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Background. Systemic sclerosis (SSc) is an autoimmune disease (AD), that receives less 
attention compared to rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), 
and primary Sjögren’s syndrome (pSS). This study aims to analyze transcriptional pro- 
files and immune cell composition in peripheral blood mononuclear cells (PBMC) from 

SSc patients compared to other ADs. 

Methods. RNA-seq data from 119 untreated patients (eight with SSc, 42 with RA, 41 

with pSS, 28 with SLE) and 20 healthy controls were analyzed. Bioinformatics tools 
were employed to identify differentially expressed genes (DEGs), biological functions 
and immune cell profiles unique to SSc and shared with other ADs. 

Results. 1,148 DEGs were found in SSc, with upregulated genes associated with 

megakaryocyte processes and downregulated genes associated with neutrophil function 

and immune response. 
DEGs, including ALDH1A1 and MEGF9 , were associated with neutropenia. Upregulated 

transcription factors (TFs) were linked to embryonic hematopoiesis and downregulated 

TFs were involved in leukocyte differentiation and immune regulation. Compara- 
tive analysis with other ADs revealed common pathogenic pathways, emphasizing 

megakaryocyte proliferation. Neutrophils count was significantly decreased in ADs 
( p < 0.001) compared to healthy controls. Comparative analysis highlighted common 

pathways, particularly in megakaryocyte proliferation, and unique genes ( MEGF9, 
MMP8, and KRT family members) in SSc, suggesting roles in neutrophil function, skin 

integrity, and fibrosis. 

Conclusions. This study identifies dysregulated gene expression (KRT and MMP8 ) as- 
sociated with neutrophil function and increased megakaryocytes in SSc, highlighting 

common patterns across autoimmune diseases. These findings offer new insights into 

the potential pathogenesis of SSc, and help to explore new targets for the treatment. 
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Introduction 

Systemic sclerosis (SSc) is a rare and complex autoim-
mune disease (AD) characterized by autoimmunity, vas-
culopathy, and fibrosis ( 1 ), but its exact pathogenesis re-
mains unclear. Compared to other common ADs such as
rheumatoid arthritis (RA), systemic lupus erythematosus
(SLE), and primary Sjögren’s syndrome (pSS), patients
with SSc have a higher premature mortality rate ( 2 ). Pul-
monary involvements, particularly fibrotic interstitial lung
disease and pulmonary arterial hypertension, are the lead-
ing causes of death ( 3 ). Unfortunately, drugs that can effec-
tively control fibrosis and vascular impairment in patients
with SSc are limited ( 4 ). 

SSc, RA, SLE, and pSS share clinical and autoantibody
similarities, including a significant female predominance,
familial aggregation tendency, and polyautoimmunity. Dif-
ferentiating these ADs can be challenging, as joint pain
in pSS may lead to misdiagnosis as RA, while hemato-
logical abnormalities could mimic SLE. Shared autoanti-
bodies, such as rheumatoid factor in pSS and SLE, and
pSS-specific autoantibodies SSA and SSB in SLE sug-
gest a concept of “shared autoimmunity” ( 5 ). SSc presents
with typical symptoms of other diseases, including antin-
uclear antibody (ANA) positivity, arthritis, and interstitial
lung disease ( 6–8 ). However, its characteristic fibrotic and
vascular pathological features suggest different molecular
mechanisms. Studies have suggested that endothelial in-
jury precedes the development of fibrosis. Raynaud’s phe-
nomenon (RP) is a syndrome characterized by impaired
digital perfusion that occurs in almost all patients with
SSc and is usually the earliest clinical manifestation of the
disease. RP may be related to vasomotor dysfunction and
vasospasm. Altered microcirculation may be the trigger-
ing factor that leads to increased endothelial permeability,
vascular leakage and inflammatory cell infiltration ( 9–11 ).
Fibrosis is a central aspect, with immune-mediated tissue
damage leading to excessive fibrosis in the skin and or-
gans. Patients with SSc often develop interstitial lung dis-
ease due to inflammation and fibrosis of the alveolar wall
and interstitium, resulting in decreased lung function. In
this case, researchers have proposed that the combination
treatment of immunosuppression and anti-fibrosis may al-
low multi-target therapy and provide greater benefit to SSc
patients ( 12 , 13 ). 

