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1 Data pre-processing and normalization

1.1 Peripheral blood cells (PBC) and skin transcriptomics data

For differential expression and gene sets analyses, probes on Illumina chip were quantile-quantile normal-
ized and restricted to the overlap between probes mapped to Entrez Gene (by “re-annotated” mapping in
Bioconductor package illuminaHumanv4.db) and those with average detection p-value equal to or below
0.01. This resulted in 8486 and 11832 probes for PBC and skin gene expression datasets respectively. The
multiple regression linear model used for differential gene expression with limma::lmFit (and gene set anal-
ysis by limma::camera) included Illumina chip identifier (Sentrix_ID, as categorical attribute) and sample
collection date (as continuous covariate) to account for their impact on PBC and skin gene expression data.
Regression models for differential expression analyses of serum proteins (for the differences between SSc and
Cont groups and for the association with mRSS within SSc patients) included subject age and gender as con-
tinuous and categorical covariates, respectively. For gene set analyses, when multiple Illumina probes were
mapped to the same gene identifier, the average of their normalized expression were used. Such gene-level
transcriptional datasets had 6411 and 8978 genes characterized for PBC and skin samples respectively.

1.2 Serum proteomics data

Selected protein levels in serum samples from 71 subjects in this study were measured using Olink Proximity
Extension Assay (PEA) technology. Protein expression levels in serum samples as measured by Olink PEA
have been filtered to remove proteins that predominantly (>50% of the samples) measured at or below
lower limit of detection (LLOD). For the remainder of the proteins, levels measured at or below LLOD were
replaced by the corresponding LLOD values. Small fraction (~0.1%) of otherwise missing values (e.g. due to
sample failure for a given panel) were replaced with their average values for corresponding protein assays.
Profiles of the proteins characterized by more than one panel (e.g., IL-6 is included in four panels) were
highly correlated between the panels (Pearson r IQR=0.94-0.99). For these proteins profiles for each of the
panels were replaced with average values across all panels, resulting in 911 distinct proteins used for further
analyses. Normalized Protein eXpression (NPX) values for these proteins were quantile-quantile normalized
prior to the unsupervised learning and differential expression analyses presented below.

2 Differential expression analyses

2.1 PBC transcripts

Supplementary Table S2 in the supplementary data file Additional_File_2.xlsx displays 78 Illumina
probes (together with corresponding gene annotation) that pass BH-FDR threshold of 0.05 for their associ-
ation with the differences between gene expression levels in PBC samples from study subjects with systemic
sclerosis (SSc) and healthy controls (Cont) as estimated by limma model accounting for the effects of Illu-
mina chip identity and sample collection date. Additionally, 437 and 1216 Illumina probes pass BH-FDR
cutoffs of 10% and 20% respectively. Constraining comparison between healthy controls and SSc patients
only to those with diffuse disease resulted in a larger number of statistically significant differences (e.g., 162
with BH-FDR < 0.05) and high genomewide correlation (Spearman ρ = 0.973) to the differences observed
between healthy controls and the entire group of SSc patients (both with diffuse and limited disease). Mul-
tiple regression analysis performed on SSc samples evaluating effect of disease duration on gene expression
levels adjusting for the effects of age as well as sample collection date and Illumina chip identity did not
detect statistically significant associations with disease duration in transcriptional profiling data in PBC
(BH-FDR > 0.22). No statistically significant differences were detected between SSc patients on immuno-
suppressive agents and those not undergoing this treatment (BH-FDR > 0.37). Main text Table 2 displays
“hallmark” MSigDB gene sets that pass BH-FDR<0.05 cutoff in limma::camera analysis of SSc-Cont dif-
ferences additionally accounting for the effects of technical covariates in the study.
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2.2 Skin transcripts

Differential analysis of SSc-Cont comparison using skin transcript data identified 540 Illumina probes that
pass BH-FDR threshold of 0.05. Application of more relaxed cutoffs on BH-FDR of 10% and 20% yields
1273 and 3002 Illumina probes respectively associated with the differences between SSc and Cont groups in
skin. Similarly to the PBC transcripts, differences in skin gene expression data between healthy controls and
SSc patients with diffuse disease were highly correlated (Spearman ρ = 0.97 genomewide) to the differences
between healthy controls and all SSc patients (with diffuse and limited disease) and manifested higher
statistical significance (1117 Illumina probes passed BH-FDR < 0.05 cutoff). Supplementary Table S4 in
the supplementary data file Additional_File_2.xlsx displays “hallmark” MSigDB gene sets that pass BH-
FDR<0.05 cutoff in limma::camera analysis of SSc-Cont differences in skin upon adjusting for the effects
of sample collection date and Illumina chip identity.

