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ORIGINAL RESEARCH

Dissecting the Imbalance of Synovial
Macrophages in Rheumatoid Arthritis

Qing Li, MD; Wenping Liu, MD; Jibo Wang, PhD

ABSTRACT

Objective « This study sought to identify candidate genes
of rheumatoid arthritis (RA) synovial macrophages using
bioinformatics and to explore their pathways in the
pathogenesis of RA.

Methods  The microarray datasets GSE10500 and
GSE97779 were obtained from the Gene Express Omnibus
and analyzed with synovial macrophages of 14 RA patients
and 8 healthy donors. The researchers used R software to
identify differentially expressed genes and determine
functional enrichment pathways. A protein-protein
interaction network was then constructed using STRING
and Cytoscape. Gene expression was validated with the
GSE71370 dataset and RT-qPCR analysis.

Results « 102 DEGs were identified in RA synovial
macrophages relative to normal samples. Of these, 72 were
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INTRODUCTION

Rheumatoid arthritis (RA), one of the most common
chronic, systemic, autoimmune diseases, is characterized by
joint synovitis and is estimated to affect approximately 1% of
the adult population (ages 18 and older) worldwide.! Typically,
synovial hyperplasia and inflammatory mononuclear cell
infiltration result in joint inflammation and dysfunction, the
hallmark of RA underlying several pathological processes.> Of
note, systemic complications of RA, including cardiovascular
diseases, interstitial lung diseases, and malignancies, lead to
significantly increased mortality.**

The pathogenesis associated with RA has been ascribed to
an activated inflammatory response of synovium tissue and
increased circulating monocytes migrated from peripheral

upregulated; 30 were downregulated. GO and KEGG
pathway analyses suggested that DEGs mainly regulated
the immune response and signaling pathways associated
with inflammatory activation, apoptosis, and cancer. The
top five hub genes and top 1 gene module from the PPI
network of DEGs were VEGFA, MMP9, FNI, IGFI,
CXCL9, 1SG20, RSAD2, IFI27, GBP2, and GBPI. The
GSE71370 dataset and RT-qPCR analysis showed that
CXCL9 and GBPI were significantly upregulated (P<.05).
Conclusions « CXCL9 and GBPI may contribute to RA
pathogenesis and serve as potential biomarkers and
therapeutic targets for RA. (Altern Ther Health Med.
2023;29(7):434-439).

blood into the joints. During this process, remarkably,
macrophages are another cell type widely recruited in RA
synovial tissue, where they produce several pro-inflammatory
cytokines such as tumor necrosis factor-a (TNF-a) and
interleukin-1B (IL-1B), promoting synovial fibroblast
proliferation, synovial hyperplasia, cartilage destruction, and
bone lesions of RA joints.”” Consequently, stimulated synovial
macrophages secrete high levels of chemokines CXCL1 that
reinforce monocyte and neutrophil influx, leading to sustained
inflammation.® While macrophages appear to play a central
role in RA, little is known about the regulatory mechanisms
driving RA-associated synovial tissue macrophages,
underscoring a need for a better understanding of the
molecular basis of RA pathogenesis. The present study seeks to
identify the core factors leading to the imbalance of
macrophages that results in RA progression.

By analyzing the gene expression of RA synovial
macrophages followed by RT-PCR validation, the researchers
identified the top five hub genes and the leading gene module
from the PPI network of differentially expressed genes
(DEGs). Of these genes, CXCL9 and GBP1 were significantly
greater in synovial macrophages of RA patients than in
healthy individuals.
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MATERIALS AND METHODS Table 1. RT-qPCR primer sequences
Microarray data resources

The researcher obtained two datasets of || Gene Forward primer Reverse primer
RA synovial macrophages from the Gene | GAPDH |AACAGCCTCAAGATCATCAGCAA |GACTGTGGTCATGAGTCCTTCCA
Expression Omnibus (GEO). dataset GSE10500 VEGFA | AGGGCAGAATCATCACGAAGT AGGGTCTCGATTGGATGGCA
was established with platform GPL8300 and MMP9 | AGACCTGGGCAGATTCCAAAC CGGCAAGTCTTCCGAGTAGT

