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Systemic sclerosis (SSc) is the most common connective tissue disease causing
pulmonary hypertension (PAH). However, the cause and potential immune molecular
events associated with PAH are still unclear. Therefore, it is particularly essential to analyze
the changes in SSc-PAH–related immune cells and their immune-related genes. Three
microarray datasets (GSE22356, GSE33463, and GSE19617) were obtained by the Gene
Expression Omnibus (GEO). Compared with SSc, we found neutrophils have a statistically
higher abundance, while T-cell CD4 naive and T-cell CD4 memory resting have a
statistically lower abundance in peripheral blood mononuclear cells (PBMCs). Moreover,
the results of Gene Set Enrichment Analysis (GSEA) showed there is a differential
enrichment of multiple pathways between SSc and SSc-PAH. By combining
differentiated expressed genes (DEGs) and immune-related genes (IRGs), fifteen IRGs
were selected. In addition, we also analyzed the first five rich Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways and the most abundant Gene Ontology (GO)-molecular
functional terms. Furthermore, interleukin-7 receptor (IL-7R), tyrosine–protein kinase
(LCK), histone deacetylase 1 (HDAC1), and epidermal growth factor receptor (EGFR)
genes were identified as hub genes via protein–protein interaction (PPI) network analysis.
The Comparative Toxic Genomics Database (CTD) analysis result showed that LCK,
HDAC1, and EGFR have a higher score with SSc. Coexpression network analysis
confirmed that IL-7R, LCK, and HDAC1 are key genes related to immune regulation in
SSc without PAH and are involved in T-cell immune regulation. Subsequently, using
GSE22356 and GSE33463 as the test sets and GSE19617 as the verification set, it was
verified that the mRNA expression levels of the three central genes of SSc-PAH were
significantly lower than those of the SSc without PAH samples. Consistent with previous
predictions, the expressions of IL-7R, LCK, and HDAC1 are positively correlated with the
numbers of T-cell CD4 naive and T-cell CD4 memory, while the expressions of IL-7R and
LCK are negatively correlated with the numbers of neutrophils in the peripheral blood.
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Therefore, this evidence may suggest that these three immune-related genes: IL-7R, LCK,
and HDAC1, may be highly related to the immunological changes in SSc-PAH. These
three molecules can reduce T cells in SSc-PAH PBMCs through the regulation of T-cell
activation, which suggests that these three molecules may be involved in the development
of SSc-PAH. Meanwhile, the low expression of IL-7R, LCK, and HDAC1 detected in the
peripheral blood of SSc may indicate the possibility of PAH and hopefully become a
biomarker for the early detection of SSc-PAH. Finally, 49 target miRNAs of 3 specifically
expressed hub genes were obtained, and 49 mRNA–miRNA pairs were identified, which
provided directions for our further research.
Keywords: systemic sclerosis, pulmonary arterial hypertension, cellular immunity, IL-7R, LCK, HDAC1,
early prediction
INTRODUCTION

Systemic sclerosis (SSc) is a complex autoimmune connective
tissue disease that affects almost all major organs of the human
body and is the rheumatic immune disease with the highest
mortality rate (1). SSc is characterized by progressive vascular
disease, accompanied by vascular remodeling such as hardened
finger skin, pulmonary hypertension (PAH), and abnormal
microcirculation (2). Vascular disease is a common symptom
in patients with systemic sclerosis and is often the earliest
manifestation of the disease (1, 2).

PAH is a devastating disease that can cause severe disability
and often leads to death (3). Connective tissue disease is a
common cause of pulmonary hypertension (4). Among them,
SSc is the most common connective tissue disease with PAH (5).
About 8%–12% of SSc can be combined with PAH (6),
accounting for almost 75% of connective tissue disease-related
PAH cases (7). In recent years, with the improvement of the
treatment of scleroderma renal crisis, the survival rate of SSc has
been significantly improved, but the mortality rate of SSc-PAH is
still very high (8). The survival rate of SSc-PAH is much lower
than that of SSc patients without PAH, and their 3-year survival
rates are 56% vs. 94%, respectively (9). PAH has been the
primary complication of death in SSc in recent years (9, 10).

Recently, accumulating evidence from preclinical and clinical
studies has highlighted the role of inflammation in the
development of PAH disease. For example, some inflammatory
conditions, such as connective tissue disease, are associated with
an increased incidence of PAH. In addition in lung biopsies of
PAH patients, nearly all inflammatory cell lineages were located
near the remodeled pulmonary vessels, mainly composed of
macrophages, mast cells, T lymphocytes, B lymphocytes,
dendritic cells, and neutrophils (11).

At present, the pathogenesis of PAH in systemic sclerosis is
still unclear. Immune abnormalities, including autoimmune
abnormalities and immune cell infiltration and activation, are
the key features of systemic sclerosis (12). Most studies have
shown that vascular injury is an activator of immune cells
(13–15). More and more evidence indicates that abnormal
immunity is considered to be a critical part in the development
of SSc-PAH (16, 17). Immune abnormalities could not only
org 2
promote the occurrence of fibrosis in SSc (12) but also relate to
SSc vascular disease (13). However, how immune abnormalities
connect to the vasculopathy and fibrosis in SSc is still
poorly understood.

Therefore, it is a very meaningful study to explore the
immune abnormalities and differentially expressed immune-
related genes in SSc-PAH and SSc patients. It can help us
better understand the immune changes that occur in the
secondary PAH process of SSc, reveal the pathogenesis of PAH
in SSc, and provide the foundation for the early prediction and
immunotherapy of SSc-PAH.

However, most of the above evidence mainly comes from
serological or pathological studies in patients or animal models,
and the crucial genes responsible for immune abnormalities in
SSc-PAH remain unclear. Due to the rapid development of gene
chip technology, researchers could quickly detect the gene
expression differences in a disease, helping researchers to better
understand the pathogenesis of the disease at the genetic level.

Therefore, in this study, we used gene expression data from
the Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.
gov/geo/), which was published and identified cellular immunity
changes between SSc-PAH and SSc without PAH groups.
Furthermore, we also comprehensively analyzed the hub
immune-related genes (IRGs) that may cause immune
abnormalities between the two groups, as well as the involved
pathways and regulatory mechanisms, and further explored the
miRNA regulatory network related to these genes. Our research
revealed the abnormal immune cell changes in PBMCs of SSc-
PAH and differentially expressed IRGs in SSc patients with PAH,
providing the foundation for the early prediction and
immunotherapy of SSc-PAH.
METHOD

Microarray Data Acquisition
Microarray datasets were selected from the GEO (http://www.
ncbi.nlm.nih.gov/geo). Selecting criteria included the following:
(1) Homo sapiens expression profiling by array; (2) peripheral
blood mononuclear cells (PBMs) in scleroderma patients with
and without pulmonary hypertension; (3) datasets containing
May 2022 | Volume 13 | Article 868983
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more than ten samples; and (4) datasets containing complete
information about the samples. Based on these criteria, the
GSE22356, GSE33463, and GSE19617 datasets were obtained.
GSE22356 and GSE33463 were selected as test sets, and
GSE19617 was selected as the validation sets. GSE22356
contained 10 scleroderma patients with pulmonary
hypertension and 10 scleroderma patients without pulmonary
hypertension. GSE33463 contained 50 scleroderma patients with
pulmonary hypertension and 19 scleroderma patients without
pulmonary hypertension. GSE19617 contained 15 scleroderma
patients with pulmonary hypertension and 21 scleroderma
patients without pulmonary hypertension.

Data Preprocessing
Series matrix files were converted from the gene probe IDs to
gene symbol codes. After merging GSE22356 and GSE33463
microarray data, batch effects were regulated by the “combat”
function of “sva” package of R software, utilizing empirical Bayes
frameworks. The final step is to normalize the expression values
through the “Limma” package in the R software so that the
expression values have a similar distribution across a set
of arrays.

CIBERSORT Analysis Immune Cell Change
In this study, Cell Type Identification By Estimating Relative
Subsets Of RNA Transcripts (CIBERSORT) was used to analyze
the normalized data filtered by the Perl programming language
to obtain an immune cell change. The study included 22 immune
cells. These immune cells are B-cell naive, B-cell memory, plasma
cell, T-cell CD8, T-cell CD4 naive, T-cell CD4 memory
activation, T-cell CD4 memory resting, T-cell regulatory
(Tregs), T-cell gamma delta, NK cell resting, NK cell activated,
monocytes, macrophage M0, macrophage M1, macrophage M2,
dendritic cell resting, dendritic cell activated, mast cell resting,
mast cell activated, eosinophils, and neutrophils. The
relationship between two immune cells and the percentage of
immune cells in the gene expression matrix were calculated by
installing the “corrplot” package, and then the data of different
groups were plotted using a vioplot.

