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Large-Scale Characterization of Systemic Sclerosis Serum 
Protein Profile: Comparison to Peripheral Blood Cell 
Transcriptome and Correlations With Skin/Lung Fibrosis
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Marka A. Lyons,2 Peter McSweeney,7 Daniel E. Furst,8 Richard Nash,7 Leslie J. Crofford,9 Beverly Welch,3  
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Objective. To provide a large-scale assessment of serum protein dysregulation in diffuse cutaneous systemic 
sclerosis (dcSSc) and to investigate serum protein correlates of SSc fibrotic features.

Methods. We investigated serum protein profiles of 66 participants with dcSSc at baseline who were enrolled in 
the Scleroderma: Cyclophosphamide or Transplant Trial and 66 age- and sex-matched healthy control subjects. A 
panel of 230 proteins, including several cytokines and chemokines, was investigated. Whole blood gene expression 
profiling in concomitantly collected samples was performed.

Results. Among the participants with dcSSc, the mean disease duration was 2.3 years. All had interstitial lung disease 
(ILD), and none were being treated with immunosuppressive agents at baseline. Ninety proteins were differentially 
expressed in participants with dcSSc compared to healthy control subjects. Similar to previous global skin transcript 
results, hepatic fibrosis, granulocyte and agranulocyte adhesion, and diapedesis were the top overrepresented 
pathways. Eighteen proteins correlated with the modified Rodnan skin thickness score (MRSS). Soluble epidermal 
growth factor receptor was significantly down-regulated in dcSSc and showed the strongest negative correlation 
with the MRSS, being predictive of the score’s course over time, whereas α1-antichymotrypsin was significantly up-
regulated in dcSSc and showed the strongest positive correlation with the MRSS. Furthermore, higher levels of cancer 
antigen 15-3 correlated with more severe ILD, based on findings of reduced forced vital capacity and higher scores of 
disease activity on high-resolution computed tomography. Only 14 genes showed significant differential expression in 
the same direction in serum protein and whole blood RNA gene expression analyses.

Conclusion. Diffuse cutaneous SSc has a distinct serum protein profile with prominent dysregulation of proteins 
related to fibrosis and immune cell adhesion/diapedesis. The differential expression for most serum proteins in SSc 
is likely to originate outside the peripheral blood cells.

INTRODUCTION

Systemic sclerosis (SSc; scleroderma) is a complex auto-
immune disorder in which vascular involvement, immune 

dysregulation with autoantibody production, and fibrosis are 
the main pathologic processes (1). As is evident from a stand-
ardized mortality ratio of 3.5 (2), SSc is associated with a sub-
stantial mortality and disease burden. Development of effective 

Supported by the Karen Brown Scleroderma Foundation, the NIH 
(grants R01-AR-073284 and UL1-TR-000371 and National Institute of Arthritis 
and Musculoskeletal and Skin Diseases grant P30-AR-061271), and the 
Department of Defense (grant W81XWH-16-1-0296). The Scleroderma: 
Cyclophosphamide or Transplantation (SCOT) study was supported by 
awards from the National Institute of Allergy and Infectious Diseases, NIH, to 
the study contract holder Duke University (grants N01-AI-05419 and HHSN 
272201100025C).

1Chiara Bellocchi, MD: The University of Texas Health Science Center at 
Houston and McGovern Medical School, Houston, and Fondazione IRCCS 
Ca’ Granda Ospedale Maggiore Policlinico di Milano, Milan, Italy; 2Jun Ying, 
MS, Marka A. Lyons, MA, Maureen D. Mayes, MD, MPH, Shervin Assassi, 
MD, MS: The University of Texas Health Science Center at Houston and 
McGovern Medical School, Houston; 3Ellen A. Goldmuntz, MD, PhD, Beverly 
Welch, RN, MSN: National Institute of Allergy and Infectious Diseases, NIH, 

Rockville, Maryland; 4Lynette Keyes-Elstein, DrPH, Ashley Pinckney, MS: Rho 
Federal Systems Division, Inc., Durham, North Carolina; 5John Varga, MD: 
Northwestern University, Chicago, Illinois; 6Monique E. Hinchcliff, MD: Yale 
University School of Medicine, New Haven, Connecticut; 7Peter McSweeney, 
MD, Richard Nash, MD: Colorado Blood Cancer Institute, Denver; 8Daniel E. 
Furst, MD: University of California Los Angeles, University of Washington, 
Seattle, and University of Florence, Florence, Italy; 9Leslie J. Crofford, MD: 
Vanderbilt University Medical Center, Nashville, Tennessee; 10Jonathan G. 
Goldin, MD, PhD: University of California Los Angeles; 11Keith M. Sullivan, 
MD: Duke University, Durham, North Carolina.

No potential conflicts of interest relevant to this article were reported.
Address correspondence to Shervin Assassi, MD, MS, 6431 Fannin, MSB 

5.266, Houston, TX 77030. Email: shervin.assassi@uth.tmc.edu.
Submitted for publication February 19, 2020; accepted in revised form 

October 27, 2020.

https://orcid.org/0000-0001-8326-7904
https://orcid.org/0000-0002-8652-9890
https://orcid.org/0000-0002-1379-9216
mailto:
https://orcid.org/0000-0002-8059-9978
mailto:shervin.assassi@uth.tmc.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41570&domain=pdf&date_stamp=2021-02-28


SERUM PROTEIN PROFILE IN SSc |      661

treatment strategies for SSc has been hampered by an incom-
plete understanding of disease pathogenesis and the underly-
ing molecular heterogeneity. Genome-wide association studies 
(3,4) and whole genome microarray studies (5,6) have provided 
new insights into disease pathogenesis at the DNA and RNA 
levels. An interferon (IFN) signature is the most prominent gene 
expression signature in SSc peripheral blood cells (5), and IFN- 
inducible chemokines correlate with disease severity (7).