; ) FN1 CGGTGGCTGTCAGTCAAAG AAACCTCGGCTTCCTCCATAA
contained data from synovial macrophage |[1Gpy GCTCTTCAGTTCGTGTGTGGA GCCTCCTTAGATCACAGCTCC
samples from five RA patients and three |[CXCL9 |ATCTTGCTGGTTCTGATTGGAGTG | AAGGTCTTTCAAGGATTGTAGGTG
healthy individuals. Dataset GSE97779 was ||GBP1 | AGGAGTTCCTTCAAAGATGTGGA | GCAACTGGACCCTGTCGTT
generated using platform GPLS70and invalved || F B8 — 0 T | AACTCTACTTTGCAGAACCTCAC
dat? from synovial macrophages of nine RA ISG20 | CTCGTTGCAGCCTCGTGAA CGGGTTCTGTAATCGGTGATCTC
patients and five healthy donors. Dataset | [[pn;  [TGCTCTCACCTCATCAGCAGT CACAACTCCTCCAATCACAACT
GSE71370, based on platform GPL16268 was

used as a validation set and contained data from peripheral
blood macrophages of nine RA patients and eight healthy
donors and synovial macrophages of nine RA patients.

Data preprocessing and identification of DEGs

The researchers employed R software (3.6.2) for data
processing and statistical analyses. Data preprocessing involved
background adjustment, normalization, and summarization.
The Limma package served to identify DEGs in RA vs. normal
synovial macrophages. Adjusted P<.05 and log2-fold change
(FC) = 2 constituted the cut-off thresholds. DEGs co-expressed
in two gene expression datasets using a Venn diagram.

GO and KEGG pathway analyses

Functional and pathway enrichment analyses of
candidate DEGs used the clusterProfiler package.
Visualization of the results used the GOplot package in R.
False discovery rate (FDR) < 0.05 and gene count > 2 were
chosen as the cut-off thresholds.

PPI network analysis

STRING analysis generated the functional protein
association networks for the DEGs. Interaction scores > 0.40
(medium confidence) were considered significant. Protein-
protein interaction (PPI) networks were constructed using
Cytoscape (3.7.2) and were analyzed using the MCODE
plug-in module to identify densely connected regions with
default parameters: degree cutoff > 2, node score cutoff > 0.2,
K-core > 2, and max depth = 100. Functional annotation of
DEGs in modules was analyzed using STRING with FDR <
0.05 as the cut-off point.

Cell culture

An RPMI-1640 culture medium at 37°C and 5% CO,
maintained the THP-1 cells. THP-1 cells were differentiated
into macrophage-like cells (pTHP-1) by treating them with
10 ng/mL PMA for 48 h. Next, pTHP-1 cells were treated
with 500 ng/mL LPS (Sigma, Cat No. L2630, St. Louis, MO,
USA) for 24 h.

RT-qPCR
Total RNA was isolated using TRIzol (TaKaRa, Cat No.
9109, Tokyo, Japan) and dissolved in water. 1 ug of total RNA

Figure 1. Venn diagrams of DEGs. (A) Down-DEGs in the
two datasets. (B) Up-DEGs in the two datasets. (C) DEGs in
the two datasets.

(A) (B) ©)

Down-DEGs

UP-DEGs

was reverse transcribed using random hexamers and
PrimeScript RT Reagent Kit. (TaKaRa, Cat No. RR037A,
Tokyo, Japan) A SYBR Green Mastermix kit (TaKaRa, Cat
No. RR820A, Tokyo, Japan) processed the resulting cDNA
for reactions. The 2-AACt method determined the relative
gene expression scale to GAPDH. GraphPad Prism 8
(GraphPad Prism, La Jolla, CA, USA) analyzed the data to
find that P<.05 indicates statistical significance. Table 1 lists
the gene-specific primers used in the RT-PCR analyses.

RESULTS
Identification of DEGs

The researchers standardized GSE10500 and GSE97779
datasets using the KNN algorithm to identify and replace the
missing values with numeric ones. A Venn diagram of the
relationship between DEG groups showed that, from a total
of 14 RA and 8 normal control samples, 102 DEGs were
identified, of which 72 were upregulated and 30 were
downregulated (Figure 1).