Differentially Expressed Genes,
Enrichment Analysis, and Gene Set
Enrichment Analysis
Differentially expressed genes (DEGs) between SSc and SSc-PAH
samples were identified by the R package “Limma.” An adjusted
p-value <0.05 and |log2fold change| ≥1 were used as cutoff
values. Differentially expressed IRGs are the intersection
between IRGs and DEGs. There are a total of 1,901 IRGs
downloaded from the Immport website (www.immport.org),
which is funded by the National Institutes of Health (NIH),
National Institute of Allergy and Infectious Disease (NIAID),
and Division of Allergy, Immunology and Transplantation
(DAIT). Gene Ontology (GO) enrichment and Kyoto
Encyclopedia of Genes and Genomes (KEGG) were then
analyzed by the R package “cluster Profiler.” p < 0.05 was
considered statistically significant. Gene Set Enrichment
Frontiers in Immunology | www.frontiersin.org 3
Analysis (GSEA) v4.1.0 software was used to identify
immunological features in SSc and SSc-PAH groups. The
number of permutations was set at 1,000 for each analysis.
Additionally, to sort the enriched pathways in each phenotype,
we utilized the nominal p-value and normalized enrichment
score (NES), which were considered to be significantly enriched.

Protein–Protein Interaction Network
Construction
To construct an interactive network of overlapping DEGs,
the Search Tool for the Retrieval of Interacting Genes
(STRING, http://string-db.org) (18) was well utilized.
Subsequently, the results were visualized using Cytoscape. In
this network, the significant genes were identified as hub genes
by CytoHubba (19).

Weighted Coexpression Network
Construction
The WGCNA software package was used to construct gene
coexpression networks. In the first step, outliers in the gene
expression matrix were filtered by hierarchical clustering
analysis. In the second step, the correlation coefficients of
genes are constructed and converted into a weighted adjacency
matrix. In the third step, these genes were assigned to the
smallest size modules and a cluster dendrogram was drawn,
which was then combined with a height cutoff (cutoff <0.25).
Finally, modules significantly associated with groups were
selected, and their biological functions were explored by GO
and KEGG analyses.

Potential Crucial Gene Identification and
Candidate miRNA Prediction
In this study, we used data from the Comparative Toxic
Genomics Database (CTD, http://ctdbase.org/) to analyze the
association between potential key genes and SSc risk. The CTD is
an innovative digital ecosystem that assists us in synthesizing
information (including chemical-gene/protein interactions,
chemical-disease, and gene-disease relationships) to develop
hypotheses related to disease mechanisms (20).

Upstream binding miRNAs of hub genes were selected by five
target gene prediction programs, including Target Scan (http://
www.targetscan.org/vert_71/), mirDIP (http://ophid.utoronto.
ca/mirDIP/), miRDB (http://mirdb.org/), DIANA [DIANA
tools-Tarbase v8 (athena-innovation.gr)], miRmap [miRmap
(ezlab.org)]. And we used Venn, an interactive Venn diagram
viewer, to conduct an intersection analysis.

Statistical Analysis
IBM SPSS Statistics 23 was utilized to analyze the data and
illustrate the receiver operating characteristic (ROC) curve. The
Spearman’s correlation coefficient was utilized to assess the
association between continuous variables. A t-test was utilized
to compare the differences between the two groups. Datesmerge,
process, and analysis were conducted by R-3.5.3, and the ggplot2
package was utilized to illustrate box plots.
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RESULTS

The Changes of Immune Cells in PBMCs
In order to research the changes of immune cells in the peripheral
blood of SSc and SSc-PAH patients, peripheral blood cell (PBMC)
microarray data from the GSE22356 and GSE33463 were analyzed,
which included 29 SSc samples and 60 SSc-PAH samples. We used
an established computational resource (CIBERSORT) to explore
gene expression profiles of GEO-downloaded samples to infer the
density of 22 types of immune cells. The corheatmap (Figure 1A)
result showed that macrophage M1 and T-cell follicular helpers had
a significant positive correlation (R = 0.77). T-cell CD4 memory
resting had a negative correlation with monocytes (R = −0.48). The
heatmap of the correlation analysis (Supplementary Figure S1)
summarizes the results obtained from the 69 filtered gene
expression matrices, and Figure 1B shows the relative percentages
of the 22 immune cells. Compared with the SSc group, the
violin plot of the immune cells showed that T-cell CD4 naive and
T-cell CD4 memory resting have statistically lower abundance,
while neutrophils have statistically higher abundance in
PBMCs (Figure 1C).

Enrichment Analysis
The pathways involved in the two expression datasets were
analyzed by GSEA and showed significant differences in
enrichment from the KEGG Collection (p-value <0.05). The
results of the GSEA analysis showed that ribosome,
spliceosome, RNA degradation, RNA polymerase, and basal
transcription factor pathways showed significantly differential
enrichment in the SSc group, and neuroactive ligand receptor
interaction, complement and coagulation cascades, systemic
Frontiers in Immunology | www.frontiersin.org 4
lupus erythematosus, linoleic acid metabolism, and arachidonic
acid metabolism pathways showed significantly differential
enrichment in the SSc-PAH group (Supplementary Figure
S2; Table 1).

Identification of Differentially Expressed
Genes
DEGs in two group patients were analyzed using the “Limma”
package. With the cutoff value of |log2 (fold change) |> 1 and
adjusted p < 0.05, 182 significantly upregulated genes and 37
significantly downregulated genes were identified (Figure 2A;
Table 2). There are a total of 1,901 IRGs downloaded from the
Immport website (www.immport.org), which is funded by the
NIH, NIAID, and DAIT. Based on the list of differentially
expressed genes, 15 differentially expressed IRGs were selected
(Figure 2B). The top 5 most enriched KEGG pathways of those
15 IRGs were as follows: PD-L1 expression and PD-1 checkpoint
pathway in cancer, NF-kappa B signaling pathway, T-cell
receptor signaling pathway, and FoxO signaling pathway
(Figure 2C). The top 5 most enriched GO-molecular function
terms were T-cell activation, regulation of T-cell activation,
regulation of T-cell activation, positive regulation of T-cell
activation, and positive regulation of leukocyte cell–cell
adhesion (Figure 2D). The top 5 most enriched GO-cellular
component and molecular function terms are shown in
Supplementary Figure S3.

Protein–Protein Interaction Network
Analysis and Hub Gene Identification
The interaction network between proteins coded by DEGs,
which was composed of 214 nodes and 776 edges, was
A B

C

FIGURE 1 | Results of immune cells change. (A) Correlation matrix of the changes in number of 22 immune cells in SSc PBMCs. Red indicates a positive
correlation; blue indicates a negative correlation. The larger the absolute value of the number, the more positive or negative correlation there is. (B) Landscape of
immune cells changes. (C) A violin diagram of the immune cell proportions in two groups. The blue fusiform fractions on the left represent the SSc group, and the
red fusiform fractions on the right represent the SSc-PAH group.
May 2022 | Volume 13 | Article 868983
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constructed by STRING and visualized by Cytoscape
(Figure 3A). Next, we used the CytoHubba plugin to identify
hub genes. The network recognition ensemble algorithm is a
bottleneck algorithm in Cyctoscape. We use bottleneck
algorithm of the CytoHubba plugin in Cytoscape to screen 10
hub genes. Ten hub genes were selected by network recognition
ensemble algorithm, including TOMM7, epidermal growth
factor receptor (EGFR), interleukin-7 receptor (IL-7R),
tyrosine–protein kinase (LCK), RPS27A, TNRC6C, histone
deacetylase 1 (HDAC1), PHC3, FBXL16, and FBL (Figure 3B).
Ten hub genes were screened when using the bottleneck
algorithm. Only IL-7R, LCK, HDAC1, and EGFR were
identified by interacting with the 15 IRGs (Figure 3C). We
further investigated the correlation between the four genes. The
results showed that the expressions of IL-7R, LCK, and HDAC1
Frontiers in Immunology | www.frontiersin.org 5
genes are positively correlated but negatively correlated with the
expressions of EGFR (Figure 3D).

Identification of Potential Crucial Genes
Associated With SSc
CTD was employed to research the interaction between SSc and
potential crucial genes. Figure 4A shows that eight of the
previously predicted ten hub genes could be inferred to be
associated with SSc. We also explore those potentially crucial
genes that target immune system diseases and pulmonary
hypertension. Inference scores in CTD indicated the
association between disease and genes. The interaction results
revealed that EGFR, LCK, and IL-7R have a higher score for SSc
(Figure 4B). EGFR and HDAC1 have a higher score for
immune system diseases (Figure 4C). EGFR and HDCA1
TABLE 1 | The significantly differential enrichment pathways between the SSc without PAH and SSc-PAH groups.

