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Background: Accumulating evidence indicates the inflammatory state of rheumatoid arthritis (RA)
predisposes to the acceleration of atherosclerosis (AS). Nevertheless, the potential mechanisms of
accelerating AS in RA have not been fully elucidated. Our current study was to probe the problem via multi-
microarray data analyses.

Methods: The transcriptional profiling of synovial tissues from RA (GSE55235 and GSE55457) and that
of atherosclerotic plaques from AS (GSE28829 and GSE41571) were downloaded from the Gene Expression
Omnibus database. Bioinformatics analyses procedures included identifying common differendally expressed
genes (DEGs), constructing protein-protein interaction network, key modules analysis and identifying
hub genes, validating hub genes by using external datasets (GSE77298 and GSE163154), Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses, constructing
transcription factor (TF)-miRNA coregulatory network and exploiting candidate drugs targeting hub genes.
Results: A total of 67 common DEGs were identified for downstream analyses. GO and KEGG analyses of
these genes expounded a critical role of inflammatory mediators and reactions in the comorbidities. Sixteen
hub genes were identified, and their functional analyses further highlighted a complicated inflammatory
micro-environment and signaling pathways involving RA and AS. Six TFs and four miRNAs interacted with
hub genes, and the candidate drugs targeting them were simvastatin, 5-azacytidine, bisindolylmaleimide,
retinoic acid, and verteporfin, etc.

Conclusions: Our comprehensive bioinformatics analyses provided a novel view regarding the potential
pathogenesis of AS in RA. Furthermore, exploitation of candidate drugs might hold great promise in the
future fight against the comorbidities.
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Introduction

Atherosclerosis (AS) is recognized as a slow, aggressive non-
bacterial inflammatory disorder within the arterial wall,
involving endothelial dysfunction, vascular smooth muscle
cells, macrophage migration, phenotypic transformation,
lipid deposit, plaque rupture, and consequential acute
ischemic vascular events. Rheumatoid arthritis (RA) is a
chronic systemic autoimmune inflammatory disease which
contributes an augmented risk of cardiovascular diseases
(CVD), including myocardial infarction and stroke (1), and
represents a tremendous socioeconomic burden worldwide.
Accumulating evidence indicates the RA inflammatory
state predisposes to the acceleration of AS (2,3). Not
only are shared their risk factors between RA and AS,
such as smoking, diabetes mellitus, obesity, and genetic
risk factors, the two disorders share many overlapping
immune environmental factors, including inflammatory
cytokines/chemokines, and local and systemic immune
reactions involved signaling pathways. Multi-aspects of
the pathophysiological process of AS can be mirrored
in diseased RA synovium, including distinct immune
cell infiltration, extracellular matrix remodeling, and
neovascularization. Nevertheless, the potential mechanisms
of accelerating AS in RA have not been fully elucidated.

The small sample size and lack of clinical significance of
previous studies produced the present study. In this study,
a comprehensive bioinformatics analysis was implemented
to probe the underlying relevance of the pathogenesis
of RA complicated with AS. Firstly, we integrated
transcriptional profiling of synovial tissues from both RA
and atherosclerotic plaques from AS, and identified their
common differentially expressed genes (DEGs) and hub
genes. Secondly, we probed their function and involved
molecular mechanisms to investigate whether and how RA
plays a causative role in AS progression. Finally, exploitation
of candidate drugs targeting hub genes was conducted,
which may hold great promise in the future fight against
the comorbidities. To our knowledge, few comprehensive
analyses of RA and AS via multi-microarray data analyses
have been reported. We present the following article in
accordance with the STREGA reporting checklist (available
at https://atm.amegroups.com/article/view/10.21037/atm-
22-4934/rc).
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Methods
Datasets collection

The GSE55235 and GSES55457 datasets expound the
transcriptional profiling of synovial tissues in patients
with RA compared with healthy individuals, and the
GSE28829 and GSE41571 datasets elucidate the specifical
transcriptional signatures of advanced atherosclerotic
plaques compared with early AS. The mRNA expression
of hub genes subsequently identified were verified in the
GSE77298 and GSE163154 datasets, respectively. The
flowchart for the current research is shown in Figure 1.
All datasets were extracted from the GEO database of the
National Center for Biotechnology Information platform
(https://www.ncbi.nlm.nih.gov/geo) (4,5), and information
on the platform, sample, source tissue, contributors, and
attributions for the six datasets is listed in Table 1. The
study was conducted in accordance with the Declaration of
Helsinki (as revised in 2013).

Identification of DEGs and common DEGs between RA
and AS

The original files (cel format) downloaded from the
GEO database were pre-processed and normalized by the
Robust Multiarray Average (RMA) method based on the R
software (version 3.6.3) Affy package (6). Probe sets with
no corresponding gene symbol or genes with more than
one probe set were removed or averaged, respectively, and
the ComBat function of the SVA package in R was used
to remove the batch effect. After background correction,
quality control, standardization, and ID transformation
from probes to gene symbols, we used GEO2R to identify
the DEGs between the different groups by comparing their
gene expression profile. GEO2R (7) (https://www.ncbi.nlm.
nih.gov/geo/ge2r) is a web-accessible analysis tool based
on two R packages, namely GEOquery (8) and limma (9),
the former to read data, and the latter to calculate the
differential expression multiple. The cut-off criteria for
statistical significance to identify DEGs was set as adjusted
P value <0.05 and llogfold change (FC)I>1. The DEGs
were fully visualized in a volcano plot and partially in a heat
map using the R package ‘ggplot2’ (https://cran.r-project.
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Figure 1 Flowchart for the current study. The DEGs for GSE55235 and GSE55457 datasets of RA and GSE28829 and GSE41571 datasets
of AS were identified using the GEO2R, respectively. Common DEGs of the two diseases were obtained via the ‘VennDiagram’. GO and

KEGG analyses were conducted for all common DEGs by the R programming language. From all common DEGs, a PPI network was

created, and key modules and candidate hub genes were screened, followed by validation of hub genes in the external datasets GSE77298 (RA)

and GSE163154 (AS). Following this, hub genes enrichment analysis using R, TF-miRNA coregulatory network analysis by NetworkAnalyst

and candidate drugs identification via DSigDB were conducted. RA, rheumatoid arthritis; AS, atherosclerosis; DEGs, differentially expressed

genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, protein-protein interaction; MCC, maximum

correlation criterion; TF, transcription factor.

Table 1 Information for selected microarray datasets

GEO
) Platform  Samples [number] Source tissue  Contributors Attribute
accession
GSE55235 GPL96 Rheumatoid arthritis [10]; healthy control [10] Human Woetzel D, Huber R, Test set
synovium Kupfer P, et al.
GSE55457  GPL96 Rheumatoid arthritis [13]; healthy control [10] Human Woetzel D, Huber R, Test set
synovium Kupfer P, et al.
GSE28829 GPL570  Advanced atherosclerotic plaque [16]; early Human carotid Manca M, Biessen E, Test set
atherosclerotic plaque [13] atheroma Daemen M
GSE41571  GPL570  Unstable atheromatous lesions [ruptured, 5]; stable Human carotid Lee K, Santibanez-Koref Test set
atheromatous lesions [unruptured, 6] atheroma M, Polvikoski T, et al.
GSE77298 GPL570  Rheumatoid arthritis [16]; healthy control [7] Human Broeren MG Validation
synovium set
GSE163154 GPL6104 High-risk atherosclerotic lesion [intraplaque haemorrhage, Human carotid  Jin H, Biessen E Validation
27]; low-risk atherosclerotic lesion [non-intraplaque atheroma set

haemorrhage, 16]

GPL96, (HG-U133A) Affymetrix Human Genome U133A Array; GPL570, (HG-U133_Plus_2) Affymetrix Human Genome U133 Plus 2.0
Array; GPL6104, lllumina humanRef-8 v2.0 expression beadchip.
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org/web/packages/ggplot2/) and ‘complexHeatmap’ (10),
respectively. The identification of common DEGs between
RA and AS was acquired by the R programming language
and visualized through the ‘VennDiagram’ (https://cran.
r-project.org/web/packages/VennDiagram/).

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses

GO (11,12) and KEGG (13,14) pathway enrichment
analyses of common DEGs or hub genes were performed by
the R package ‘clusterProfiler’ (http://www.bioconductor.
org/packages/release/bioc/html/clusterProfiler.html) (15).
The enrichment analysis results of GO categories included
biological process (BP), cellular component (CC), and
molecular function (MF) (16). To illustrate and understand
the metabolic or signaling pathways which the DEGs might
be involved in, KEGG pathway enrichment analysis was
simultaneously implemented, and the significance threshold
was adjusted P value <0.05.

Protein-protein interactions (PPI) network and key module
construction

PPI networks can provide abundant information on
the functional interactions between proteins in cellular
biology studies (17,18). The common DEGs were input
into Search Tool for the Retrieval of Interacting Genes
(STRING) (https://string-db.org/) online for creating a PPI
network (19). STRING transmits experimental and
predictive interaction-founded information and the
interaction defined with 3-dimensional structures, auxiliary
biomedical information, and confidence score (20). The
confidence score in the current study was set as 0.400, a
middle value utilizing the STRING platform. Subsequently,
the acquired PPIs network was reimported into Cytoscape
for further analysis (https://cytoscape.org/) (21,22), and
Cytoscape’s plug-in molecular complex detection technology
(MCODE) was applied to probe key functional modules.
The selection criteria weres set as: K-core =2, degree cutoff
=2, max depth =100, and node score cutoff =0.2.

Candidate bub gene identification

The Cytoscape software plugin cytoHubba uses multiple
scoring methods to dissect the PPIs network. The top
20 genes chosen by the topological algorithm of maximum
correlation criterion (MCC) were overlapped with genes in
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the key modules, and the overlapped genes were identified
as candidate hub genes.

Validation of bub gene expression in external datasets and
enrichment analyses

The mRNA expression level of candidate hub genes
was verified in the GSE77298 and GSE163154 datasets,
respectively. The GSE77298 dataset included 16 RA and
seven healthy controls, while the GSE163154 dataset
contained 27 high-risk atherosclerotic lesion (intraplaque
haemorrhage) and 16 low-risk atherosclerotic lesion (non-
intraplaque haemorrhage), which indicated the different
stages of AS progression. Student’s t-test was used for group
comparisons of continuous variables distributed normally,
while the Mann-Whitney U-test was used for variables with
an abnormal distribution. The significance threshold was
P value <0.05. The aforementioned candidate hub genes
that were simultaneously differentially expressed in the
GSE77298 and GSE163154 datasets were confirmed as hub
genes. Thereafter the GO and KEGG pathway analyses
of confirmed hub genes were executed via R package
‘clusterProfiler’.

Transcription factor (TF)-miRNA coregulatory network

The reciprocity of TFs and miRNAs with the hub genes
may play a vital role in regulating the expression of hub
genes. The TF-miRNA coregulatory network for hub
genes was established using NetworkAnalyst (https://www.
networkanalyst.ca/), a powerful online-based platform for
comprehensive analyses, systematic interpretation, and
deciphering of gene expression (23,24) and RegNetwork
repository, a synthetical database of transcriptional and
post-transcriptional regulating networks (25).

Identification of candidate drugs

The identification of candidate drugs for treating RA
combined with AS focused on the aforementioned
confirmed hub genes. The user-friendly web-based
enrichment analysis platform Enrichr (26) furnishes free
access to the Drug Signatures database (DSigDB, http://
biotechlab.fudan.edu.cn/database/drugsig/). DSigDB (27)
is an absolute drug response gene signature database
assembling drug response microarray data and annotated
drug and target information derived from public databases
and scientific documentation and was established by singling
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out the top 500 upregulated and downregulated genes
as drug signatures. Current DrugSig includes more than
1,300 drugs, 7,000 microarrays, and 800 targets, enabling
computational drug repositioning to exploit neoteric
drugs that may target hub genes. The cut-off criterion was
P-adjusted <0.05.