2.3 Serum proteins

Supplementary Figure S1 displays two-dimensional projection of this data using principal components anal-
ysis (PCA) performed on protein-wise centered and scaled NPX values. Color and shape of the symbols in
the plot indicate healthy controls (red dots) and patients with systemic sclerosis (blue triangles) and this
suggests difference between the two groups. Significance of the differences between two groups of observa-
tions in multiple dimensions (e.g. difference between healthy controls and patients with SSc across the entire
set of serum proteomics readouts) was assessed using a “multi-variate T” (MVT) approach (1,2). Serum
proteomic profiles by Olink PEA are systematically different between SSc and Cont subjects in this study
(MVT p-value 10−4).

Associations between serum protein levels as measured by Olink and SSc-Cont differences and mRSS (within
SSc group) were evaluated with multiple regression model adjusting for the effects of gender and age of
study subjects. Gender and age were found (at BH-FDR<5% level) to impact 13 and 59 serum proteins,
respectively. Supplementary Table S5 in the supplementary data file Additional_File_2.xlsx and main
text Table 3 display associations of serum protein levels at BH-FDR<5% with SSc-Cont differences and
mRSS (within SSc patients), respectively. Supplementary Tables S6 and S7 provide expanded (unadjusted
p<0.05) tables of these results. As reported above for PBC and skin transcripts, comparison of SSc patients
with diffuse disease only to healthy controls yielded larger number of differentially expressed proteins (120
with BH-FDR < 0.05) that were highly correlated to the differences between all SSc patients (both with
limited and diffuse disease) and healthy controls (Spearman ρ = 0.958 across all proteins characterized in
serum). Regression modeling that involved mRSS attribute that is defined only for patients with systemic
sclerosis was performed for the subset of 46 patients for which this attribute is represented. All continuous
attributes have been centered for the purposes of regression analysis. As suggested by PCA and MVT results
described above, a substantial fraction of serum proteins measured by Olink passes statistical significance
threshold of BH-FDR<0.05 for their association with SSc-Cont differences. Main text Figure 2 displays their
expression levels in the form of a heatmap.

3 Functional gene sets analyses

Analysis of functional gene sets for their enrichment for the differences between SSc patients and healthy
controls was performed using limma::camera (3). The gene sets that were recently reported by Uhlen et
al. (4) as representative of immune cell types in blood were restricted to the genes specific to particular cell
types (i.e. by excluding those genes that were reported by Uhlen et al. as enhanced in more than one cell
type) and used for evaluating SSc-Cont differences in PBC data. Gene sets representative of cell types in
skin (5) were scored for their association with SSc-Cont differences in gene expression data from skin biopsies
matched on study subjects (6). Gene sets specific to immune cell types in blood that pass significance cutoff
(BH-FDR<0.05) for their association with SSc-Cont differences in PBC are shown in the Supplementary
Table S3 in the supplementary data file Additional_File_2.xlsx. Supplementary Figure S2 depicts in the
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Figure S1: Principal components analysis (PCA) representation of the healthy controls (Cont) and study
subjects with systemic sclerosis (SSc) in the space of Olink PEA NPX measurements. Colour and shape of
the symbols indicate SSc-Cont status of study subjects.
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Figure S2: Significance (as negative log base 10 of BH-FDR) vs. average SSc-Cont differences (on log base
2 scale) for cell type specific gene sets in skin and PBC gene expression data.

form of volcano plots the results of scoring cell type gene sets in PBC (panel a) and skin (panel b) for their
enrichment with SSc-Cont differences in concordant direction comparatively to the rest of the genes included
in the analysis.

