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Abstract 

Objectives: Methotrexate (MTX) is an anchor drug for the treatment of rheumatoid arthritis (RA). However, the 
precise mechanisms by which MTX stalls RA progression and alleviates the ensuing disease effects remain unknown. 
The aim of the present study was to identify novel therapeutic target molecules, the expression patterns of which are 
affected by MTX in patients with RA.

Methods: CD4+ T cells from 28 treatment-naïve patients with RA before and 3 months after the initiation of MTX 
treatment were subjected to DNA microarray analyses. The expression levels of semaphorin 3G, a differentially 
expressed gene, and its receptor, neuropilin-2, were evaluated in the RA synovium and collagen-induced arthritis syn-
ovium. Collagen-induced arthritis and collagen antibody-induced arthritis were induced in semaphorin3G-deficient 
mice and control mice, and the clinical score, histological score, and serum cytokines were assessed. The migration 
and proliferation of semaphorin 3G-stimulated bone marrow-derived macrophages were analyzed in vitro. The effect 
of local semaphorin 3G administration on the clinical score and number of infiltrating macrophages during collagen 
antibody-induced arthritis was evaluated.

Results: Semaphorin 3G expression in  CD4+ T cells was downregulated by MTX treatment in RA patients. It was 
determined that semaphorin 3G is expressed in RA but not in the osteoarthritis synovium; its receptor neuropilin-2 
is primarily expressed on activated macrophages. Semaphorin3G deficiency ameliorated collagen-induced arthritis 
and collagen antibody-induced arthritis. Semaphorin 3G stimulation enhanced the migration and proliferation of 
bone marrow-derived macrophages. Local administration of semaphorin 3G deteriorated collagen antibody-induced 
arthritis and increased the number of infiltrating macrophages.

Conclusions: Upregulation of semaphorin 3G in the RA synovium is a novel mechanism that exacerbates joint 
inflammation, leading to further deterioration, through macrophage accumulation.
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Introduction
Rheumatoid arthritis (RA) is an autoimmune disease 
characterized by chronic destructive synovial inflamma-
tion. Recent advances in RA treatment have improved 
overall therapeutic outcomes. However, a substan-
tial number of patients do not achieve remission even 
when biologic disease-modifying anti-rheumatic drugs 
(biologic DMARDs, bDMARDs) or target synthetic 
DMARDs (tsDMARDs) accompanied by methotrexate 
(MTX) are used [1]. Additionally, these drugs cause a 
heightened risk of serious infections [2, 3]. This is partly 
because bDMARDs, tsDMARDs, and MTX inhibit 
the activation of a wide variety of immune cells. In this 
regard, it is crucial to select target pathways to reduce the 
severity and frequency of adverse events while guaran-
teeing the efficacy of RA treatment strategies.

MTX is an anchor drug for RA treatment [4, 5]. MTX 
is a folate derivative that inhibits nucleotide synthesis, 
resulting in decreased immune cell proliferation [6]. Fur-
thermore, several studies revealed other mechanisms by 
which MTX suppresses immune responses [7–10]. For 
example, MTX inhibits 5-aminoimidazole-4-carboxam-
ide ribonucleotide (AICAR) transferase (ATIC), causing 
the accumulation of intracellular AICAR. AICAR accu-
mulation promotes adenosine release and diminishes 
inflammation [10]. However, further understanding of 
the pharmacological action of MTX is required. There-
fore, we aimed to analyze the molecular mechanisms 
improving RA pathology and identify novel therapeutic 
targets.

Herein, we examined the gene-expression profiles of 
peripheral blood  CD4+ T cells in 28 treatment-naïve RA 
patients before and after MTX treatment and evaluated 
the roles of one of the differentially expressed genes, sem-
aphorin 3G (Sema3G), in murine experimental arthritis 
models.

Methods
Patients
Twenty-eight patients who fulfilled the American College 
of Rheumatology 1987 revised criteria for the classifica-
tion of RA and who had never received any DMARDs 
were recruited for DNA microarray analysis. MTX 
treatment was initiated for these patients as standard 
clinical care. Patient characteristics are listed in Table 1. 
For Sema3G detection, eight RA and eight osteoarthri-
tis (OA) patients who underwent joint surgery were 
recruited, and the synovium was trimmed from the surgi-
cal specimen. The procedure was approved by the Ethics 

Committee of Chiba University (reference numbers 872 
and 3880) and written informed consent was obtained in 
accordance with the Declaration of Helsinki.

Mice
C57BL6/J mice were purchased from Japan CLEA. 
Sema3G-deficient  (Sema3G-/-) mice have been described 
previously [11]. Mice were housed in specific pathogen-
free facilities. All animal experiments were conducted in 
accordance with the Animal Care and Use Committee of 
Chiba University.

Collagen‑induced arthritis and collagen antibody‑induced 
arthritis
For collagen-induced arthritis (CIA), 8- to 12-week-old 
mice were immunized intradermally at the base of the tail 
with 100 μl of chicken type II collagen (10 μg/ml) (Chon-
drex) emulsified with complete Freund’s adjuvant (20 μg/
ml Mycobacterium butyricum) (Chondrex). Three weeks 
later, the mice received the same immunization. After the 
second immunization, the clinical scores were recorded 
three times a week. For collagen antibody-induced arthri-
tis (CAIA), 8- to 12-week-old mice received an intrave-
nous injection of 100 μl ArthritoMab (MD Bioproducts). 
On day 4, mice were intraperitoneally injected with 100 
μg LPS. The clinical scores were recorded daily. Clinical 
symptoms were graded based on the following criteria: 0 
= no joint swelling; 1 = mild joint swelling/erythema of 
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Table 1 Patient characteristics

IQR Inter-quartile range, RF, Rheumatoid factor, ACPA Anti-cyclic citrullinated 
protein antibody, MTX Methotrexate, ESR Erythrocyte sedimentation rate, CRP 
C-reactive protein, DAS28 Disease Activity Score 28

Variables Treatment 
naïve RA (n 
= 28)

Age, median (IQR) years 59.5 (47.5–67)

Female, n (%) 20 (71.4)

Disease duration, median (IQR) months 7 (3–24)

RF positive, n (%) 25 (89.2)

ACPA positive, n (%) 26 (92.9)

Maximum dose of MTX, median (IQR) mg/week 10 (8–11)

Dose of prednisolone at baseline, median (IQR) mg/day 0 (0–0)

ESR, median (IQR) mm/h pre-treatment 31 (14–46)

ESR, median (IQR) mm/h post-treatment 11 (9–27)

CRP, median (IQR) mg/dl pre-treatment 0.7 (0.3–1.5)

CRP, median (IQR) mg/dl post-treatment 0.1 (0.1–0.4)

DAS28-ESR, median (IQR) pre-treatment 4.21 (3.83–5.02)

DAS28-ESR, median (IQR) post-treatment 2.54 (2.02–4.39)
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the ankle, wrist, or digit; 2 = moderate joint swelling; 3 = 
severe joint swelling; and 4 = severe joint swelling with 
ankylosis. The clinical scores were obtained by summing 
the scores for each limb.