Results
Identification of DEGs

Following standardization there was a fundamentally same
average gene expression value for each sample, and the
differences between groups were examined with principal
component analysis (PCA), indicating the sample data
were credible. The data pre-processing is presented in
Figure S1. After comprehensive analysis of RA-related
datasets GSES55235 and GSES55457, 418 DEGs were
upregulated and 268 were downregulated, while for the
AS-related datasets GSE28829 and GSE41571, 162 DEGs
were upregulated and 79 downregulated. The expression
profiling for the two diseases is visualized in a volcano plot
(Figure 2A4,2B), respectively, and that of the top 20 genes
with high and low expression level is visualized in a heat
map (Figure 2C,2D), respectively. As shown in Figure 2F,
following overlap of these DEGs there were 63 common
upregulated and four common downregulated DEGs

between RA and AS.

GO and KEGG pathway enrichment analyses of common
DEGs

GO and KEGG pathway enrichment analyses were
conducted to probe the biological functions and pathways
involved in RA and AS of the 67 common DEGs, and
the top 10 terms of each category (BP, CC and MF) are
visualized in the bubble diagram (Figure 34). KEGG
analysis is shown in Figure 3B, and GO and KEGG analyses
information are presented in Table S1 in detail. The BP
subset indicated common DEGs were highly enhanced in
leukocyte migration, regulation of lymphocyte activation,
neutrophil activation, and phagocytosis, and the CC
subsection mainly manifested external side of plasma
membrane, tertiary granule, secretory granule membrane,
and endocytic vesicle membrane. The MF part expounded
antigen binding, MHC class II protein complex, and
immunoglobulin receptor binding and chemokine activity.
KEGG pathway enrichment analyses showed common

© Annals of Translational Medicine. All rights reserved.
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DEGs were significantly involved in phagosome, viral
myocarditis, tuberculosis, intestinal immune network for
IgA production, hematopoietic cell lineage, cell adhesion
molecules, rheumatoid arthritis, leukocyte transendothelial
migration, the chemokine signaling pathway, the NF-xB
signaling pathway, the Toll-like receptor signaling pathway,
apoptosis, and Th1 and Th2 cell differentiation.

PPI network and key module construction

A PPI network was established for further analysis including
module analysis, hub genes identification, and TF-miRNA
coregulatory network construction, and the network
contained 52 nodes and 229 edges. To probe key functional
modules, MCODE was applied, and two modules were
generated (Figure 44). Detail information is listed in
Table S2.

Candidate bub gene identification

CytoHubba was applied, and the top 20 genes based on
MCC scoring are shown and highlighted in a sub-network
with 46 nodes and 220 edges (Figure 4B). To obtain
candidate hub genes, the 20 genes were overlapped with
those in the key modules. The overlapped genes were
identified as candidate hub genes, namely PTPRC, ITGB2,
CD86, CSFIR, CTSS, TLRS, CDI14, MMP9, S100A49,
CD48, FCGR2B, CSF2RB, LCP1, DOCK2, RAC2, EVI2B,
CD52, HLA-DRA, CD300A, and NCKAPIL, and the details
are presented in Table 2.

Validation of bub gene expression in external datasets and
enrichment analyses

The mRINA expression level of 20 hub genes were verified
in the RA-related dataset GSE77298 and AS-related dataset
GSE163154, respectively. Compared with normal synovial
tissues, most hub genes were significantly upregulated in the
synovium of RA except for four genes, namely CTSS, CD14,
CD48, and FCGR2B (Figure 5). Although the four genes had
an ascending tendency in RA, they were excluded from hub
genes. Similarly, the expression of all hub genes in high-risk
atherosclerotic lesions with intraplaque haemorrhage was
also higher than in low-risk atherosclerotic lesions without
intraplaque haemorrhage (Figure 6). Accordingly, 16 hub
genes were confirmed and subject to further analysis. GO
enrichment analyses illustrated hub genes were significantly
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Figure 2 Identification of the DEGs for RA and AS respectively and the common DEGs for them. (A) Volcano plot of the distributions
of all DEGs for GSE55235 and GSE55457 of RA compared with healthy controls, mapping 418 upregulated genes (red dots) and 268
downregulated genes (blue dots) and genes without significant changes (grey dots). 1Log,FCI>1 and P-adjusted <0.05 were the cut-
off criteria. (B) Volcano plot of the distributions of all DEGs for GSE28829 and GSE41571 of AAP compared with EAP, mapping 162
upregulated genes (red dots) and 79 downregulated genes (blue dots) and genes without significant changes (grey dots). Log,FCI >1 and
P-adjusted <0.05 were the cut-off criteria. (C) Heat map of the top 40 DEGs in RA and healthy controls. (D) Heat map of the top 40 DEGs
in AAP and EAP. (E) Venn diagram. The four datasets for the two diseases showed an overlap of 67 common DEGs; 63 upregulated and four
downregulated. HC, healthy controls; RA, rheumatoid arthritis; AAP, advanced atherosclerotic plaque; EAP, early atherosclerotic plaque;
AS, atherosclerosis; DEGs, differentially expressed genes; FC, fold change.
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Figure 3 Enrichment analysis of the common DEGs. (A) Partial visualization of GO enrichment analysis for all common DEGs; (B) partial
visualization of KEGG pathway enrichment analysis for all common DEGs. BP, biological process; CC, cellular component; ME, molecular

function; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differendially expressed genes; GO, Gene Ontology.
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Figure 4 Key modules and genes identification. (A) Identification of key modules with DEGs. (B) Identification of candidate hub genes from
the PPI network of common differentially expressed genes. The top 20 genes ranked by their topological MCC value were highlighted and
identified as candidate hub genes, namely PTPRC, ITGB2, CD86, CSFIR, CTSS, TLRS, CD14, MMP9, S10049, CD48, FCGR2B, CSF2RB,
LCPI, DOCK2, RAC2, EVI2B, CD52, HLA-DRA, CD300A, and NCKAPIL. The network has 46 nodes and 220 edges. DEGs, differentially

expressed genes; PPI, protein-protein interaction; MCC, maximum correlation criterion.
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Table 2 Details of the 20 candidate hub genes

No. Gene Full name of protein Main function
symbol
1 PTPRC Receptor-type Protein tyrosine-protein phosphatase required for T-cell activation through the antigen receptor;
tyrosine-protein acts as a positive regulator of T-cell coactivation upon binding to DPP4
phosphatase C
2 ITGB2 Integrin beta-2 Integrin ITGAL/ITGB?2 is a receptor for ICAMs and the secreted form of ubiquitin-like protein ISG15;
the interaction is mediated by ITGA; receptors for the iC3b fragment of the third complement
component and for fibrinogen; integrin ITGAX/ITGB2 recognizes the sequence G-P-R in fibrinogen
alpha-chain; integrin ITGAD/ITGB?2 is a receptor for ICAM3 and VCAM1, contributes to natural
killer cell cytotoxicity; involved in leukocyte adhesion and transmigration of leukocytes; integrin
ITGAL/ITGB2 in association with ICAM3 contributes to apoptotic neutrophil phagocytosis by
macrophages
3 CD86 T-lymphocyte Receptor involved in the costimulatory signal essential for T-lymphocyte proliferation and
activation antigen interleukin-2 production; plays a critical role in the early events of T-cell activation and costimulation
CD86 of naive T-cells; involved in the regulation of B cells function and plays a role in regulating the
level of IgG1 produced; upon CD40 engagement, activates NF-kappa-B signaling pathway via
phospholipase C and protein kinase C activation
4 CSF1R Macrophage colony- Tyrosine-protein kinase that acts as cell-surface receptor for CSF1 and IL34 and plays an essential
stimulating factor 1  role in the regulation of survival, proliferation, and differentiation of hematopoietic precursor cells,
receptor especially mononuclear phagocytes, such as macrophages and monocytes; promotes the release
of proinflammatory chemokines in response to IL34 and CSF1 in innate immunity; promotes
reorganization of the actin cytoskeleton, regulates formation of membrane ruffles, cell adhesion,
and cell migration, and promotes cancer cell invasion; activates several signaling pathways in
response to ligand binding, including the ERK1/2 and the JNK pathway
5 CTSS Cathepsin S Thiol protease, key protease responsible for the removal of the invariant chain from MHC class II
molecules and MHC class Il antigen presentation; the bond-specificity of this proteinase is in part
similar to the specificities of cathepsin L
6 TLR8 Toll-like receptor 8  Endosomal receptor that plays a key role in innate and adaptive immunity; controls host immune
response against pathogens through recognition of RNA degradation products specific to
microorganisms; recognizes GU-rich single-stranded RNA derived from SARS-CoV-2, SARS-
CoV-1, and HIV-1 viruses; upon binding to agonists, undergoes dimerization that brings TIR
domains from the two molecules into direct contact, leading to the recruitment of TIR-containing
downstream adapter MYD88 through homotypic interaction; in turn, the Myddosome signaling
complex is formed involving IRAK4, IRAK1, TRAF6, and TRAF3 leading to activation of downstream
transcription factors NF-kappa-B and IRF7 to induce proinflammatory cytokines and interferons,
respectively
7 CD14 Monocyte Coreceptor for bacterial lipopolysaccharide; mediates the innate immune response to bacterial
differentiation lipopolysaccharide; acts via MyD88, TIRAP, and TRAF6, leading to NF-kappa-B activation, cytokine
antigen CD14 secretion, and the inflammatory response; binds electronegative LDL and mediates the cytokine
release
8 MMP9 Matrix Matrix metalloproteinase that plays an essential role in local proteolysis of the extracellular matrix
metalloproteinase-9 and in leukocyte migration; cleaves type IV and type V collagen into large C-terminal three quarter
fragments and shorter N-terminal one quarter fragments; degrades fibronectin
9 S100A9  Protein S100-A9 Regulates neutrophil number and apoptosis by an anti-apoptotic effect; regulates cell survival via
ITGAM/ITGB and TLR4 and a signaling mechanism involving MEK-ERK
10 CD48 CD48 antigen Ligand for CD2; might facilitate interaction between activated lymphocytes; probably involved in

regulating T-cell activation

Table 2 (continued)
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No. Gene Full name of protein Main function

symbol

11 FCGR2B Low affinity Receptor for the Fc region of complexed or aggregated gamma immunoglobulins; involved in
immunoglobulin a variety of effector and regulatory functions such as phagocytosis of immune complexes and
gamma Fc region modulation of antibody production by B-cells; binds to this receptor results in down-modulation of
receptor ll-b previous state of cell activation triggered via antigen receptors on B-cells (BCR), T-cells (TCR), or

via another Fc receptor

12 CSF2RB Cytokine receptor  High affinity receptor for interleukin-3, interleukin-5, and granulocyte-macrophage colony-
common subunit stimulating factor
beta

183 LCP1 Plastin-2 Actin-binding protein; plays a role in the activation of T-cells in response to costimulation through

TCR/CD3 and CD2 or CD28; modulates the cell surface expression of IL2RA/CD25 and CD69

14 DOCK2  Dedicator of Involved in cytoskeletal rearrangements required for lymphocyte migration in response to
cytokinesis protein 2 chemokines; activates RAC1 and RAC2 by functioning as a guanine nucleotide exchange factor;

participates in IL2 transcriptional activation via the activation of RAC2

15 RAC2 Ras-related C3 Plasma membrane-associated small GTPase which cycles between an active GTP-bound and
botulinum toxin inactive GDP-bound state; in the active state binds to a variety of effector proteins to regulate
substrate 2 cellular responses, such as secretory processes, phagocytose of apoptotic cells, and epithelial cell

polarization; augments the production of ROS by NADPH oxidase

16 EVI2B Protein EVI2B Required for granulocyte differentiation and functionality of hematopoietic progenitor cells through

the control of cell cycle progression and survival of hematopoietic progenitor cells

17 CD52 CAMPATH-1 antigen May play a role in carrying and orienting carbohydrate, as well as having a more specific role.