Main text Table 2 and Supplementary Tables S3 and S4 display significantly associated MSigDB hallmark
gene sets as well as those representative of cell types in PBC and skin. Besides gene set descriptions and
identifiers these tables also include count of genes in the gene set with at least one Illumina probe mapped to
them (column “Size”), average SSc-Cont difference for the gene set (column “Direction”: “Up” corresponds to
upregulation in SSc as compared to Cont) as well as statistical significance and BH-FDR (columns “PValue”
and “FDR” respectively).

For the transcriptional profiles of PBC samples (Supplementary Figure S2, panel a), genes that are specifically
enhanced in neutrophils are by far the most significantly enriched for positive SSc-Cont differences, suggesting
their average increase in PBC samples from SSc as compared to Cont group. Gene sets representative of naive
CD4 and CD8 T-cells also pass BH-FDR<0.05 cutoff and are on average decreased in SSc as compared to Cont
PBC samples. Consistently with the results reported earlier in (6), evaluation of gene sets representative of
cell types in skin for their enrichment with SSc-Cont differences performed herein (Supplementary Figure S2,
panel b) identified gene sets for fibroblasts, M2 macrophages and microvascular cells as the most significantly
enriched for genes with average increase in their expression levels in SSc (as compared to Cont) samples.

4 Correlation between serum proteins SSc-Cont differences and
associations with mRSS

Overall, on the entire set of serum proteins, the average differences between SSc and Cont groups are pos-
itively correlated (Spearman ρ = 0.586) with their corresponding associations with mRSS on SSc patients
indicating that proteins elevated in the SSc patients also tend to be increased in the subjects with higher
values of mRSS. Main text Figure 1c plots association with mRSS on log base 2 scale per one unit of mRSS
versus log base 2 SSc/Cont ratio, labels indicate serum proteins with BH-FDR<0.05 in both comparisons.

5



Statistical significance of this correlation was evaluated with permutation by repeatedly (N = 9999 permu-
tations) fitting corresponding linear models for the dataset with randomly reassigned sample annotations
and molecular profiles, and calculating rank correlations between resulting model parameter estimates.
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Correlation between associations with SSc and mRSS: permutation results

Figure S3: Permutation significance of the correlation between SSc-Cont differences in serum proteins and
their associations with mRSS. Vertical red dashes and histogram represent the Spearman correlation coef-
ficient observed for the original sample annotation and corresponding null distribution of their values for
randomly permuted sample annotation, respectively.

Comparison of the correlation observed for the original sample annotation (vertical red dashes in Supple-
mentary Figure S3) to the null distribution obtained from repeating this analysis with randomly permuted
sample annotation (shown as histogram in Supplementary Figure S3) reveals that the observed correlation
coefficient has not been observed across the permutation study (p<1e-04).

5 Comparison of SSc-Cont differential expression in the serum,
PBC and skin

The differences between SSc and Cont groups observed for serum proteins were correlated with those observed
for corresponding transcripts in skin and PBC datasets. The entire collection of serum proteins characterized
by Olink and available for differential expression analysis were mapped to PBC (for serum-PBC comparison,
314 matching analytes) or to skin (for serum-skin comparison, 448 matching analytes) gene expression data
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Figure S4: Correlations between SSc-Cont differences for serum proteins and corresponding transcripts in
PBC (a) and skin (b). Histograms represent null distributions obtained for permuted sample annotations,
vertical dashes – those observed for original SSc-Cont status of the samples.

by their Entrez Gene identifiers. SSc-Cont differences for serum proteins, PBC and skin transcripts were
calculated adjusting for covariates as described above. The rank (Spearman) correlation between SSc-Cont
differences for skin transcripts and corresponding serum proteins was 0.21 and 0.11 for PBC transcripts and
serum proteins. Statistical significance of these correlations was estimated by permutations (N = 9999),
repeating these calculations for sample annotations with randomized SSc/Cont status of study subjects.
As illustrated by Supplementary Figure S4, the frequencies of rank correlations observed in permutation
controls equal to or exceeding (by absolute magnitude for two-sided p-value) those obtained for the original
sample annotation yielded p = 0.012 for correlation of SSc-Cont differences between serum proteins and skin
transcripts and p = 0.25 for correlation between serum proteins and PBC transcripts.

