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Platelet-derived extracellular vesicles promote the
migration and invasion of rheumatoid arthritis
fibroblast-like synoviocytes via CXCR?2 signaling
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Abstract. Platelet-derived extracellular vesicles (PEVs), which
are generated from the plasma membrane during platelet
activation, may be involved in the inflammatory processes of
rheumatoid arthritis (RA). The motility of RA fibroblast-like
synoviocytes (RA-FLS) plays a key role in the development of
synovial inflammation and joint erosion. However, the effects
of PEVs on the motility of RA-FLS remain unclear. Thus,
the present study aimed to investigate the active contents and
potential molecular mechanisms underlying the role of PEVs
in regulating the migration and invasion of RA-FLS. The
results demonstrated that PEVs contain certain chemokines
associated with cell migration and invasion, including C-C
motif chemokine ligand 5, C-X-C motif chemokine ligand
(CXCL)4 and CXCL7. Furthermore, SB225002, an antagonist
of C-X-C motif chemokine receptor 2 (CXCR2; a CXCL7
receptor), partially prevented the migration and invasion of
RA-FLS induced by PEVs, suggesting that PEVs may activate
a CXCR2-mediated signaling pathway in RA-FLS. In addition,
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SB225002 antagonized the phosphorylation of IkB and NF-xB
in RA-FLS induced by PEVs. Taken together, the results of the
present study suggested that PEVs may promote the migration
and invasion of RA-FLS by activating the NF-xB pathway
mediated by the CXCR2 signaling pathway.

Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune
disease that mainly causes chronic inflammation in syno-
vial tissues (1,2). Accumulating evidence suggests that
fibroblast-like synoviocytes (FLS) play a critical role in the
pathogenesis of RA, particularly in the erosion of cartilage
and bone (3,4). Stable activated RA-FLS exhibit tumor
cell-like phenotypes, such as overproduction of inflamma-
tory cytokines, excessive proliferation, aggressive migration
and invasion (5,6). Therefore, regulating the migration and
invasion of RA-FLS may be useful for ameliorating joint
destruction in RA.

Platelet-derived extracellular vesicles (PEVs) are heteroge-
neous vesicles, sized 0.1-1.0 ym, that are released from platelet
membranes and have been attracting substantial attention (7).
PEVs may play a role in several pathological conditions, such
as ischemic stroke, cardiovascular diseases, cancer and inflam-
matory diseases (8-10). It has been reported that the level of
circulating PEVs is significantly elevated in various autoim-
mune diseases, such as RA, Sjogren's syndrome, systemic
lupus erythematosus and antiphospholipid syndrome (11-13).
Notably, the numbers of PEVs are increased in both the
peripheral blood and joint cavity of patients with RA, and
they are associated with disease activity, indicating that PEVs
are closely associated with the occurrence and development
of RA (14,15). Increasing evidence suggest that PEVs not
only deliver several bioactive molecules, including chemo-
kines, enzymes and inflammatory mediators, but also induce
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monocytes and endothelial cells to release more inflamma-
tory mediators to aggravate inflammatory processes (16-18).
In addition, PEVs promote the proliferation, angiogenesis
and migration and invasion of tumor cells by increasing the
expression of MMPs (19-21). However, the role of PEVs in the
pathogenesis of RA remains unclear.

Our previous study demonstrated that PEVs promote the
migration and invasion of RA-FLS (22). The present study
investigated the specific protein composition of PEVs by
proteomics analysis and examined the chemokine contents of
PEVs, such as C-C motif chemokine ligand 5 (CCL5), C-X-C
motif chemokine ligand (CXCL)4 and CXCL7. In addition, it
was investigated whether SB225002, an antagonist of C-X-C
motif chemokine receptor 2 (CXCR2; a CXCL7 receptor),
could inhibit the migration and invasion of RA-FLS induced by
PEVs, and whether these effects are mediated via suppression
of IxB and NF-«xB phosphorylation (23). The aim was to deter-
mine whether SB225002 can inhibit the motility of RA-FLS
induced by PEVs, which may be a potential therapeutic target
for RA.

Materials and methods

Cell culture. Human RA-FLS were purchased from Jennio
Biotech Co., Ltd. and maintained in DMEM (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 15% FBS (HyClone;
Cytiva), 100 U/ml penicillin and 100 pg/ml streptomycin
(Invitrogen; Thermo Fisher Scientific, Inc.), at 37°C with 5%
CO,. Primary RA-FLS from passages 3-6 were used in our
experiments.