18 HLA-DRA HLAclass I An alpha chain of antigen-presenting MHC Il molecule; in complex with the beta chain HLA-DRB,
histocompatibility ~ displays antigenic peptides on professional APCs for recognition by TCR on HLA-DR-restricted
antigen, DR alpha = CD4-positive T cells; guides antigen-specific T-helper effector functions; presents peptides derived
chain from intracellular proteins that are trapped in autolysosomes after macroautophagy

19 CD300A CMRF35-like Inhibitory receptor which may contribute to the downregulation of cytolytic activity in natural killer
molecule 8 cells, and to the downregulation of mast cell degranulation; negatively regulates the TLR signaling

mediated by MYD88 but not TRIF through activation of PTPN6

20 NCKAPIL Nck-associated Essential hematopoietic-specific regulator of the actin cytoskeleton; controls lymphocyte

protein 1-like

development, activation, proliferation, and homeostasis, erythrocyte membrane stability, as well as
phagocytosis and migration by neutrophils and macrophages; required for efficient T-lymphocyte
and neutrophil migration; involved in mechanisms WAVE-independent to regulate myosin and actin
polymerization during neutrophil chemotaxis

LDL, low-density lipoprotein; GTP, guanosine triphosphate; GDP, guanosine diphosphate; ROS, reactive oxygen species; NADPH,
nicotinamide adenine dinucleotide phosphate; APCs, antigen-presenting cells.

involved in leukocyte proliferation, leukocyte cell-cell
adhesion, T cell activation, secretory granule membrane,
external side of plasma membrane, focal adhesion, Rac
GTPase binding, integrin binding, and MHC class II
receptor activity, while KEGG pathway enrichment analysis
revealed hub gens were significantly involved in viral
myocarditis, cell adhesion molecules, rheumatoid arthritis,
leukocyte transendothelial migration, the Rapl signaling
pathway, regulation of actin cytoskeleton, IL-17 signaling

© Annals of Translational Medicine. All rights reserved.

pathway, Fc gamma R-mediated phagocytosis, and the Toll-
like receptor signaling pathway. GO and KEGG analyses
outcomes are partially visualized in a bubble diagram
(Figure 7A4,7B), and 'Table S3 displays the analyses in detail.

TF-miRNA coregulatory network

The TF-miRNA coregulatory network is shown in Figure 8,
constituting 176 nodes (15 hub genes included) and 214
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Figure 5 Expression level validation of candidate hub genes in RA. Validation of the expression level of 20 candidate hub genes in the
external dataset GSE77298 (RA compared with healthy controls). *P<0.05; **P<0.01; ***P<0.001; ns, no significance. HC, healthy controls;

RA, rheumatoid arthritis.

16 H s
14 3 S ? }
o ° g ! i t 2 o
3 12 4 ) . *Non-IPH 3
€N R E = #=  eIPH 9]
10 o, . Y e ’
- o o2 . % ¢
8- 3 i
g ® .‘ ? N
T T T T T T T T T T
O Vv © Q5D > b~ ) () >
X F PSS FF
KEFF T VPSS

16 7 Kk
“ } ?
12 - A * ‘ « Non-IPH
1 & b . "% . ePH
o ° .%- ° : i
10 " N . s i
€ .1 F .
o K : } : .~
g & o * . : - b %'
. k% -8
T T T T T T T T T T
> N Vv 2 \%
& @99) Ksi Oc)‘liL & ¥ P S {yQ\
& & S RIS

Figure 6 Expression level validation of candidate hub genes in AS. Validation of the expression level of 20 candidate hub genes in the

external dataset GSE163154 (high-risk atherosclerotic lesion with intraplaque haemorrhage compared with low-risk atherosclerotic lesion

with non-intraplaque haemorrhage). *P<0.05; **P<0.01; ***P<0.001. IPH, intraplaque haemorrhage; AS, atherosclerosis.

edges and includes abundant interactions between TFs,
miRNAs, and hub genes. TFs, namely SPI1, MYC, 7UN,
TEAP2A, SP1, and CTCF interacted with 11, 5, 4, 4, 4, and
4 hub genes, respectively. Hsa-miR-204, hsa-miR-377, hsa-
miR-493, and hsa-miR-525-5p respectively interacted with
two hub genes simultaneously.

Identification of candidate drugs

Candidate drugs are depicted in Zable 3, namely simvastatin,
S-azacytidine, bisindolylmaleimide, retinoic acid, and
verteporfin.

Discussion

A growing body of research has demonstrated inflammation

© Annals of Translational Medicine. All rights reserved.

builds a bridge between RA and AS. However, the
underlying mechanisms of the pathogenesis of AS in RA
patients remains unclear. In the present study, we analyzed
several microarray data by a series of bioinformatics
methods and attempted to comprehensively demonstrate
the pathogenesis involved and provide new therapeutic
targets for AS in RA.

Firstly, we identified 67 common DEGs between RA
and AS and explored biological functions of these genes
through GO and KEGG pathway enrichment analyses.
The GO analysis results were concentrated at inflammatory
cells-mediated inflammatory immune responses, which
indicated inflammation played an essential role in the
initial period of AS in RA. RA is recognized as a chronic
autoimmune disease characterized by progressive systemic
inflammation. Various immune cells are involved in the
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Annals of Translational Medicine,

Vol 10, No 21 November 2022

A Neutrophil mediated immunity
Neutrophil activation

Neutrophil activation involved in immune response -
Neutrophil degranulation -

T cell activation -

Leukocyte cell-cell adhesion

Leukocyte proliferation

Mononuclear cell proliferation -

Lymphocyte proliferation

Alpha-beta T cell activation

Cell-substrate junction
Cell-substrate adherens junction
Focal adhesion

External side of plasma membrane -
Secretory granule membrane
Ficolin-1-rich granule -

Tertiary granule -

Ficolin-1-rich granule membrane
Actin filament 4

Tertiary granule membrane

Kinase regulator activity
Protein kinase regulator activity
Rho GTPase binding

Integrin binding

Rac GTPase binding
Long-chain fatty acid binding
Toll-like receptor binding

Phosphatidylethanolamine binding
MHC class Il receptor activity

o
o
RAGE receptor binding {1 ®
o
®

@
T
, P.adjust:
0.06
0.04
0.02
8| Counts
o1
® Q¢
° Or
[
4
O
4
] =
m
T T T T
0.1 0.2 0.3 0.4
Gene Ratio

Page 11 of 17

Cell adhesion molecules -

Viral myocarditis -

Regulation of actin cytoskeleton - .
Rap1 signaling pathway - .
Transcriptional misregulation in cancer .
Leukocyte transendothelial migration | . P.adjust:
. » 0.04
Rheumatoid arthritis - . 0.03
Toll-like receptor signaling pathway | @ ggf
Hematopoietic cell lineage | ® =
m
® | Counts
Fc gamma R-mediated phagocytosis | @ © 0 2
(OX
Staphylococcus aureus infection { @
B O+
IL-17 signaling pathway | @
Leishmaniasis 4| @
Autoimmune thyroid disease -| @
Intestinal immune network for IgA production { @
Type | diabetes mellitus { @
Graft-versus-host disease | @
Allograft rejection { ®
T T T
0.15 0.20 0.25 0.30 0.35
Gene Ratio
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Table 3 Screening of candidate drugs targeting hub genes

You et al. Molecular link of atherosclerosis and rheumatoid arthritis

Term P value Adjusted P value Genes

Simvastatin CTD 00007319 8.27E-08 7.00E-05 CD86; ITGB2; RAC2; HLA-DRA; MMP9; S100A9

5-azacytidine CTD 00005455 6.11E-06 0.00103537 PTPRC; ITGB2; HLA-DRA; MMP9; S100A9

Bisindolylmaleimide i CTD 00002749 1.62E-05 0.001501768 CD86; ITGB2; MMP9

Retinoic acid CTD 00006918 5.99E-05 0.003227657 CD86; CSF1R; CD52; PTPRC; CD300A; ITGB2; RAC2;
HLA-DRA; EVI2B; MMP9; S100A9

Verteporfin HL60 DOWN 6.25E-05 0.003227657 PTPRC; CD300A; ITGB2; CSF2RB

pathomechanism of RA, such as DCs, T cells, B cells,
and macrophages, through releasing pro-inflammatory
cytokines, secreting autoantibodies, and triggering the
complement cascade, which promotes the establishment and
maintenance of an inflammatory state (28). Coincidentally,
these immune cells and inflammatory processes also take
part in the pathogenesis of AS (29,30). This evidence
lends support to the hypothesis that auto immune and
inflammation result in the initiation and progression of
atherosclerotic plaque in patients with RA. KEGG analysis
also drew our attention to cytokine-cytokine receptor
interactions. Many kinds of cytokines have been proven
to participate in the establishment of inflammation in
RA, such as tumor necrosis factor-a, interleukin-17A,
and interferon-y (IFN-y) (31). These cytokines can cause
cartilage and bone pathological damage through enhancing
antigen presentation and macrophage activation, inducing
inflammatory cells differentiation and recruitment, other
inflammatory cytokines, and chemokine production (28).
These cytokines and associated signaling pathways are also
part of the pathogenesis of AS (32) and include IFN-y,
which aggravated neointimal hyperplasia and cholesterol
accumulation by inducing endoplasmic reticulum stress and
apoptosis, which accelerated AS (33,34). Cytokine-cytokine
receptor interaction probably takes part in the development
of AS in RA patients. In addition, cell adhesion molecules
are indicated as an important pathway in the relationship
between RA and AS. Adhesion molecules have been shown
be highly expressed in RA synovial tissue cells, especially
junctional adhesion molecule (JAM), intracellular adhesion
molecule ICAM), and vascular cell adhesion molecular
(VCAM) (35). Recent studies have reported JAM-C
was increased in an AS mouse model, and decreasing its
expression could attenuate atherogenesis through reducing
neointimal hyperplasia and monocyte recruitment (36-38).
These results indicate JAM-C might provide a novel
molecular target in AS, and treatment with anti-JAM-C

© Annals of Translational Medicine. All rights reserved.

antibody might ameliorate AS in RA patients. In addition,
the Toll-like receptor signaling pathway has been reported
to be a potential link between RA and AS (39), and our
results also found it increased risk the risk of AS in RA
patients. These pathways might account for the relationship
between RA and AS and could be studied subsequently.
Secondly, to investigate the pathogenesis of AS in RA, we
identified 20 hub genes based on common DEGs through
PPI network and key module construction. Moreover,
we successfully verified 16 hub genes in other datasets to
improve the credibility and universality of our results. The
reason why the four hub genes were not validated may be
because of the relatively small sample size of the external
RA dataset. CD86 is a co-stimulatory molecule in the cell
membrane of dendritic cells (DCs) and plays an important
immunomodulatory function in T cell activation (40,41). It
has been reported that the differentiation and maturation
of DCs with the upregulation of CD86 might accelerate
RA, and importantly, researchers have found low-density
lipoprotein (LDL) and oxidized LDL (oxLDL), which
trigger the development of AS, could induce the expression
of CD&6 (42). On the contrary, reducing the level of CD86
and subsequent DCs maturation could be a therapeutic
target for both RA and AS (43). In our current study, CD86
was upregulated in these diseases, which is consistent with
previous studies (42,43) and indicated it was probably a
key molecule linking the two. MMPY is considered an
enhancer of extracellular matrix destruction, and its level is
higher in unstable plaques. It has been reported that MMP9
levels were up-regulated in RA, which partly explains
the AS burden and plaque vulnerability in the disease
(44-46). Nevertheless, drugs that reduce its expression
level have the therapeutic potential to prevent AS in RA
patients (47,48). In addition, TLR8 and S10049 have been
indicated as mediators between RA and AS (49,50), and
other hub genes related with either have been reported,
although further research is required to explore their role
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in the pathogenesis. These genes might be involved in the
development of AS in RA and could become preventive
and therapeutic targets. Similarly, we performed GO
and KEGG pathway enrichment analyses of the 16 hub
genes mentioned previously, and the results were the same
as those found with common DEGs. In addition to the
previously mentioned pathways, the Rapl signaling pathway
was one of the top items in enrichment analyses. Recent
studies have indicated suppression of Rapl might contribute
to the pathogenesis of RA (51-53), and the Rapl signaling
pathway offers protection against AS progression through
stimulating nitric oxide (NO) release and restricting
proinflammatory signaling (54). However, a previous study
has found the activity of Rapl was up-regulated in AS (55),
and the role of the Rapl signaling pathway in RA-induced
AS requires further study.