Gene set name NES NOM p-value

KEGG_RIBOSOME 1.65 0.046
KEGG_SPLICEOSOME 1.53 0.002
KEGG_RNA_DEGRADATION 1.48 0.006
KEGG_RNA_POLYMERASE 1.43 0.04
KEGG_BASAL_TRANSCRIPTION_FACTORS 1.42 0.036
KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION −1.88 0
KEGG_COMPLEMENT_AND_COAGULATION_CASCADES −1.85 0
KEGG_SYSTEMIC_LUPUS_ERYTHEMATOSUS −1.63 0.013
KEGG_LINOLEIC_ACID_METABOLISM −1.61 0.037
KEGG_ARACHIDONIC_ACID_METABOLISM −1.47 0.044
May 2022 | Volume 13 |
A B

DC

FIGURE 2 | Differential expression of genes between the SSc and SSc-PAH groups. (A) Volcano plot of the differentially expressed genes between SSc and SSc-
PAH. Black points represent the adjusted p-value >0.05. Blue points represent adjusted p-value <0.05 and downregulated genes. Red points represent adjusted
p-value <0.05 and the upregulated genes. (B) The Venn diagram of differentially expressed IRG intersection between IRGs (1,901 IRGs downloaded from the
Immport website) and DEGs (219 DEGs selected). (C) Enrich KEGG class plot reveals the top 5 IRGs. The top 5 most enriched KEGG pathways of those 15 IRGs
were as follows: PD-L1 expression and PD-1 checkpoint pathway in cancer, NF-kappa B signaling pathway, T-cell receptor signaling pathway, and FoxO signaling
pathway. (D) Chord plot shows the top 5 most enriched Gene Ontology (GO)-molecular function terms: T-cell activation, regulation of T-cell activation, regulation of
T-cell activation, positive regulation of T-cell activation, and positive regulation of leukocyte cell–cell adhesion. ***p-value < 0.001.
Article 868983

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tu et al. Altered Cellular Immunity and IRGs in SSc-PAH
have a higher score for pulmonary hypertension (Figure 4D). It
is worth mentioning that EGFR has high scores in all
groups (Figure 4).

Crucial Modules Identification via WGCNA
In order to screen the crucial genes related to the
immunomodulation in SSc and SSc-PAH, WGCNA was
utilized to perform the coexpression network analysis. Four
modules were identified in this study (Figures 5A–D). The
association between the modules and groups was assessed by
the correlation between module eigengene (ME) values and
groups. Heatmap profiles were drawn to visualize the data. As
shown in Figure 5D, we found three significant modules: grey,
blue, and brown modules. After each module pathway
Frontiers in Immunology | www.frontiersin.org 6
enrichment analysis (Supplementary Figure S4), the genes in
the blue module were involved in T-cell immune regulation.
Also, hub genes IL-7R, LCK, and HDAC1 were also in the blue
module (Figure 5E).

Identification of Hub Genes
To verify the expression differences of hub genes IL-7R, LCK,
and HDAC1 between SSc and SSc-PAH, we used GSE22356 and
GSE33463 as test sets and GSE19617 as the validation set, which
included 21 SSc patients and 15 SSc-PAH patients. As shown in
Figures 6A, B, compared with the SSc samples, the mRNA
expression levels of the 3 hub genes in the SSc-PAH were
significantly decreased (p < 0.05). To determine the
significance of IL-7R, LCK, and HDAC1 in the diagnosis of
TABLE 2 | The 182 significantly upregulated genes and 37 significantly downregulated genes that were identified between the SSc and SSc-PAH groups.

Upregulated
genes

ING5 NOB1 RPS23 HP1BP3 AQP3 CEP68 ZCCHC4 EEF1B2 RPS3 ZNF121 SCML4 RPL7 RPL17 ZBTB41 CAMK4 RPL3 RPL27A COMMD6
RPL35A NELL2 ZNF573 HERC2P2 EIF4A2 NOG RPL10A CREBL2 INTS6L POP5 FBL RAPGEF6 RPS13 RPL31 IL7R CCNL2 SNORD32A LEF1
RPS10 DNAJC16 CASP8AP2 LTB CCR7 ZFP62 RPS4X SPTBN1 POGZ FBXL16 TRAF3IP3 NKHD1-EIF4EBP3 EIF3H MRPL57 NR3C2 DGKA
RPL23A XIST RRS1 RPS21 C16ORF54 RPL37 PDE7A RPL10 EIF3E RPSA TRIM74 RBL2 RPL24 OXNAD1 CD27 RPS20 RIPOR2 TOP2B AK5 AGL
MAN1C1 LDHB COX7C LNPEP ZNF137P NAA16 ALMS1 RPS16 KPNA5 SLC26A11 RPS6 ELK4 TOMM7 TBCA RPL13A WDR82 NPM1 SLC38A1
RPLP0 SATB1 PTCD3 SNORD42A CHMP7 PATJ TARDBP PJA1 SRSF10 SOD1 ZRANB2 CEP120 TXLNG ZNF814 CHCHD6 ETS1 BCL11B
PIK3IP1 EPHX2 TBC1D4 DNMT3A TCF7 NOLC1 LCK HDAC1 CDC14A PRAG1 USP45 RPS29 UXT ATP8B2 RPL22 HINT1 OGT ITK JADE1 CCT4
DOCK9 TNRC6C ZNF776 RPS14 EEF1D BRMS1L ANAPC16 BACH2 RPS15A SUCO C12ORF57 RPL27 PCNX2 RPL30 CTCF PHC3 RGPD5
IMPDH2 TGFBR2 ERCC5 RETREG1 CETN3 MAL ATM HSPD1 RPL34 SON SLTM RPL9 TUT1 EDAR N4BP2L2 PRKACB LRRN3 EBAG9
RASGRP1 RCAN3 NARS2 ZC3H13 CCNB1IP1 KIAA1147 MYO9A LIX1L AMMECR1 ATR NLRC3 ADH5 RPS27A DNAJC19 ZNHIT3 ARHGEF18
NAE1 GIMAP2 AURKAP1 OXCT1

Downregulated
genes

JSRP1 HBQ1 TIMP1 CYP2A13 HIST1H2BC ITPKA MISP3 ARHGEF12 SMIM1 LSMEM1 SAT1 RELT THY1 EGFR LEPROT KLK3 OSBP2 E2F2
GAST NT5M LYN RAB31 LILRB2 PSAP GNAO1 SPINK4 SPATA46 ANKRD9 MKI67 SMOX GM2A LY6G6D GATA1 SERPINA1 CA5A GCGR
KLHDC8B
A B

DC

FIGURE 3 | PPI network analysis and hub gene identification. (A) The interaction network between proteins coded by DEGs. (B) Ten hub genes were screened by
the network recognition ensemble algorithm. (C) The Venn diagram of differentially expressed IRG intersection between IRGs and hub genes. (D) The pie chart of the
Pearson correlation analysis shows the correlation between 4 IRGs. ***p-value < 0.001.
May 2022 | Volume 13 | Article 868983
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SSc patient, ROC curve analyses were conducted to explore the
sensitivity and specificity of crucial genes for SSc diagnosis. The
ROC curve analysis of LCK (AUC: 0.697), HDAC1 (AUC:
0.728), and IL-7R (AUC: 0.724) (Figure 6C) for predicting SSc
diagnosis was validated using GSE22356 and GSE33463. We
then validated the (Figure 6D), LCK (AUC: 0.77), HDAC1
(AUC: 0.779), and IL-7R (AUC: 0.727) using GSE19617. This
indicates that the expression of IL-7R, LCK, and HDAC1 are
related to the disease activity of SSc.

According to the previous results, neutrophils have a higher
abundance and T-cell CD4 naive and T-cell CD4memory resting
have lower abundance in SSc-PAH patient PBMC samples. We
further explore the relationship between hub genes and these
immune cells (Figure 7A). Consistent with our predictions, the
Frontiers in Immunology | www.frontiersin.org 7
expressions of IL-7R, LCK, and HDAC1 are positively correlated
with the numbers of T-cell CD4 naiveness and T-cell CD4
memory; otherwise, the expressions of IL-7R, LCK, and
HDAC1 are negatively correlated with the numbers of
neutrophils in the peripheral blood (Figure 7B).