Antibodies
Anti-Sema3G polyclonal antibodies were purchased from 
MyBioSource. Anti-neuropilin2 (Nrp2) polyclonal anti-
bodies conjugated with FITC were purchased from Alo-
mone Labs (#ANR-062). BV785- or BV421-conjugated 
anti-CD45 (104), PerCP-Cy5.5-conjugated anti-CD3ε 
(145-2C11), APC-conjugated anti-B220 (RA3-6B2), 
BV421-conjugated anti-CD11b (M1/70), BV711-conju-
gated anti-F4/80 (BM8), PE-conjugated anti-CD86 (GL-
1), PerCP-Cy5.5-conjugated anti-MHC-II (M5/114.15.2), 
and Zombie Aqua were purchased from BioLegend.

Recombinant Fc‑tagged Sema3G production
The Sema3G expression vector has been described pre-
viously [12]. The vector was transfected into 293T cells 
using Lipofectamine LTX (Thermo Fisher Scientific). 
Cells were cultured in DMEM supplemented with ultra-
low IgG FBS (Gibco). The culture supernatant was col-
lected and dialyzed using Amicon Ultra 100 K (Merck). 
The dialyzed supernatant was further purified with a 
Protein G column (Cytiva), and the buffer was exchanged 
with PBS. Sema3G production was confirmed by 
Coomassie blue staining and western blotting.

Immunohistochemistry
Formalin-fixed, paraffin-embedded samples were sub-
jected to Sema3G immunostaining. After dewaxing and 
rehydration, the samples were boiled in 0.01M citric acid 
buffer (pH6.0) for 10 min. The samples were then washed 
and blocked in 3% bovine serum albumin (BSA) solu-
tion, followed by an overnight primary antibody reaction 
(antibody dilution rate = 1:50). After washing, the sam-
ples were subjected to secondary antibody staining and 
visualization with DAB using a liquid DAB substrate/
chromogen system (DACO).

Bone marrow‑derived macrophage culture
Bone marrow cells were cultured in the presence of 
recombinant M-CSF (50 ng/ml) (Pepro Tech) to prepare 
bone marrow-derived macrophages (BMMs). For Nrp2 
expression analysis, BMMs were stimulated with 100 ng/
ml LPS (Sigma Aldrich), 10 ng/ml IFN γ (Pepro Tech), or 
20 ng/ml IL-4 (Pepro Tech) for 2 days. For RNA-seq anal-
yses, LPS-stimulated BMMs were cultured in the pres-
ence or absence of 100 ng/ml recombinant Sema3G for 
18 h. For cell-proliferation analysis, 5×104 BMMs were 
seeded in a 24-well plate and cultured with or without 
recombinant Sema3G for 48 h. Cells were incubated with 

EdU for 2 h, followed by Hoechst 33342 and EdU staining 
(Click-iT EdU assay; Thermo Fisher Scientific).

Transwell migration assay
Transwell migration assays were performed as previ-
ously described [13]. Briefly, the upper chambers with 8 
μm pore size membranes were filled with LPS-stimulated 
BMMs in 1% FBS-supplemented medium. The lower 
chambers were filled with 700 mL of 1% FBS-supple-
mented medium with PBS, Sema3G, or MCP1 (BioLe-
gend), as indicated. After 6-h stimulation, cells on the 
underside of the membrane were stained with Hoechst.

Flow cytometry
Joint-infiltrating cells were isolated as described previ-
ously [14]. Cells were first stained with Zombie Aqua to 
exclude dead cells from the analyses and subsequently 
incubated with anti-CD16/32 antibody (BioLegend) to 
block Fc receptors. The samples were then stained with 
antibodies against CD45, CD3ε, B220, CD11b, F4/80, 
and Nrp2 at 4°C for 30 min. For the evaluation of BMMs, 
adhered cells were detached using 5 mM EDTA in PBS 
and then stained with anti-Nrp2 antibody. The sam-
ples were analyzed on a Canto II or Fortessa X-20 (BD 
Biosciences).

Microarray analysis
Peripheral blood samples were prepared from MTX-
treated patients, as previously described [15], and  CD4+ 
T cells were further enriched using a human  CD4+ T cell 
isolation kit (Miltenyi) [16–18]. The purity of the  CD4+ 
T cells was > 95%. Total RNA was extracted using Isogen 
solution (Nippon Gene). DNA microarray analysis was 
performed using a Quick Amp labeling kit and Whole 
Human Genome DNA Microarray 4× 44 K, according to 
the manufacturer’s protocol (Agilent). The signal inten-
sity was normalized by adjusting the data to the 75th per-
centile. The linear models for microarray data (Limma) 
package of the R project were used to identify candidate 
probes [19].

RNA‑seq analysis
Total RNA was purified using the TRIzol reagent. RNA-
seq libraries were prepared using a QuantSeq 3′ mRNA-
Seq Library Prep Kit FWD for Illumina and UMI Second 
Strand Synthesis Module for QuantSeq FWD (Lexo-
gen). Sequencing was performed on an Illumina Nex-
Seq500 (Illumina) in 75-base single-end mode. The 
obtained reads were mapped to the mm10 genome and 
UMI counts were measured using Strand NGS (Agi-
lent). Expression data were normalized, and differen-
tially expressed genes were identified using the EdgeR 
software.
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ELISA
The serum levels of IL-6 and TNFα were measured 
using a mouse ELISA MAX Standard IL-6 kit (BioLe-
gend) and a mouse ELISA MAX Standard TNFα kit 
(BioLegend).