Targeting the regulatory elements of common and hub
genes is also a therapeutic option. Therefore, we constructed
a TF-miRNA coregulatory network to investigate upstream
molecules of hub genes. MYC is an important transcription
factor that tightly correlates to cell proliferation (56), and
many researchers have found its level is up-regulated in
RA and that drug treatment could inhibit its expression
(57,58). Consistent with this trend, the expression of
MYC was increased in AS lesions, and decreasing its level
could reduce the pathogenesis of AS (59,60). These results
indicated targeted therapy to MYC might prevent AS in RA
patients. Although other transcription factors or miRNAs
have not been related to both RA and AS yet, our study
could provide a direction for further research. For instance,
hsa-miR-204 was downregulated in RA as a target of long
non-coding RNA NEAT1, and decreasing its expression
level was related to the promotion of cell proliferation,
inflammatory cytokine production, and the attenuation of
cell apoptosis (61,62). Several pathological processes of AS
have been reported as being influenced by hsa-miR-204,
including vascular and valves calcification, ageing, foam
cell formation, inflammation, apoptosis, endothelial cell
dysfunction, and vascular smooth muscle cell proliferation
and migration (63-67). These and other results suggest
hsa-miR-204 probably acts as a key molecule in the
development of AS in RA and deserves further study. In
addition, hsa-miR-377, hsa-miR-493, and hsa-miR-525-5p
have been reported in either RA or AS (68-73), and whether
these miRNAs take part in the other disease is also worthy
of further investigation.

Lastly, we identified candidate drugs based on hub
genes by bioinformatic methods to treat patients with RA

© Annals of Translational Medicine. All rights reserved.

Page 13 of 17

and AS. Apart from classical anti-atherosclerotic drugs,
such as simvastatin, several newfound therapeutic options
attracted our attention, including 5-azacytidine, a DNA
methyltransferase-1 inhibitor, which could exert a protective
effect from AS through promoting the maintenance
of vascular smooth muscle cells, reducing pathological
vascular remodeling, and decreasing inflammatory cytokine
expression (74). Another study also reported 5-azacytidine
reduced disturbed flow-induced endothelial inflammation
and the development of AS in a mouse model (75), and
this beneficial effect could also be achieved by suppressing
macrophage inflammation (76). DNA hypermethylation
also plays an essential role in the pathogenesis of RA, and
S-azacytidine could ameliorate its progression (77,78).
Therefore, treatment of RA with 5-azacytidine might not
only improve RA but also slow the development of AS in RA
patients. Retinoic acid exhibited its beneficial effect on RA
through inhibiting the inflammatory response, suppressing
cell motility, migration, and invasiveness, and inducing
apoptosis (79,80), and the retinoic acid signaling pathway is
dysregulated in AS (81,82). To sum up, these candidate drugs
could be therapeutic for patients with RA and AS.

Recently, several researches attempted to explore the
influence of coronary artery disease and subclinical AS
related polymorphisms on the risk of AS in RA, yet most of
these studies draw negative results. However, Kisiel et al.
reported that similar genetic factors played a pathogenic
role in RA patients with early subclinical AS. But the role
might decrease with the prolongation of the AS course,
which might be resulted from the effect of anti-rheumatic
drugs (83). These inconsistent conclusions remind us that
our results also need to be verified in other AS population.
To sum up, identified DEGs and hub genes, enriched GO
and KEGG pathways, gotten TFs and miRNAs, especially
suggested candidate drugs could become therapeutic for RA
patients with clinical and subclinical AS, which deserved
further experimental research and clinical study.

The novelty of our study is mainly featured in following
aspects compared with previous researches. Firstly, four
study datasets and two validation datasets were used in our
study, the results of which were more convincing. Secondly,
candidate drugs were identified in our study, which could be
therapeutic for patients with RA and AS.

The leading limitation of the current study is its lack of
basic and clinical experimental verification. Although we
have verified primary results in external datasets, further
experiments would provide more powerful evidence for
the transformation and application of our findings in

Ann Transl Med 2022;10(21):1164 | https://dx.doi.org/10.21037/atm-22-4934



Page 14 of 17

clinical work. In addition, though previous studies have
reported genetic associations of AS plaques with RA (84,85),
enrichment of common genetic factors for RA and AS in
these DEGs requires verification.

In conclusion, our comprehensive bioinformatics
analyses of transcriptional profiling provides a novel
view regarding the potential pathogenesis of AS in RA.
Furthermore, exploitation of candidate drugs targeting hub
genes might hold great promise in the future fight against
the comorbidities.
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Figure S1 Data preprocessing. (A) Pre-normalization for GSE55235 and GSE55457. (B) Post-normalization for GSE55235 and GSE55457.
(C-D) Principal component analysis (PCA) for GSE55235 and GSE55457. (E) Pre-normalization for GSE28829 and GSE41571. (F) Post-
normalization for GSE28829 and GSE41571. (G-H) PCA for GSE28829 and GSE41571. HC, healthy controls; RA, rheumatoid arthritis;
EAP, early atherosclerotic plaque; AAP, advanced atherosclerotic plaque.
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Table S1 Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses of common differentially expressed genes.

