 

inhibition profile similar to imatinib. Studies in bleomycin-induced skin fibrosis and Tsk1/+ 

mice have suggested TKIs can inhibit fibrosis if the relevant targets display high baseline 

activation levels [13]. Gordon et al. [14*] evaluated nilotinib safety and efficacy in an open-

label investigator-initiated trial in SSc. Based on improvement in MRSS at 12 months 

compared to baseline, four out of six patients were classified as improvers. Improvers were 

characterized by high expression of TGF-β receptor (TGFBR) and PDGFR-β (PDGFRB) 

signaling pathways at baseline that significantly decreased post-treatment but were 

unchanged in non-improvers. Improvers had variable intrinsic gene expression subset 

assignments but trended toward inflammatory, whereas both non-improvers were from the 

fibroproliferative intrinsic subset. These data are consistent with the TGF-β pathway 

spanning fibroproliferative and inflammatory intrinsic gene expression subsets.

Incorporating intrinsic gene subset or molecular pathway gene expression information 

entails generation of signatures comprising hundreds or dozens of genes, respectively. An 

argument can be made that a more tractable gene signature, or biomarker, consisting of a 

small number of genes might be particularly useful in the clinical trial setting.
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Pharmacodynamic biomarkers

MRSS is the most commonly used outcome measure in SSc clinical trials, but is potentially 

confounded by inter-observer variability [15]. There has been significant interest in 

developing quantitative surrogate markers for MRSS that would be objective and possibly 

report changes across shorter time scales. Prior work identified a skin score biomarker 

comprising four genes (COMP, IFI44, SIGLEC1 and THBS1) changes in which highly 

correlated with changes in MRSS [16]. Given that two genes from this biomarker (COMP 

and THBS1) are highly regulated by TGF-β, the change in their levels was used as the 

primary efficacy measure in the study of fresolimumab (GC1008; Genzyme Corporation, 

Cambridge, Massachusetts, United States), immunomodulator and a monoclonal antibody 

inhibiting all isoforms of TGF-β [17**]. Both COMP and THBS1 decreased after 

fresolimumab treatment. This decrease in the biomarker genes paralleled a significant 

decrease in MRSS and rapid improvement of skin disease, suggesting that targeting TGF-β 

may result in significant improvement in SSc patients.

In a follow-up paper [18*] the authors refined their approach towards defining a skin score 

biomarker using NanoString assays and created two different biomarkers. The 2-gene SSc 

skin biomarker was defined mathematically using a generalized estimating equation and 

comprised THBS1 and MS4A4A. The weighted model or weighted SSc skin biomarker 

included all genes that had a significant longitudinal correlation with MRSS and consisted of 

THBS1, CTGF, CCL2, CD163, MS4A4A and WIF. Both biomarkers strongly correlated 

with MRSS and moderately correlated with fibrosis and inflammation.

Serum biomarkers

Serum biomarkers have been difficult to identify. van Bon et al. [19**] isolated 

plasmacytoid dendritic cells (pDCs) which are implicated in SSc pathogenesis from patients 

with SSc and healthy controls and performed proteome-wide analysis of the proteins 

secreted by these cells using mass spectrometry. They validated their observations in five 

SSc patient cohorts and compared these data to patients with three other autoimmune 

conditions. Chemokine (C-X-C motif) ligand 4 (CXCL4) was the main protein secreted by 

SSc pDCs, with its levels significantly higher in SSc compared to healthy controls and 

patients with other autoimmune diseases. The levels of CXCL4 correlated with skin and 

lung fibrosis as well as PAH. According to the authors, CXCL4 was the only cytokine that 

predicted risk and progression of SSc.

In the next study, van Bon et al. [20*] performed a proteomic analysis of SSc patients, with 

dSSc and lcSSc, healthy controls as well as an additional SSc replication cohort. One 

peptide with differential expression between patients with SSc and healthy controls 

corresponded to S100A8/A9, a Toll-like receptor agonist. This result was reproduced in a 

replication cohort. The highest levels of S100A8/A9 were found in patients with lcSSc that 

had lung fibrosis.