Statistical analyses
An unpaired, paired t-test or one-way analysis of vari-
ance (ANOVA) was used for data analysis using Prism9 
(GraphPad). Clinical scores were assessed using a two-
way ANOVA test. Statistical significance was set at P < 
0.05.

Data availability
Microarray and RNA-seq data were deposited in the 
Gene Expression Omnibus and were accessible through 
GSE176440 and GSE176438. The data are publicly avail-
able for publication.

Results
Semaphorin 3G expression found to be upregulated 
in the inflamed joint
We first performed DNA microarray analyses of periph-
eral blood  CD4+ T cells before and after MTX treat-
ment to identify novel mechanisms by which MTX 
improves RA disease activity. We identified several 
differentially expressed genes (DEGs) and focused on 
Sema3G (Fig.  1A). Sema3G belongs to the class 3 sem-
aphorin family; it has been ascertained that Sema3G 
plays important roles in neural and vascular develop-
ment [20, 21]. Although several studies have suggested 
that semaphorins are pivotally involved in autoimmune 
diseases [22, 23], the role of Sema3G in this context is 
yet to be elucidated. Therefore, we analyzed Sema3G 
expression in human synovium obtained from patients 
with RA and OA. As described previously, the OA syn-
ovium was observed to be a monolayer, and synoviocytes 
and fibroblast-like spindle-shaped cells were slightly 
positive for Sema3G (Fig.  1B). In contrast, multilayered 
synoviocytes were observed in the RA synovium and 
expressed substantial levels of Sema3G (Fig. 1B). In addi-
tion, synovium-infiltrating leukocytes expressed Sema3G 
(Fig. 1B). We compared the Sema3G-positive area in the 
synovial tissue and found that the Sema3G-positive area 
was significantly larger in the RA synovium than in the 
OA synovium (Fig. 1C).

Next, we assessed Sema3G expression in CIA. Non-
arthritic control mice had minimal synovium in the wrist 
joints with no Sema3G signals (Fig.  1D). CIA-induced 
mice showed thick synovium with abundant Sema3G 

signals (Fig.  1D). These results implied that Sema3G is 
involved in the pathogenesis of joint inflammation.

Activated macrophages found to express neuropilin‑2, 
a receptor for Sema3G, in the inflamed joint
Previous studies have shown that Nrp2 and plexin com-
plex [24] functions as receptors for full-length Sema3G. 
To clarify the cell types that respond to Sema3G in 
inflamed joints, joint-infiltrating immune cells were col-
lected from CIA-induced mice and analyzed for Nrp2 
expression. Among several immune cells, macrophages 
showed the highest percentage of the Nrp2-high pop-
ulation (Fig.  2A). Notably, Nrp2-high macrophages 
expressed higher levels of CD86 and MHC class II, 
which are representative activation markers (Fig.  2B). It 
was consequently inferred that signals transmitted via 
Nrp2 might be involved in macrophage activation. Next, 
BMMs were cultured under various conditions to deter-
mine the type of macrophages that preferentially express 
Nrp2. Without any stimulation, only 20% of the BMMs 
were found to be Nrp2-high (Fig. 2C). Importantly, IFNγ 
or LPS stimulation efficiently induced Nrp2 expression 
but IL-4 did not (Fig. 2C). As IFNγ and LPS have a strong 
association with type 1 inflammation (i.e., M1 mac-
rophages), this finding aligns with the concept that the 
Sema3G–Nrp2 axis plays a pathogenic role in RA. We 
also sought to determine if macrophages in the human 
RA synovium express Nrp2. To address this issue, we 
reanalyzed publicly available single-cell RNA-seq data of 
the RA synovium [25]. Consistent with the data obtained 
from the CIA model, the CD14-positive monocyte/mac-
rophage population was found to express Nrp2 (Fig. 2D); 
however, other immune cells, such as T cells and B cells, 
did not express Nrp2. Together, these results suggested 
that macrophages respond to Sema3G in the inflamed 
joints.

Inflammatory arthritis models were mild in  Sema3G−/− 
mice
To address the role of Sema3G in arthritis, CIA was 
induced in  Sema3G−/− mice and their littermate con-
trols. We found that Sema3G-heterozygous mice 
 (Sema3G+/− mice) expressed a comparable level of 
Sema3g in the spleen, kidney, and pancreas to wild-type 
mice (data not shown);  Sema3G+/− mice were used as 
controls. Notably, the clinical score was significantly 
lower in  Sema3G−/− mice than in control  Sema3G+/− 
mice (Fig.  3A). Moreover, the pathological scores were 
lower in  Sema3G−/− mice (Fig.  3B). We also measured 
IL-6 and TNFα in the sera to assess systemic inflamma-
tory conditions in these mice. While there was no differ-
ence in TNFα levels, serum IL-6 levels were significantly 
lower in  Sema3G−/− mice (Fig. 3C).
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It is well known that both innate and adaptive immune 
responses are required to develop CIA [26]. Since we 
next sought to dissect the mechanisms by which Sema3G 
aggravates CIA, we employed CAIA, in which adaptive 
immunity is less critical in the development of arthri-
tis [27]. In this model, an anti-collagen antibody was 
injected intravenously into mice on day 0, and LPS was 
injected intraperitoneally to boost inflammation on day4. 
We found that  Sema3G−/− mice showed attenuated clini-
cal scores in CAIA when comparing the overall disease 
course with control  Sema3G+/− mice (Fig.  3D). Nota-
bly, there was no drastic change in the deterioration 
rate after LPS stimulation in  Sema3G−/− mice, whereas 

control mice showed obvious responses to LPS stimula-
tion (Fig. 3D). Indeed, there was no statistical difference 
in the clinical scores until day 4 (P = 0.233). These find-
ings suggested that  Sema3G−/− mice are hyporesponsive 
to LPS but normally respond to inflammation-inducing 
antibodies.