Peripheral blood represents a common pathway for im-
mune cell trafficking to target organs affected by various
ADs. Peripheral blood mononuclear cells (PBMCs), which
include lymphocytes and monocytes, are essential for im-
mune responses ( 14 ). Our previous study of PBMCs from
RA, SLE, and SSc patients revealed common pathogenic
mechanisms involving megakaryocytes in antigen presen-
tation ( 5 ). In addition, PBMCs are crucial for the diag-
nosis and treatment of various ADs due to their unique
cell subsets and activation profiles ( 15 ). In SSc, PBMCs
consistently exhibit chronic inflammation characterized by
elevated cytokines ( 16–18 ). Transcription factors (TFs) in
PBMCs are critical in regulating cytokine production and
immune responses ( 19–21 ). However, there remains a lim-
ited understanding of TF dysregulation in PBMCs in SSc,
particularly when compared to other ADs. 

The aim of this study is to uncover the unique and
shared cellular and molecular foundations of SSc com-
pared to other common ADs through comprehensive tran-
scriptomic analysis of PBMCs. We used RNA sequenc-
ing to assess the gene expression profiles in PBMCs from
SSc and AD patients. Through differential gene expression
analysis, functional enrichment analysis, PPI network con-
struction, and immune cell composition analysis, we iden-
tified key genes and biological pathways closely related to
the pathogenesis of the diseases. This research may pro-
vide new therapeutic targets and biomarkers for SSc and
other ADs, potentially changing disease management and
advancing the field of autoimmune disease research. 

Materials and Methods 

Subjects and Sample Collection 

A total of eight patients with SSc, 42 with RA, 41 with
pSS, 28 with SLE, and 20 healthy controls were enrolled
in this study. None of the enrolled patients were receiv-
ing any medication. Patient inclusion criteria were based
on the 2002 American-European Consensus Group criteria
for pSS ( 22 ), the 2010 European League Against Rheuma-
tism/American College of Rheumatology (EULAR/ACR)
classification criteria for RA, the 2019 EULAR/ACR clas-
sification criteria for SLE ( 23 ), and the 2013 ACR/EULAR
classification criteria for SSc ( 24 ). The study was approved
by the Ethics Committee of the Shantou Central Hospital
(Guangdong, China). All investigations were conducted in
accordance with the Declaration of Helsinki. Informed con-
sent was obtained from all participants prior to sample col-
lection. Peripheral blood samples were collected from each
participant, and PBMCs were isolated using Histopaque-
1077 solution (Sigma-Aldrich, St. Louis, MO, USA). 

RNA-Seq 

Sequencing libraries were generated using the NEBNext®
UltraTM RNA Library Prep Kit for Illumina® (San Diego,
CA, USA) following the manufacturer’s recommendations.
Libraries were sequenced on the Hiseq PE150 platform
(Illumina) according to the manufacturer’s guidelines at the
Novogene Bioinformatics Institute (Beijing, China). The
raw data, in FASTQ format, underwent initial processing
through in-house Perl scripts. In this step, clean reads were
obtained by removing adapter-containing reads, those with
ploy-N sequences, as well as those of low-quality from the
raw data. The raw reads were then aligned to the human
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reference genome (hg19). To assess sequencing quality, the
sequencing data underwent quality checks using FASTQC.
Gene expression levels were estimated using the Fragments
Per Kilobase of transcript sequence per Millions base pairs
sequenced (FPKM) values. 

Differential Gene Expression and Enrichment Analyses 

Principal component analysis (PCA) was used to assess
the clustering of gene expression patterns among differ-
ent ADs and to distinguish SSc from the control group.
Differential expression analysis was performed using the
DESeq2 R package (1.16.1). The p -values were adjusted
using the Benjamini and Hochberg approach to control the
false discovery rate (FDR). The list of human TFs was ob-
tained from http:// humantfs.ccbr.utoronto.ca/ download.php .
Genes with FDR < 0.05 and |fold-change| > 1 determined
by DESeq2 were considered differentially expressed genes
(DEGs). The DEGs and differentially expressed TFs were
subjected to enrichment analyses using ChIP-X Enrichment
Analysis Version 3 (ChEA3, https://amp.pharm.mssm.edu/ 
ChEA3 ), MetaScape ( https:// metascape.org/ ), Enrichr plat-
form ( https://maayanlab.cloud), as well as Gene ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses through DAVID (v6.8) ( http://
david.abcc.ncifcrf.gov/home.jsp ). 