ONTOLOGY ID Description Gene Ratio BgRatio P value p.adjust gvalue genelD Count
BP G0:0050900 leukocyte migration 17/60 499/18670 1.85598E-13 3.23684E-10 2.02205E-10 CD48/NCKAP1L/IGHM/IGKC/IGLC1/ITGB2/RAC2/S100A9/CCL13/CCL18/CCL19/CXCR4/PLA2G7/CORO1A/ 17
CD300A/IGLV1-44/SLAMF8
BP GO0:0051249 regulation of lymphocyte activation 16/60 485/18670 1.75971E-12 1.52661E-09 9.53674E-10 CD86/FCGR2B/NCKAP1L/HLA-DMB/IGHM/IGKC/IGLC1/PTPRC/RAC2/CCL19/CORO1A/CD300A/MZB1/ 16
SLAMF8/SAMSN1/IGLL5
BP G0:0042119 neutrophil activation 16/60 498/18670 2.62606E-12 1.52661E-09 9.53674E-10 ALOX5/CD14/CTSC/CTSS/CYBA/DOCK2/FCGR2B/NCKAP1L/ITGB2/MMP9/SERPINA1/PTPRC/S100A9/ 16
SLC2A5/VAMP8/CD300A
BP G0:0006909 phagocytosis 14/60 369/18670 8.27003E-12 3.60573E-09 2.25249E-09 CD14/CYBA/DOCK2/FCGR2B/NCKAP1L/IGHM/IGKC/IGLC1/ITGB2/PTPRC/CORO1A/CD300A/IGLV1-44/ 14
IGLL5
BP G0:0050864 regulation of B cell activation 11/60 184/18670 1.42121E-11 4.9572E-09 3.09675E-09 FCGR2B/NCKAP1L/IGHM/IGKC/IGLC1/PTPRC/CD300A/MZB1/SLAMF8/SAMSN1/IGLL5 11
BP G0:0043312 neutrophil degranulation 15/60 485/18670 2.43026E-11 6.60473E-09 4.12596E-09 ALOX5/CD14/CTSC/CTSS/CYBA/DOCK2/NCKAP1L/ITGB2/MMP9/SERPINA1/PTPRC/S100A9/SLC2A5/ 15
VAMP8/CD300A
BP G0:0002283 neutrophil activation involved in immune response 15/60 488/18670 2.65098E-11 6.60473E-09 4.12596E-09 ALOX5/CD14/CTSC/CTSS/CYBA/DOCK2/NCKAP1L/ITGB2/MMP9/SERPINA1/PTPRC/S100A9/SLC2A5/ 15
VAMP8/CD300A
BP G0:0002446 neutrophil mediated immunity 15/60 499/18670 3.62817E-11 7.9094E-09 4.94099E-09 ALOX5/CD14/CTSC/CTSS/CYBA/DOCK2/NCKAP1L/ITGB2/MMP9/SERPINA1/PTPRC/S100A9/SLC2A5/ 15
VAMP8/CD300A
BP G0:0030595 leukocyte chemotaxis 11/60 224/18670 1.18654E-10 2.29925E-08 1.43634E-08 NCKAP1L/ITGB2/RAC2/S100A9/CCL13/CCL18/CCL19/CXCR4/PLA2G7/CORO1A/SLAMF8 11
BP G0:0002697 regulation of immune effector process 14/60 458/18670 1.45234E-10 2.45605E-08 1.53429E-08 CD86/FCGR2B/HLA-DMB/IGKC/IGLC1/ITGB2/PTPRC/RAC2/CCL19/VAMP8/CD300A/IGLV1-44/MZB1/ 14
SLAMF8
CcC G0:0009897 external side of plasma membrane 11/63 393/19717 4.17226E-08 6.67562E-06 3.90875E-06 CD14/CD86/FCGR2B/IGHM/IGKC/IGLC1/ITGB2/PTPRC/CXCR4/TLR8/IGLL5 11
CcC G0:0070820 tertiary granule 7/63 164/19717 9.06323E-07 7.25059E-05 4.24541E-05 CTSS/CYBA/NCKAP1L/ITGB2/MMP9/VAMP8/CD300A 7
cC G0:0101002 ficolin-1-rich granule 7/63 185/19717 2.02926E-06 0.000108227 6.33699E-05 ALOX5/CTSS/NCKAP1L/ITGB2/MMP9/SERPINA1/CD300A 7
cC G0:0030667 secretory granule membrane 8/63 298/19717 4.66784E-06 0.000186714 0.000109326 CD14/CYBA/NCKAP1L/ITGB2/PTPRC/SLC2A5/VAMP8/CD300A 8
CC GO0:0030666 endocytic vesicle membrane 6/63 167/19717 1.5378E-05 0.000450681 0.000263885 CYBA/FCGR1B/HLA-DRA/RAC2/VAMP8/CORO1A 6
CcC G0:0042613 MHC class Il protein complex 3/63 16/19717 1.69005E-05 0.000450681 0.000263885 HLA-DMA/HLA-DMB/HLA-DRA 3
CcC G0:0042611 MHC protein complex 3/63 25/19717 6.80025E-05 0.001552276 0.000908899 HLA-DMA/HLA-DMB/HLA-DRA 3
CC G0:0042571 immunoglobulin complex, circulating 4/63 72/19717 8.27284E-05 0.001552276 0.000908899 IGHM/IGKC/IGLC1/IGLL5 4
CcC GO0:0070821 tertiary granule membrane 4/63 73/19717 8.73155E-05 0.001552276 0.000908899 CYBA/ITGB2/VAMP8/CD300A 4
CcC G0:0030670 phagocytic vesicle membrane 4/63 76/19717 0.000102188 0.001635005 0.000957338 CYBA/RAC2/VAMP8/CORO1A 4
MF G0:0003823 antigen binding 7/59 160/17697 9.95363E-07 0.000230924 0.000183356 CD48/HLA-DRA/IGHM/IGKC/IGLC1/IGLV1-44/IGLL5 7
MF G0:0023026 MHC class Il protein complex binding 3/59 16/17697 1.91121E-05 0.002217009 0.001760329 HLA-DMA/HLA-DMB/HLA-DRA 3
MF G0:0023023 MHC protein complex binding 3/59 25/17697 7.68384E-05 0.00594217 0.004718148 HLA-DMA/HLA-DMB/HLA-DRA 3
MF G0:0034987 immunoglobulin receptor binding 4/59 76/17697 0.000119512 0.006931719 0.00550386 IGHM/IGKC/IGLC1/IGLL5 4
MF G0:0048020 CCR chemokine receptor binding 3/59 43/17697 0.000395083 0.018331851 0.014555689 CCL13/CCL18/CCL19 3
MF G0:0008009 chemokine activity 3/59 49/17697 0.000581514 0.019537216 0.015512762 CCL13/CCL18/CCL19 3
MF G0:0019864 IgG binding 2/59 11/17697 0.000589485 0.019537216 0.015512762 FCGR1B/FCGR2B 2
MF GO:0005178 integrin binding 4/59 132/17697 0.000979876 0.02841641 0.022562939 ITGB2/LCP1/SPP1/ITGBL1 4
MF G0:0042379 chemokine receptor binding 3/59 66/17697 0.00138748 0.033384871 0.026507951 CCL13/CCL18/CCL19 3
MF G0:0050664 oxidoreductase activity, acting on NAD(P)H, oxygen as 2/59 17/17697 0.001439003 0.033384871 0.026507951 CYBA/KMO 2
acceptor
KEGG hsa04145 Phagosome 9/42 152/8076 6.13591E-08 7.42445E-06 5.29626E-06 CD14/CTSS/CYBA/FCGR2B/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2/CORO1A 9
KEGG hsa05416 Viral myocarditis 6/42 60/8076 5.55121E-07 3.35848E-05 2.39578E-05 CD86/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2/RAC2 6
KEGG hsa05152 Tuberculosis 8/42 180/8076 3.21921E-06 0.000129841 9.26229E-05 CD14/CTSS/FCGR2B/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2/CORO1A 8
KEGG hsa04672 Intestinal immune network for IgA production 5/42 49/8076 4.7939E-06 0.000145016 0.000103447 CD86/HLA-DMA/HLA-DMB/HLA-DRA/CXCR4 5
KEGG hsa04640 Hematopoietic cell lineage 6/42 99/8076 1.06974E-05 0.000258877 0.000184671 CD14/CD37/CSF1R/HLA-DMA/HLA-DMB/HLA-DRA 6
KEGG hsa05330 Allograft rejection 4/42 38/8076 4.10371E-05 0.000771375 0.000550263 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa05140 Leishmaniasis 5/42 77/8076 4.4625E-05 0.000771375 0.000550263 CYBA/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2 5
KEGG hsa05332 Graft-versus-host disease 4/42 42/8076 6.12967E-05 0.000905209 0.000645734 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04940 Type | diabetes mellitus 4/42 43/8076 6.73296E-05 0.000905209 0.000645734 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04514 Cell adhesion molecules 6/42 149/8076 0.000108131 0.001214553 0.000866406 CD86/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2/PTPRC 6
KEGG hsa05323 Rheumatoid arthritis 5/42 93/8076 0.000110414 0.001214553 0.000866406 CD86/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2 5
KEGG hsa05150 Staphylococcus aureus infection 5/42 96/8076 0.000128378 0.001294476 0.000923419 FCGR2B/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2 5
KEGG hsa05320 Autoimmune thyroid disease 4/42 53/8076 0.000153857 0.001345905 0.000960106 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04061 Viral protein interaction with cytokine and cytokine receptor 5/42 100/8076 0.000155725 0.001345905 0.000960106 CSF1R/CCL13/CCL18/CCL19/CXCR4 5
KEGG hsa04670 Leukocyte transendothelial migration 5/42 114/8076 0.00028782 0.002321749 0.001656228 CYBA/ITGB2/MMP9/RAC2/CXCR4 5
KEGG hsa04062 Chemokine signaling pathway 6/42 192/8076 0.000429397 0.003247314 0.002316483 DOCK2/RAC2/CCL13/CCL18/CCL19/CXCR4 6
KEGG hsa05310 Asthma 3/42 31/8076 0.000531305 0.003781638 0.002697645 HLA-DMA/HLA-DMB/HLA-DRA 3
KEGG hsa04612 Antigen processing and presentation 4/42 78/8076 0.000682249 0.00458623 0.003271604 CTSS/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04064 NF-kappa B signaling pathway 4/42 104/8076 0.001994807 0.012068582 0.008609167 BCL2A1/CD14/CCL13/CCL19 4
KEGG hsa04620 Toll-like receptor signaling pathway 4/42 104/8076 0.001994807 0.012068582 0.008609167 CD14/CD86/SPP1/TLR8 4
KEGG hsa05145 Toxoplasmosis 4/42 112/8076 0.002614852 0.015066527 0.010747762 ALOX5/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa05202 Transcriptional misregulation in cancer 5/42 192/8076 0.003002662 0.016514642 0.01178078 BCL2A1/CD14/CD86/CSF1R/MMP9 5
KEGG hsa04060 Cytokine-cytokine receptor interaction 6/42 295/8076 0.00390778 0.02055832 0.014665353 CSF1R/CSF2RB/CCL13/CCL18/CCL19/CXCR4 6
KEGG hsa05321 Inflammatory bowel disease 3/42 65/8076 0.004567287 0.023026738 0.016426207 HLA-DMA/HLA-DMB/HLA-DRA 3
KEGG hsa05221 Acute myeloid leukemia 3/42 67/8076 0.004973176 0.023513674 0.016773565 BCL2A1/CD14/CSF1R 3
KEGG hsa04210 Apoptosis 4/42 136/8076 0.005246853 0.023513674 0.016773565 BCL2A1/CTSC/CSF2RB/CTSS 4
KEGG hsa05322 Systemic lupus erythematosus 4/42 136/8076 0.005246853 0.023513674 0.016773565 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04662 B cell receptor signaling pathway 3/42 82/8076 0.008711718 0.037647067 0.026855672 CD72/FCGR2B/RAC2 3
KEGG hsa04658 Th1 and Th2 cell differentiation 3/42 92/8076 0.011918685 0.049729685 0.035474852 HLA-DMA/HLA-DMB/HLA-DRA 3
ONTOLOGY ID Description Gene Ratio BgRatio P value p.adjust gvalue genelD Count
BP G0:0050900 leukocyte migration 17/60 499/18670 1.85598E-13 3.23684E-10 2.02205E-10 CD48/NCKAP1L/IGHM/IGKC/IGLC1/ITGB2/RAC2/S100A9/CCL13/CCL18/CCL19/CXCR4/PLA2G7/CORO1A/ 17
CD300A/IGLV1-44/SLAMF8
BP G0:0051249 regulation of lymphocyte activation 16/60 485/18670 1.75971E-12 1.52661E-09 9.53674E-10 CD86/FCGR2B/NCKAP1L/HLA-DMB/IGHM/IGKC/IGLC1/PTPRC/RAC2/CCL19/CORO1A/CD300A/MZB1/ 16
SLAMF8/SAMSN1/IGLL5
BP GO0:0042119 neutrophil activation 16/60 498/18670 2.62606E-12 1.52661E-09 9.53674E-10 ALOX5/CD14/CTSC/CTSS/CYBA/DOCK2/FCGR2B/NCKAP1L/ITGB2/MMP9/SERPINA1/PTPRC/S100A9/ 16
SLC2A5/VAMP8/CD300A
BP G0:0006909 phagocytosis 14/60 369/18670 8.27003E-12 3.60573E-09 2.25249E-09 CD14/CYBA/DOCK2/FCGR2B/NCKAP1L/IGHM/IGKC/IGLC1/ITGB2/PTPRC/CORO1A/CD300A/IGLV1-44/ 14
IGLL5
BP G0:0050864 regulation of B cell activation 11/60 184/18670 1.42121E-11 4.9572E-09 3.09675E-09 FCGR2B/NCKAP1L/IGHM/IGKC/IGLC1/PTPRC/CD300A/MZB1/SLAMF8/SAMSN1/IGLL5 11
BP G0:0043312 neutrophil degranulation 15/60 485/18670 2.43026E-11 6.60473E-09 4.12596E-09 ALOX5/CD14/CTSC/CTSS/CYBA/DOCK2/NCKAP1L/ITGB2/MMP9/SERPINA1/PTPRC/S100A9/SLC2A5/ 15
VAMP8/CD300A
BP G0:0002283 neutrophil activation involved in immune response 15/60 488/18670 2.65098E-11 6.60473E-09 4.12596E-09 ALOX5/CD14/CTSC/CTSS/CYBA/DOCK2/NCKAP1L/ITGB2/MMP9/SERPINA1/PTPRC/S100A9/SLC2A5/ 15
VAMP8/CD300A
BP G0:0002446 neutrophil mediated immunity 15/60 499/18670 3.62817E-11 7.9094E-09 4.94099E-09 ALOX5/CD14/CTSC/CTSS/CYBA/DOCK2/NCKAP1L/ITGB2/MMP9/SERPINA1/PTPRC/S100A9/SLC2A5/ 15
VAMP8/CD300A
BP G0:0030595 leukocyte chemotaxis 11/60 224/18670 1.18654E-10 2.29925E-08 1.43634E-08 NCKAP1L/ITGB2/RAC2/S100A9/CCL13/CCL18/CCL19/CXCR4/PLA2G7/CORO1A/SLAMF8 11
BP G0:0002697 regulation of immune effector process 14/60 458/18670 1.45234E-10 2.45605E-08 1.53429E-08 CD86/FCGR2B/HLA-DMB/IGKC/IGLC1/ITGB2/PTPRC/RAC2/CCL19/VAMP8/CD300A/IGLV1-44/MZB1/ 14
SLAMF8
CcC G0:0009897 external side of plasma membrane 11/63 393/19717 4.17226E-08 6.67562E-06 3.90875E-06 CD14/CD86/FCGR2B/IGHM/IGKC/IGLC1/ITGB2/PTPRC/CXCR4/TLR8/IGLL5 11
cC G0:0070820 tertiary granule 7/63 164/19717 9.06323E-07 7.25059E-05 4.24541E-05 CTSS/CYBA/NCKAP1L/ITGB2/MMP9/VAMP8/CD300A 7
CcC GO:0101002 ficolin-1-rich granule 7/63 185/19717 2.02926E-06 0.000108227 6.33699E-05 ALOX5/CTSS/NCKAP1L/ITGB2/MMP9/SERPINA1/CD300A 7
CcC G0:0030667 secretory granule membrane 8/63 298/19717 4.66784E-06 0.000186714 0.000109326 CD14/CYBA/NCKAP1L/ITGB2/PTPRC/SLC2A5/VAMP8/CD300A 8
cC G0:0030666 endocytic vesicle membrane 6/63 167/19717 1.5378E-05 0.000450681 0.000263885 CYBA/FCGR1B/HLA-DRA/RAC2/VAMP8/CORO1A 6
cC G0:0042613 MHC class Il protein complex 3/63 16/19717 1.69005E-05 0.000450681 0.000263885 HLA-DMA/HLA-DMB/HLA-DRA 3
CC GO:0042611 MHC protein complex 3/63 25/19717 6.80025E-05 0.001552276 0.000908899 HLA-DMA/HLA-DMB/HLA-DRA 3
CcC G0:0042571 immunoglobulin complex, circulating 4/63 72/19717 8.27284E-05 0.001552276 0.000908899 IGHM/IGKC/IGLC1/IGLL5 4
CcC G0:0070821 tertiary granule membrane 4/63 73/19717 8.73155E-05 0.001552276 0.000908899 CYBA/ITGB2/VAMP8/CD300A 4
CC G0:0030670 phagocytic vesicle membrane 4/63 76/19717 0.000102188 0.001635005 0.000957338 CYBA/RAC2/VAMP8/CORO1A 4
MF G0:0003823 antigen binding 7/59 160/17697 9.95363E-07 0.000230924 0.000183356 CD48/HLA-DRA/IGHM/IGKC/IGLC1/IGLV1-44/IGLL5 7
MF G0:0023026 MHC class Il protein complex binding 3/59 16/17697 1.91121E-05 0.002217009 0.001760329 HLA-DMA/HLA-DMB/HLA-DRA 3
MF G0:0023023 MHC protein complex binding 3/59 25/17697 7.68384E-05 0.00594217 0.004718148 HLA-DMA/HLA-DMB/HLA-DRA 3
MF G0:0034987 immunoglobulin receptor binding 4/59 76/17697 0.000119512 0.006931719 0.00550386 IGHM/IGKC/IGLC1/IGLL5 4
MF G0:0048020 CCR chemokine receptor binding 3/59 43/17697 0.000395083 0.018331851 0.014555689 CCL13/CCL18/CCL19 3
MF G0:0008009 chemokine activity 3/59 49/17697 0.000581514 0.019537216 0.015512762 CCL13/CCL18/CCL19 3
MF G0:0019864 IgG binding 2/59 11/17697 0.000589485 0.019537216 0.015512762 FCGR1B/FCGR2B 2
MF G0:0005178 integrin binding 4/59 132/17697 0.000979876 0.02841641 0.022562939 ITGB2/LCP1/SPP1/ITGBL1 4
MF GO0:0042379 chemokine receptor binding 3/59 66/17697 0.00138748 0.033384871 0.026507951 CCL13/CCL18/CCL19 3
MF G0:0050664 oxidoreductase activity, acting on NAD(P)H, oxygen as 2/59 17/17697 0.001439003 0.033384871 0.026507951 CYBA/KMO 2
acceptor
KEGG hsa04145 Phagosome 9/42 152/8076 6.13591E-08 7.42445E-06 5.29626E-06 CD14/CTSS/CYBA/FCGR2B/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2/CORO1A 9
KEGG hsa05416 Viral myocarditis 6/42 60/8076 5.55121E-07 3.35848E-05 2.39578E-05 CD86/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2/RAC2 6
KEGG hsa05152 Tuberculosis 8/42 180/8076 3.21921E-06 0.000129841 9.26229E-05 CD14/CTSS/FCGR2B/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2/CORO1A 8
KEGG hsa04672 Intestinal immune network for IgA production 5/42 49/8076 4.7939E-06 0.000145016 0.000103447 CD86/HLA-DMA/HLA-DMB/HLA-DRA/CXCR4 5
KEGG hsa04640 Hematopoietic cell lineage 6/42 99/8076 1.06974E-05 0.000258877 0.000184671 CD14/CD37/CSF1R/HLA-DMA/HLA-DMB/HLA-DRA 6
KEGG hsa05330 Allograft rejection 4/42 38/8076 4.10371E-05 0.000771375 0.000550263 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa05140 Leishmaniasis 5/42 77/8076 4.4625E-05 0.000771375 0.000550263 CYBA/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2 5
KEGG hsa05332 Graft-versus-host disease 4/42 42/8076 6.12967E-05 0.000905209 0.000645734 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04940 Type | diabetes mellitus 4/42 43/8076 6.73296E-05 0.000905209 0.000645734 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04514 Cell adhesion molecules 6/42 149/8076 0.000108131 0.001214553 0.000866406 CD86/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2/PTPRC 6
KEGG hsa05323 Rheumatoid arthritis 5/42 93/8076 0.000110414 0.001214553 0.000866406 CD86/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2 5
KEGG hsa05150 Staphylococcus aureus infection 5/42 96/8076 0.000128378 0.001294476 0.000923419 FCGR2B/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2 5
KEGG hsa05320 Autoimmune thyroid disease 4/42 53/8076 0.000153857 0.001345905 0.000960106 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04061 Viral protein interaction with cytokine and cytokine receptor 5/42 100/8076 0.000155725 0.001345905 0.000960106 CSF1R/CCL13/CCL18/CCL19/CXCR4 5
KEGG hsa04670 Leukocyte transendothelial migration 5/42 114/8076 0.00028782 0.002321749 0.001656228 CYBA/ITGB2/MMP9/RAC2/CXCR4 5
KEGG hsa04062 Chemokine signaling pathway 6/42 192/8076 0.000429397 0.003247314 0.002316483 DOCK2/RAC2/CCL13/CCL18/CCL19/CXCR4 6
KEGG hsa05310 Asthma 3/42 31/8076 0.000531305 0.003781638 0.002697645 HLA-DMA/HLA-DMB/HLA-DRA 3
KEGG hsa04612 Antigen processing and presentation 4/42 78/8076 0.000682249 0.00458623 0.003271604 CTSS/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04064 NF-kappa B signaling pathway 4/42 104/8076 0.001994807 0.012068582 0.008609167 BCL2A1/CD14/CCL13/CCL19 4
KEGG hsa04620 Toll-like receptor signaling pathway 4/42 104/8076 0.001994807 0.012068582 0.008609167 CD14/CD86/SPP1/TLR8 4
KEGG hsa05145 Toxoplasmosis 4/42 112/8076 0.002614852 0.015066527 0.010747762 ALOX5/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa05202 Transcriptional misregulation in cancer 5/42 192/8076 0.003002662 0.016514642 0.01178078 BCL2A1/CD14/CD86/CSF1R/MMP9 5
KEGG hsa04060 Cytokine-cytokine receptor interaction 6/42 295/8076 0.00390778 0.02055832 0.014665353 CSF1R/CSF2RB/CCL13/CCL18/CCL19/CXCR4 6
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Table S1 (continued)