Although changes in serum protein profiles, as opposed to 
findings at the DNA or RNA level, may be more closely associ-
ated with disease pathogenesis, data on large-scale examination 
of serum proteins in SSc are still scarce. Investigations performed 
on small panels of proteins showed that chemokines, vascular 
growth factors, and adhesion molecules such as interleukin-8 
 (IL-8), vascular endothelial growth factor (VEGF), angiopoietin 2 
(Ang-1), platelet endothelial cellular adhesion molecule 1 (PECAM-
1) are markers of early disease and reflect endothelial dysregu-
lation in SSc (8–10). IL-6 is related to lung fibrosis and might be 
predictive of disease progression in early SSc interstitial lung dis-
ease (ILD) (11). Moreover, levels of adipokines, such as leptin and 
adiponectin, have a negative correlation with changes in SSc skin 
fibrosis (12–14).

Recently, a study performed with the use of SOMAscan 
aptamer technology in 34 patients with diffuse cutaneous SSc 
(dcSSc) and 15 control subjects identified tumor necrosis factor 
(TNF), IFNγ, transforming growth factor β (TGFβ), and IL-13 as 
potential upstream regulators in SSc (15). Few other studies have 
recently explored larger panels of serum proteins in SSc (16,17).

In the present study, we investigated an extended panel of 
230 serum proteins in serum samples obtained at baseline from 
individuals with dcSSc (18) who were enrolled in the Scleroderma: 
Cyclophosphamide or Transplantation (SCOT) Trial and compared 
these findings at a 1:1 ratio to serum proteins from matched 
healthy control subjects in order to provide a hypothesis- generating 
assessment of serum protein dysregulation and its clinical corre-
lates in SSc (19). Moreover, availability of concomitantly collected 
whole blood RNA samples enabled direct comparison between 
SSc serum protein and whole blood gene expression profiles, 
showing that the differential expression for most serum proteins in 
SSc is likely to originate outside the peripheral blood cells.

PATIENTS AND METHODS

Selection of study population. Of the 75 participants 
with dsSSc who were included in the SCOT trial, 66 had a serum 
sample obtained at baseline available for analysis. Samples 
obtained at baseline were examined in the present study. None 
of the participants were receiving immunosuppressive agents 
except for ≤10 mg per day of prednisone or its equivalent dur-
ing blood sample collection at baseline. However, 27 participants 
had received immunosuppressive agents in the 2 months prior to 
baseline sample collection.

Briefly, the inclusion criteria included diffuse cutaneous 
involvement, lung or kidney involvement, and a disease duration 
of <5 years (calculated from the onset of the first non–Raynaud’s 
symptom). Exclusion criteria included significant prior treatment 
with cyclophosphamide (CYC; either oral or intravenous), pres-
ence of clinically significant rheumatic diseases other than SSc, 
any active uncontrolled infection, or HIV, hepatitis C virus, and hep-
atitis B virus infections. All SCOT participants provided informed 
consent, and the SCOT protocol was approved by the Institutional 
Review Board of all participating institutions. Detailed information 
on the selection of participants and study design have been pub-
lished previously (19). Additionally, serum from healthy controls 
that were matched at a 1:1 ratio based on age (±10 years) and 
sex was also investigated in the present study.

Severity of lung involvement was evaluated by forced vital 
capacity percent predicted (FVC%) (19). As another surrogate for 
ILD severity, standardized volumetric high-resolution computed 
tomography (HRCT) scanning was performed, and quantitative 
interstitial lung disease (QILD) score was measured using an 
established algorithm. The QILD score (expressed as a percent-
age) represents the sum of quantitative lung fibrosis, quantitative 
ground glass, and quantitative honeycombing for all lung lobes 
(20,21). The MRSS was used to assess severity of skin involve-
ment (22). Antibody profiles were determined using commercial 
laboratories at each site.

Serum protein determination. Serum protein assays 
were performed by Myriad Rules-Based Medicine using Human 
Discovery Multi-Analyte Profiling (MAP) (https://myria drbm.com/
scien tific -media/ multi plex-assay -devel opmen t-white -paper/) mul-
tiplexed immune assay version 2, which was the most compre-
hensive panel of proteins available with this technology at the 
time of study. This panel includes an extensive list of cytokines, 
chemokines, metabolic markers, hormones, growth factors, tis-
sue remodeling proteins, angiogenesis markers, acute-phase 
reactants, and cancer markers that can reliably and reproducibly 
be measured with this technology. Levels of 228 serum proteins 
were determined with this assay.

All samples were stored at a temperature lower than −70°C 
and had not been previously thawed. An aliquot of each sample 
was added to individual microsphere multiplexes of the selected 
MAP and blocker. After incubation, multiplexed cocktails of bioti-
nylated reporter antibodies were added. Multiplexes were labeled 
using an excess of streptavidin–phycoerythrin solution. The result-
ing data were interpreted using proprietary software developed 
by Myriad Rules-Based Medicine. In addition, 2 cytokines consid-
ered to be pertinent to SSc pathogenesis, IL-10 and IL-6, were 
determined by ultrasensitive Simoa Assays (Quanterix) (23).

For each assay, the lower limit of quantification (LLOQ) and 
upper limit of quantification (ULOQ) were determined by Myriad 
Rules-Based Medicine, representing the concentration at the 
lower and upper limit of the linear range of the standard curve, 
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respectively (i.e., the lowest and highest amount of protein that 
can be detected accurately).