PPI Network 

PPI enrichment analysis was performed using MetaScape
( https:// metascape.org/ ) with databases including STRING,
BioGrid, OmniPath, and InWeb_IM. 

Immune Cell Assessment 

Immune cell proportion was estimated using xCell ( https://
xcell.ucsf.edu/), ABIS algorithm, and CIBERSORTx
( https:// cibersortx.stanford.edu/ ) ( 25 ). Cell type-specific
signatures were employed to identify and characterize the
abundance of specific cell types ( 26 ). Cell type enrichment
scores were computed using the FPKM gene expression
matrix. 

Statistical Analysis 

Statistical analysis was performed using GraphPad Prism
9.0 software. All data were tested for normality before
analysis by the Shapiro-Wilk test. For normally distributed
data, a two-tailed Mann-Whitney test was used to com-
pare the differences between the two groups. Exact p -
values were indicated in the figure legends. All data were
presented as mean ± standard deviation (SD). ∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001 were considered statistically sig-
nificant. 
Results 

DEGs in SSc are Associated with Neutrophil Function 

and Histone-Related Transcriptional Regulation 

To investigate differential gene expression in SSc, we
used bulk RNA-seq data analysis. We observed a clear
segregation of SSc patients from healthy controls by
PCA ( Figure 1 A). RNA-seq of PBMCs generated 1148
DEGs, with 724 genes being upregulated and 424 down-
regulated in SSc patients ( Figure 1 A–C). The upreg-
ulated genes were significantly enriched in biologi-
cal processes such as RUNX1, which regulates genes
involved in megakaryocytes, regulation of wound re-
sponse, and platelet activation ( Figure 1 D). Conversely,
the downregulated genes were notably enriched in pro-
cesses such as neutrophil degranulation, granulocyte ac-
tivation, blood vessel development, and inflammatory re-
sponse ( Figure 1 E). PPI networks highlighted the in-
volvement of histones, such as H2AC and H2BC , ker-
atins (KRT), including KRT2, KRT5, KRT8 , and KRT74 ,
as well as chemokines and chemokine receptors such
as CXCL1 and CXCR1 ( Figure 1 F). These proteins play
critical roles regulating gene transcription ( 27 ), maintain-
ing skin integrity ( 28 ), and modulating the immune re-
sponse ( 29 ). Notably, the KRT family genes ( KRT2, KRT5,
and KRT74 ) associated with fibrosis and skin integrity
( 30 , 31 ) were observed to be downregulated in SSc, specif-
ically KRT5 . These data suggest dysregulation of key
genes and pathways associated with immune response,
wound healing, and maintenance of skin integrity in
SSc. 

The Downregulated DEGs in SSc Suggest the Presence of
Neutropenia 

To determine whether the downregulation of specific genes
in SSc is related to neutropenia, we conducted a GO
enrichment analysis on the 424 downregulated DEGs.
Among these genes, significant enrichment was observed
in biological processes related to neutrophil degranulation
( Figure 2 A), nervous system development, and negative
regulation of chemotaxis ( Figure 2 B). Enrichment analysis
using cell type-specific signatures showed a reduction in
neutrophils, confirming the dysregulated neutrophil signal
( Figure 2 C). MEGF9 is expressed in central neutrophils
and skin keratinocytes ( 32 ). For the first time, we identi-
fied MEGF9 as a downregulated gene in SSc. 