Next, we analyzed the histological scores of CAIA. 
While there were no statistical differences in cartridge 
damage and erosion scores, the inflammatory score was 
significantly lower in  Sema3G−/− mice (Fig.  3E). We 
also observed lower IL-6 and TNFα levels in the sera of 
 Sema3G−/− mice; however, the difference was not statis-
tically significant (Fig. 3F). Taken together, these results 

Fig. 1 The enhanced expression of Sema3G in the inflamed synovium in humans and mice. A Genes differentially expressed before and after MTX 
treatment. Genes differentially expressed are highlighted in red (upregulated after MTX) or blue (downregulated after MTX). B Sema3G expression 
in the synovium of OA or RA patients. The synovium specimens were stained with anti-Sema3G antibody and visualized with DAB. Bars indicate 
200 μm (Low magnification) or 20 μm (high magnification). C The cumulative data of the Sema3G-positive area. Data are expressed as the means 
± SEM. The statistical analyses were performed using an unpaired t-test. D Sema3G expression in the synovium of CIA. The hind paws of the 
control and CIA-induced mice were stained with anti-Sema3G antibody. The representative data are shown. Similar results were obtained in three 
independent experiments. Bars indicate 200 μm
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Fig. 2 Nrp2 expression in activated macrophages during joint inflammation. A Nrp2 expression in immune cells in the CIA synovium. The hind 
paws of CIA-induced mice were digested and subjected to flow-cytometric analysis. The representative histograms of Nrp2 staining and the 
cumulative data are shown. Data are expressed as the means ± SD. N = 3 from three independent experiments. B The characteristics of Nrp2-high 
macrophages. The representative histograms of CD86 and MHC class II expression on joint-infiltrating macrophages (left) and their cumulative data 
(right) are shown. N = 6 from two independent experiments. C Nrp2 expression on BMMs. BMMs were cultured under the indicated conditions, 
and Nrp2 expression was determined by flow cytometry. The representative histograms and the cumulative data are shown. N = 3 from three 
independent experiments. D NRP2 expression in synovium-infiltrating cells in RA. The deposited single-cell RNA-seq data were reanalyzed, and 
several cell types were defined by UMAP. NRP2 expression is denoted by purple dots. The statistical analyses were performed using an unpaired 
t-test
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indicated that Sema3G exacerbates inflammatory arthri-
tis and acts primarily on innate immunity.

Sema3G promoted joint inflammation 
through macrophage migration and proliferation
We sought to determine the mechanism by which 
Sema3G exacerbates inflammatory arthritis. First, we 
performed a transwell migration assay on LPS-stimulated 
BMMs to analyze the chemotactic properties of Sema3G, 
because semaphorins are best characterized as neuron 
guidance factors. Interestingly, we found that Sema3G 
promotes macrophage migration to a certain extent; 
however, its chemotactic property was milder than that 
of MCP1 (Fig. 4A).

Next, we performed a transcriptome analysis of Sema3G-
stimulated BMMs to further understand the molecular 
mechanisms by which Sema3G drives joint inflammation. In 
this experiment, LPS-stimulated BMMs were cultured with 
or without recombinant Sema3G for 18 h and subjected to 
RNA-seq analysis. Numerous genes were upregulated by 
Sema3G stimulation, and among these, Snord89 was highly 
expressed in Sema3G-stimulated BMMs (Fig. 4B). Snord89 
is a non-coding RNA, and it has been reported that Snord89 
is related to cell proliferation through Myc activation [28]. 
Therefore, we hypothesized that Sema3G upregulates 
Snord89 to facilitate macrophage proliferation, resulting in 
aggravation of arthritis. To test this hypothesis, we analyzed 
macrophage proliferation upon Sema3G stimulation. In this 
experiment, LPS-stimulated BMMs were cultured in the 
presence or absence of Sema3G for 48 h. Because BMMs 
adhered to plastic surfaces very firmly and it was difficult 
to count the number of cells with a hemocytometer, BMMs 
were incubated with EdU for the last 2 h, and de novo 
DNA synthesis was evaluated by measuring the incorpora-
tion of EdU. As shown in Fig. 4B, the percentage of EdU-
positive cells among Hoechst-positive cells was increased in 
Sema3G-stimulated BMMs compared to that in PBS-stim-
ulated BMMs (Fig. 4C), indicating that Sema3G promotes 
cell proliferation. Collectively, the enhanced macrophage 
proliferation by Sema3G may be a mechanism that acceler-
ates joint inflammation.

Finally, we assessed whether the local administration of 
Sema3G affects the severity of arthritis and macrophage 

migration and proliferation in vivo. CAIA was induced in 
wild-type mice, and 100 ng of recombinant Sema3G (10 
μl) was injected daily into the footpad of the left side. As 
a control, 10 μl of PBS was injected daily into the foot-
pad of the right side. Consistent with the in  vitro data, 
Sema3G-injected footpads showed a higher clinical 
score than did PBS-injected footpads (Fig. 4D). In addi-
tion, the percentage of macrophages was significantly 
higher in the Sema3G-injected left footpads than in the 
PBS-injected right footpads (Fig. 4E). The frequency of T 
cells was also increased in the Sema3G-injected footpads 
(Fig. 4E). These results indicated that Sema3G promotes 
macrophage migration and proliferation, both in vivo and 
in vitro.

Discussion
In the present study, we elucidated the role of Sema3G 
in the pathogenesis of inflammatory arthritis. We identi-
fied Sema3G as one of the genes downregulated by MTX 
treatment in RA patients. We also found that Sema3G is 
expressed in inflamed joints in humans and mice. Acti-
vated macrophages express Nrp2, a Sema3G receptor. 
In vivo,  Sema3G−/− mice displayed mild CIA and CAIA, 
and Sema3G administration exacerbated arthritis in 
CAIA. Mechanistically, Sema3G promotes macrophage 
migration and proliferation.