Enrichment analysis

To determine the critical biological functions and key
signaling pathways of these DEGs, GO analysis and KEGG
pathway analysis were performed using the clusterProfiler
package. R. GO analysis showed that the 102 DEGs identified
via the KNN algorithm were mainly associated with the
regulation of immune system processes (such as antimicrobial
humoral response, defense response to a virus, responses to a
virus and an antibiotic) in Biological Process (BP), external
side of plasma membranes (such as secretory granule lumen
and cytoplasmic vesicle lumen) in Cell Component (CC),
and antigen-binding (such as glycosaminoglycan binding,
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Table 2. GO enrichment terms of DEGs

ONTOLOGY |ID Description P value | Gene Count
GO:0019730 | antimicrobial humoral response .0048 7
GO:0051607 | defense response to virus .0048 9
GO:0009615 |response to virus .0048 10
GO:0046677 | response to antibiotic .0048 10
BP GO:0032496 | response to lipopolysaccharide .0048 10
GO:0050900 |leukocyte migration .0048 12
G0:0002237 | response to molecule of bacterial origin .0048 10
GO:0034113 | heterotypic cell-cell adhesion .0053 5
GO:0045861 | negative regulation of proteolysis .0061 10
GO:0052547 | regulation of peptidase activity .0066 11
G0:0034774 |secretory granule lumen .0006 10
GO:0060205 | cytoplasmic vesicle lumen .0006 10
G0:0031983 | vesicle lumen .0006 10
cc GO:0031093 | platelet alpha granule lumen .0012 5
GO:0031091 | platelet alpha granule .0042 5
GO:0009897 | external side of plasma membrane .0311 8
GO:0070820 | tertiary granule .0446 5
GO:0005775 | vacuolar lumen .0481 5
GO:0005539 | glycosaminoglycan binding .0390 7
G0:0042379 | chemokine receptor binding .0390 4
GO:0019955 | cytokine binding .0390 5
GO0:0033218 | amide binding .0390 8
ME GO0:0048029 | monosaccharide binding .0390 4
G0:0070851 | growth factor receptor binding .0390 5
GO:0001540 | amyloid-beta binding .0390 4
GO:0005126 | cytokine receptor binding .0390 7
GO:0015144 | carbohydrate transmembrane transporter activity .0390 3
GO0:0042277 | peptide binding .0390 7

Figure 2. Enrichment analyses of DEGs. (A) The top 10 GO
enrichment terms in each group. The Y-axis represents GO
terms. The X-axis represents number of enriched genes. The
gradual color scale represents the p adjust-value. (B) The top-
20 KEGG pathways. The X-axis represents the gene ratio,
indicating the gene number. The Y-axis represents signaling
pathways. Dot size represents gene number. The gradual
color scale represents correlation.

®) pothay enrichame

Figure 3. Circos plot of the relationships between genes and
GO terms. The gradual color of the outer circle genes
represents log FC, red shapes represent up-DEGs, blue
shapes represent down-DEGs.
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chemokine receptor binding and cytokine binding) in
Molecular Function (MF). Table 2 and Figures 2-3 illustrated
the top 10 terms in the 3 groups. Intriguingly, the top 20
enriched KEGG biological pathways were primarily enriched
in transcriptional mis-regulation in cancer, hematopoietic
cell lineage, cytokine-cytokine receptor interaction, focal
adhesion, PI3K-Akt signaling pathway, and IL-17 signaling
pathway (Table 3 and Figure 3).

PPI network and module analysis

To further establish a PPI network between RA and
normal samples, the researchers identified 195 interactions
and 83 nodes, including 61 upregulated and 22 downregulated
DEGs via STRING and Cytoscape, and revealed the top 5
hub genes with the highest scores: VEGFA, MMP9, FN1,
IGFI1, and CXCL9 (Figure 4). In addition, the Cytoscape
MCODE plugin (Table 4) identified 5 PPI network modules.
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Table 3. The top 20 KEGG pathway enrichment terms of