Further confirmation of reduced neutrophil numbers was
obtained by cell type enrichment analysis and absolute de-
convolution of immune cells using xCell and ABIS algo-
rithms. These results consistently demonstrated a decrease
in neutrophil numbers in SSc ( Figure 2 D). Consistent with
the deconvolution results, the downregulated DEGs spe-
cific to SSc, including ALDH1A1, ASIC1, CASP5, IL1RL1,
IL13RAI, and MMP8 , were associated with the immune

http://humantfs.ccbr.utoronto.ca/download.php
https://amp.pharm.mssm.edu/ChEA3
https://metascape.org/
https://maayanlab.cloud
http://david.abcc.ncifcrf.gov/home.jsp
https://metascape.org/
https://xcell.ucsf.edu/
https://cibersortx.stanford.edu/
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Figure 1. Differential gene expression and functional enrichment in systemic sclerosis (SSc) compared to healthy controls. A. Principal component 
analysis (PCA) distinguishes SSc patients from healthy controls based on gene expression patterns in peripheral blood mononuclear cells (PBMCs). B. 
Volcano plot shows differentially expressed genes (DEGs) with specific upregulated genes such as MEIS1, TAL1, GATA1, and GFI1B , and downregulated 
genes including EGR1, EGR2, and EGR3 highlighted. C. Heatmap illustrates the expression levels of the most significant DEGs between SSc patients 
and healthy controls. D, and E. Gene ontology (GO) network analysis. Each node represents a gene, and the edges indicate the biological processes in 
which they are involved. F. Protein-protein interaction (PPI) network identifies three hub modules of DEGs. 
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Figure 1. Continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

response ( Figure 2 E). MMP8 , which is mainly produced
by neutrophils and macrophages ( 33 ), was particularly af-
fected. These findings suggest that downregulated DEGs in
SSc are associated with neutropenia and immune response
alterations. 

Differential Expression of TFs 

As histones can epigenetically modulate the accessibility
of TF binding sites on DNA, we sought to investigate the
differential expression of TFs in SSc. Our transcriptomic
analysis identified 27 upregulated and 22 downregulated
TFs in SSc ( Figure 3 A). To understand potential interac-
tions among these TFs, we examined their correlations and
observed a coordinated expression pattern between MEIS1,
GRHL1, TAL1, HESX1, GATA1, GFI1B, THRB, PBX1, and
EBF1 ( Figure 3 B). Further analysis using MetaScape re-
vealed that upregulated TFs were significantly enriched
in biological processes such as embryonic hematopoiesis,
suggesting involvement in transcriptional regulation of
megakaryocytes ( Figure 3 C). Conversely, downregulated
TFs were enriched in biological processes related to leuko-
cyte differentiation, suggesting their potential role in regu-
lating hematopoietic differentiation and the immune system
( Figure 3 D). 
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Figure 2. GO enrichment analysis of SSc-specific downregulated genes. A. GO enrichment analysis of SSc-specific downregulated genes in biological 
processes via MetaScape. B. GO enrichment analysis of SSc-specific downregulated genes in biological processes using the Enrichr platform. C. 
Enrichment analysis across different cell type-specific signatures. D. Enrichment scores for neutrophils derived from xCell and scores for low-density 
neutrophils determined by the ABIS algorithm ( p < 0.001, Kruskal-Wallis test). E. Expression profiles of genes downregulated in SSc, including ALDH1A1, 
ASIC1, CASP5, IL1RL1, IL13RAI, and MMP8 , compared to controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Comparative Transcriptomic Analysis Reveals Shared 

Pathogenic Pathways in ADs 

To understand the commonalities and differences in
gene expression patterns between SSc and other ADs,
we used bulk RNA-seq data obtained from PBMCs of
RA, SLE, pSS, and SSc patients. PCA revealed cluster-
ing of these ADs, indicating transcriptional similarities
( Figure 4 A). Compared to healthy controls, these ADs ex-
hibited parallel transcriptional profiles with shared DEGs,
suggesting common pathogenic pathways ( Figure 4 B).
The cross-disease analysis identified 369 upregulated and
179 downregulated genes common to all ADs studied
( Figure 4 C). Upregulated genes, such as IFI27 involved
in SLE ( 5 ), were predominantly associated with biological
processes such as wound healing, blood coagulation, and
platelet activation ( Figure 4 D, left panel). Downregulated
genes, including chemokines and receptors like CXCR1,
CXCR2, CXCL8, and CSF3R , were enriched for processes
involving granulocyte activation, neutrophil activation, and
cytokine receptor binding ( Figure 4 D, right panel). GO
enrichment analysis further revealed ‘platelet activation’
as the most significantly upregulated pathway ( Figure 4 E,
left panel), whereas ‘viral protein interaction with cytokine
and cytokine receptor’ emerged as the most downregu-
lated pathway ( Figure 4 E, right panel). These findings
are consistent with the GO analysis and PPI network
results of SSc-related DEGs ( Figure 1 D–F), suggesting
a common emphasis on megakaryocyte-related processes,
neutrophil activation, and chemokine signaling in various
ADs. 