Semaphorins were the first to be identified as neural 
guidance proteins [29]. Semaphorins are largely classified 
into eight classes: only class 3 semaphorins are secreted, 
whereas the rest of the classes are transmembrane pro-
teins in mammals [30]. Recent studies revealed their 
crucial roles in cardiovascular growth [31], bone home-
ostasis [32], and immune responses [22, 33]. Sema3G 
was initially defined as a repulsive factor for sympathetic 
axons [24] and is now linked to several physiological 
and pathological processes [20, 34–36]. We previously 
reported a protective role of Sema3G in LPS-induced 
kidney injury [36]. In podocytes, Sema3G suppresses the 
production of inflammatory cytokines and chemokines 
such as IL-6 and CCL2 upon LPS stimulation. In the pre-
sent study, we performed an unbiased RNA-seq analysis 
of Sema3G-stimulated BMMs and found no difference in 
IL6 level (data not shown). Therefore, it is plausible that 

(See figure on next page.)
Fig. 3 Attenuated joint inflammation in Sema3G-deficient mice. A The clinical score of Sema3G-deficient  (Sema3G−/−) mice and their littermate 
controls  (Sema3G+/−) in CIA. Data were obtained from four independent experiments (N = 17 in each group). B The pathological scores of CIA. 
The front paws were subjected to H&E staining, and the inflammation, the cartilage damage, and the erosion scores were separately assessed. C 
The inflammatory cytokines in sera. The sera were collected on day 42 and subjected to ELISA to measure IL-6 and TNFα. D The clinical score of 
 Sema3G−/− mice and  Sema3G+/− in CAIA. Data were obtained from four independent experiments (N = 13 in each group). E The pathological 
scores of CAIA. The front paws were subjected to H&E staining, and the inflammation, the cartilage damage, and the erosion scores were separately 
assessed. F The inflammatory cytokines in sera. The sera were collected on day 9 and subjected to ELISA to measure IL-6 and TNFα. Data are 
expressed as the means ± SEM. For the analyses of the clinical score, 2-way ANOVA was used. For the pathological scores, an unpaired t-test was 
used
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Sema3G exerts cell type-specific functions during inflam-
mation. Further studies are essential to understand how 
Sema3G influences the immune responses in each cell 
type.

Macrophages play various roles in inflammatory arthri-
tis pathogenesis. Macrophages are classified into two 
subsets, namely M1 and M2 macrophages. M1 mac-
rophages are considered pro-inflammatory and have 

Fig. 3 (See legend on previous page.)
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Fig. 4 Enhanced macrophage proliferation by Sema3G. A Chemotaxis assay. LPS-stimulated BMMs were subjected to a transwell migration assay. 
PBS (negative control), MCP1 (positive control), or various concentrations of Sema3G were added to the lower chambers. Cell migration towered to 
the lower chamber was determined by Hoechst staining. The pictures were taken for five different areas, and Hoechst-positive round cell numbers 
were counted. N = 7 from three independent experiments. One-way ANOVA test, followed by Dunnet test, was used for the statical analysis. 
B The volcano plot of Sema3G-stimulated BMMs. Genes differentially expressed are plotted as red dots (upregulated by Sema3G) or blue dots 
(downregulated by Sema3G). Some immune-related gene names are labeled. C EdU uptake in Sema3G-stimulated BMMs. Sema3G-stimulated or 
control (PBS) BMMs were pulsed with 10 μM EdU for 2 h, and EdU and Hoechst were detected by immunofluorescent analysis. The pictures were 
taken for ten different areas, and the percentage of EdU-positive cells over Hoechst-positive cells was calculated. Data were obtained from three 
independent experiments. N = 6. D The clinical score of Sema3G- or PBS-injected paws during CAIA. WT mice were subjected to CAIA. Sema3G 
(100 ng) was injected into the right footpad, and PBS was injected into the left footpad daily from day 3 to day 9. N = 11 from two independent 
experiments. E Infiltrating cell subsets to each paw on day 9 of CAIA. The hind paws were digested, and cells recovered were analyzed by flow 
cytometry. The percentages of T cells, B cells, and macrophages are shown. A paired t-test was used for the statistical analyses
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been implicated in the pathogenesis of autoimmune dis-
eases, whereas M2 macrophages have anti-inflammatory 
potential [37]. Macrophages are one of the most abun-
dant immune cell types that infiltrate the synovium in 
human RA. Reportedly, RA synovial fluid contains more 
M1 macrophages than M2 macrophages [38]. Further-
more, numerous studies have revealed that the num-
ber of M1 macrophages correlates with disease activity 
and joint damage [38, 39]. As observed in humans, M1 
macrophages have pathogenic roles in murine arthritis 
models [40–42]. These findings indicated that M1 mac-
rophages are involved in the pathogenesis of RA.

In this regard, we showed that Nrp2 expression in 
BMMs is significantly elevated following LPS or IFNγ 
stimulation (Fig. 2C), which favors M1 macrophage dif-
ferentiation. Furthermore, Nrp2-high macrophages 
express M1 markers in the synovium (Fig. 2B, C). These 
activation markers are typically expressed in M1 mac-
rophages, and Nrp2-high macrophages may exhibit an 
M1 phenotype. In contrast, the M2 macrophage-skewing 
cytokine IL-4 did not promote Nrp2 expression. These 
findings indicated that M1-like pro-inflammatory mac-
rophages preferentially respond to Sema3G and prolifer-
ate in the inflamed synovium, suggesting that Sema3G is 
a secreted pro-inflammatory protein in the arthritic joint.

Interestingly,  Sema3G−/− mice were resistant to LPS 
stimulation, although  Sema3G−/− mice showed nor-
mal initial response to an anti-collagen antibody during 
CAIA (Fig. 3D). It has been reported that activation of the 
alternative complement pathway accompanied by IgG-
Fc receptor coupling is vital for the induction of arthritis 
[43]. Anti-collagen antibodies are deposited on the car-
tridge surface and recognized by FcRγIII-bearing cells, 
such as neutrophils, mast cells, and macrophages. Activa-
tion of the antibody-FcRγIII and complement-C5aR path-
ways promotes the production of inflammatory cytokines, 
such as IL-6 and TNFα, resulting in joint inflammation. 
Interestingly, RNA-seq analysis revealed that Sema3G 
stimulation did not result in upregulated FcRγIII or 
C5aR expression in BMMs (data not shown). Therefore, 
we hypothesized that Sema3G plays a negligible role in 
antibody-mediated immune responses but directly affects 
macrophage migration and proliferation. This feature may 
be beneficial when considering Sema3G as a therapeutic 
target, because antibody-mediated immune responses are 
essential for pathogen clearance [44].