Analysis of gene expression and its relationship to 
serum proteins. Global gene expression studies on whole 
blood RNA samples obtained at baseline (stored in Tempus 
tubes) from SCOT participants and from matched controls were 
examined using Illumina Human HT-12 bead arrays. All microar-
ray experiments were performed in a single batch (24). Data were 
normalized according to the quantile method. A corresponding 
transcript was present on the microarray platform for the major-
ity of investigated proteins. We focused on the transcripts that 
corresponded to the investigated proteins. Specifically, 282 tran-
scripts corresponding to 172 examined proteins were identified. 
Only 10 (5.5%) of 182 serum proteins did not have a matching 
probe on the microarray platform. For the transcript analysis, the 
data set was filtered by the list of corresponding 282 transcripts. 
Differentially expressed transcripts identified at a false discovery 
rate (FDR) of <0.1 in SSc participants compared to controls were 
analyzed by 2-sample t-test. We used a less stringent FDR cutoff 
for the analysis of differentially expressed transcripts than was 
used for the protein analysis (FDR of <0.1 versus FDR of <0.05) 
as the effect size (i.e., fold change) tends to be lower at the RNA 
level than at the protein level. For example, fold changes in tran-
script levels in SSc participants compared to controls among the 
282 transcripts investigated ranged from 0.61 to 1.41 whereas 
the fold change in the corresponding proteins ranged from 0.4 to 
3.68. Subsequently, the list of differentially expressed transcripts 
was intersected with the list of differentially expressed proteins. 
Microarray analysis was performed with BRB ArrayTools (National 
Cancer  Institute, National Institutes of Health) (25).

Interferome database search. We examined whether 
the differentially expressed serum proteins in SSc participants 
versus control subjects were IFN-inducible using the Interferome 
version 2.01 database (http://inter ferome.its.monash.edu.au/inter 
ferom e/) (26). For the Interferome database, Homo sapiens was 
chosen as species and lung, skin, and blood were selected as 
organs. A list of type I IFN–inducible proteins was generated.

Statistical analysis. Proteins with levels below the LLOQ in 
>50% of SSc samples collected at baseline were excluded from 
the analysis. A total of 182 proteins (79.1%) had a detectable level 
in >50% of SSc samples. Of these 182 proteins, 128 proteins 
(70.2%) had measurements above the LLOQ in all samples. For 
the remainder of proteins, levels below the LLOQ were replaced 
by the LLOQ. Moreover, protein measurements above the 
ULOQ were replaced by the ULOQ. As shown in Supplementary 
Figure 1 (http://onlin elibr ary.wiley.com/doi/10.1002/art.41570/ 
abstract), raw values of the majority of the serum proteins showed 
a right-skewed distribution, and protein expression data were 
natural log–transformed to approximately conform to normality. 

Principal components analysis (PCA) was performed to identify 
outliers. T-tests were used to estimate differential expression for 
each protein between SSc participants and control subjects. 
P values were adjusted for multiple testing using the Benjamini- 
Hochberg method (27).

Proteins with an FDR of <0.05 were considered to be dif-
ferentially expressed in the comparison of SSc participants to 
control subjects. Subsequently, differentially expressed proteins 
were modeled using Ingenuity Pathway Analysis software (Qiagen 
[https://digit alins ights.qiagen.com/produ cts-overv iew/disco very-in-
sig hts-portf olio/analy sis-and-visua lizat ion/qiage n-ipa/]) to identify 
the overrepresented canonical pathways and to predict activated 
upstream cytokines/growth factors. The goal of Upstream Reg-
ulator Analysis is to identify upstream regulators of a molecular 
profile and predict whether they are activated or inhibited. This 
analysis is based on expected causal effects between upstream 
cytokines/growth factors and targets; the expected causal effects 
are derived from the literature compiled in Ingenuity Knowledge 
Base (28). A Z score algorithm is used to make predictions. The 

Table 1. Demographic and clinical characteristics of the SCOT par-
ticipants and control subjects*

Features

Participants 
with dcSSc

(n = 66)

Control 
subjects
(n = 66)

Age, mean ± SD years 45.3 ± 10.3 46.3 ± 9.5
Female sex 40 (60.6) 40 (60.6)
Race

African American 6 (9.1) 9 (13.6)
Asian 3 (4.5) 0 (0)
Other 6 (9.1) 0 (0)
White 51 (77.3) 57 (86.4)

Disease duration, mean ± SD years 2.31 ± 1.25 NA
MRSS score, mean ± SD 29.22 ± 9.35 NA
FVC%, mean ± SD 74.62 ± 15.61 NA
QILD score, mean ± SD 22.92 ± 11.63 NA
QILD score of >0 66 (100) NA
Autoantibodies

Positive
ANAs 57 (86.4) NA
ACAs 4 (6.1) NA
ATAs 26 (39.4) NA
RNPs 10 (15.2) NA

Negative
ANAs 7 (10.6) NA
ACAs 56 (84.8) NA
ATAs 39 (59.1) NA
RNPs 55 (83.3) NA

Testing not performed
ANAs 2 (3) NA
ACAs 6 (9.1) NA
ATAs 1 (1.5) NA
RNPs 1 (1.5) NA

* Except where indicated, values are the number (%). SCOT = 
Scleroderma: Cyclophosphamide or Transplantation; dcSSc = diffuse 
cutaneous systemic sclerosis; ANAs = antinuclear antibodies; ACAs = 
anticentromere antibodies; ATAs = anti–topoisomerase I antibodies; 
MRSS = modified Rodnan skin thickness score; FVC% = forced vital 
capacity percent predicted; QILD = quantitative interstitial lung 
disease score; NA = not applicable. 
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primary purpose of the activation Z score is to infer the activation 
states of predicted expression regulators. Given the observed 
differential regulation of a molecule (“up” or “down”) in the data 
set, the activation state of an upstream regulator is determined 
by the regulation direction associated with the relationship from 
the regulator to the molecule. In practice, Z scores >2 or <−2 can 
be considered significant.