Target miRNA Prediction and
Coexpressed Network Construction
It has been demonstrated that microRNAs are responsible for the
regulation of gene expression. Five online miRNA databases were
utilized to predict target miRNAs of hub genes. Only the
predicted miRNAs which commonly appeared in more than
four programs, as mentioned above, were included for
subsequent analysis. Lastly, 49 target miRNAs were selected
from 4 specifically expressed hub genes and determined 49
mRNA–miRNA pairs (Supplementary Figure S5).
DISCUSSION

Vasculopathy is an important feature of systemic sclerosis,
leading to vasospasm, pulmonary artery remodeling, and
microvascular occlusion (21). The exact cause of SSc-PAH is
still unknown. The complex pathological features of SSc
complicate the understanding of the function of the immune
and vascular systems in the pathogenesis of SSc. Our imprecise
understanding of the immune mechanisms that initiate SSc-PAH
may make it difficult to identify effective treatments for the
disease. Therefore, exploring the immune changes of SSc-PAH
during the disease process and its possible key gene changes may
provide new ideas for the treatment of SSc-PAH.

A series of complex interactions between inflammatory cells,
vascular cells, and soluble mediators in the lung and periphery
promote perivascular inflammation and—presumably—also
pulmonary vascular remodeling in PAH. This includes: (1)
inflammatory mediators and their effects on pulmonary
vascular remodeling; (2) inflammatory/immune cells and
their products in PAH; and (3) phenotypic changes in
vascular cells and their feedback into the inflammatory and
immune responses (11, 22). The fundamental role of the
immune system in the development of PAH is becoming
more widely recognized. Among them, the change in immune
cells is the key link.

In this study, we found that in two groups of people with
systemic sclerosis and systemic sclerosis with pulmonary
hypertension, the difference in immune cells in PBMC analysis
suggested that neutrophils have a statistically higher abundance,
while T-cell CD4 naive and T-cell CD4 memory resting have a
statistically lower abundance.

Many studies have shown that the adaptive immune system, with
a large number of autoreactive T and B cells producing
autoantibodies, plays a central role in the pathogenesis of SSc (12,
15, 16, 23, 24). Among them, T cells are present in SSc tissues and are
considered to be the main factor driving endothelial dysfunction and
fibrotic pathology in this disease, probably through the secretion of
cytokines that ultimately promote macrophage, fibroblast, and
myofibroblast activation of cells (25, 26).
A

B

D

C

FIGURE 4 | |The hub genes analysis in CTD. (A) The Venn diagram of
intersection between hub genes and SSc crucial genes. (B) Systemic
sclerosis. (C) Immune system diseases. (D) Pulmonary hypertension.
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In this study, we found that the numbers of T-cell CD4+

naive in PBMCs were significantly lower in abundance in SSc-
PAH patients compared with SSc. While, T-cell CD4+ naive are
activated after interaction with the antigen-MHC complex and
differentiate into specific subtypes depending mainly on the
cytokine milieu of the microenvironment. Besides the classical
T-helper 1 and T-helper 2, other subsets have been identified,
including T-helper 17, regulatory T cell, follicular helper T cell,
and T-helper 9, each with a characteristic cytokine profile. The
effector functions of these cells are mediated by the cytokines
secreted by the differentiated cells (27). This may indicate
specific immunomodulation in SSc-PAH tissue, resulting in a
massive migration of T-cell CD4+ naïve into the tissue, thereby
reducing the number of T cells in the peripheral blood. One of
the limitations of this study is that immune infiltration changes
in tissues were not obtained simultaneously. This is also an
issue that needs to be explored in further research.
Frontiers in Immunology | www.frontiersin.org 8
In SSc, many T cells, including Th1, Th2, Th17, Th22, T
follicular helper (Tfh), Treg, and CD8+, are all involved in the
pathogenic process (28–30).

Evidence has shown that CD8+ T cells and CD4+ CTL are the
most prominent T cells in SSc lesions (28, 29). In addition to
inducing apoptosis, CD4+ CTL secrete profibrotic and
proinflammatory cytokines, including TGF-b and IL-1b. These
cytokines may be directly involved in local tissue remodeling
processes (31, 32). In addition, studies have confirmed that CD8+

T cells play an important role in fibrotic diseases. They can
induce fibrosis through cytokines such as TNF-a and IL-13, and
fibrosis can also lead to abnormal immune surveillance of CD8+

T cells (28). The current study indicated that a large number of
apoptotic cells were found in the tissues of SSc patients,
accompanied by an accumulation of CD8+ T cells and CD4+

CTL, indirectly suggesting that these cytotoxic T cells may target
and kill the host cells (29). CD4+ CTL and CD8+ T cells in SSc
A

B

D E

C

FIGURE 5 | Crucial modules in SSc-PAH. (A) Sample dendrogram and trait heat map. (B) Clustering dendrograms of genes based on a dissimilarity measure (1-
TOM). (C) Analysis of the scale-free fit index (left) and the mean connectivity (right) for various soft-thresholding powers. (D) Module-trait associations were evaluated
by correlations between module eigengenes and sample traits. (E) The Venn diagram indicating 3 genes from the blue module, ten hub genes, and IRGs.
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may contribute to excessive tissue remodeling by targeting
endothelial cells and refining proinflammatory molecules such
as IL-1b, leading to vascular damage and tissue fibrosis (31).

On the other hand, this study also found that the numbers of
T-cell CD4 memory resting were lower in patients with SSc-
PAH. Although this study regrettably did not carry out further
experimental validation in SSc-PAH patients, which is one of its
limitations, other studies have demonstrated similar results.
Andreas et al. found that the number of T-cell CD4 memory
resting was less in the juvenile systemic sclerosis (jSSc)
population (33). In addition to adaptive immune responses,
many studies have suggested the role of innate immune cells,
especially neutrophils, in the pathogenesis of SSc (34–36). The
complex clinical and pathological features of SSc complicate the
understanding of the function of the immune and vascular
systems in the pathogenesis of this severe autoimmune disease.

The infiltration of neutrophils in diseased tissues has been
confirmed as an important factor in fibrosis (23). In chronic
inflammatory or autoimmune diseases, high levels of
inflammatory cytokines drive the formation of neutrophils
into neutrophil extracellular traps (NETs) (37–39). Neutrophils
function through phagocytosis, respiratory burst, degranulation,
reactive oxygen species (ROS) release, formation of NETs, and
secretion of cytolytic enzymes, cytokines, and chemokines (37,
40, 41) Furthermore, one study demonstrated the presence of
NETs structures in human fibrotic skin biopsies (37). Here,
NETs were found in close proximity to a-SMA-positive
myofibroblasts in lung and skin biopsy specimens from
Frontiers in Immunology | www.frontiersin.org 9
patients with SSc, suggesting a possible mechanism by which
neutrophils drive fibrosis (37).

The number of neutrophils in the peripheral blood may
represent the degree of neutrophil infiltration in tissues to a
certain extent. In our research, compared with SSc, the numbers
of neutrophils in the peripheral blood were significantly
increased, which may suggest that there is also differential
neutrophil infiltration in SSc-PAH and SSc in vascular tissues.
This requires further research to confirm.

Furthermore, in this study, we found another interesting
result in Figure 1C , the numbers of mast cells and
macrophages are small and the difference between the two
groups is not statistically significant. However, mast cells are
still very essential to the fibrosis of SSc. It has been shown that
mast cells in tissues are associated with fibrosis, and in patients
with SSc, the density of mast cells in the dermis can reflect the
severity of sclerosis (42). The reason for this result may be that
the mast cells and macrophages are tissue-infiltrating, and the
dataset taken in this study was obtained from PBMCs.

In previous studies, it has been found that in the
pathological tissues of SSc, such as the perivascular and peri-
adnexal areas between thickened collagen fibers (43), there is a
mononuclear cell infi ltration, including macrophage
infiltration (43). Among them, macrophages can secrete a
large number of profibrotic molecules to mediate fibrosis in
situ. In patients with SSc, the number of monocytes in the
peripheral blood was significantly increased compared with
healthy subjects (44).
A B

DC

FIGURE 6 | The mRNA expression levels of 3 hub genes between SSc and SSc-PAH. (A) The mRNA expression levels of 3 hub genes in test sets (GSE22356 and
GSE33463). (B) The mRNA expression levels of 3 hub genes in validation sets (GSE19617). (C) The ROC curve of LCK levels, the HDAC1 levels, and the IL7R levels
for predicting SSc without PAH diagnosis in test sets (GSE22356 and GSE33463). (D) The ROC curve of LCK levels, the HDAC1 levels, and the IL7R levels for
predicting SSc without PAH diagnosis in validation sets (GSE19617). **p-value < 0.01; ***p-value < 0.001.
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A

B

FIGURE 7 | The relationship between hub genes and these immune cells. (A) The Pearson correlation analysis shows the correlation between 3 hub genes and
these immune cells. *p-value < 0.05; **p-value < 0.01; ***p-value < 0.001. (B) The relationship between IL-7R, LCK, an HDAC1 and T-cell CD4 naive, T-cell CD4
memory, and neutrophils.
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In the present study, a similar conclusion was also observed,
that is, a large number of monocytes were detected in the
peripheral blood of patients with SSc regardless of the presence
of PAH (Figure 1C), but there was no statistical difference between
the two groups. This may be due to the fact that mononuclear cells
in the peripheral blood do not reflect the infiltration in the tissue.