Lambrecht et al. [21] used an enzyme-linked immunosorbent assay to analyze a cohort of 

SSc patients for serum levels of growth differentiation factor 15 (GDF15), a distant member 

of TGF-β family. Increased levels of GDF15 were observed in groups of patients with both 

Martyanov and Whitfield Page 5

Curr Opin Rheumatol. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lcSSc and dcSSc and its baseline levels correlated strongly with SSc disease activity and 

symptoms of lung fibrosis. Similar picture was observed in the bleomycin-induced fibrosis 

mouse model that showed an increase in GDF15 levels in lung tissue.

Another potential biomarker of SSc fibrosis that has been recently investigated is lysyl 

oxidase (LOX), the enzyme that is involved in crosslinking ECM proteins. Rimar et al. [22] 

evaluated serum LOX levels in SSc patients, healthy controls and disease control patients. 

Patients with SSc had significantly higher LOX levels than healthy controls and they were 

significantly higher in dcSSc compared to lcSSc group. LOX levels showed correlation with 

MRSS in SSc patients without lung fibrosis.

Brkic et al. [23] investigated IFN type I gene signature in whole blood samples from several 

groups of patients with SSc and healthy controls. All SSc groups had significantly higher 

IFN signature scores compared with healthy controls. The presence of IFN type I signature 

in monocytes highly correlated with the expression levels of B cell activating factor (BAFF) 

and high collagen synthesis, suggesting a connection with SSc pathogenesis.

CONCLUSION

Recent studies have resulted in important insights into the pathogenesis of SSc and 

identification of many potential biomarker signatures. Patients can be classified based on 

their intrinsic gene expression subsets that may indicate specific treatment options. Baseline 

expression levels of pathways that drive SSc or are expected to be modulated by therapies 

provide complementary data and can be predictive of the treatment response. TGF-β 

signaling remains central to SSc pathogenesis, and in a recent study its therapeutic targeting 

resulted in marked patient improvement. Surrogate biomarkers of clinical endpoints provide 

objective assessment of response in clinical trials. These approaches can complement 

standard clinical measures and patient-reported outcomes. This new information could be 

used to rationally recruit, target and treat SSc patients in clinical trials.
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KEY POINTS

• Insights into the SSc pathogenesis can be gained by analyzing gene expression 

and proteomic data from patients with SSc and other autoimmune diseases.

• We have gained a better understanding of the SSc intrinsic subsets, the 

importance of baseline levels of druggable pathways and validation of a 

surrogate biomarker for MRSS.

• Discovery of serum biomarkers that correlate with SSc clinical phenotypes 

provides promise for identifying circulating factors for disease severity.

• Incorporating these data into SSc clinical trials could result in personalized 

treatments for SSc and other rare diseases.
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Figure 1. Relationships between the SSc molecular networks in skin
Shown is a summary of core, conserved molecular processes in SSc skin. This includes an 

inflammatory subnetwork that contains both interferon and M2 macrophage modules that 

interact via Ras-Rac signaling. ECM module appears to represent a transition state between 

inflammatory and fibroproliferative subnetworks and is connected to M2 macrophages via 

chemokine signaling and to proliferation module via TGF-β signaling. The proliferation 

module is connected to the M2 macrophage module via fatty acid signaling and to the 

interferon module via negative regulation by ERK/MAPK pathway. Adapted with 

permission from Figure 7 in [3*]. ERK – extracellular-signal-regulated kinases, MAPK – 

mitogen-activated protein kinases.
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Table 1

Summary of SSc clinical trials discussed in this review.

Trials analyzed Improvers Non-improvers Reference

Imatinib mesylate ND, but response signature overlapped 
with fibroproliferative subset

NA Chung et al. 2009

Mycophenolate mofetil (MMF) Inflammatory Fibroproliferative Hinchcliff et al. 2013

Abatacept Inflammatory; patients with high baseline 
levels of CD28 signaling

Normal-like; patient with low 
baseline levels of CD28 signaling

Chakravarty et al. 2015

Nilotinib Intrinsic subset was variable; patients 
with high baseline levels of TGFBR/
PDGFRB signaling

Fibroproliferative; patients with 
low baseline levels of TGFBR/
PDGFRB signaling

Gordon et al. 2015

For each trial, information about improvers and non-improvers in terms of intrinsic subsets and relevant targeted pathways is provided (where 
applicable). NA – not available, ND – not determined.
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