The present study has several limitations. First, 
although we identified that Sema3G expression is 
downregulated by MTX treatment, we could not 
address the molecular mechanism underlying the 
MTX-mediated suppression of Sema3G expression 
because of the difficulty of in  vitro experiments using 

MTX. Second, Sema3G-mediated immune regulation 
during arthritis has not been addressed adequately. 
While we found that Nrp2 is expressed in activated 
macrophages, some lymphoid cells and neutrophils 
were also positive for Nrp2 in the synovium. Previous 
studies have revealed the crucial roles of semaphorin 
family members in T cell differentiation and activa-
tion [45–50]. Indeed, we found that T cells increased in 
the inflamed joint upon local Sema3G administration 
(Fig.  4E). Therefore, it is possible that the Sema3G–
Nrp2 axis also plays a role in T cell-mediated immune 
responses during arthritis. Fibroblasts in the human 
synovium also express NRP2 mRNA (Fig. 2D), although 
we did not analyze non-immune cells in the present 
study. Previous studies have suggested that signaling 
through neuropilins promotes myofibroblast forma-
tion [51]. Thus, it is possible that Sema3G also affects 
the phenotype of fibroblasts in RA pathogenesis. Third, 
we could not directly assess the therapeutic potential of 
Sema3G neutralization. Although the severity of CIA 
and CAIA was mitigated in  Sema3G−/− mice, antibody-
mediated neutralization of Sema3G after the initiation 
of arthritis would be valuable in determining whether 
Sema3G could serve as a therapeutic target. Further 
studies are warranted to address this issue when a neu-
tralizing antibody against Sema3G is available.

Conclusions
Sema3G is implicated in the pathogenesis of RA, and the 
neutralization of Sema3G may favor the development of a 
novel therapeutic approach belonging to a new category.

Abbreviations
ACPA: Anti-cyclic citrullinated protein antibody; AICAR : 5-Aminoimidazole-
4-carboxamide ribonucleotide; BMMs: Bone marrow-derived macrophages; 
CAIA: Collagen antibody-induced arthritis; CIA: Collagen-induced arthritis; 
CRP: C-reactive protein; DAS28: Disease Activity Score 28; DEG: Differentially 
expressed genes; DMARDs: Disease-modifying anti-rheumatic drugs; ESR: 
Erythrocyte sedimentation rate; MTX: Methotrexate; Nrp2: Neuropilin-2; OA: 
Osteoarthritis; RA: Rheumatoid arthritis; RF: Rheumatoid factor; Sema3G: 
Semaphorin3G; tsDMARD: Target synthetic DMARD.

Acknowledgements
We thank Ms. Kazumi Nemoto and Maho Yoshino for technical support and all 
members of the Nakajima Lab for valuable discussions. Dr. Shigeo Hagiwara 
helped to recruit patients who underwent joint surgery. We would like to 
thank Editage (www. edita ge. com) for English language editing.

Authors’ contributions
Study conception and design: JS, ST, HN. Acquisition of data: JS, ST, KE, KH, TK, 
KI, YuM, AS, KS, JN, YoM. Analysis and interpretation of data: JS, ST, MT, CB, KY, 
SO, HN. The authors read and approved the final manuscript. 

Funding
The present study was supported by Grants-in-Aid for Scientific Research from 
the Ministry of Education, Culture, Sports, and Technology (19K17902), and the 
Uehara Memorial Foundation.

http://www.editage.com


Page 11 of 12Shoda et al. Arthritis Research & Therapy          (2022) 24:134  

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
The present study was approved by the ethics committee of Chiba University. 
All the participants provided written informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Allergy and Clinical Immunology, Graduate School of Medi-
cine, Chiba University, Chiba, Japan. 2 Department of Orthopedic Surgery, 
Graduate School of Medicine, Chiba University, Chiba, Japan. 3 Department 
of Endocrinology, Hematology, and Gerontology, Graduate School of Medi-
cine, Chiba University, Chiba, Japan. 4 Department of Medicine, Division 
of Diabetes, Metabolism and Endocrinology, International University of Health 
and Welfare, Narita, Japan. 5 Department of Immunology, Genetics and Pathol-
ogy (IGP), Uppsala University, Uppsala, Sweden. 

Received: 13 March 2022   Accepted: 17 May 2022

References
 1. Hughes CD, Scott DL, Ibrahim F, Investigators TP. Intensive therapy and 

remissions in rheumatoid arthritis: a systematic review. BMC Musculo-
skelet Disord. 2018;19(1):389.

 2. Singh JA, Cameron C, Noorbaloochi S, Cullis T, Tucker M, Christensen R, 
et al. Risk of serious infection in biological treatment of patients with 
rheumatoid arthritis: a systematic review and meta-analysis. Lancet. 
2015;386(9990):258–65.

 3. Bechman K, Subesinghe S, Norton S, Atzeni F, Galli M, Cope AP, et al. 
A systematic review and meta-analysis of infection risk with small 
molecule JAK inhibitors in rheumatoid arthritis. Rheumatology (Oxford). 
2019;58(10):1755–66.

 4. Pincus T, Yazici Y, Sokka T, Aletaha D, Smolen JS. Methotrexate as the 
"anchor drug" for the treatment of early rheumatoid arthritis. Clin Exp 
Rheumatol. 2003;21(5 Suppl 31):S179–85.

 5. Smolen JS, Landewe RBM, Bijlsma JWJ, Burmester GR, Dougados M, 
Kerschbaumer A, et al. EULAR recommendations for the management 
of rheumatoid arthritis with synthetic and biological disease-modifying 
antirheumatic drugs: 2019 update. Ann Rheum Dis. 2020;79(6):685–99.

 6. Brown PM, Pratt AG, Isaacs JD. Mechanism of action of methotrexate in 
rheumatoid arthritis, and the search for biomarkers. Nat Rev Rheumatol. 
2016;12(12):731–42.

 7. Constantin A, Loubet-Lescoulie P, Lambert N, Yassine-Diab B, Abbal 
M, Mazieres B, et al. Antiinflammatory and immunoregulatory action 
of methotrexate in the treatment of rheumatoid arthritis: evidence of 
increased interleukin-4 and interleukin-10 gene expression demon-
strated in vitro by competitive reverse transcriptase-polymerase chain 
reaction. Arthritis Rheum. 1998;41(1):48–57.