Nonetheless, the differences in the composition of immune
cells in the peripheral blood can help us understand changes in
circulating immunity during disease development. Also, in certain
subsets of cells, the difference in the numbers of immune cells in
the peripheral blood can still reveal the tissue changes to some
extent. In addition, in the early stages of disease development, it is
difficult to obtain histopathology, and the peripheral blood is still a
more convenient type of clinical test specimen.

In conclusion, many discoveries on immune alterations between
SSc and normal populations have been made, but the immune
alterations involving SSc-PAH are still poorly understood. Which
hub immune cells, cytokines, and signal transduction pathways are
involved in the occurrence of scleroderma pulmonary hypertension
is still an urgent problem to be solved.

To further analyze the possible mechanisms responsible for
differences in the number of immune cells in the peripheral
blood of SSC-PAH and explore the role of inflammation and
immune dysregulation in the development and/or progression of
IPAH, we analyzed the top 5 most enriched KEGG pathways of
those 15 IRGs, which are PD-L1 expression and PD-1 checkpoint
pathway in cancer, NF-kappa B signaling pathway, T-cell
receptor signaling pathway, and FoxO signaling pathway. The
top 5 most enriched GO-molecular function terms are T-cell
activation, regulation of T-cell activation, positive regulation of
T-cell activation, and positive regulation of leukocyte cell-cell
adhesion. These results may indicate that the regulation of T-cell
activation is central to the development of SSc.

Many studies have some evidence supporting the critical role of
these signaling pathways and immune dysregulation in the
pathogenesis of SSc (45). One study showed that stimulation of
dendritic cells carrying this variant of SSc with a TLR2 agonist
increased macrophage activation, resulting in increased
production of interleukin-6 (IL-6) and tumor necrosis factor
(46), thus participating in the pathogenesis of SSc. Regulation of
the NF-kB pathway is triggered by PRR, cytokine, TCR, and BCR
activation (47, 48). Increased expression of NF-kB-regulated
cytokines in SSc keratinocytes also suggests that this pathway is
activated in SSc pathogenesis (49). Abnormal recruitment of T
cells was found in SSc tissues, which may be due to the increased
expression of chemokine receptors and the release of chemokines,
leading to the recruitment of immune cells to target tissues (45).

Other studies have suggested that many cytokines are also
involved in the process of SSc fibrosis. Among them, IL-12, IL-21,
and IL-21R are key molecules of fibrosis in the SSc epidermis by
promoting the secretion and expression of helper T cells (50–52).

So far, some genes significantly involved in fibrogenesis have
been discovered. The current study found the following: c-Src
tyrosine kinase (CSK) (53), caveolin1 (CAV1) protein (54),
interferon regulatory factor 8 (IRF8), growth factor receptor-
binding protein 10 (GRB10), and SRY-box transcription factor 5
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(SOX5) (55). They may be related to the fibrosis of SSc, but more
research is needed to verify this.

Some research has revealed that hypoxia leads to decreased
DDX6 expression, which can induce the translation and secretion of
VEGF mRNA, promoting angiogenesis (56). The initial events of
SSc persist through endothelial cell and vascular remodeling. VEGF
may be a hub gene in SSc-PAH also found in our study. However,
we are still unclear why some SSc patients develop secondary PAH.
Little research has been done on the early immunological changes
and the hub immune-related genes in SSc secondary to PAH. One
study has demonstrated downregulated IL-7R expression on CD4 T
cells in scleroderma patients with pulmonary hypertension (45),
which is consistent with our results.

In order to explore the hub immune-related genes responsible
for the changes in the number of immune cells in the peripheral
blood during disease development, we screened a total of four hub
immune-related genes, respectively, EGFR, LCK, IL-7R, and
HDAC1. Through the analysis of gene function, we found that
three genes, IL-7R, LCK, and HDAC1, are positive correlated with
T-cell CD4 naive and T-cell CD4 memory. At the same time, IL-
7R, LCK, and HDAC1 were negative correlated with neutrophils.

According to the previous results, neutrophils have a higher
abundance and T-cell CD4 naive and T-cell CD4 memory
resting have a lower abundance in SSc-PAH patient PBMC
samples. We further explore the relationship between hub
genes and these immune cells. Consistent with our
predictions, the expressions of IL-7R, LCK, and HDAC1 are
positively correlated with the numbers of T-cell CD4 naiveness
and T-cell CD4 memory; otherwise, the expressions of IL-7R,
LCK, and HDAC1 are negatively correlated with the numbers
of neutrophils in the peripheral blood. The result reminds us
that these three molecules may be the hub immune-related
genes responsible for the reduction of T-cell numbers in the
peripheral blood of SSc-PAH. The hub gene analysis in CTD
shows that EGFR has high scores in pulmonary arterial
hypertension, connective tissue disease, and systemic
sclerosis, and may be a key gene involved in the pathogenesis
of SSc, especially SSc-PAH. This provides a new idea for our
next study on targeted therapy for SSc-PAH.

Thus, in order to verify the expression differences of hub genes
IL-7R, LCK, and HDAC1 between SSc and SSc-PAH, we used
GSE22356 and GSE33463 as test sets and GSE19617 as the
validation sets, which include 21 SSc patients and 15 SSc-PAH
patients. The result shows that the mRNA expression levels of the
3 hub genes in the SSc-PAH samples were significantly decreased
compared with those in the SSc samples (p < 0.05). To determine
the significance of IL-7R, LCK, and HDAC1 in the diagnosis of
SSc patients, ROC analyses were conducted to explore the
sensitivity and specificity of hub genes for SSc diagnosis. This
result indicates that the expressions of IL-7R, LCK, and HDAC1
are related to the disease activity of SSc. The low expression of IL-
7R, LCK, and HDAC1 detected in the peripheral blood of SSc may
indicate the possibility of PAH and hopefully become a biomarker
for the early detection of SSc-PAH.

Combined with previous research results, IL-7R has been
demonstrated in a microarray cohort as a differentially expressed
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gene and validated by RT-qPCR in a validation cohort of SSc and
SSc-PAH groups. The study confirmed a decreased expression in
SSc-PAH (57).

In addition, there is no relevant study on LCK andHDAC1 in SSc
and SSc-PAH groups. LCK is a nonreceptor tyrosine-protein kinase
that plays an essential role in the selection and maturation of
developing T cells in the thymus and in the function of mature T
cells. LCK is involved in the T-cell antigen receptor (TCR)-linked
signal transduction pathways, as well as the IL-2 receptor-linked
signaling pathway that controls the T-cell proliferative response (58).

Also, HDAC1 can catalyze the deacetylation of lysine residues
on the N-terminal part of the core histones (H2A, H2B, H3, and
H4) (59). HDAC1 plays an important role in transcriptional
regulation, cell cycle progression, and developmental events (60)
and inhibits the transcriptional activity of NF-kappa-B pathway
(61). LCK and HDAC1 may reduce T cells in SSc-PAH PBMCs
through the regulation of T-cell activation, which suggest that
these three molecules may be involved in the development of
SSc-PAH. This requires our follow-up experiments to confirm.

Finally, we explore the microRNA expression related the hub
immune genes. Four hub gene expression–related microRNAs
were analyzed. Forty-nine target miRNAs of four specifically
expressed hub genes and a determined 49 mRNA–miRNA pairs
were obtained. This result provides a direction for the following
research on the expression and regulation of hub genes and lays
the foundation for the study of the mechanism of immune
changes in SSc secondary to PAH.

There are still many deficiencies in this study. First, the
explored three hub genes and their expressed proteins have not
been further validated in PBMCs of SSc-PAH patients. Second,
there is a lack of research on the changes of cellular immunity in
the peripheral blood and tissues at the same time. Third, this
study focused on the cellular immunity changes in SSc and SSc-
PAH PBMCs, ignoring healthy controls. These need to be further
improved and studied in subsequent experiments.