ONTOLOGY ID Description Gene Ratio BgRatio P value p.adjust qvalue genelD Count
KEGG hsa05321 Inflammatory bowel disease 3/42 65/8076 0.004567287 0.023026738 0.016426207 HLA-DMA/HLA-DMB/HLA-DRA 3
KEGG hsa05221 Acute myeloid leukemia 3/42 67/8076 0.004973176 0.023513674 0.016773565 BCL2A1/CD14/CSF1R 3
KEGG hsa04210 Apoptosis 4/42 136/8076 0.005246853 0.023513674 0.016773565 BCL2A1/CTSC/CSF2RB/CTSS 4
KEGG hsa05322 Systemic lupus erythematosus 4/42 136/8076 0.005246853 0.023513674 0.016773565 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04662 B cell receptor signaling pathway 3/42 82/8076 0.008711718 0.037647067 0.026855672 CD72/FCGR2B/RAC2 3
KEGG hsa04658 Th1 and Th2 cell differentiation 3/42 92/8076 0.011918685 0.049729685 0.035474852 HLA-DMA/HLA-DMB/HLA-DRA 3
ONTOLOGY ID Description Gene Ratio BgRatio P value p.adjust qvalue genelD Count
BP G0:0050900 leukocyte migration 17/60 499/18670 1.85598E-13 3.23684E-10 2.02205E-10 CD48/NCKAP1L/IGHM/IGKC/IGLC1/ITGB2/RAC2/S100A9/CCL13/CCL18/CCL19/CXCR4/PLA2G7/CORO1A/ 17
CD300A/IGLV1-44/SLAMF8
BP GO0:0051249 regulation of lymphocyte activation 16/60 485/18670 1.75971E-12 1.52661E-09 9.53674E-10 CD86/FCGR2B/NCKAP1L/HLA-DMB/IGHM/IGKC/IGLC1/PTPRC/RAC2/CCL19/CORO1A/CD300A/MZB1/ 16
SLAMF8/SAMSN1/IGLL5
BP G0:0042119 neutrophil activation 16/60 498/18670 2.62606E-12 1.52661E-09 9.53674E-10 ALOX5/CD14/CTSC/CTSS/CYBA/DOCK2/FCGR2B/NCKAP1L/ITGB2/MMP9/SERPINA1/PTPRC/S100A9/ 16
SLC2A5/VAMP8/CD300A
BP G0:0006909 phagocytosis 14/60 369/18670 8.27003E-12 3.60573E-09 2.25249E-09 CD14/CYBA/DOCK2/FCGR2B/NCKAP1L/IGHM/IGKC/IGLC1/ITGB2/PTPRC/CORO1A/CD300A/IGLV1-44/ 14
IGLL5
BP GO0:0050864 regulation of B cell activation 11/60 184/18670 1.42121E-11 4.9572E-09 3.09675E-09 FCGR2B/NCKAP1L/IGHM/IGKC/IGLC1/PTPRC/CD300A/MZB1/SLAMF8/SAMSN1/IGLL5 11
BP G0:0043312 neutrophil degranulation 15/60 485/18670 2.43026E-11 6.60473E-09 4.12596E-09 ALOX5/CD14/CTSC/CTSS/CYBA/DOCK2/NCKAP1L/ITGB2/MMP9/SERPINA1/PTPRC/S100A9/SLC2A5/ 15
VAMP8/CD300A
BP G0:0002283 neutrophil activation involved in immune response 15/60 488/18670 2.65098E-11 6.60473E-09 4.12596E-09 ALOX5/CD14/CTSC/CTSS/CYBA/DOCK2/NCKAP1L/ITGB2/MMP9/SERPINA1/PTPRC/S100A9/SLC2A5/ 15
VAMP8/CD300A
BP G0:0002446 neutrophil mediated immunity 15/60 499/18670 3.62817E-11 7.9094E-09 4.94099E-09 ALOX5/CD14/CTSC/CTSS/CYBA/DOCK2/NCKAP1L/ITGB2/MMP9/SERPINA1/PTPRC/S100A9/SLC2A5/ 15
VAMP8/CD300A
BP G0:0030595 leukocyte chemotaxis 11/60 224/18670 1.18654E-10 2.29925E-08 1.43634E-08 NCKAP1L/ITGB2/RAC2/S100A9/CCL13/CCL18/CCL19/CXCR4/PLA2G7/CORO1A/SLAMF8 11
BP G0:0002697 regulation of immune effector process 14/60 458/18670 1.45234E-10 2.45605E-08 1.53429E-08 CD86/FCGR2B/HLA-DMB/IGKC/IGLC1/ITGB2/PTPRC/RAC2/CCL19/VAMP8/CD300A/IGLV1-44/MZB1/ 14
SLAMF8
CC G0:0009897 external side of plasma membrane 11/63 393/19717 4.17226E-08 6.67562E-06 3.90875E-06 CD14/CD86/FCGR2B/IGHM/IGKC/IGLC1/ITGB2/PTPRC/CXCR4/TLR8/IGLL5 11
CC G0:0070820 tertiary granule 7/63 164/19717 9.06323E-07 7.25059E-05 4.24541E-05 CTSS/CYBA/NCKAP1L/ITGB2/MMP9/VAMP8/CD300A 7
CC G0:0101002 ficolin-1-rich granule 7/63 185/19717 2.02926E-06 0.000108227 6.33699E-05 ALOX5/CTSS/NCKAP1L/ITGB2/MMP9/SERPINA1/CD300A 7
CcC G0:0030667 secretory granule membrane 8/63 298/19717 4.66784E-06 0.000186714 0.000109326 CD14/CYBA/NCKAP1L/ITGB2/PTPRC/SLC2A5/VAMP8/CD300A 8
CC G0:0030666 endocytic vesicle membrane 6/63 167/19717 1.5378E-05 0.000450681 0.000263885 CYBA/FCGR1B/HLA-DRA/RAC2/VAMP8/CORO1A 6
CC G0:0042613 MHC class Il protein complex 3/63 16/19717 1.69005E-05 0.000450681 0.000263885 HLA-DMA/HLA-DMB/HLA-DRA 3
CcC G0:0042611 MHC protein complex 3/63 25/19717 6.80025E-05 0.001552276 0.000908899 HLA-DMA/HLA-DMB/HLA-DRA 3
CC G0:0042571 immunoglobulin complex, circulating 4/63 72/19717 8.27284E-05 0.001552276 0.000908899 IGHM/IGKC/IGLC1/IGLL5 4
CC G0:0070821 tertiary granule membrane 4/63 73/19717 8.73155E-05 0.001552276 0.000908899 CYBA/ITGB2/VAMP8/CD300A 4
CC G0:0030670 phagocytic vesicle membrane 4/63 76/19717 0.000102188 0.001635005 0.000957338 CYBA/RAC2/VAMP8/CORO1A 4
MF G0:0003823 antigen binding 7/59 160/17697 9.95363E-07 0.000230924 0.000183356 CD48/HLA-DRA/IGHM/IGKC/IGLC1/IGLV1-44/IGLL5 7
MF G0:0023026 MHC class Il protein complex binding 3/59 16/17697 1.91121E-05 0.002217009 0.001760329 HLA-DMA/HLA-DMB/HLA-DRA 3
MF G0:0023023 MHC protein complex binding 3/59 25/17697 7.68384E-05 0.00594217 0.004718148 HLA-DMA/HLA-DMB/HLA-DRA 3
MF G0:0034987 immunoglobulin receptor binding 4/59 76/17697 0.000119512 0.006931719 0.00550386 IGHM/IGKC/IGLC1/IGLL5 4
MF G0:0048020 CCR chemokine receptor binding 3/59 43/17697 0.000395083 0.018331851 0.014555689 CCL13/CCL18/CCL19 3
MF G0:0008009 chemokine activity 3/59 49/17697 0.000581514 0.019537216 0.015512762 CCL13/CCL18/CCL19 3
MF G0:0019864 IgG binding 2/59 11/17697 0.000589485 0.019537216 0.015512762 FCGR1B/FCGR2B 2
MF GO0:0005178 integrin binding 4/59 132/17697 0.000979876 0.02841641 0.022562939 ITGB2/LCP1/SPP1/ITGBL1 4
MF G0:0042379 chemokine receptor binding 3/59 66/17697 0.00138748 0.033384871 0.026507951 CCL13/CCL18/CCL19 3
MF G0:0050664 oxidoreductase activity, acting on NAD(P)H, oxygen as 2/59 17/17697 0.001439003 0.033384871 0.026507951 CYBA/KMO 2
acceptor
KEGG hsa04145 Phagosome 9/42 152/8076 6.13591E-08 7.42445E-06 5.29626E-06 CD14/CTSS/CYBA/FCGR2B/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2/CORO1A 9
KEGG hsa05416 Viral myocarditis 6/42 60/8076 5.55121E-07 3.35848E-05 2.39578E-05 CD86/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2/RAC2 6
KEGG hsa05152 Tuberculosis 8/42 180/8076 3.21921E-06 0.000129841 9.26229E-05 CD14/CTSS/FCGR2B/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2/CORO1A 8
KEGG hsa04672 Intestinal immune network for IgA production 5/42 49/8076 4.7939E-06 0.000145016 0.000103447 CD86/HLA-DMA/HLA-DMB/HLA-DRA/CXCR4 5
KEGG hsa04640 Hematopoietic cell lineage 6/42 99/8076 1.06974E-05 0.000258877 0.000184671 CD14/CD37/CSF1R/HLA-DMA/HLA-DMB/HLA-DRA 6
KEGG hsa05330 Allograft rejection 4/42 38/8076 4.10371E-05 0.000771375 0.000550263 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa05140 Leishmaniasis 5/42 77/8076 4.4625E-05 0.000771375 0.000550263 CYBA/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2 5
KEGG hsa05332 Graft-versus-host disease 4/42 42/8076 6.12967E-05 0.000905209 0.000645734 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04940 Type | diabetes mellitus 4/42 43/8076 6.73296E-05 0.000905209 0.000645734 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04514 Cell adhesion molecules 6/42 149/8076 0.000108131 0.001214553 0.000866406 CD86/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2/PTPRC 6
KEGG hsa05323 Rheumatoid arthritis 5/42 93/8076 0.000110414 0.001214553 0.000866406 CD86/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2 5
KEGG hsa05150 Staphylococcus aureus infection 5/42 96/8076 0.000128378 0.001294476 0.000923419 FCGR2B/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2 5
KEGG hsa05320 Autoimmune thyroid disease 4/42 53/8076 0.000153857 0.001345905 0.000960106 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04061 Viral protein interaction with cytokine and cytokine receptor 5/42 100/8076 0.000155725 0.001345905 0.000960106 CSF1R/CCL13/CCL18/CCL19/CXCR4 5
KEGG hsa04670 Leukocyte transendothelial migration 5/42 114/8076 0.00028782 0.002321749 0.001656228 CYBA/ITGB2/MMP9/RAC2/CXCR4 5
KEGG hsa04062 Chemokine signaling pathway 6/42 192/8076 0.000429397 0.003247314 0.002316483 DOCK2/RAC2/CCL13/CCL18/CCL19/CXCR4 6
KEGG hsa05310 Asthma 3/42 31/8076 0.000531305 0.003781638 0.002697645 HLA-DMA/HLA-DMB/HLA-DRA 3
KEGG hsa04612 Antigen processing and presentation 4/42 78/8076 0.000682249 0.00458623 0.003271604 CTSS/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04064 NF-kappa B signaling pathway 4/42 104/8076 0.001994807 0.012068582 0.008609167 BCL2A1/CD14/CCL13/CCL19 4
KEGG hsa04620 Toll-like receptor signaling pathway 4/42 104/8076 0.001994807 0.012068582 0.008609167 CD14/CD86/SPP1/TLR8 4