 8. Vergne P, Liagre B, Bertin P, Cook-Moreau J, Treves R, Beneytout JL, et al. 
Methotrexate and cyclooxygenase metabolism in cultured human rheu-
matoid synoviocytes. J Rheumatol. 1998;25(3):433–40.

 9. Montesinos MC, Desai A, Delano D, Chen JF, Fink JS, Jacobson MA, 
et al. Adenosine A2A or A3 receptors are required for inhibition of 
inflammation by methotrexate and its analog MX-68. Arthritis Rheum. 
2003;48(1):240–7.

 10. Montesinos MC, Takedachi M, Thompson LF, Wilder TF, Fernandez P, Cron-
stein BN. The antiinflammatory mechanism of methotrexate depends 
on extracellular conversion of adenine nucleotides to adenosine by 

ecto-5’-nucleotidase: findings in a study of ecto-5’-nucleotidase gene-
deficient mice. Arthritis Rheum. 2007;56(5):1440–5.

 11. Kutschera S, Weber H, Weick A, De Smet F, Genove G, Takemoto M, et al. 
Differential endothelial transcriptomics identifies semaphorin 3G as a vas-
cular class 3 semaphorin. Arterioscler Thromb Vasc Biol. 2011;31(1):151–9.

 12. Visser JJ, Cheng Y, Perry SC, Chastain AB, Parsa B, Masri SS, et al. An 
extracellular biochemical screen reveals that FLRTs and Unc5s mediate 
neuronal subtype recognition in the retina. Elife. 2015;4:e08149.

 13. Kuang L, Wu J, Su N, Qi H, Chen H, Zhou S, et al. FGFR3 deficiency 
enhances CXCL12-dependent chemotaxis of macrophages via upregu-
lating CXCR7 and aggravates joint destruction in mice. Ann Rheum Dis. 
2020;79(1):112–22.

 14. Akitsu A, Ishigame H, Kakuta S, Chung SH, Ikeda S, Shimizu K, et al. IL-1 
receptor antagonist-deficient mice develop autoimmune arthritis due to 
intrinsic activation of IL-17-producing CCR2(+)Vgamma6(+)gammadelta 
T cells. Nat Commun. 2015;6:7464.

 15. Sanayama Y, Ikeda K, Saito Y, Kagami S, Yamagata M, Furuta S, et al. 
Prediction of therapeutic responses to tocilizumab in patients with 
rheumatoid arthritis: biomarkers identified by analysis of gene expression 
in peripheral blood mononuclear cells using genome-wide DNA microar-
ray. Arthritis Rheumatol. 2014;66(6):1421–31.

 16. Takatori H, Kawashima H, Matsuki A, Meguro K, Tanaka S, Iwamoto T, et al. 
Helios Enhances Treg Cell Function in Cooperation With FoxP3. Arthritis 
Rheumatol. 2015;67(6):1491–502.

 17. Meguro K, Suzuki K, Hosokawa J, Sanayama Y, Tanaka S, Furuta S, 
et al. Role of Bcl-3 in the development of follicular helper T cells and 
in the pathogenesis of rheumatoid arthritis. Arthritis Rheumatol. 
2015;67(10):2651–60.

 18. Saito Y, Kagami S, Sanayama Y, Ikeda K, Suto A, Kashiwakuma D, et al. 
AT-rich-interactive domain-containing protein 5A functions as a 
negative regulator of retinoic acid receptor-related orphan nuclear 
receptor γt-induced Th17 cell differentiation. Arthritis Rheumatol. 
2014;66(5):1185–94.

 19. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers dif-
ferential expression analyses for RNA-sequencing and microarray studies. 
Nucleic Acids Res. 2015;43(7):e47.

 20. Liu X, Uemura A, Fukushima Y, Yoshida Y, Hirashima M. Semaphorin 3G 
provides a repulsive guidance cue to lymphatic endothelial cells via 
neuropilin-2/PlexinD1. Cell Rep. 2016;17(9):2299–311.

 21. Tan C, Lu NN, Wang CK, Chen DY, Sun NH, Lyu H, et al. endothelium-
derived semaphorin 3g regulates hippocampal synaptic structure and 
plasticity via neuropilin-2/PlexinA4. Neuron. 2019;101(5):920–937 e913.

 22. Nishide M, Kumanogoh A. The role of semaphorins in immune 
responses and autoimmune rheumatic diseases. Nat Rev Rheumatol. 
2018;14(1):19–31.

 23. Tang MW, Malvar Fernandez B, Newsom SP, van Buul JD, Radstake T, 
Baeten DL, et al. Class 3 semaphorins modulate the invasive capac-
ity of rheumatoid arthritis fibroblast-like synoviocytes. Rheumatology 
(Oxford). 2018;57(5):909–20.

 24. Taniguchi M, Masuda T, Fukaya M, Kataoka H, Mishina M, Yaginuma H, 
et al. Identification and characterization of a novel member of murine 
semaphorin family. Genes Cells. 2005;10(8):785–92.

 25. Zhang F, Wei K, Slowikowski K, Fonseka CY, Rao DA, Kelly S, et al. Defining 
inflammatory cell states in rheumatoid arthritis joint synovial tissues by 
integrating single-cell transcriptomics and mass cytometry. Nat Immu-
nol. 2019;20(7):928–42.

 26. Brand DD, Latham KA, Rosloniec EF. Collagen-induced arthritis. Nat 
Protoc. 2007;2(5):1269–75.

 27. Nandakumar KS, Holmdahl R. Antibody-induced arthritis: disease mecha-
nisms and genes involved at the effector phase of arthritis. Arthritis Res 
Ther. 2006;8(6):223.

 28. Zhu W, Niu J, He M, Zhang L, Lv X, Liu F, et al. SNORD89 promotes 
stemness phenotype of ovarian cancer cells by regulating Notch1-c-Myc 
pathway. J Transl Med. 2019;17(1):259.

 29. He Z, Tessier-Lavigne M. Neuropilin is a receptor for the axonal chemore-
pellent Semaphorin III. Cell. 1997;90(4):739–51.

 30. Fard D, Tamagnone L. Semaphorins in health and disease. Cytokine 
Growth Factor Rev. 2021;57:55–63.

 31. Epstein JA, Aghajanian H, Singh MK. Semaphorin signaling in cardiovas-
cular development. Cell Metab. 2015;21(2):163–73.