In the present study, we applied CIBERSORT analysis to find
differences in immune cell populations in PBMCs between SSc
without PAH and SSc-PAH. Compared with SSc without PAH,
SSc-PAH had more neutrophil but fewer T-cell CD4 naive and
T-cell CD4 memory resting in the peripheral blood. To further
explore the cause and potential molecular events between the two
groups, we identified the IL-7R, LCK, and HDAC1 as hub genes
involved in the occurrence of SSc-PAH. These three genes could
reduce the number of T-cell CD4 naive and T-cell CD4 memory
resting in SSc-PAH PBMCs through the regulation of T-cell
activation, which suggest that these three molecules may be
involved in the development of SSc-PAH. Meanwhile, the low
Frontiers in Immunology | www.frontiersin.org 12
expression of IL-7R, LCK, and HDAC1 detected in the
peripheral blood of SSc may indicate the possibility of PAH
and hopefully become a biomarker for the early detection of SSc-
PAH. Furthermore, whether or not PAH is present, EGFR has a
very strong association with SSc and may be a hub gene in the
pathogenesis of SSc, providing new ideas for the next
targeted therapy.
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.nlm.
nih.gov/geo/, GSE22356; https://www.ncbi.nlm.nih.gov/geo/,
GSE33463; and https://www.ncbi.nlm.nih.gov/geo/, GSE19617.
AUTHOR CONTRIBUTIONS

JT designed and conducted the whole research. JJ applied for the
GEO dataset analysis of SSc, software, and visualization. XW
analyzed and interpreted the data. ZC and LS revised and
finalized the manuscript. All authors contributed to the article
and approved the submitted version.
FUNDING

This work was supported by the Natural Science Foundation of
Zhejiang Province, China (grant number LY20H100002) and
Medical Science Research Foundation of Zhejiang Province,
China (grant number 2020KY634).
ACKNOWLEDGMENTS

We thank the authors of the GSE22356, GSE33463, and
GSE19617 datasets for their contribution (57, 62, 63).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
868983/full#supplementary-material
REFERENCES

1. Denton CP, Khanna D. Systemic Sclerosis. Lancet (2017) 390(10103):1685–
99. doi: 10.1016/s0140-6736(17)30933-9

2. Yao M, Zhang C, Gao C, Wang Q, Dai M, Yue R, et al. Exploration of the
Shared Gene Signatures and Molecular Mechanisms Between Systemic Lupus
Erythematosus and Pulmonary Arterial Hypertension: Evidence From
Transcriptome Data. Front Immunol (2021) 12:658341. doi: 10.3389/
fimmu.2021.658341
3. Vazquez ZGS, Klinger JR. Guidelines for the Treatment of Pulmonary
Arterial Hypertension. Lung (2020) 198(4):581–96. doi: 10.1007/s00408-
020-00375-w

4. Fayed H, Coghlan JG. Pulmonary Hypertension Associated with Connective
Tissue Disease. Semin Respir Crit Care Med (2019) 40(2):173–83. doi:
10.1055/s-0039-1685214

5. Aithala R, Alex AG, Danda D. Pulmonary Hypertension in Connective Tissue
Diseases: An Update. Int J Rheum Dis (2017) 20(1):5–24. doi: 10.1111/1756-
185X.13001
May 2022 | Volume 13 | Article 868983

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/articles/10.3389/fimmu.2022.868983/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.868983/full#supplementary-material
https://doi.org/10.1016/s0140-6736(17)30933-9
https://doi.org/10.3389/fimmu.2021.658341
https://doi.org/10.3389/fimmu.2021.658341
https://doi.org/10.1007/s00408-020-00375-w
https://doi.org/10.1007/s00408-020-00375-w
https://doi.org/10.1055/s-0039-1685214
https://doi.org/10.1111/1756-185X.13001
https://doi.org/10.1111/1756-185X.13001
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tu et al. Altered Cellular Immunity and IRGs in SSc-PAH
6. Weatherald J, Montani D, Jevnikar M, Jais X, Savale L, Humbert M. Screening
for Pulmonary Arterial Hypertension in Systemic Sclerosis. Eur Respir Rev
(2019) 28(153):17–25. doi: 10.1183/16000617.0023-2019

7. Zanatta E, Polito P, Famoso G, Larosa M, De Zorzi E, Scarpieri E, et al.
Pulmonary Arterial Hypertension in Connective Tissue Disorders:
Pathophysiology and Treatment. Exp Biol Med (Maywood) (2019) 244
(2):120–31. doi: 10.1177/1535370218824101

8. Tyndall AJ, Bannert B, Vonk M, Airo P, Cozzi F, Carreira PE, et al. Causes
and Risk Factors for Death in Systemic Sclerosis: A Study From the EULAR
Scleroderma Trials and Research (EUSTAR) Database. Ann Rheum Dis
(2010) 69(10):1809–15. doi: 10.1136/ard.2009.114264

9. Hachulla E, Carpentier P, Gressin V, Diot E, Allanore Y, Sibilia J, et al. Risk
Factors for Death and the 3-Year Survival of Patients With Systemic Sclerosis:
The French ItinerAIR-Sclerodermie Study. Rheumatol (Oxford) (2009) 48
(3):304–8. doi: 10.1093/rheumatology/ken488

10. Coghlan JG, Denton CP, Grunig E, Bonderman D, Distler O, Khanna D, et al.
Evidence-Based Detection of Pulmonary Arterial Hypertension in Systemic
Sclerosis: The DETECT Study. Ann Rheum Dis (2014) 73(7):1340–9.
doi: 10.1136/annrheumdis-2013-203301

11. Hu Y, Chi L, Kuebler WM, Goldenberg NM. Perivascular Inflammation in
Pulmonary Arterial Hypertension. Cells (2020) 9(11):2338. doi: 10.3390/
cells9112338

12. Brown M, O’Reilly S. The Immunopathogenesis of Fibrosis in Systemic
Sclerosis. Clin Exp Immunol (2019) 195(3):310–21. doi: 10.1111/cei.13238

13. Asano Y. The Pathogenesis of Systemic Sclerosis: AnUnderstanding Based on a
Common Pathologic Cascade Across Multiple Organs and Additional Organ-
Specific Pathologies. J Clin Med (2020) 9(9):2687. doi: 10.3390/jcm9092687

14. Kill A, Tabeling C, Undeutsch R, Kuhl AA, Gunther J, Radic M, et al.
Autoantibodies to Angiotensin and Endothelin Receptors in Systemic
Sclerosis Induce Cellular and Systemic Events Associated With Disease
Pathogenesis. Arthritis Res Ther (2014) 16(1):R29. doi: 10.1186/ar4457

15. Gunther J, Kill A, Becker MO, Heidecke H, Rademacher J, Siegert E, et al.
Angiotensin Receptor Type 1 and Endothelin Receptor Type A on Immune
Cells Mediate Migration and the Expression of IL-8 and CCL18 When
Stimulated by Autoantibodies From Systemic Sclerosis Patients. Arthritis
Res Ther (2014) 16(2):R65. doi: 10.1186/ar4503

16. O’Reilly S, Hugle T, van Laar JM. T Cells in Systemic Sclerosis: A Reappraisal.
Rheumatol (Oxford) (2012) 51(9):1540–9. doi: 10.1093/rheumatology/kes090

17. Sundaram SM, Chung L. An Update on Systemic Sclerosis-Associated
Pulmonary Arterial Hypertension: A Review of the Current Literature. Curr
Rheumatol Rep (2018) 20(2):10. doi: 10.1007/s11926-018-0709-5

18. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al.
String v11: Protein-Protein Association Networks With Increased Coverage,
Supporting Functional Discovery in Genome-Wide Experimental Datasets.
Nucleic Acids Res (2019) 47(D1):D607–13. doi: 10.1093/nar/gky1131

19. Chin CH, Chen SH, Wu HH, Ho CW, Ko MT, Lin CY. cytoHubba:
Identifying Hub Objects and Sub-Networks From Complex Interactome.
BMC Syst Biol (2014) 8 Suppl 4:S11. doi: 10.1186/1752-0509-8-S4-S11

20. Davis AP, Grondin CJ, Johnson RJ, Sciaky D, McMorran R, Wiegers J, et al.
The Comparative Toxicogenomics Database: Update 2019. Nucleic Acids Res
(2019) 47(D1):D948–54. doi: 10.1093/nar/gky868

21. Chora I, Romano E, Manetti M, Mazzotta C, Costa R, Machado V, et al.
Evidence for a Derangement of the Microvascular System in Patients With a
Very Early Diagnosis of Systemic Sclerosis. J Rheumatol (2017) 44(8):1190–7.
doi: 10.3899/jrheum.160791

22. Klouda T, Yuan K. Inflammation in Pulmonary Arterial Hypertension. Adv
Exp Med Biol (2021) 1303:351–72. doi: 10.1007/978-3-030-63046-1_19

23. Raker V, Haub J, Stojanovic A, Cerwenka A, Schuppan D, Steinbrink K. Early
Inflammatory Players in Cutanous Fibrosis. J Dermatol Sci (2017) 87(3):228–
35. doi: 10.1016/j.jdermsci.2017.06.009