PEVs preparation and component analysis. Platelet-rich
plasma (PRP), purchased from Red Cross Blood Station
(Yangzhou, China), was centrifuged at 1,000 x g for 5 min
at room temperature. Washed platelets were prepared from
PRP and resuspended in modified Tyrode's buffer (HyClone;
Cytiva). PEVs were subsequently harvested by stimulating the
platelets in washing buffer (1 mM CaCl,, 2 mM MgCl, and
10 uM ADP) for 30 min at 37°C with gentle agitation, removing
platelet aggregates at 3,000 x g for 30 min, followed by centrif-
ugation at 15,000 x g for 1 h at 4°C. Subsequent verification
of PEVs was assessed using PE-labeled anti-CD41 via flow
cytometric analysis (FACS Cantoll; Becton, Dickinson and
Company), and the relative PEVs concentration was quantified
using the BCA method. Subsequently, liquid chromatography
with tandem mass spectrometry (LC-MS-MS) detection and
component analysis were performed by Shanghai Applied
Protein Technology Co., Ltd.

Bioinformatics. Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis were performed
using the David 6.8 online tool (http://david.ncifcrf.gov/).
GO analysis was constituted with three domains: Biological
process, cellular component and molecular function. KEGG
analysis was performed to explore the signaling pathways of
the differentially expressed proteins.

Immunofluorescence staining. RA-FLS were cultured in
complete DMEM supplemented with 15% FBS with or without
50 pug/ml PEVs for 24 h, fixed with 4% paraformaldehyde

for 15 min at room temperature and permeabilized with
0.5% Triton X-100 for 15 min at room temperature. The
actin cytoskeleton was visualized following incubation with
rhodamine-conjugated phalloidin (Sigma-Aldrich; Merck
KGaA) for 2 h in the dark. Nuclei were counterstained with
DAPI (Beyotime Institute of Biotechnology) for 10 min
at 37°C. Following thorough washing with PBS, coverslips
were mounted on glass slides and micrographs were captured
under a fluorescence microscope (magnification, x100).

Cell viability assay. RA-FLS were seeded into 96-well plates
at a density of 5x10° cells/well for 24 h and subsequently
treated with different concentrations of several chemokine
receptor antagonists: BX471 (50, 100 and 150 nM; CCR1
antagonist, Sigma-Aldrich; Merck KGaA), AMG487 (0.5,
1 and 2 uM; CXCR3 antagonist, Sigma-Aldrich; Merck KGaA)
and SB225002 (0.1, 0.2 and 0.4 yM; CXCR2 antagonist,
Sigma-Aldrich; Merck KGaA). Following incubation for 24 h
at 37°C, 10 ul Cell Counting Kit-8 (CCK-8; Absin Bioscience,
Inc.) reagent was added to each well and the optical density
was measured at a wavelength of 450 nm.

Wound healing assay. RA-FLS were seeded into 6-well plates
at a density of 1x10° cells/well for 12 h. Following incubation
with serum-free DMEM for 12 h at 37°C, linear scratches in
the cell monolayer were generated using a 200-ul pipette tip
when cell confluence reached about 80-90%. Subsequently,
RA-FLS were cultured in serum-free DMEM supplemented
with different concentration of PEVs (0 and 50 ug/ml) and
chemokine receptor antagonists for 24 h. Images were captured
under an inverted microscope (magnification, x100; Eclipse
Ti; Nikon Corporation).

Transwell migration and invasion assay. Transwell cham-
bers were used to assess cell migration and invasion. For the
Transwell migration assay, 2x10* cells were plated in the upper
chambers of Transwell plates (pore size, 8.0 ym; Corning,
Inc.) in serum-free DMEM for 12 h, followed by incubation
with different concentrations of PEVs (0 and 50 pg/ml) for
24 h. The lower chamber was supplemented with DMEM
containing 15% FBS as chemoattractant with corresponding
PEVs and chemokine receptor antagonists. The inserts were
removed after 24 h and the non-migratory cells were gently
wiped off with a cotton swab. After fixation with 100%
methanol for 2 min, the migrated cells were stained with
10% Giemsa solution (Vazyme Biotech Co., Ltd.) for 15 min
at room temperature and counted in eight randomly selected
fields using an inverted microscope (magnification, x100;
Eclipse Ti; Nikon Corporation). For the invasion assay, the
inserts were precoated with 100 xl Matrigel (100 yg/ml; BD
Biosciences) 24 h prior to the experiment and the basement
membranes were hydrated for 1 h at 37°C.