Table 4. PPI network modules of DEGs in RA

DEGs
Cluster | Score | Nodes | Edges | Node IDs
gene 1 5 5 10 |1SG20, RSAD2, IF127, GBP2, GBP1
D Pathway name count| FPR FN1, EPHB2, MMP9, TIMP4, IGF1,
hsa05202 | Transcriptional misregulation in cancer 8 1.77E-06 2 4.727 |12 26 CCL7, VCAN, P13, CCND2, FYN,
hsa04640 | Hematopoietic cell lineage 6 1.02E-05 ILIRN, KLF4
hsa04060 | Cytokine-cytokine receptor interaction 8 1.97E-05 3 3 3 3 €Dz, CDIC, GZMB
hsa04510 | Focal adhesion 7 2.09E-05 | | |4 313 3 MEL, PEKF, FBP1
hsa04151 | PI3K-AKkt signaling pathway 8 4.69E-05 | | 1 313 3 AZU1, RNASE2, FUCAL
hsa04657 | IL-17 signaling pathway 5 L.18E-04 | | Figure 6. Verification of the key genes by the GSE71370
hsa04010 | MAPK signaling pathway 6 L24E-03 || dataset. (A) Expression levels of the top 5 hub genes.
hsa05200 |Pathways in cancer 7 280503 (B) Expression levels of genes in the top 1 gene module
hsa01100 | Metabolic pathways 11 |2.96E-03 P 8 P8 :
hsa05219 | Bladder cancer 3 [306E-03 | | "P<.05*P<.0L, *P<.0001.
hsa04142 Lysosome 4 3.60E-03 (A) CXCL9 FN1 IGF1 MMP9 VEGFA
hsa04210 | Apoptosis 4 4.70E-03 " e 36 1 1
hsa00740 | Riboflavin metabolism 2 5.03E-03 £, & im i‘ 834 . 5 : _g s &
hsa04514 | Cell adhesion molecules (CAMs) 4 5.40E-03 § . § §u T § . + g° = :
hsa04976 | Bile secretion 3 8.71E-03 §= *E i §n i *" 3 és - & 51
hsa04115 | p53 signaling pathway 3 8.71E-03 R . gl S
hsa05165 | Human papillomavirus infection 5 8.89E-03 & & & \@P &
hsa04062 | Chemokine signaling pathway 4 1.00E-02 fii:i) &i:é ‘x’{:‘; ‘Jii:;’ f‘:’s‘i’
hsa05205 | Proteoglycans in cancer 4 1.20E-02 ¥ ¢ . ¥ c
hsa04512 | ECM-receptor interaction 3 1.22E-02 (B)“ Gopt N c8p2 » IFi2 N 15620 L. ez
Figure 4. (A) PPI network of DEGs. Red shapes represent ijj % g" 3 i"’ . 3. i' ok i‘" »
up-DEGs. Blue shapes represent down-DEGs. The gradual gel.. 3 ¢ §': - + . = ih =: R *.A f
color scale represents the log FC. Node size represents degree | § . % k3 I MEE= = ﬁ §.% T+ 8
value. (B) Degree scores of the top-30 hub genes. . = — T
N fi’i‘z«* f‘; Qj}e d”:, iﬁs@f f«; ﬁp\@" & “'i::‘;@
— = & & & L
R Figure 7. RT-qPCR analysis of key gene expression in
oy macrophages vs. control cells. (A) Expression levels of the top
™o 5 hub genes. (B) Expression levels of genes in the top 1 gene
- module. *P<.05, **P<.01, ¥***P<.0001, ns, non-signifcant.
o o i ;‘ T 15 —
S H fos H 1o
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Figure 5. Top 2 cluster modules from the PPI network. Red B) o - " ” o
octagons represent up-DEGs. Blue octagons represent down- £ [ 5 e ] Z
DEGs. (A) Module one, (B) KEGG enrichment pathways of i g £ o] : i
module one, (C) module two, and (D) KEGG enrichment £ £ o £ o
pathways of module two. oo s o s cool U5 Gomwol 8 Conel U8
GBP1 GBP2 RSAD2 15G20 Fi27

(A)

(B)

GBP2
GBP1 P Term
\ RSAD2 NOD-like receptor signaling
thway
/ ot
1SG20

7

(D)

Term

FDR Nodes

0000100857  GBP2, GBPI

FDR Nodes

Focal adhesion
Transcriptional misregulation
in cancer

pS3 signaling pathway

IL-17 signaling pathway
Endocrine resistance

0.0091 COND2,IGF1FYN
00091 COND2IGFI MMP9

00179 COND2,IGFI
0.0241 MMP9.CCLY
00241 1GFI MMPY

Of these top 2 significant modules were shown to be
associated with NOD-like receptor signaling, focal adhesion,
transcriptional mis-regulation in cancer, and the p53
signaling pathway, revealed by KEGG analyses (Figure 5).