Next, we sought to identify common differentially ex-
pressed TFs in ADs. We found 15 commonly upregu-
lated and nine downregulated TFs across the four ADs
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Figure 2. Continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

( Figure 5 A), which were mainly enriched in the regulation
of hematopoiesis. Among the downregulated TFs EGR1,
EGR2, EGR3, and CEBPE were observed ( Figure 5 B).
Using the CIBERSORTx algorithm, we observed a signifi-
cant decrease in neutrophil numbers in all ADs ( p < 0.001;
Figure 5 C). Enrichment analysis of cell type-specific signa-
tures confirmed this reduction ( Figure 5 D). Further analysis
showed a significant downregulation of CSF3R, CXCL8,
and CXCL1 , which are essential components involved in
the recruitment and regulation of neutrophils and other im-
mune cells in inflammatory processes ( 34 ), when compar-
ing ADs with controls, suggesting that these downregu-
lated genes are associated with the reduction in neutrophils
across ADs ( Figure 5 F). 
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Figure 3. Transcriptional regulation of hematopoiesis and leukocyte differentiation in SSc patients compared to healthy controls. A. Differential expression 
of transcription factors (TFs) identified from the DEGs. B. Correlation heatmap of differentially expressed TFs. C, and D. Network of GO terms related 
to biological processes significantly enriched among upregulated TFs C, and downregulated TFs D. Each node represents a GO term, and the edges 
indicate shared genes between the terms. 
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Figure 3. Continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion 

SSc is characterized by fibrosis, vascular abnormalities,
and immune dysregulation, leading to skin and internal
organ involvement. In this study, we systematically eval-
uated SSc and its common and unique features compared
to other ADs from the perspective of differential gene ex-
pression, transcription factors, and immune cell composi-
tion. We found that SSc-related DEGs were associated with
neutrophil number and function. Skin integrity genes, in-
cluding KRT2, KRT74, KRT5, and MEGF9 ( 30 , 32 ), were
downregulated in SSc, a finding not previously reported.
Of note, KRT2 and KRT74 were specifically downregu-
lated in SSc. Differentially expressed transcription factors
in SSc have potential implications for leukocyte differ-
entiation. In addition, comparative transcriptomic analysis
across ADs revealed shared pathogenic pathways and high-
lighted commonalities in gene expression patterns related
to megakaryocyte proliferation and neutropenia in these
conditions. These findings provide valuable insights into
the molecular mechanisms underlying SSc and its rela-
tionship to other ADs. 

Megakaryocytes, derived from hematopoietic stem cells,
are responsible for the production of blood platelets.
These cells harbor several growth factors, including fi-
broblast growth factor, transforming growth factor, and
platelet-derived growth factors, which are critical in fi-
brotic diseases ( 35 ). The presence of these growth factors
in megakaryocytes and platelets suggests their potential
involvement in wound healing during inflammatory pro-
cesses, but also in bone marrow fibrosis ( 36 ), myelofibrosis
( 37 ), and lung fibrosis ( 38 ). This evidence highlights the
expansion of megakaryocytes in PBMCs in treatment-naive
SSc. 