For correlation with clinical variables (i.e., the MRSS, FVC%, 
HRCT–QILD score), Pearson’s correlation was calculated, and 
proteins that reached the nominal significance level (P < 0.05) 
in the univariable analysis and a Pearson’s correlation coefficient 
of ≥0.3 or ≤−0.3 were considered as significantly correlated. For 
this, we did not account for multiple comparisons as this was 
a hypothesis-generating analysis. Multivariable analyses with 
adjustment for age and sex were also performed. Partial corre-
lation coefficients after adjustment for these demographic factors 
were also provided.

In an exploratory analysis, the predictive significance of 
serum proteins found to correlate with MRSS scores and FVC% 
was examined for the serial measurement of MRSS scores and 
FVC% obtained 3–14 months after randomization in the CYC 
arm (representing the active treatment period) and transplanta-
tion arm, separately. For this analysis, mixed-effects linear regres-
sion modeling was used after controlling for disease severity at 
baseline (i.e., the MRSS or FVC% at baseline) and time variable. 

Fixed effects were serum protein levels and the MRSS or FVC% 
at baseline as well as time point (all as continuous), and ran-
dom effects were the intercept and time point. An unstructured 
correlation matrix was used. Analyses were performed using R 
Studio version 0.99.489  (RStudio Consortium) and SAS version 
9.4 (SAS Institute Inc.).

RESULTS

Demographic and clinical characteristics. Demo-
graphic and clinical characteristics of study patients at baseline 
are presented in Table 1. As expected in diffuse disease, anti–
topoisomerase I (Scl-70) was the most common disease-specific 
autoantibody observed (39.4%), followed by anti-RNP antibodies 
(15.2%). All SCOT participants had signs of alveolitis on HRCT 
as evidenced by visual confirmation of ground glass opacity, 
and mean disease duration was 2.3 years.

Serum protein levels. Ninety of 182 proteins were dif-
ferentially expressed in SSc participants compared to control 
subjects, with an FDR of <0.05. A heatmap shows 90 differ-
entially expressed proteins in samples from SCOT participants at 
baseline compared to healthy controls (Supplementary Figure 2, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41570/ abstract). 
The 10 most up-regulated and down-regulated proteins based 

Table 2. Top up-regulated and down-regulated serum proteins in the SCOT participants compared to 
control subjects*

Protein name Gene name Fold change Praw PFDR

Direction of 
difference

Growth hormone GH1† 3.69 <0.001 <0.001 Up-regulated
Ferritin FTH1 3.04 <0.001 <0.001 Up-regulated
C-reactive protein CRP 2.98 <0.001 <0.001 Up-regulated
Chromogranin A CHGA 2.77 <0.001 <0.001 Up-regulated
MIP-3β CCL19† 2.48 <0.001 <0.001 Up-regulated
MCP-1 CCL2† 2.48 <0.001 <0.001 Up-regulated
Myoglobin MB 2.38 <0.001 <0.001 Up-regulated
MIG CXCL9† 2.30 <0.001 <0.001 Up-regulated
BLC CXCL13† 2.19 <0.001 <0.001 Up-regulated
Prolactin PRL 2.08 <0.001 <0.001 Up-regulated
Lactoylglutathione lyase GLO1† 0.49 <0.001 <0.001 Down-regulated
Neuron-specific enolase ENO2† 0.56 0.002 0.007 Down-regulated
Vitamin K–dependent protein S PROS1† 0.56 0.005 0.013 Down-regulated
SOD1 SOD1 0.65 <0.001 <0.001 Down-regulated
Protein S100A6 S100A6† 0.69 0.002 0.006 Down-regulated
MIF MIF 0.71 0.023 0.046 Down-regulated
Adiponectin ADIPOQ 0.72 <0.001 <0.001 Down-regulated
Kallikrein 7 KLK7† 0.73 <0.001 <0.001 Down-regulated
IGFBP6 IGFBP6 0.73 <0.001 <0.001 Down-regulated
Tetranectin CLEC3B† 0.75 <0.001 <0.001 Down-regulated

* Values of >1 refer to up-regulated expression of proteins, and values of <1 refer to down-regulated expression 
of proteins in Scleroderma: Cyclophosphamide or Transplantation (SCOT) study participants compared to values 
measured in control subjects. For example, a fold change of 2.30 is equivalent to an increase of 130% from the 
reference value, and a fold change of 0.65 is equivalent to a decrease of 35% from the reference value. FDR = 
false discovery rate; MIP-3β = macrophage inflammatory protein 3β; MCP-1 = monocyte chemotactic protein 1; 
MIG = monokine induced by interferon-γ; BLC = B lymphocyte chemoattractant; SOD1 = superoxide dismutase 
1; MIF = macrophage migration inhibitory factor; IGFBP6 = insulin-like growth factor binding protein 6. 
† Interferon-inducible proteins. 
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on the fold change are presented in Table 2. The complete list 
of 90 differentially expressed proteins in SSc is available in Sup-
plementary Table 1 (http://onlin elibr ary.wiley.com/doi/10.1002/

art.41570/ abstract). Complete analysis results for all examined 
182 serum proteins are available in an additional data file on the 
Scleroderma Program at McGovern Medical School website 

Figure 1. Top predicted upstream cytokine and growth factor regulators based on the Ingenuity Knowledge Base. Y axis shows the activation 
Z score calculated based on the Ingenuity Pathway Analysis for identifying upstream regulators (see Patients and Methods for further details). 
Proteins that were differentially expressed in participants with diffuse cutaneous systemic sclerosis compared to control subjects are shown 
(asterisks). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41570/abstract.