Western blotting. Total protein was extracted from RA-FLS
using the protein extraction kit (Vazyme Biotech Co., Ltd.)
and protein concentration was quantified using the BCA
assay method. Proteins were separated via 10% SDS-PAGE,
transferred onto PVDF membranes (MilliporeSigma) and
blocked with 5% non-fat milk in 0.05% TBS-Tween-20 for
1 h at room temperature. The membranes were incubated with
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Figure 1. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes analyses. Pie charts depicting the 5,256 proteins identified in the present study
distributed into the following categories: (A) Biological process, (B) cellular component, (C) molecular function and (D) pathways.

primary antibodies against IxkB (1:1,000; cat. no. 4812; Cell
Signaling Technology, Inc.), phosphorylated (p)-IxB (1:1,000;
cat. no. 2859; Cell Signaling Technology, Inc.), NF-«B (1:1,000;
cat. no. 8242; Cell Signaling Technology, Inc.), p-NF-xB
(1:1,000; cat. no. 3033; Cell Signaling Technology, Inc.) and
GAPDH (1:1,000; cat. no. 2118; Cell Signaling Technology,
Inc.) overnight at 4°C. Following the primary antibody incuba-
tion, the membranes were incubated with the HRP-conjugated
goat anti-rabbit polyclonal IgG secondary antibody (1:2,000;
cat. no. 7074; Cell Signaling Technology, Inc.). Protein bands
were visualized by Pierce ECL Plus Western Blotting substrate
(Thermo Fisher Scientific, Inc.) and subsequently analyzed
using ImagelJ software (version 1.51j8; National Institutes of
Health). GAPDH was used as the internal control.

Statistical analysis. Statistical analysis was performed
using SPSS 20.0 software (IBM Corp.). All experiments
were performed in triplicate and data are presented as the
mean + SD. The two-tailed paired Student's t-test was used
to compare the differences between two groups. P<0.05 was
considered to indicate a statistically significant difference.

Results

Identification of chemokines in PEVs. LC-MS-MS demon-
strated that there were 5,256 proteins in PEVs, and only
proteins with >4 distinct peptides and >20% coverage were
considered as significant (24,25). GO enrichment analysis with
respect to these proteins in PEVs was performed to determine
the biological process, cellular component and molecular
function. KEGG pathway annotation demonstrated that these

proteins were enriched in the ‘regulation of cytoskeleton
actin’, ‘focal adhesion’ and ‘chemokine signaling pathways’,
suggesting that PEVs may participate in several pathophysi-
ological processes (Fig. 1). Notably, three of the chemokines
in PEVs (CCL5, CXCL4 and CXCL7) were involved in
chemokine signaling pathways.

PEVs promotes reorganization of the actin cytoskeleton
of RA-FLS. It has been reported that PEVs can promote the
motility of RA-FLS. Considering that the dynamic reorgani-
zation of the actin cytoskeleton is critical for directional cell
migration (22,26), additional fluorescent phalloidin staining
was performed in the present study to determine whether
cytoskeletal changes are induced by PEVs. As shown in Fig. 2,
treatment with PEVs increased the number of fibers in cells,
and facilitated lamellipodia and filopodia formation at the
leading edge of migrating cells, suggesting that PEVs indeed
promote cell invasion and migration.

Effects of chemokine receptor antagonists on the migration
and invasion of RA-FLS induced by PEVs. Considering that
chemokines play important roles by binding to their respective
receptors (CCL5 receptor CCR1, CXCL4 receptor CXCR3
and CXCL7 receptor CXCR?2), the following corresponding
chemokine receptor antagonists were investigated in the
present study: BX471 (CCR1 antagonist), AMG487 (CXCR3
antagonist) and SB225002 (CXCR2 antagonist). First, the
effects of the three antagonists on the viability of RA-FLS were
investigated. As presented in Fig. 3, different concentrations of
BX471 (50, 100 and 150 nM), AMG487 (0.5, 1 and 2 M) and
SB225002 (0.1,0.2 and 0.4 uM) exerted no significant effects
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Figure 2. Modulation of actin cytoskeletal reorganization in RA-FLS induced by PEVs. RA-FLS were treated with or without PEVs for 24 h. Cells were fixed
and subjected to immunofluorescence staining with rhodamine-conjugated phalloidin (for F-actin, green color) and DAPI (for nucleus, blue color) staining.
Original magnification, x100. RA-FLS, rheumatoid arthritis fibroblast-like synoviocytes; PEVs, platelet-derived extracellular vesicles.
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Figure 3. Effects of chemokine receptor antagonists on the viability of
RA-FLS. RA-FLS were treated with different concentrations of three
chemokine receptor antagonists or NC, and the Cell Counting Kit-8 assay
was performed to assess cell proliferation. (A) BX471 (CCR1 antagonist),
(B) AMG487 (CXCR3 antagonist) and (C) SB225002 (CXCR?2 antagonist).
Percentage of cell viability was calculated relative to NC. Data are presented
as the mean + SD (n=3). RA-FLS, rheumatoid arthritis fibroblast-like synovi-
ocytes; NC, negative control; CCR1, C-C motif chemokine ligand 5 receptor;
CXCR, C-X-C motif chemokine receptor.