In our study, PPI networks highlighted the association
of the KRT family genes with immune cells. Notably,
KRT2 and KRT74, along with MEGF9 and MMP8, were
specifically downregulated in SSc compared to other ADs.
KRTs are structural proteins expressed in keratinocytes that
 

are crucial for cytoskeletal changes during keratinocyte
activation in response to wound healing and various patho-
logical conditions ( 39 ). While KRT5, KRT6, KRT16, and
KRT17 have been previously recognized for their involve-
ment in skin immunity and disease pathogenesis ( 40 , 41 ).
Our study introduces a novel finding by identifying KRT2
and KRT74 as associated with immune cell activity, broad-
ening the understanding of KRTs in skin immunology.
Hewitt RJ, et al. demonstrated that in vitro the migratory
properties and the remodeling gene expression of KRT5 +
cells are modulated by extracellular matrix composition
and organization, contributing to remodeling events in the
fibrotic niche ( 42 ). Song et al. identified 186 preferentially
expressed proteins between radiogenic fibrotic and normal
skin tissues, including KRT5 ( 43 ). In addition, MEGF9
is associated with central neutrophils and keratinocytes in
the skin ( 32 ), suggesting potential interactions between
megakaryocytes and neutrophils that may play a role
in priming autoimmune T cells in the pathogenesis of
SSc. MMP8 , also known as neutrophil collagenase, is
an enzyme involved in the breakdown of extracellular
matrix components and plays a critical role in inflam-
matory processes, tissue remodeling, and wound healing
( 44 ). The downregulation of MMP8 in SSc suggests
a potential impairment in tissue remodeling and repair
processes, contributing to the fibrotic pathology of the
disease. 

In SSc, we identified 27 upregulated and 22 downreg-
ulated TFs, with a coordinated expression pattern among
several key transcription factors including MEIS1, GRHL1,
TAL1, HESX1, GATA1, GFI1B, THRB, PBX1, and EBF1 .
Among these genes, GRHL1 has been implicated in the
development and postnatal maintenance of the skin barrier
( 45 , 46 ). The distribution of TAL1 peaks in megakaryocyte
erythrocyte progenitor (MEP) cells showed a unique pat-
tern, characterized by numerous peaks located in intergenic
regions. Furthermore, both GATA2 and TAL1 peaks exhib-
ited additional enrichment for the GATA motif, particu-
larly in MEP ( 47 ). In a study by Wang Y, et al., GATA1,
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Figure 4. Shared transcriptional features in rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), primary Sjögren’s syndrome (pSS), and 
SSc. A. PCA of gene expression in PBMCs from patients with RA, SLE, pSS, and SSc, indicating overlapping transcriptional signatures among these 
autoimmune diseases (ADs). B. A heat map illustrates the top DEGs common to RA, SLE, pSS, and SSc. C. Venn diagrams display the overlap of 
DEGs, with 369 upregulated (left panel) and 179 downregulated (right panel) genes shared among the four ADs. D. GO enrichment analysis for the 
commonly upregulated (left panel) and downregulated (right panel) DEGs. E. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment 
analysis for the shared upregulated (left panel) and downregulated (right panel) genes. 
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Figure 4. Continued 

 

 

 

 

 

 

 

 

 

TAL1, and GFI1B were associated with specific immune
cell lineages based on their expression within hematopoi-
etic transcriptional networks ( 5 ), highlighting their im-
portance in regulating hematopoiesis and megakaryocyte
development. 
Neutrophils, the most abundant immune cells in human
blood, play a critical role in immune defense ( 48 ). Neu-
trophils contribute significantly to inflammation in several
ADs, including SSc ( 49 , 50 ). In SSc, neutrophils are in-
volved in endothelial cell apoptosis, an early event lead-
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Figure 4. Continued 

Figure 5. Core TFs indicated megakaryocyte expansion and neutrophil decrease in ADs. A. Venn diagram illustrates the 24 TFs shared across RA, 
SLE, pSS, and SSc, with the left panel showing upregulated TFs and the right panel showing downregulated TFs. B. TF enrichment using ChIP-X 