6 Pathway connectedness between differentially expressed tran-
scripts and proteins

The recently published well-associated protein (WAP) methodology (7) was employed to obtain rankings of
genes by their WAP scores for the differential expression in SSc and Cont groups for PBC and skin gene
expression datasets. This produced two orderings (for PBC and for skin data) of all genes in the pathway
network by their connectedness to the genes that are more dysregulated at the transcriptional level between
SSc and Cont. Then, given the ordering of serum proteins by their significance in SSc-Cont comparison,
average ranks of the corresponding pathway nodes by their WAP scores with PBC and skin data were
calculated and compared for the top 1, 2, . . . , etc. up to all serum proteins measured by Olink that are present
in pathway network. The lower ranks of WAP scores represent greater significance of their connectedness on
pathway network to more dysregulated transcripts in SSc-Cont comparison, and lower average ranks of WAP
scores indicate more significant connectedness of serum proteins to corresponding transcripts on pathway
network. Statistical significance of the resulting difference can be evaluated by comparing observed differences
to their null distribution obtained from repeating this analysis for the transcriptional and proteomic data
with randomly permuted sample annotation data. The network of functional relationships between proteins
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(genes) utilized for this analysis was derived from STRING v.10 (8) by restricting interactions to those with
their confidence score of at least 0.7 (9). Detailed description of WAP methodology and analysis of its
performance in the context of the analysis of gene expression data from human translational studies can be
found in (7).
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Figure S5: The serum proteins that are more significantly different between SSc and Cont groups are also
more significantly connected on pathway network to the genes more significantly different in SSc vs. Cont
comparison in skin as compared to those differences in PBC.

Main text Figure 3, panel b) and Supplementary Figure S6 provide detailed representation of this analysis
for the serum proteins that are differentially expressed (BH-FDR<0.05) between SSc and Cont groups.
Supplementary Figure S5 (panels a-b) displays results of this analysis for the entire set of serum proteins
characterized in this study. Panel a) represents permutation estimates of the significance of the difference
between average ranks of WAP scores of SSc-Cont comparison in PBC vs. corresponding ranks in skin for the
top 1, 2, . . . , N serum proteins in the order of their decreasing statistical significance in SSc-Cont comparison.
The highest significance (p<0.001) of such difference between mean WAP score ranks in PBC and skin is
observed for about 100 serum proteins most significantly different between SSc and Cont. Panel b) represents
the difference between mean ranks of WAP scores in PBC and skin for corresponding sets of serum proteins
in the order of their decreasing significance of SSc-Cont differences normalized to their mean and standard
deviation in permutation controls. Positive values represent higher, less significant ranks of WAP scores in
the SSc-Cont differential gene expression analysis in PBC than in skin. Main text Figure 2, panel c) depicts
edge-count significance of the network connections between serum proteins differentially expressed between
SSc and Cont and several numbers (top 50, 100 and 200) of the most significantly differentially expressed
transcripts in PBC and skin. Panel c) in Supplementary Figure S5 displays values of edge-count significance
of connections between differentially expressed serum proteins and broader range of DEGs in PBC and skin.
Across a large range of SSc-Cont differences at the transcript level, serum proteins differentially expressed
between SSc and Cont are several orders of magnitude more significantly connected to differentially expressed
transcripts in skin as compared to PBC.

7 Comparison of similarities among molecular profiles of skin,
PBC and serum

7.1 Correlations between transcripts in PBC and skin and serum proteins

Transcriptional profiles of PBC samples and skin biopsies obtained concomitantly with serum proteomic data
for the same patients with systemic sclerosis and healthy controls allow evaluation of correlation between these
molecular measurements at the level of individual genes/proteins as well as assessment of the concordance of
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between-sample similarities when calculated for these entire datasets. For the pairwise comparison of Illumina
probes expression levels in PBC and skin transcriptional data they were limited to 7206 of those with average
detection p-value below 0.01 both in PBC and skin gene expression datasets. For the comparisons of PBC
and skin transcriptional profiles to serum proteomic data gene-level average expression profiles were obtained
for Illumina probes with average detection p-value below 0.01 in PBC and skin respectively.