Table 3. Significant correlations between serum protein expression and the modified Rodnan skin 
thickness score at baseline*

Protein name Gene name

Correlation

Univariable† Multivariable‡

r P Partial correlation P
α1-antichymotrypsin§ SERPINA3 0.42 0.001 0.42 0.001
NT-proBNP§ NPPB 0.38 0.002 0.38 0.002
Endostatin§ COL18A1 0.37 0.002 0.38 0.002
Osteopontin§ SPP1 0.34 0.006 0.38 0.002
Ang-2§ ANGPT2 0.33 0.005 0.33 0.007
SAP component APCS 0.32 0.008 0.32 0.010
Tenascin-C§ TNC 0.31 0.011 0.32 0.010
α1-microglobulin AMBP 0.31 0.011 0.32 0.012
IGFBP4§ IGFBP4 0.30 0.018 0.34 0.009
IL-22 IL22 −0.30 0.016 −0.29 0.020
HGF receptor MET −0.30 0.016 −0.31 0.012
Tetranectin¶ CLEC3B −0.31 0.011 −0.34 0.007
Kallikrein 5¶ KLK5 −0.33 0.007 −0.33 0.007
uPA PLAU −0.34 0.005 −0.35 0.005
TARC CCL17 −0.35 0.003 −0.36 0.003
Tamm-Horsfall urinary glycoprotein UMOD −0.40 0.001 −0.42 0.001
MDC¶ CCL22 −0.43 <0.001 −0.44 <0.001
EGFR¶ EGFR −0.43 <0.001 −0.43 0.001

* Correlations were determined using Pearson’s correlation coefficients. NT-proBNP = N-terminal pro–brain 
natriuretic peptide; Ang-2 = angiopoietin 2; SAP = serum amyloid P; IGFBP4 = insulin-like growth factor 
binding protein 4; IL-22 = interleukin-22; HGF = hepatocyte growth factor; uPA = urokinase plasminogen 
activator; TARC = thymus and activation–regulated chemokine; MDC = macrophage-derived chemokine; 
EGFR = epidermal growth factor receptor. 
† Calculated using a univariable model. 
‡ Calculated using a multivariable model after adjustment for age and sex. 
§ Proteins differentially expressed and up-regulated in participants with diffuse cutaneous systemic sclerosis 
(dcSSc) compared to control subjects. 
¶ Proteins differentially expressed and down-regulated in participants with dcSSc compared to control subjects. 
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(https://www.uth.tmc.edu/scler oderm a/), and individual level 
protein data are available at ImmPort (https://www.immpo rt.org).

As shown in the Supplementary Figure 3 (http://onlin e libr ary. 
wiley.com/doi/10.1002/art.41570/ abstract), PCA identified only  
1 outlier. PCA showed that the majority of SCOT participants had 
a different serum protein profile compared to control subjects. 
Furthermore, the 27 individuals who received immunosuppres-
sive therapy 2 months prior to sample collection did not group 
separately from other SCOT participants. Supplementary Tables 
2 and 3 (http://onlin elibr ary.wiley.com/doi/10.1002/art.41570/ 
abstract) show the demographic/clinical characteristics, as well 
as the list and duration of prior immunosuppressive treatment in 
SCOT participants dichotomized based on whether they were 
treated with immunosuppressive agents 2 months prior to sam-
ple collection.

Prominent role of profibrotic and granulocyte/
agranulocyte extravasation pathways in SSc serum pro-
file. An Ingenuity Canonical Pathway Analysis of differentially 
expressed serum proteins in SSc participants compared to con-
trol subjects revealed hepatic fibrosis, granulocyte adhesion and 
diapedesis, and agranulocyte adhesion and diapedesis as the 
top 3 overrepresented pathways. Of note, the same 3 pathways 
were found to be the top dysregulated pathways in our previ-
ously published global gene expression study on SSc skin (29). 
Interestingly, the top overrepresented canonical pathways in the 
concomitantly collected whole blood RNA samples were antigen 
presentation, IFN, and natural killer cell pathways. The complete 
list of overrepresented canonical pathways in both data sets is 
shown in the additional data file on the Scleroderma Program at 
McGovern Medical School website (https://www.uth.tmc.edu/
scler oderm a/).

As shown in Figure 1, the top predicted activated upstream 
cytokines/growth factors (based on an activation Z score of >2) 
for the observed SSc serum protein profile included prominent 
profibrotic proteins such as oncostatin M (OSM), IL-6, IL-18, IL-4, 
IL-33, B–cell activating factor (TNFSF13B), and monocyte che-
motactic protein 1 (MCP-1; CCL2).

Correlation of serum protein expression with MRSS 
scores. In SSc participants compared to controls, levels of 
α1-antichymotrypsin, N-terminal pro–brain natriuretic peptide 
(NT-proBNP), endostatin, osteopontin, tenascin, and insulin-like 
growth factor binding protein 4 (IGFBP-4) were up-regulated 
(P < 0.05) (Supplementary Table 1, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41570/ abstract) and showed a positive corre-
lation with the MRSS (Table 3). Epidermal growth factor recep-
tor (EGFR), macrophage-derived chemokine, kallikrein 5, and 
tetranectin were down-regulated in SSc participants compared 
to control subjects (P < 0.05) (Supplementary Table 1) and were 
negatively correlated with the MRSS. All serum proteins that cor-
related with MRSS scores are shown in Table 3. Furthermore, 

complete analysis results for all proteins can be found at https://
www.uth.tmc.edu/scler oderm a/.

In an exploratory analysis, the predictive significance of 
serum proteins listed in Table 3 for the course of MRSS scores 
from 3–14 months after randomization in the CYC arm (repre-
senting active treatment period; n = 32) and transplantation arm 
(n = 30) was investigated. As shown in Supplementary Table 4 
(http://onlin elibr ary.wiley.com/doi/10.1002/art.41570/ abstract), 
NT-proBNP and Ang-2 serum levels at baseline predicted higher 
subsequent MRSS  scores (P = 0.013 and P = 0.038, respec-
tively), whereas EGFR and kallikrein 5 serum levels at baseline pre-
dicted lower subsequent MRSS scores (P = 0.034 and P = 0.003, 
respectively) in the CYC arm after adjustment for MRSS scores 
at baseline. Similarly, EGFR and kallikrein 5 predicted lower sub-
sequent MRSS scores in the transplantation arm (P = 0.019 and 
P = 0.004, respectively).