24. Kiefer K, Oropallo MA, Cancro MP, Marshak-Rothstein A. Role of Type I
Interferons in the Activation of Autoreactive B Cells. Immunol Cell Biol (2012)
90(5):498–504. doi: 10.1038/icb.2012.10

25. Prescott RJ, Freemont AJ, Jones CJ, Hoyland J, Fielding P. Sequential Dermal
Microvascular and Perivascular Changes in the Development of Scleroderma.
J Pathol (1992) 166(3):255–63. doi: 10.1002/path.1711660307

26. Fox DA, Lundy SK, Whitfield ML, Berrocal V, Campbell P, Rasmussen S, et al.
Lymphocyte Subset Abnormalities in Early Diffuse Cutaneous Systemic
Frontiers in Immunology | www.frontiersin.org 13
Sclerosis. Arthritis Res Ther (2021) 23(1):10. doi: 10.1186/s13075-020-
02383-w

27. Luckheeram RV, Zhou R, Verma AD, Xia B. CD4(+)T Cells: Differentiation
and Functions. Clin Dev Immunol (2012) 2012:925135. doi: 10.1155/2012/
925135

28. Zhang M, Zhang S. T Cells in Fibrosis and Fibrotic Diseases. Front Immunol
(2020) 11:1142. doi: 10.3389/fimmu.2020.01142

29. Maehara T, Kaneko N, Perugino CA, Mattoo H, Kers J, Allard-Chamard H,
et al. Cytotoxic Cd4+ T Lymphocytes may Induce Endothelial Cell Apoptosis
in Systemic Sclerosis. J Clin Invest (2020) 130(5):2451–64. doi: 10.1172/
JCI131700

30. Ly NTM, Ueda-Hayakawa I, Nguyen CTH, Huynh TNM, Kishimoto I,
Fujimoto M, et al. Imbalance Toward TFH 1 Cells Playing a Role in
Aberrant B Cell Differentiation in Systemic Sclerosis. Rheumatol (Oxford)
(2021) 60(3):1553–62. doi: 10.1093/rheumatology/keaa669

31. Mattoo H, Mahajan VS, Maehara T, Deshpande V, Della-Torre E, Wallace ZS,
et al. Clonal Expansion of CD4(+) Cytotoxic T Lymphocytes in Patients With
IgG4-related Disease. J Allergy Clin Immunol (2016) 138(3):825–38.
doi: 10.1016/j.jaci.2015.12.1330

32. Maehara T, Mattoo H, Ohta M, Mahajan VS, Moriyama M, Yamauchi M,
et al. Lesional CD4+ IFN-Gamma+ Cytotoxic T Lymphocytes in IgG4-related
Dacryoadenitis and Sialoadenitis. Ann Rheum Dis (2017) 76(2):377–85.
doi: 10.1136/annrheumdis-2016-209139

33. Reiff A, Weinberg KI, Triche T, Masinsin B, Mahadeo KM, Lin CH, et al. T
Lymphocyte Abnormalities in Juvenile Systemic Sclerosis Patients. Clin
Immunol (2013) 149(1):146–55. doi: 10.1016/j.clim.2013.07.005

34. Reilly SO’. Innate Immunity in Systemic Sclerosis. Clin Exp Immunol (2020)
201(1):12–3. doi: 10.1111/cei.13452

35. Didier K, Giusti D, Le Jan S, Terryn C, Muller C, Pham BN, et al. Neutrophil
Extracellular Traps Generation Relates With Early Stage and Vascular
Complications in Systemic Sclerosis. J Clin Med (2020) 9(7):2136.
doi: 10.3390/jcm9072136

36. Cutolo M, Soldano S, Smith V. Pathophysiology of Systemic Sclerosis: Current
Understanding and New Insights. Expert Rev Clin Immunol (2019) 15(7):753–
64. doi: 10.1080/1744666X.2019.1614915

37. Chrysanthopoulou A, Mitroulis I, Apostolidou E, Arelaki S, Mikroulis D,
Konstantinidis T, et al. Neutrophil Extracellular Traps Promote
Differentiation and Function of Fibroblasts. J Pathol (2014) 233(3):294–307.
doi: 10.1002/path.4359

38. Barnado A, Crofford LJ, Oates JC. At the Bedside: Neutrophil Extracellular
Traps (Nets) as Targets for Biomarkers and Therapies in Autoimmune
Diseases. J Leukoc Biol (2016) 99(2):265–78. doi: 10.1189/jlb.5BT0615-234R

39. Delgado-Rizo V, Martinez-Guzman MA, Iniguez-Gutierrez L, Garcia-Orozco
A, Alvarado-Navarro A, Fafutis-Morris M. Neutrophil Extracellular Traps
and Its Implications in Inflammation: An Overview. Front Immunol (2017)
8:81. doi: 10.3389/fimmu.2017.00081

40. Fousert E, Toes R, Desai J. Neutrophil Extracellular Traps (Nets) Take the
Central Stage in Driving Autoimmune Responses. Cells (2020) 9(4):915.
doi: 10.3390/cells9040915

41. Lood C, Blanco LP, Purmalek MM, Carmona-Rivera C, De Ravin SS, Smith
CK, et al. Neutrophil Extracellular Traps Enriched in Oxidized Mitochondrial
DNA are Interferogenic and Contribute to Lupus-Like Disease. Nat Med
(2016) 22(2):146–53. doi: 10.1038/nm.4027

42. Hugle T. Beyond Allergy: The Role of Mast Cells in Fibrosis. Swiss Med Wkly
(2014) 144:w13999. doi: 10.4414/smw.2014.13999

43. Higashi-Kuwata N, Jinnin M, Makino T, Fukushima S, Inoue Y, Muchemwa
FC, et al. Characterization of Monocyte/Macrophage Subsets in the Skin and
Peripheral Blood Derived From Patients With Systemic Sclerosis. Arthritis Res
Ther (2010) 12(4):R128. doi: 10.1186/ar3066

44. Lopez-Cacho JM, Gallardo S, Posada M, Aguerri M, Calzada D, Mayayo T,
et al. Association of Immunological Cell Profiles With Specific Clinical
Phenotypes of Scleroderma Disease. BioMed Res Int (2014) 2014:148293.
doi: 10.1155/2014/148293

45. Orvain C, Assassi S, Avouac J, Allanore Y. Systemic Sclerosis Pathogenesis:
Contribution of Recent Advances in Genetics. Curr Opin Rheumatol (2020) 32
(6):505–14. doi: 10.1097/BOR.0000000000000735

46. Broen JC, Bossini-Castillo L, van Bon L, Vonk MC, Knaapen H, Beretta L,
et al. A Rare Polymorphism in the Gene for Toll-like Receptor 2 is Associated
May 2022 | Volume 13 | Article 868983

https://doi.org/10.1183/16000617.0023-2019
https://doi.org/10.1177/1535370218824101
https://doi.org/10.1136/ard.2009.114264
https://doi.org/10.1093/rheumatology/ken488
https://doi.org/10.1136/annrheumdis-2013-203301
https://doi.org/10.3390/cells9112338
https://doi.org/10.3390/cells9112338
https://doi.org/10.1111/cei.13238
https://doi.org/10.3390/jcm9092687
https://doi.org/10.1186/ar4457
https://doi.org/10.1186/ar4503
https://doi.org/10.1093/rheumatology/kes090
https://doi.org/10.1007/s11926-018-0709-5
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1186/1752-0509-8-S4-S11
https://doi.org/10.1093/nar/gky868
https://doi.org/10.3899/jrheum.160791
https://doi.org/10.1007/978-3-030-63046-1_19
https://doi.org/10.1016/j.jdermsci.2017.06.009
https://doi.org/10.1038/icb.2012.10
https://doi.org/10.1002/path.1711660307
https://doi.org/10.1186/s13075-020-02383-w
https://doi.org/10.1186/s13075-020-02383-w
https://doi.org/10.1155/2012/925135
https://doi.org/10.1155/2012/925135
https://doi.org/10.3389/fimmu.2020.01142
https://doi.org/10.1172/JCI131700
https://doi.org/10.1172/JCI131700
https://doi.org/10.1093/rheumatology/keaa669
https://doi.org/10.1016/j.jaci.2015.12.1330
https://doi.org/10.1136/annrheumdis-2016-209139
https://doi.org/10.1016/j.clim.2013.07.005
https://doi.org/10.1111/cei.13452
https://doi.org/10.3390/jcm9072136
https://doi.org/10.1080/1744666X.2019.1614915
https://doi.org/10.1002/path.4359
https://doi.org/10.1189/jlb.5BT0615-234R
https://doi.org/10.3389/fimmu.2017.00081
https://doi.org/10.3390/cells9040915
https://doi.org/10.1038/nm.4027
https://doi.org/10.4414/smw.2014.13999
https://doi.org/10.1186/ar3066
https://doi.org/10.1155/2014/148293
https://doi.org/10.1097/BOR.0000000000000735
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tu et al. Altered Cellular Immunity and IRGs in SSc-PAH
With Systemic Sclerosis Phenotype and Increases the Production of
Inflammatory Mediators. Arthritis Rheum (2012) 64(1):264–71. doi: 10.
1002/art.33325