A subset of Illumina probes displays correlation between their expression levels (adjusted for the effects of
sample collection date and Illumina chip identity) in PBC and skin samples both in patients with systemic
sclerosis as well as in healthy controls in excess of what would be expected for randomly matched skin and
PBC samples at FDR<5% as estimated by permutation. Supplementary Figures S7 through S11 display
XY-scatterplots of these probes’ intensities in PBC (horizontal axis) and skin (vertical axis) gene expression
data with cue shape and color representing subject gender (male or female) and study group membership
(patients with SSc or healthy controls) respectively. Numerical values of the corresponding correlation
coefficients are shown in Supplementary Table S8 in the supplementary data file Additional_File_2.xlsx.
Several of these probes are mapped to the same ribosomal protein S26 (RPS26) and display comparable
amount of positive correlation between their levels in PBC and skin data both in patients with systemic
sclerosis and healthy controls with a subset of subjects measuring substantially (one or two units on log base
2 scale) lower than the rest of them. Similarly, comparable levels of positive correlation between skin and
PBC expression levels in subjects with systemic sclerosis and healthy controls are observed for the majority
of the probes (genes) displayed in these plots, with a few exceptions (e.g. probes mapped to genes TCHP,
TRPT1, NFKBIA and MT1X) where the correlation between skin and PBC appears to differ between SSc
and Cont groups. Additionally, the correlations between the following serum proteins and corresponding
PBC transcripts are positive both in SSc and Cont groups and pass 5% threshold on permutation-estimated
FDR: FCRL3, FOLR3, GZMH, LILRA5, TREM1.

7.2 Mantel test-based evaluation of the concordances of between-sample simi-
larities

Consider n study subjects characterized by gene expression measurements on their PBC and skin samples
bij and sik, 1 ≤ i ≤ n, 1 ≤ j ≤ pb, 1 ≤ k ≤ ps for pb and ps genes measured in PBC and skin respectively
with corresponding vectors of PBC bi ∈ Rpb and skin si ∈ Rps gene expression measurements for the same
study subject i appearing with the same index i both in PBC and skin datasets. Dissimilarity of PBC gene
expression data for two study subjects l and m can be quantified as one-complement of Pearson correlation
coefficient d

(b)
lm = 1−cor (bl, bm) between their respective vectors bl and bm of gene expression measurements

in PBC (and, similarly, d
(s)
lm = 1 − cor (sl, sm) for skin), where cor (x, y) =

∑
(xi−x̄)(yi−ȳ)√∑

(xi−x̄)2
√∑

(yi−ȳ)2
, ā =∑q

i=1 ai/q, a ∈ Rq. Resulting dissimilarities dlm equal to zero when the measurements for the two samples
are perfectly correlated, so that cor (xl, xm) = 1, are closely related to Euclidean distance: 1 − cor (x∗, y∗) =
∥x∗−y∗∥2

2p , ∥a∥ =
√∑q

i=1 a2
i , a ∈ Rq when x and y in Rp have been standardized, so that x̄∗ = ȳ∗ = 0,

∥x∗∥ = ∥y∗∥ = √
p, and can be calculated on the ranks of the gene expression measurements, thereby

switching to Spearman correlation coefficient, to decrease the impact of the more variable observations.

Between-sample dissimilarities in PBC bi and skin si gene expression measurements for all n (n − 1) /2
pairwise combinations of n samples can be represented by two n × n matrices D(b) and D(s) respectively.
This representation enables further assessment of the concordance among between-sample dissimilarities in
PBC and skin data by employing permutation controls as outlined in (10) to statistically access whether
samples that are more similar when comparing their gene expression measurements in PBC also tend to be
more similar comparing their gene expression profiles in skin.