Correlation of serum protein levels with ILD  severity. 
Serum protein correlates of FVC and HRCT–QILD score are 
shown in Supplementary Tables 5 and 6 (http://onlin elibr ary.wiley.
com/doi/10.1002/art.41570/ abstract). Notably, cancer antigen 
15-3 (CA 15-3) and growth-regulated α protein were associated 
with more severe involvement (i.e., lower FVC and higher HRCT–
QILD scores) in both analyses (Figure 2). As shown in Supple-
mentary Table 7 (http://onlinelibrary.wiley.com/doi/10.1002/art. 
41570/abstract), no proteins that correlated with FVC at the 

Figure 2. Venn diagram showing serum proteins that correlate with 
forced vital capacity (FVC) and high-resolution computed tomography 
quantitative interstitial lung disease (HRCT–QILD) score in participants 
with diffuse cutaneous systemic sclerosis (dcSSc). Associations with 
a better FVC and HRCT–QILD score (blue font) and associations with 
a worse FVC and HRCT–QILD score (red font) are shown. Asterisks 
indicate proteins that were differentially expressed and up-regulated 
(up arrows) or down-regulated (down arrows) in participants with 
dcSSc compared to control subjects. I-TAC = interferon-inducible 
T cell α chemoattractant; CA 15.3 = cancer antigen 15-3; RAGE =  
receptor for advanced glycosylation end products; ENA-78 = epithelial-
derived neutrophil activating protein 78; GRO-α = growth-regulated α 
protein; MDC = macrophage-derived chemokine; NCAM = neuronal 
cell adhesion molecule.
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baseline visit predicted the course of FVC 3–14 months after ran-
domization in both treatment arms (n = 32 each for CYC and 
transplantation arms).

Whole blood gene expression versus serum pro-
teins. After filtering the whole blood gene expression data set 
by 282 transcripts corresponding to 172 examined proteins, 
we compared transcript profiles between SSc participants 
and control subjects. A total of 52 transcripts were differen-
tially expressed (FDR of <0.1) in dcSSc participants versus 
controls. Among this list, 24 transcripts had a corresponding 
differentially expressed protein, of which only 17 transcripts 
(belonging to 14 genes) showed a differential expression 
in the concordant direction in its corresponding protein 
(Table 4). Of note, 7 transcripts were differentially expressed 
in the opposite direction, indicating that the observed dif-
ferential expression in the serum proteins does not stem 
from peripheral blood cells. Among concordantly expressed 
transcript–serum protein pairs, IL-1β was the only one with 
a decreased number at both whole blood gene expres-
sion and serum protein levels whereas the remainder were 
up-regulated in SSc at both levels. Moreover, endostatin was 
up-regulated both at RNA transcript and protein levels and 
positively correlated with the MRSS (Table 3). CA 15-3 was 
up-regulated both at transcript and serum protein levels and 
was positively correlated with the presence of lung fibrosis 
(Supplementary Tables 5 and 6, http://onlin elibr ary.wiley.com/ 
doi/10.1002/art.41570/ abstract).

Type I IFN–inducible proteins. Among the 90 differen-
tially expressed proteins in SSc participants, 40 up-regulated mol-
ecules are known to be type I IFN–inducible (44.4%) whereas 
10 down- regulated proteins were type I IFN–inducible (11.1%), 
according to the Interferome database search (Supplementary  
Table 1, http://onlinelibrary.wiley.com/doi/10.1002/art.41570/abstract). 
MCP-1, monokine induced by IFNγ (MIG), IFNγ-induced protein 
10 (IP-10), IFN-inducible T cell α chemoattractant (I-TAC), as well 
as CA 15-3 are among these up-regulated type I IFN–inducible 
proteins (Supplementary Table 8, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41570/ abstract).

DISCUSSION

The present study represents a large-scale analysis of serum 
proteins in participants with dcSSc compared at a 1:1 ratio 
to matched healthy control subjects. Ninety differentially expressed 
proteins were identified among the 230 assayed by the utilized 
platform (Supplementary Table 1, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41570/ abstract). Candidate proteins emerged 
from correlation analysis with the MRSS, FVC, and QILD score. 
Ingenuity Pathway Analysis revealed fibrosis and extravasation-re-
lated pathways as the top overrepresented biologic processes. 
Lastly, transcripts and proteins showing differential expression at 
whole blood RNA and serum protein levels were identified, show-
ing that only a small portion of differentially expressed serum pro-
teins were also differentially expressed in a concordant direction in 
the whole blood RNA samples.

Table 4. Whole blood gene expression versus serum protein expression at baseline*

Analyte name Gene name Direction†

Whole blood gene expression Serum proteins

Fold change Praw PFDR Fold change Praw PFDR

IL-1β IL1B Down-regulated 0.71 <0.001 <0.001 0.89 0.015 0.032
α1-antitrypsin SERPINA1 Up-regulated 1.04 0.018 0.092 1.22 <0.001 0.001
MIG CXCL9 Up-regulated 1.05 0.001 0.010 2.30 <0.001 <0.001
IL-2Rα IL2RA Up-regulated 1.05 0.017 0.091 1.97 <0.001 <0.001
Cancer antigen 15-3 MUC1‡ Up-regulated 1.06 <0.001 0.006 1.67 0.001 0.004
Cancer antigen 15-3 MUC1‡ Up-regulated 1.11 <0.001 <0.001 1.67 0.001 0.004
TNF ligand superfamily 