Validation of the key genes

To validate these in silico analysis suggested data, we
evaluated the expressions of the top 5 hub genes and the top
gene module by another dataset (GEO accession: GSE71370)
and followed by RT-qPCR analysis. Compared to normal
samples, the gene expression levels of CXCL9, VEGFA, FN1,
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ISG20, RSAD2, IFI27, GBP2, and GBPI had significantly
elevated RA synovial macrophages and inflammatory
macrophages (P < .05, Figures 6-7), in consistence with our
bioinformatics analysis above.

DISCUSSION

Rheumatoid arthritis is a systemic autoimmune disorder
characterized by synovial joint inflammation. Macrophages
are resident cells in synovial tissue and can orchestrate
cytokine-driven inflammation in RA, leading to persistent
synovial inflammation and associated bone damage.’ Several
lines of evidence showed that macrophages play a pivotal role
in RA onset and progression. However, fundamental gaps
remain in our understanding of the imbalance of synovial
macrophages during RA development. Here, using numerous
bioinformatic analyses, including the KNN algorithm, GO
and KEGG pathway analyses, STRING and Cytoscape, and
the Cytoscape MCODE plugin, the researchers identified key
genes and pathways associated with RA synovial macrophages
to serve as biomarkers and therapeutic targets for RA.

With recent advancements in transcriptome analysis,
several groups reported the gene expression data of synovial
macrophages in RA patients to dissect the underlying
molecular mechanism. The researchers standardized the data
from two independent datasets to obtain more reliable results
and validated the results with a third. The 102 DEGs
identified were primarily associated with regulating immune
response and signaling pathways closely linked to
inflammatory activation, apoptosis, and cancer. Of these,
CXCL9, VEGFA, FN1, ISG20, RSAD2, IFI27, GBP2, and
GBP1 were markedly elevated in synovial macrophages of
RA relative to what of healthy donors and peripheral blood
macrophages from RA patients.

Consistent with previous findings,”” the present study
found CXCL9 as the top upregulated gene in RA synovial
macrophages and involved in all of the top 7 biological
processes in the GO functional enrichment analysis. CXCL9 is
an interferon-y (IFN-y)-inducible chemokine that promotes
lymphocyte migration to RA synovial tissues by binding to its
receptor CXCR3."""? The interaction between CXCL9 and
CXCR3 may stimulate Src phosphorylation,”* a possible
mechanism involved in the activation of PI3K-Akt signaling in
RA synovial macrophages. Of interest, the antigen-induced
arthritic mice model emphasized that CXCL9-derived peptides
diminished neutrophil recruitment and joint inflammation by
interfering with glycosaminoglycan interactions,' highlighting
CXCLS9 as a potential therapeutic target for RA. Many groups
have proposed various chemokine receptors as therapeutic
targets for RA, including CCR7, CX3CL1, CXCR4, and
CCR9."*® Given that CXCL9 was the only chemokine to
emerge from the present analysis, it would be interesting if
future studies explored possible understandings how CXCL9-
CXCRS3 pairs trigger the RA onset and progression. It would
also be worthwhile to evaluate whether targeting a CXCL9-
CXCR3 interaction would benefit from the development of a
promising new therapeutic modality.

This study provided the first evidence that GBP, especially
GBP1, is implicated in an imbalance of synovial macrophages
during RA development. GBP1 and GBP2 belong to the
interferon-inducible GTPases family that promote
antimicrobial immunity and mediate inflammation and cell
cycle progression.” GBP1 and GBP2 are the most highly
expressed interferon-stimulated genes (ISGs) in humans®.
More recent data hint at interferon-stimulated gene
involvement in RA. GBP1 is highly expressed in the serum
and synovial tissues of RA patients.? Moreover, in infected
macrophages, GBP1 enhances gasdermin-D-dependent
macrophage apoptosis and pyroptosis due to the recruitment
and activation of caspase-4.>> This study’s KEGG enrichment
analysis indicated that GBP1 and GBP2 participated in
NOD-like receptor signaling, another mechanism by which
macrophage lose the balance in RA. Intriguingly, several
other identified gene products, such as ISG20, RSAD2, and
IFI27, also listed in the top gene module, are ISGs and were
reported to connect to RA,” highlighting the pivotal role of
interferon in RA.

CONCLUSIONS

This study identified CXCL9 and GBP1 as candidate
genes for RA synovial macrophages in RA pathogenesis.
These findings advance the understanding of RA pathogenesis
and pave the way for developing innovative diagnostic
strategies and identifying new therapeutic targets for RA.
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