Briefly, the test statistic quantifying such concordance of between-sample dissimilarities in PBC and skin
data now can be defined as the correlation between non-diagonal elements in dissimilarity matrices D(b) and
D(s):
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Figure S7: Top 1-24 most correlated probes between skin and PBC in subjects with systemic sclerosis and
healthy controls.
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Figure S8: Top 25-48 probes most correlated between skin and PBC in subjects with systemic sclerosis and
healthy controls.
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Figure S9: Top 49-72 probes most correlated between skin and PBC in subjects with systemic sclerosis and
healthy controls.
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Figure S10: Top 73-96 probes most correlated between skin and PBC in subjects with systemic sclerosis and
healthy controls.
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are average between-sample dissimi-

larities in PBC and skin data respectively. Simple extension of this procedure outlined in (10) is to replace
d

(b)
lm and d

(s)
lm in the above equation with their respective ranks, effectively calculating Spearman instead of

Pearson correlation above.

Statistical significance of the observed PBC-skin concordance of between-samples dissimilarities, rD
bs, can be

evaluated by comparing it to its null distribution that can be obtained by randomly permuting matching
sample assignment in PBC and/or skin data that can accomplished by randomly reordering rows and cor-
responding columns, to account for the dependencies among all dissimilarities involving the same samples
as emphasized in (10), in dissimilarity matrices D(b) and D(s) and using resulting permuted matrices D̃(b)

and D̃(s) to calculate RD
bs = cor

(
D̃(b), D̃(s)) over a sufficiently large number of permutations. Low values of

the resulting Pr
[
RD

bs ≥ rD
bs

]
indicate that for the samples that are more similar to each other in PBC gene

expression data their corresponding transcriptional profiles in skin also tend to be more similar as compared
to randomly paired gene expression profiles in PBC and skin datasets. Trivial change in notation adapts
this example to the comparisons of between-subject dissimilarities in PBC or skin transcriptional profiling
datasets to those in serum proteomic data.
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Figure S11: Top 97-105 probes most correlated between skin and PBC in subjects with systemic sclerosis
and healthy controls.

Application of Mantel test (10) as implemented by ade4::mantel.randtest in R (11) for assessing concor-
dance of similarities between matching observations as calculated by two different metrics (e.g. similarities
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in PBC and in skin gene expression data) with respect to permutation control enables estimation of the
significance the similarities between samples for the entire sets of gene expression measurements in skin and
PBC as well as protein levels in serum. Figure 4 in the main text summarizes results of this evaluation in
the form of histograms of similarities observed in permutations and those observed for original matching
of molecular profile for SSc and Cont subjects for each pairwise combination of PBC transcriptomic, skin
transcriptomic and serum proteomic profiles.
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compiler 4.0.2, crayon 1.4.1, DBI 1.1.1, digest 0.6.27, dplyr 1.0.6, ellipsis 0.3.2, evaluate 0.14,
fansi 0.5.0, farver 2.1.0, fastmap 1.1.0, generics 0.1.0, glue 1.4.2, gplots 3.1.1, grid 4.0.2, gtable 0.3.0,
gtools 3.9.2, highr 0.9, htmltools 0.5.1.1, httr 1.4.2, KernSmooth 2.23-17, knitr 1.33, labeling 0.4.2,
lattice 0.20-41, lifecycle 1.0.0, magrittr 2.0.1, memoise 2.0.0, mgcv 1.8-31, munsell 0.5.0, nlme 3.1-148,
pillar 1.6.1, pkgconfig 2.0.3, purrr 0.3.4, R6 2.5.0, Rcpp 1.0.6, rJava 1.0-4, rlang 0.4.11,
rmarkdown 2.9, RSQLite 2.2.7, rstudioapi 0.13, rvest 1.0.0, scales 1.1.1, sfsmisc 1.1-11, splines 4.0.2,
stringi 1.5.3, stringr 1.4.0, svglite 2.0.0, systemfonts 1.0.2, tibble 3.1.2, tidyselect 1.1.1, tools 4.0.2,
utf8 1.2.1, vctrs 0.3.8, viridisLite 0.4.0, webshot 0.5.2, withr 2.4.2, xfun 0.24, xlsxjars 0.6.1,
xml2 1.3.2, yaml 2.2.1

Elapsed compilation time: 3417.51 sec.
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