KEGG hsa05145 Toxoplasmosis 4/42 112/8076 0.002614852 0.015066527 0.010747762 ALOX5/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa05202 Transcriptional misregulation in cancer 5/42 192/8076 0.003002662 0.016514642 0.01178078 BCL2A1/CD14/CD86/CSF1R/MMP9 5
KEGG hsa04060 Cytokine-cytokine receptor interaction 6/42 295/8076 0.00390778 0.02055832 0.014665353 CSF1R/CSF2RB/CCL13/CCL18/CCL19/CXCR4 6
KEGG hsa05321 Inflammatory bowel disease 3/42 65/8076 0.004567287 0.023026738 0.016426207 HLA-DMA/HLA-DMB/HLA-DRA 3
KEGG hsa05221 Acute myeloid leukemia 3/42 67/8076 0.004973176 0.023513674 0.016773565 BCL2A1/CD14/CSF1R 3
KEGG hsa04210 Apoptosis 4/42 136/8076 0.005246853 0.023513674 0.016773565 BCL2A1/CTSC/CSF2RB/CTSS 4
KEGG hsa05322 Systemic lupus erythematosus 4/42 136/8076 0.005246853 0.023513674 0.016773565 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04662 B cell receptor signaling pathway 3/42 82/8076 0.008711718 0.037647067 0.026855672 CD72/FCGR2B/RAC2 3
KEGG hsa04658 Th1 and Th2 cell differentiation 3/42 92/8076 0.011918685 0.049729685 0.035474852 HLA-DMA/HLA-DMB/HLA-DRA 3
ONTOLOGY ID Description Gene Ratio BgRatio P value p.adjust qvalue genelD Count
BP G0:0050900 leukocyte migration 17/60 499/18670 1.85598E-13 3.23684E-10 2.02205E-10 CD48/NCKAP1L/IGHM/IGKC/IGLC1/ITGB2/RAC2/S100A9/CCL13/CCL18/CCL19/CXCR4/PLA2G7/CORO1A/ 17
CD300A/IGLV1-44/SLAMF8
BP G0:0051249 regulation of lymphocyte activation 16/60 485/18670 1.75971E-12 1.52661E-09 9.53674E-10 CD86/FCGR2B/NCKAP1L/HLA-DMB/IGHM/IGKC/IGLC1/PTPRC/RAC2/CCL19/CORO1A/CD300A/MZB1/ 16
SLAMF8/SAMSN1/IGLL5
BP GO0:0042119 neutrophil activation 16/60 498/18670 2.62606E-12 1.52661E-09 9.53674E-10 ALOX5/CD14/CTSC/CTSS/CYBA/DOCK2/FCGR2B/NCKAP1L/ITGB2/MMP9/SERPINA1/PTPRC/S100A9/ 16
SLC2A5/VAMP8/CD300A
BP G0:0006909 phagocytosis 14/60 369/18670 8.27003E-12 3.60573E-09 2.25249E-09 CD14/CYBA/DOCK2/FCGR2B/NCKAP1L/IGHM/IGKC/IGLC1/ITGB2/PTPRC/CORO1A/CD300A/IGLV1-44/ 14
IGLL5
BP G0:0050864 regulation of B cell activation 11/60 184/18670 1.42121E-11 4.9572E-09 3.09675E-09 FCGR2B/NCKAP1L/IGHM/IGKC/IGLC1/PTPRC/CD300A/MZB1/SLAMF8/SAMSN1/IGLL5 11
BP G0:0043312 neutrophil degranulation 15/60 485/18670 2.43026E-11 6.60473E-09 4.12596E-09 ALOX5/CD14/CTSC/CTSS/CYBA/DOCK2/NCKAP1L/ITGB2/MMP9/SERPINA1/PTPRC/S100A9/SLC2A5/ 15
VAMP8/CD300A
BP G0:0002283 neutrophil activation involved in immune response 15/60 488/18670 2.65098E-11 6.60473E-09 4.12596E-09 ALOX5/CD14/CTSC/CTSS/CYBA/DOCK2/NCKAP1L/ITGB2/MMP9/SERPINA1/PTPRC/S100A9/SLC2A5/ 15
VAMP8/CD300A
BP G0:0002446 neutrophil mediated immunity 15/60 499/18670 3.62817E-11 7.9094E-09 4.94099E-09 ALOX5/CD14/CTSC/CTSS/CYBA/DOCK2/NCKAP1L/ITGB2/MMP9/SERPINA1/PTPRC/S100A9/SLC2A5/ 15
VAMP8/CD300A
BP G0:0030595 leukocyte chemotaxis 11/60 224/18670 1.18654E-10 2.29925E-08 1.43634E-08 NCKAP1L/ITGB2/RAC2/S100A9/CCL13/CCL18/CCL19/CXCR4/PLA2G7/CORO1A/SLAMF8 11
BP G0:0002697 regulation of immune effector process 14/60 458/18670 1.45234E-10 2.45605E-08 1.53429E-08 CD86/FCGR2B/HLA-DMB/IGKC/IGLC1/ITGB2/PTPRC/RAC2/CCL19/VAMP8/CD300A/IGLV1-44/MZB1/ 14
SLAMF8
CcC G0:0009897 external side of plasma membrane 11/63 393/19717 4.17226E-08 6.67562E-06 3.90875E-06 CD14/CD86/FCGR2B/IGHM/IGKC/IGLC1/ITGB2/PTPRC/CXCR4/TLR8/IGLL5 11
CcC G0:0070820 tertiary granule 7/63 164/19717 9.06323E-07 7.25059E-05 4.24541E-05 CTSS/CYBA/NCKAP1L/ITGB2/MMP9/VAMP8/CD300A 7
CC G0:0101002 ficolin-1-rich granule 7/63 185/19717 2.02926E-06 0.000108227 6.33699E-05 ALOX5/CTSS/NCKAP1L/ITGB2/MMP9/SERPINA1/CD300A 7
CC G0:0030667 secretory granule membrane 8/63 298/19717 4.66784E-06 0.000186714 0.000109326 CD14/CYBA/NCKAP1L/ITGB2/PTPRC/SLC2A5/VAMP8/CD300A 8
CcC G0:0030666 endocytic vesicle membrane 6/63 167/19717 1.5378E-05 0.000450681 0.000263885 CYBA/FCGR1B/HLA-DRA/RAC2/VAMP8/CORO1A 6
CcC G0:0042613 MHC class Il protein complex 3/63 16/19717 1.69005E-05 0.000450681 0.000263885 HLA-DMA/HLA-DMB/HLA-DRA 3
CC GO0:0042611 MHC protein complex 3/63 25/19717 6.80025E-05 0.001552276 0.000908899 HLA-DMA/HLA-DMB/HLA-DRA 3
CC G0:0042571 immunoglobulin complex, circulating 4/63 72/19717 8.27284E-05 0.001552276 0.000908899 IGHM/IGKC/IGLC1/IGLL5 4
CcC G0:0070821 tertiary granule membrane 4/63 73/19717 8.73155E-05 0.001552276 0.000908899 CYBA/ITGB2/VAMP8/CD300A 4
CcC G0:0030670 phagocytic vesicle membrane 4/63 76/19717 0.000102188 0.001635005 0.000957338 CYBA/RAC2/VAMP8/CORO1A 4
MF G0:0003823 antigen binding 7/59 160/17697 9.95363E-07 0.000230924 0.000183356 CD48/HLA-DRA/IGHM/IGKC/IGLC1/IGLV1-44/IGLL5 7
MF G0:0023026 MHC class Il protein complex binding 3/59 16/17697 1.91121E-05 0.002217009 0.001760329 HLA-DMA/HLA-DMB/HLA-DRA 3
MF G0:0023023 MHC protein complex binding 3/59 25/17697 7.68384E-05 0.00594217 0.004718148 HLA-DMA/HLA-DMB/HLA-DRA 3
MF G0:0034987 immunoglobulin receptor binding 4/59 76/17697 0.000119512 0.006931719 0.00550386 IGHM/IGKC/IGLC1/IGLL5 4
MF G0:0048020 CCR chemokine receptor binding 3/59 43/17697 0.000395083 0.018331851 0.014555689 CCL13/CCL18/CCL19 3
MF G0:0008009 chemokine activity 3/59 49/17697 0.000581514 0.019537216 0.015512762 CCL13/CCL18/CCL19 3
MF G0:0019864 IgG binding 2/59 11/17697 0.000589485 0.019537216 0.015512762 FCGR1B/FCGR2B 2
MF G0:0005178 integrin binding 4/59 132/17697 0.000979876 0.02841641 0.022562939 ITGB2/LCP1/SPP1/ITGBL1 4
MF GO0:0042379 chemokine receptor binding 3/59 66/17697 0.00138748 0.033384871 0.026507951 CCL13/CCL18/CCL19 3
MF GO:0050664 oxidoreductase activity, acting on NAD(P)H, oxygen as 2/59 17/17697 0.001439003 0.033384871 0.026507951 CYBA/KMO 2
acceptor
KEGG hsa04145 Phagosome 9/42 152/8076 6.13591E-08 7.42445E-06 5.29626E-06 CD14/CTSS/CYBA/FCGR2B/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2/CORO1A 9
KEGG hsa05416 Viral myocarditis 6/42 60/8076 5.55121E-07 3.35848E-05 2.39578E-05 CD86/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2/RAC2 6
KEGG hsa05152 Tuberculosis 8/42 180/8076 3.21921E-06 0.000129841 9.26229E-05 CD14/CTSS/FCGR2B/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2/CORO1A 8
KEGG hsa04672 Intestinal immune network for IgA production 5/42 49/8076 4.7939E-06 0.000145016 0.000103447 CD86/HLA-DMA/HLA-DMB/HLA-DRA/CXCR4 5
KEGG hsa04640 Hematopoietic cell lineage 6/42 99/8076 1.06974E-05 0.000258877 0.000184671 CD14/CD37/CSF1R/HLA-DMA/HLA-DMB/HLA-DRA 6
KEGG hsa05330 Allograft rejection 4/42 38/8076 4.10371E-05 0.000771375 0.000550263 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa05140 Leishmaniasis 5/42 77/8076 4.4625E-05 0.000771375 0.000550263 CYBA/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2 5
KEGG hsa05332 Graft-versus-host disease 4/42 42/8076 6.12967E-05 0.000905209 0.000645734 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04940 Type | diabetes mellitus 4/42 43/8076 6.73296E-05 0.000905209 0.000645734 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04514 Cell adhesion molecules 6/42 149/8076 0.000108131 0.001214553 0.000866406 CD86/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2/PTPRC 6
KEGG hsa05323 Rheumatoid arthritis 5/42 93/8076 0.000110414 0.001214553 0.000866406 CD86/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2 5
KEGG hsa05150 Staphylococcus aureus infection 5/42 96/8076 0.000128378 0.001294476 0.000923419 FCGR2B/HLA-DMA/HLA-DMB/HLA-DRA/ITGB2 5
KEGG hsa05320 Autoimmune thyroid disease 4/42 53/8076 0.000153857 0.001345905 0.000960106 CD86/HLA-DMA/HLA-DMB/HLA-DRA 4
KEGG hsa04061 Viral protein interaction with cytokine and cytokine receptor 5/42 100/8076 0.000155725 0.001345905 0.000960106 CSF1R/CCL13/CCL18/CCL19/CXCR4 5
KEGG hsa04670 Leukocyte transendothelial migration 5/42 114/8076 0.00028782 0.002321749 0.001656228 CYBA/ITGB2/MMP9/RAC2/CXCR4 5
KEGG hsa04062 Chemokine signaling pathway 6/42 192/8076 0.000429397 0.003247314 0.002316483 DOCK2/RAC2/CCL13/CCL18/CCL19/CXCR4 6
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Table S2 Detail information of two key functional modules.