Enrichment Analysis 3 (ChEA3) identifies associations between the involved TFs. These include upregulated TFs such as GATA1, TAL1, and GFI1B and 
downregulated TFs such as EGR3 . C. Cell type composition was revealed by CIBERSORTx by presenting an enrichment score of cell types in ADs 
compared to healthy controls ( p < 0.001, Kruskal-Wallis test). D. Enrichment analysis of cell type-specific signatures. E. A schematic diagram of the 
hematopoietic stem cell differentiation pathway regulated by specific TFs. F. Statistically significant downregulation of genes associated with neutrophils, 
including CSF3R, CXCL8, and CXCL1 , was observed when comparing AD patients to healthy controls. 
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Figure 5. Continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ing to fibrosis ( 51 ). In this study, we observed a de-
creased expression of neutrophils and dysregulated TFs
in PBMCs from SSc patients. This finding suggests neu-
trophil dysfunction in SSc patients that affects cell migra-
tion ( 52 , 53 ), including the absence of typical chemokines
( CXCL1, CXCL8 ) and receptors ( CSF3R ), that are essential
for migration toward CXCL8. NETosis, a unique form of
neutrophil death, results in the release of DNA, histones,
and cytoplasmic proteins, forming a web of extracellular
traps. These components can serve as autoantigens and po-
tentially stimulate the production of anti-nuclear antibodies
(ANAs) ( 54 ). ANAs are prevalent in AD, with positivity
rates exceeding 90% in SSc and SLE and slightly lower
rates in RA and pSS ( 55–58 ). Thus, the diminished neu-
trophil functions in SSc may be related to the altered im-
mune response involving ANA production. This connection
may be crucial to understanding the pathogenesis of SSc. 

ADs are a complex group of conditions character-
ized by the immune system’s misdirected attack on the
body’s own tissues. PCA has revealed similarities in the
transcriptomes of PBMCs from patients with RA, SLE,
pSS, and SSc. This suggests that these ADs may share
similar pathological pathways, such as platelet and gran-
ulocyte activation, neutrophil function, and abnormal 
regulation of cytokine receptors, indicating a common
pathophysiological basis. In ADs, PBX1 and GATA1 are
consistently upregulated. PBX1 (PBX Homeobox 1) is a
member of the PBX family of genes that regulate the
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Figure 5. Continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

immune cell homeostasis ( 59 ). GATA1 (GATA-Binding
Protein 1) plays a crucial role in various biological pro-
cesses, particularly in the development and differentia-
tion of hematopoietic cells, regulating the development of
megakaryocytes and leukemic progression ( 60 ). Upregula-
tion of PBX1 and GATA1 may enhance immune cell ac-
tivation and inflammation, thereby exacerbating the patho-
logical process of ADs. ADs show shared alterations in
TFs, including the EGR family, which are rapid-response
TFs that modulate gene expression related to endothelial
function and vascular remodeling. Activated under oxida-
tive stress, EGR family members contribute to the regula-
tion of antioxidant enzymes and protect cells from oxida-
tive damage ( 61 ). In this study, EGR1, EGR2, and EGR3
were significantly downregulated in ADs. Immunopheno-
typing revealed a reduction in neutrophils within ADs,
which may be related to the marked downregulation of
genes such as CSF3R, CXCL8, and CXCL1. CSF3R , which
encodes the neutrophil colony-stimulating factor 3 receptor
(CSF3R), can inhibit neutrophil granulopoiesis and mobi-
lization ( 62 ). Downregulation of CXCL8 and CXCL1 may
affect neutrophil recruitment and modulation of the inflam-
matory response ( 63 , 64 ). 

ADs share common gene expression patterns, but also
have specific differences. SSc is characterized by skin
thickening and fibrosis, which may extend to involve
visceral organs. SSc is associated with unique DEGs
and regulatory networks, such as ALDH1A1, MMP8 , and
MEGF9 , which are associated with processes such as
tissue remodeling, signal transduction, and cell adhe-
sion. These specific differences likely reflect the patho-
physiological distinctiveness of several diseases. In sum-
mary, ADs exhibit both commonalities and divergences
in gene expression patterns, facilitating insight into
their shared pathophysiological foundations and specific
differences. 

Conclusions 

For the first time, our research demonstrated that KRT2,
KRT5, KRT74, MEGF9 , and MMP8 are downregulated
in SSc, with KRT2 and KRT74 showing specific down-
regulation in SSc compared to ADs. We identified dis-
tinct dysregulation of genes related to neutrophil function
and megakaryocyte increase in SSc, while also revealing
pathogenic pathways, differentially expressed TFs, and a
reduction in neutrophils that were shared by SSc and other
ADs. These findings enhance our understanding of the
complex pathogenesis of SSc and offer potential targets
for future therapeutic interventions. 
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