member 13
TNFSF13‡ Up-regulated 1.08 0.001 0.008 1.23 0.017 0.037

TNF ligand superfamily 
member 13

TNFSF13‡ Up-regulated 1.1 <0.001 0.005 1.23 0.017 0.037

MCP-1 CCL2 Up-regulated 1.12 <0.001 0.001 2.48 <0.001 <0.001
IL-16 IL16 Up-regulated 1.15 <0.001 0.005 1.08 0.019 0.040
LOX-1 OLR1 Up-regulated 1.15 0.006 0.040 1.38 <0.001 <0.001
Endostatin COL18A1 Up-regulated 1.16 <0.001 0.001 1.28 <0.001 <0.001
BAFF TNFSF13B‡ Up-regulated 1.17 0.015 0.081 1.83 <0.001 <0.001
BAFF TNFSF13B‡ Up-regulated 1.23 0.001 0.009 1.83 <0.001 <0.001
IP-10 CXCL10 Up-regulated 1.26 <0.001 0.001 2.03 <0.001 <0.001
Haptoglobin HP Up-regulated 1.29 0.001 0.008 1.71 <0.001 <0.001
MPO MPO Up-regulated 1.41 <0.001 0.006 1.84 <0.001 <0.001

* FDR = false discovery rate; IL-1β = interleukin-1β; MIG = monokine induced by interferon-γ; IL-2Rα = IL-2 receptor α; TNF = tumor necrosis 
factor; MCP-1 = monocyte chemotactic protein 1; LOX-1 = lectin-like oxidized low-density lipoprotein receptor 1; IP-10 = interferon-γ–
inducible 10-kd protein; MPO = myeloperoxidase. 
† Concordant direction of whole blood RNA expression versus serum protein expression. 
‡ Two transcript variants of this gene were differentially expressed. 
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In the present proteomics analysis, the majority of samples 
obtained from participants with early-stage dcSSc had a distinct 
serum protein profile compared to samples obtained from control 
subjects, confirming the presence of a prominent IFN signature 
in SSc (5,7,30). Among the 65 serum proteins that were up- 
regulated, 40 were type I IFN–inducible proteins, with 10 of those 
being chemokines (MCP-1, macrophage inflammatory protein 1β 
[MIP-1β], MCP-2, MCP-4, MIP-3β, myeloid progenitor inhibitory 
factor 1, MIG, IP-10, I-TAC, and B lymphocyte chemoattractant) 
as well as 30 other proteins, including osteopontin (SPP-1) and 
β2-microglobulin. Additionally, several type I IFN–inducible mol-
ecules were commonly dysregulated at both the RNA and pro-
tein level (CXCL9/MIG, CCL2/MCP-1, MUC1/CA 15-3, IL16/
IL-16, CXCL10/IP-10, SERPINA1/α1-antitrypsin, TNFSF13/TNF 
ligand superfamily, OLR1/lectin-like oxidized low-density lipopro-
tein receptor 1, and TNFSF13B/B cell–activating factor). Of note, 
plasma IP-10 and I-TAC were previously found to be up-regulated 
in 266 individuals with early-stage SSc enrolled in the GENISOS 
cohort, and these levels correlated with a peripheral blood cell 
IFN gene expression score (7). Moreover, in a phase I open-label 
clinical trial of anifrolumab (an anti–IFNα receptor 1 monoclonal 
antibody) conducted in 34 patients with SSc, levels of SPP-1 cor-
related with IFN activity (whole blood type I IFN gene signature 
score) whereas β2-microglobulin, IP-10, and MCP-4 were sup-
pressed after treatment with anifrolumab, supporting the notion 
that these proteins are regulated by type I IFN (16).

In our correlation analysis, serum soluble EGFR showed 
the strongest negative correlation with the MRSS and was sig-
nificantly down-regulated in participants with SSc compared to 
controls. Soluble EGFR can inhibit the activation of its trans-
membrane receptor by binding EGF or by directly binding the 
transmembrane receptor itself, which can disrupt EGF/EGFR cell 
signaling (31). Decreased soluble EGFR in SSc might lead to an 
activation of EGF pathways, as already described for some sub-
types of lung cancers (32). Indeed, a recent multicohort analysis 
of SSc skin transcriptome data across 7 data sets from 6 centers 
comprising 515 samples identified 6 signaling proteins which 
positively correlated with the SSc signature, 4 of which were 
EGFR ligands (33). Our data provide further support for EGFR 
signaling as a potential driver of fibrosis in SSc skin. Of note, a 
correlation between serum soluble EGFR and lung FVC or QILD 
score was not observed.

In our study, α1-antichymotrypsin showed the strongest pos-
itive correlation with the MRSS. This protein is an acute-phase 
reactant produced by the liver (34). Its biologic function is to inhibit 
several serine proteases, mainly cathepsin G, which is contained 
in the neutrophil granules and released at the site of inflamma-
tion. Notably, an excess of cathepsin G function is linked to tissue 
damage (35). Moreover, 2 proteins mainly associated with SSc 
vascular manifestation, endostatin and NT-proBNP, also showed 
a moderately positive correlation with the MRSS. Endostatin 
is a peptide derived from the C-terminus of type XVIII collagen 

produced by fibroblasts with antiangiogenic properties. Previous 
studies have shown that endostatin is up-regulated in SSc serum 
(36,37). Its antiangiogenic role suggests a feedback loop between 
endostatin and features of vascular impairment such as digital 
ulcers, pulmonary arterial hypertension (PAH), and scleroderma 
renal crisis (38–40). Vascular involvement and extensive skin 
involvement are not mutually exclusive. In fact, 2 previous studies 
have shown an association between serum levels of endostatin 
and more extensive skin involvement (39,41). Of note, endosta-
tin-derived peptides have exhibited antifibrotic properties and 
were able to prevent and reverse dermal TGFβ–induced fibrosis in 
both ex vivo human skin and in vivo mouse models (42). Similarly, 
NT-proBNP has a more established link with vascular abnormali-
ties in SSc, particularly with PAH, cardiac damage, and mortality 
(43), but previous studies have also shown a positive correlation 
of NT-proBNP with MRSS scores (44–46).