Cluster Score Nodes Edges Node IDs

Module 1 6.571 15 46 DOCK2, TLR8, CD52, HLA-DRA, CSF1R, CD300A, EVI2B, MMP9, CD86, LCP1, NCKAP1L, CD14,

CTSS, RAC2, S100A9

Module 2 5.429 8 19 CD48, FCGR2B, CYTIP, CSF2RB, ITGB2, PTPRC, CCL19, CORO1A
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Table S3 Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses of hub genes.

ONTOLOGY ID Description P value p.adjust Count
BP GO0:0070661 leukocyte proliferation 2.48847E-09 2.22718E-06 CD86/CSF1R/DOCK2/NCKAP1L/PTPRC/RAC2/CD300A 7
BP G0:0007159 leukocyte cell-cell adhesion 5.83685E-09 2.61199E-06 CD86/NCKAP1L/ITGB2/PTPRC/RAC2/S100A9/CD300A 7
BP G0:0042110 T cell activation 5.27508E-08 7.60517E-06 CD86/DOCK2/NCKAP1L/LCP1/PTPRC/RAC2/CD300A 7
BP GO0:0046651 lymphocyte proliferation 6.41178E-08 7.60517E-06 CD86/DOCK2/NCKAP1L/PTPRC/RAC2/CD300A 6
BP G0:0032943 mononuclear cell proliferation 6.69642E-08 7.60517E-06 CD86/DOCK2/NCKAP1L/PTPRC/RAC2/CD300A 6
BP G0:0043312 neutrophil degranulation 7.14053E-08 7.60517E-06 DOCK2/NCKAP1L/ITGB2/MMP9/PTPRC/S100A9/CD300A 7
BP G0:0002283 neutrophil activation involved in immune response 7.44788E-08 7.60517E-06 DOCK2/NCKAP1L/ITGB2/MMP9/PTPRC/S100A9/CD300A 7
BP GO0:0046631 alpha-beta T cell activation 8.39338E-08 7.60517E-06 CD86/DOCK2/NCKAP1L/PTPRC/CD300A 5
BP G0:0042119 neutrophil activation 8.55476E-08 7.60517E-06 DOCK2/NCKAP1L/ITGB2/MMP9/PTPRC/S100A9/CD300A 7
BP G0:0002446 neutrophil mediated immunity 8.67274E-08 7.60517E-06 DOCK2/NCKAP1L/ITGB2/MMP9/PTPRC/S100A9/CD300A 7
CC G0:0070820 tertiary granule 7.76795E-06 0.000419077 NCKAP1L/ITGB2/MMP9/CD300A 4
CC GO0:0101002 ficolin-1-rich granule 1.25022E-05 0.000419077 NCKAP1L/ITGB2/MMP9/CD300A 4
CC GO0:0101003 ficolin-1-rich granule membrane 1.53321E-05 0.000419077 NCKAP1L/ITGB2/CD300A 3
CC G0:0030667 secretory granule membrane 8.06369E-05 0.001653057 NCKAP1L/ITGB2/PTPRC/CD300A 4
CC G0:0009897 external side of plasma membrane 0.00023395 0.002871573 CD86/ITGB2/PTPRC/TLR8 4
CC G0:0005925 focal adhesion 0.000262428 0.002871573 ITGB2/LCP1/PTPRC/RAC2 4
CC GO0:0005924 cell-substrate adherens junction 0.000269922 0.002871573 ITGB2/LCP1/PTPRC/RAC2 4
CC G0:0030055 cell-substrate junction 0.000280154 0.002871573 ITGB2/LCP1/PTPRC/RAC2 4
CC G0:0070821 tertiary granule membrane 0.00156887 0.014294145 ITGB2/CD300A 2
CC G0:0005884 actin filament 0.003579709 0.029353613 LCP1/RAC2 2
MF G0:0048365 Rac GTPase binding 0.001322735 0.074331524 DOCK2/NCKAP1L 2
MF G0:0005178 integrin binding 0.004738111 0.074331524  ITGB2/LCP1 2
MF G0:0032395 MHC class Il receptor activity 0.00788484 0.074331524 HLA-DRA 1
MF G0:0017048 Rho GTPase binding 0.008364282 0.074331524 DOCK2/NCKAP1L 2
MF G0:0019887 protein kinase regulator activity 0.008639343 0.074331524 NCKAP1L/RAC2 2
MF G0:0008429 phosphatidylethanolamine binding 0.008670141 0.074331524 CD300A 1
MF G0:0050786 RAGE receptor binding 0.008670141 0.074331524 S100A9 1
MF G0:0035325 Toll-like receptor binding 0.009454864 0.074331524 S100A9 1
MF G0:0036041 long-chain fatty acid binding 0.011022581 0.074331524 S100A9 1
MF G0:0019207 kinase regulator activity 0.011295508 0.074331524 NCKAP1L/RAC2 2
KEGG hsa05416 Viral myocarditis 1.30353E-06 0.000102979 CD86/HLA-DRA/ITGB2/RAC2 4
KEGG hsa04514 Cell adhesion molecules 4.90976E-05 0.001939354 CD86/HLA-DRA/ITGB2/PTPRC 4
KEGG hsa05323 Rheumatoid arthritis 0.000301683 0.00794431  CD86/HLA-DRA/ITGB2 3
KEGG hsa04670 Leukocyte transendothelial migration 0.00054926 0.010847895 ITGB2/MMP9/RAC2 3
KEGG hsa05330 Allograft rejection 0.001381269 0.019940988 CD86/HLA-DRA 2
KEGG hsa05332 Graft-versus-host disease 0.001686132 0.019940988 CD86/HLA-DRA 2
KEGG hsa04940 Type | diabetes mellitus 0.001766923 0.019940988 CD86/HLA-DRA 2
KEGG hsa04672 Intestinal immune network for IgA production 0.002289738 0.021126162 CD86/HLA-DRA 2
KEGG hsa05202 Transcriptional misregulation in cancer 0.002484004 0.021126162 CD86/CSF1R/MMP9 3
KEGG hsa05320 Autoimmune thyroid disease 0.002674198 0.021126162 CD86/HLA-DRA 2
KEGG hsa04015 Rap1 signaling pathway 0.003205535 0.023021569 CSF1R/ITGB2/RAC2 3
KEGG hsa04810 Regulation of actin cytoskeleton 0.003563773 0.023461508 NCKAP1L/ITGB2/RAC2 3
KEGG hsa05140 Leishmaniasis 0.005566922 0.033829758 HLA-DRA/ITGB2 2
KEGG hsa04657 IL-17 signaling pathway 0.00820029 0.042117858 MMP9/S100A9 2
KEGG hsa05150 Staphylococcus aureus infection 0.008540762 0.042117858 HLA-DRA/ITGB2 2
KEGG hsa04666 Fc gamma R-mediated phagocytosis 0.008713375 0.042117858 PTPRC/RAC2 2
KEGG hsa04640 Hematopoietic cell lineage 0.009063336 0.042117858 CSF1R/HLA-DRA 2
KEGG hsa04620 Toll-like receptor signaling pathway 0.009965657 0.043738161 CD86/TLR8 2
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