Page 12 of 12Shoda et al. Arthritis Research & Therapy          (2022) 24:134 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 32. Kang S, Kumanogoh A. Semaphorins in bone development, homeostasis, 
and disease. Semin Cell Dev Biol. 2013;24(3):163–71.

 33. Suzuki K, Kumanogoh A, Kikutani H. Semaphorins and their receptors in 
immune cell interactions. Nat Immunol. 2008;9(1):17–23.

 34. Zhou X, Ma L, Li J, Gu J, Shi Q, Yu R. Effects of SEMA3G on migration and 
invasion of glioma cells. Oncol Rep. 2012;28(1):269–75.

 35. Liu W, Li J, Liu M, Zhang H, Wang N. PPAR-gamma promotes endothelial 
cell migration by inducing the expression of Sema3g. J Cell Biochem. 
2015;116(4):514–23.

 36. Ishibashi R, Takemoto M, Akimoto Y, Ishikawa T, He P, Maezawa Y, et al. A 
novel podocyte gene, semaphorin 3G, protects glomerular podocyte 
from lipopolysaccharide-induced inflammation. Sci Rep. 2016;6:25955.

 37. Tardito S, Martinelli G, Soldano S, Paolino S, Pacini G, Patane M, et al. 
Macrophage M1/M2 polarization and rheumatoid arthritis: A systematic 
review. Autoimmun Rev. 2019;18(11):102397.

 38. Soler Palacios B, Estrada-Capetillo L, Izquierdo E, Criado G, Nieto C, 
Municio C, et al. Macrophages from the synovium of active rheumatoid 
arthritis exhibit an activin A-dependent pro-inflammatory profile. J 
Pathol. 2015;235(3):515–26.

 39. Ambarus CA, Noordenbos T, de Hair MJ, Tak PP, Baeten DL. Intimal lining 
layer macrophages but not synovial sublining macrophages display an 
IL-10 polarized-like phenotype in chronic synovitis. Arthritis Res Ther. 
2012;14(2):R74.

 40. Li J, Hsu HC, Ding Y, Li H, Wu Q, Yang P, et al. Inhibition of fucosylation 
reshapes inflammatory macrophages and suppresses type II collagen-
induced arthritis. Arthritis Rheumatol. 2014;66(9):2368–79.

 41. Matsumoto T, Takahashi N, Kojima T, Yoshioka Y, Ishikawa J, Furukawa K, 
et al. Soluble Siglec-9 suppresses arthritis in a collagen-induced arthritis 
mouse model and inhibits M1 activation of RAW264.7 macrophages. 
Arthritis Res Ther. 2016;18(1):133.

 42. Wang Q, Zhou X, Zhao Y, Xiao J, Lu Y, Shi Q, et al. Polyphyllin I Ameliorates 
Collagen-Induced Arthritis by Suppressing the Inflammation Response 
in Macrophages Through the NF-kappaB Pathway. Front Immunol. 
2018;9:2091.

 43. Banda NK, Hyatt S, Antonioli AH, White JT, Glogowska M, Takahashi K, 
et al. Role of C3a receptors, C5a receptors, and complement protein C6 
deficiency in collagen antibody-induced arthritis in mice. J Immunol. 
2012;188(3):1469–78.

 44. Lu LL, Suscovich TJ, Fortune SM, Alter G. Beyond binding: antibody effec-
tor functions in infectious diseases. Nat Rev Immunol. 2018;18(1):46–61.

 45. Kumanogoh A, Suzuki K, Ch’ng E, Watanabe C, Marukawa S, Takegahara 
N, et al. Requirement for the lymphocyte semaphorin, CD100, in the 
induction of antigen-specific T cells and the maturation of dendritic cells. 
J Immunol. 2002;169(3):1175–81.

 46. O’Connor BP, Eun SY, Ye Z, Zozulya AL, Lich JD, Moore CB, et al. Sema-
phorin 6D regulates the late phase of CD4+ T cell primary immune 
responses. Proc Natl Acad Sci U S A. 2008;105(35):13015–20.

 47. Delgoffe GM, Woo SR, Turnis ME, Gravano DM, Guy C, Overacre AE, et al. 
Stability and function of regulatory T cells is maintained by a neuropilin-
1-semaphorin-4a axis. Nature. 2013;501(7466):252–6.

 48. Leclerc M, Voilin E, Gros G, Corgnac S, de Montpreville V, Validire P, et al. 
Regulation of antitumour CD8 T-cell immunity and checkpoint blockade 
immunotherapy by Neuropilin-1. Nat Commun. 2019;10(1):3345.

 49. Podojil JR, Chiang MY, Ifergan I, Copeland R, Liu LN, Maloveste S, et al. 
B7-H4 Modulates Regulatory CD4(+) T Cell Induction and Function via 
Ligation of a Semaphorin 3a/Plexin A4/Neuropilin-1 Complex. J Immunol. 
2018;201(3):897–907.

 50. Xie J, Wang Z, Wang W. Semaphorin 4D Induces an Imbalance of Th17/
Treg Cells by Activating the Aryl Hydrocarbon Receptor in Ankylosing 
Spondylitis. Front Immunol. 2020;11:2151.

 51. Niland S, Eble JA. Neuropilins in the context of tumor vasculature. Int J 
Mol Sci. 2019;20(3):639.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Semaphorin 3G exacerbates joint inflammation through the accumulation and proliferation of macrophages in the synovium
	Abstract 
	Objectives: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Patients
	Mice
	Collagen-induced arthritis and collagen antibody-induced arthritis
	Antibodies
	Recombinant Fc-tagged Sema3G production
	Immunohistochemistry
	Bone marrow-derived macrophage culture
	Transwell migration assay
	Flow cytometry
	Microarray analysis
	RNA-seq analysis
	ELISA
	Statistical analyses
	Data availability

	Results
	Semaphorin 3G expression found to be upregulated in the inflamed joint
	Activated macrophages found to express neuropilin-2, a receptor for Sema3G, in the inflamed joint
	Inflammatory arthritis models were mild in Sema3G−− mice
	Sema3G promoted joint inflammation through macrophage migration and proliferation

	Discussion
	Conclusions
	Acknowledgements
	References