In our correlative analyses with SSc–ILD features, the avail-
ability of both FVC and QILD scores at the baseline visit in all SCOT 
participants enabled us to identify serum proteins that correlate  
with functional lung volume, as well as scleroderma-related radio-
graphic findings. Significant correlations were observed in CA 
15-3 and growth-regulated α protein (GROα) with both FVC and 
QILD scores in a clinically concordant direction, but only CA 15-3 
also showed significant up-regulation in SSc participants com-
pared to controls. CA 15-3 significantly correlated with lower FVC 
and higher QILD scores on HRCT. CA 15-3 is a mucin encoded 
by the gene MUC1, which also encodes Krebs von den Lungen 
6 protein. CA 15-3 is produced by epithelial cells, including type 
2 pneumocytes, and is commonly used as a tumor marker in 
clinical practice for breast and ovarian cancer (47,48). In a pre-
vious retrospective study of 221 individuals with SSc, CA 15-3 
was a useful marker in identifying individuals with significant ILD 
and also correlated with decreased FVC and higher lung fibro-
sis scores (49). Of note, CA 15-3 did not show a significant 
positive correlation with the MRSS, underscoring its value as a 
lung- specific marker. GROα is a neutrophil chemoattractant, 
and consistent with our results, a previous study indicated that 
this protein was up-regulated in SSc sera and was associated 
with lung impairment in SSc, correlating with decreased diffusing 
capacity for carbon monoxide and FVC (50).

Building on the availability of concomitantly collected serum 
and whole blood RNA samples, we performed a direct compar-
ison between these 2 sample types, showing that the differen-
tial expression for most proteins in SSc serum is most likely to 
originate outside peripheral blood cells. Our studies focused on 
serum and peripheral blood RNA, which can be readily obtained 
and are practical sources of biomarker development during rou-
tine clinical care. The 3 overrepresented pathways in SSc serum 
were exactly the same 3 overrepresented pathways previously 
identified in our global SSc skin gene expression study (hepatic 
fibrosis, granulocyte adhesion and diapedesis, and agranulo-
cyte adhesion and diapedesis) (29). To further investigate this 
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finding, we compared the list of 90 differentially expressed serum 
proteins with the differentially expressed transcripts in concomi-
tantly collected peripheral blood cell RNA samples. This analysis 
yielded only 14 molecules that were differentially expressed in 
both sample types in the concordant direction. There were even 
7 molecules that were differentially expressed in the opposite 
direction. These results support the notion that the source for 
the majority of differentially expressed serum proteins is likely to 
be outside of peripheral blood cells.

In line with our findings, a recently published SOMAscan 
proteome analysis in 2 cohorts of 14 and 20 patients with SSc 
showed that most of the differentially expressed serum proteins 
overlapped with serum proteins from 2 previously published SSc 
skin messenger RNA expression data sets (15). Prominently 
affected end organs in SSc such as the skin and lungs are poten-
tial sources for the SSc serum protein signature, although it is 
 possible that other organs such as the liver are also contributing 
to the SSc protein profile.

The present study has some weaknesses. It is mainly 
 hypothesis-generating and does not include mechanistic experi-
ments. Moreover, although we used the most comprehensive pro-
teomics MAP panel provided by the Myriad Rules-Based Medicine 
at the time of study, we cannot provide a comprehensive view of 
protein dysregulation, in contrast to the findings in genome-wide 
association and genome-wide gene expression studies, due to 
the technical limitations of the available proteomics assays. It is 
likely that a more comprehensive proteomics platform will lead 
to identification of additional candidate biomarkers. Furthermore, 
though we had access to concomitantly collected whole blood 
RNA samples, samples from affected end organs (skin or lung) 
were not available in the SCOT trial. Moreover, an independent 
validation cohort was not included in the present study. Future 
studies are needed to confirm the association of identified serum 
proteins with SSc fibrotic features.

The present study also has several strengths. To our knowl-
edge, this investigation represents the largest serum protein study 
in SSc with validated and robust multiplex protein assays. We ana-
lyzed a well-characterized subset of dcSSc participants with early 
progressive fibrotic disease. SCOT participants were matched at 
a 1:1 ratio for age and sex with control subjects in order to avoid 
the potential confounding effect of differences in demographic 
characteristics and to generate sufficient power for identifica-
tion of differentially expressed proteins. Moreover, the availability 
of FVC as well as QILD scores on HRCT enabled us to identify 
serum proteins that correlate with lung function as well as the 
extent of radiographic involvement. Lastly, to our knowledge, the 
present study is the first to directly compare a large-scale SSc 
serum protein profile to the concurrently obtained whole blood 
transcriptome.

In conclusion, 4 important observations emerged from the 
present study. Namely, SSc serum samples from SSc participants 
showed a distinct proteomics profile compared to samples from 

control subjects, which includes an activation of prominent profi-
brotic cytokines. Moreover, up-regulation of several type I IFN–
inducible proteins was also observed, confirming previous genetic 
and gene expression studies and demonstrating a prominent IFN 
signature in SSc. Furthermore, a direct comparison between 
the serum protein expression profile and peripheral blood gene 
expression profile indicated that the primary source for the SSc 
serum proteomics profile lies outside peripheral blood cells. 
Lastly, we were able to identify serum protein correlates of the 
MRSS and ILD severity, suggesting that EGFR, α1-antichymot-
rypsin, and CA 15-3 are candidate proteins for future mechanistic 
studies in SSc.
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