47. Lawrence T. The Nuclear Factor NF-kappaB Pathway in Inflammation. Cold
Spring Harb Perspect Biol (2009) 1(6):a001651. doi: 10.1101/cshperspect.
a001651

48. Sun SC. The non-Canonical NF-kappaB Pathway in Immunity and
Inflammation. Nat Rev Immunol (2017) 17(9):545–58. doi: 10.1038/
nri.2017.52

49. McCoy SS, Reed TJ, Berthier CC, Tsou PS, Liu J, Gudjonsson JE, et al.
Scleroderma Keratinocytes Promote Fibroblast Activation Independent of
Transforming Growth Factor Beta. Rheumatol (Oxford) (2017) 56(11):1970–
81. doi: 10.1093/rheumatology/kex280

50. Lei L, He ZY, Zhao C, Sun XJ, Zhong XN. Elevated Frequencies of CD4(+) Il-
21(+) T, Cd4(+) Il-21r(+) T and IL-21(+) Th17 Cells, and Increased Levels of
IL-21 in Bleomycin-Induced Mice may be Associated With Dermal and
Pulmonary Inflammation and Fibrosis. Int J Rheum Dis (2016) 19(4):392–
404. doi: 10.1111/1756-185X.12522

51. Ricard L, Jachiet V, Malard F, Ye Y, Stocker N, Riviere S, et al. Circulating
Follicular Helper T Cells are Increased in Systemic Sclerosis and Promote
Plasmablast Differentiation Through the IL-21 Pathway Which can be
Inhibited by Ruxolitinib. Ann Rheum Dis (2019) 78(4):539–50.
doi: 10.1136/annrheumdis-2018-214382

52. Wang D, Lei L. Interleukin-35 Regulates the Balance of Th17 and Treg
Responses During the Pathogenesis of Connective Tissue Diseases. Int J
Rheum Dis (2021) 24(1):21–7. doi: 10.1111/1756-185X.13962

53. Martin JE, Broen JC, Carmona FD, Teruel M, Simeon CP, Vonk MC, et al.
Identification of CSK as a Systemic Sclerosis Genetic Risk Factor Through
Genome Wide Association Study Follow-Up. Hum Mol Genet (2012) 21
(12):2825–35. doi: 10.1093/hmg/dds099

54. Manetti M, Allanore Y, Saad M, Fatini C, Cohignac V, Guiducci S, et al.
Evidence for Caveolin-1 as a New Susceptibility Gene Regulating Tissue
Fibrosis in Systemic Sclerosis. Ann Rheum Dis (2012) 71(6):1034–41.
doi: 10.1136/annrheumdis-2011-200986

55. Gorlova O, Martin JE, Rueda B, Koeleman BP, Ying J, Teruel M, et al.
Identification of Novel Genetic Markers Associated With Clinical Phenotypes
of Systemic Sclerosis Through a Genome-Wide Association Strategy. PLos
Genet (2011) 7(7):e1002178. doi: 10.1371/journal.pgen.1002178

56. de Vries S, Naarmann-de Vries IS, Urlaub H, Lue H, Bernhagen J, Ostareck
DH, et al. Identification of DEAD-box RNA Helicase 6 (DDX6) as a
Cellular Modulator of Vascular Endothelial Growth Factor Expression
Under Hypoxia. J Biol Chem (2013) 288(8):5815–27. doi: 10.1074/
jbc.M112.420711
Frontiers in Immunology | www.frontiersin.org 14
57. Risbano MG, Meadows CA, Coldren CD, Jenkins TJ, Edwards MG, Collier D,
et al. Altered Immune Phenotype in Peripheral Blood Cells of Patients With
Scleroderma-Associated Pulmonary Hypertension. Clin Transl Sci (2010) 3
(5):210–8. doi: 10.1111/j.1752-8062.2010.00218.x

58. Jung SH, Yoo EH, Yu MJ, Song HM, Kang HY, Cho JY, et al. ARAP, a Novel
Adaptor Protein, is Required for TCR Signaling and Integrin-Mediated
Adhesion. J Immunol (2016) 197(3):942–52. doi: 10.4049/jimmunol.1501913

59. Wang C, Rauscher FJ, Cress WD, Chen J. Regulation of E2F1 Function by the
Nuclear Corepressor KAP1. J Biol Chem (2007) 282(41):29902–9.
doi: 10.1074/jbc.M704757200

60. Qiu Y, Zhao Y, Becker M, John S, Parekh BS, Huang S, et al. HDAC1
Acetylation is Linked to Progressive Modulation of Steroid Receptor-Induced
Gene Transcription. Mol Cell (2006) 22(5):669–79. doi: 10.1016/
j.molcel.2006.04.019

61. Liu Y, Smith PW, Jones DR. Breast Cancer Metastasis Suppressor 1 Functions
as a Corepressor by Enhancing Histone Deacetylase 1-Mediated Deacetylation
of RelA/p65 and Promoting Apoptosis. Mol Cell Biol (2006) 26(23):8683–96.
doi: 10.1128/MCB.00940-06

62. Cheadle C, Berger AE, Mathai SC, Grigoryev DN, Watkins TN, Sugawara Y,
et al. Erythroid-Specific Transcriptional Changes in PBMCs From Pulmonary
Hypertension Patients. PLos One (2012) 7(4):e34951. doi: 10.1371/
journal.pone.0034951

63. Pendergrass SA, Hayes E, Farina G, Lemaire R, Farber HW, Whitfield ML,
et al. Limited Systemic Sclerosis Patients With Pulmonary Arterial
Hypertension Show Biomarkers of Inflammation and Vascular Injury. PLos
One (2010) 5(8):e12106. doi: 10.1371/journal.pone.0012106

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Tu, Jin, Chen, Sun and Cai. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
May 2022 | Volume 13 | Article 868983

https://doi.org/10.1002/art.33325
https://doi.org/10.1002/art.33325
https://doi.org/10.1101/cshperspect.a001651
https://doi.org/10.1101/cshperspect.a001651
https://doi.org/10.1038/nri.2017.52
https://doi.org/10.1038/nri.2017.52
https://doi.org/10.1093/rheumatology/kex280
https://doi.org/10.1111/1756-185X.12522
https://doi.org/10.1136/annrheumdis-2018-214382
https://doi.org/10.1111/1756-185X.13962
https://doi.org/10.1093/hmg/dds099
https://doi.org/10.1136/annrheumdis-2011-200986
https://doi.org/10.1371/journal.pgen.1002178
https://doi.org/10.1074/jbc.M112.420711
https://doi.org/10.1074/jbc.M112.420711
https://doi.org/10.1111/j.1752-8062.2010.00218.x
https://doi.org/10.4049/jimmunol.1501913
https://doi.org/10.1074/jbc.M704757200
https://doi.org/10.1016/j.molcel.2006.04.019
https://doi.org/10.1016/j.molcel.2006.04.019
https://doi.org/10.1128/MCB.00940-06
https://doi.org/10.1371/journal.pone.0034951
https://doi.org/10.1371/journal.pone.0034951
https://doi.org/10.1371/journal.pone.0012106
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Altered Cellular Immunity and Differentially Expressed Immune-Related Genes in Patients With Systemic Sclerosis–Associated Pulmonary Arterial Hypertension
	Introduction
	Method
	Microarray Data Acquisition
	Data Preprocessing
	CIBERSORT Analysis Immune Cell Change
	Differentially Expressed Genes, Enrichment Analysis, and Gene Set Enrichment Analysis
	Protein–Protein Interaction Network Construction
	Weighted Coexpression Network Construction
	Potential Crucial Gene Identification and Candidate miRNA Prediction
	Statistical Analysis

	Results
	The Changes of Immune Cells in PBMCs
	Enrichment Analysis
	Identification of Differentially Expressed Genes
	Protein–Protein Interaction Network Analysis and Hub Gene Identification
	Identification of Potential Crucial Genes Associated With SSc
	Crucial Modules Identification via WGCNA
	Identification of Hub Genes
	Target miRNA Prediction and Coexpressed Network Construction

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