on cell viability compared with the control group, suggesting
that the chemokine receptor antagonists themselves did not
affect the viability of RA-FLS within the range of detected
concentrations.

The migration and invasion of RA-FLS are crucial char-
acteristics that are associated with cartilage and bone erosion
during RA (5,6). To assess the effects of the three chemokine
receptor antagonists on the invasive and migratory abili-
ties of RA-FLS in the presence or absence of PEVs, wound
healing assay, and Transwell migration and invasion assays
were performed. As presented in Fig. 4, PEVs significantly
promoted the migration of RA-FLS, which is consistent with
previous findings (22). However, SB225002 was demonstrated
to partially antagonize the migration of RA-FLS induced by
PEVs, whereas no significant effects of BX471 or AMG487
on the migration of RA-FLS were observed, in the presence
or absence of PEVs. The effect of SB225002 on the invasion
of RA-FLS in the presence or absence of PEVs was also
investigated. As expected, the results of the Transwell invasion
assay demonstrated that SB225002 partially antagonized the
invasion of RA-FLS induced by PEVs, suggesting that PEVs
may affect the motility of RA-FLS via a CXCR2-mediated
signaling pathway.

PEVs activated the CXCR2-mediated NF-xB pathway in
RA-FLS. It has been reported that PEVs may promote the
migration and invasion of RA-FLS by upregulating MMP-1
expression via activation of ERK/NF-«xB signaling (22).
Considering that SB225002 partially inhibits migration and
invasion of RA-FLS induced by PEVs, as mentioned above,
it was next investigated whether PEVs activate NF-«xB via the
CXCR2-mediated signaling pathway. As presented in Fig. 5,
SB225002 at different concentrations (0.1, 0.2 and 0.4 M)
markedly decreased the phosphorylation of IxB and NF-«B in
RA-FLS. Of note, this tendency was more significant following
treatment with PEVs, suggesting that SB225002 can inhibit
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Figure 4. Effects of chemokine receptor antagonists on the migration and invasion of RA-FLS induced by PEVs. (A) Wound healing (a) and Transwell (b)
assays were performed on RA-FLS treated with or without PEVs with different concentrations of BX471. (B) Wound healing (a), Transwell migration (b)
and invasion assays (c) were performed on RA-FLS treated with or without PEVs with different concentrations of SB225002. (C) Wound healing (a) and (b)
Transwell assays were performed on RA-FLS treated with or without PEVs with different concentrations of AMG487. Original magnification, x100. Wound
healing scale bar, 800 m; Transwell assay scale bar, 400 ym. Data are presented as the mean + SD (n=3). “P<0.05 vs. the control group; “P<0.05 vs. 50 ug/ml
PEVs group. RA-FLS, rheumatoid arthritis fibroblast-like synoviocytes; PEVs, platelet-derived extracellular vesicles.
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Figure 5. PEVs activate the CXCR2-mediated NF-kB pathway in RA-FLS. (A) Western blotting was performed to detect the expression levels of IkB, p-IkB,
NF-«xB and p-NF-kB in RA-FLS following treatment with different concentrations of SB225002, with or without PEVs. Representative blots of three indepen-
dent experiments are demonstrated and were normalized against GAPDH. (B) Semi-quantification of fold change in p-IkB relative to total IkB and p-NF-xB
relative to total NF-kB are presented as the mean + SD. "P<0.05 vs. the control group; “P<0.05 vs. 50 ug/ml PEVs group. PEVs, platelet-derived extracellular
vesicles; NF, nuclear factor; RA-FLS, rheumatoid arthritis fibroblast-like synoviocytes; p, phosphorylated; CXCR2, C-X-C motif chemokine receptor 2.

the activating effect of PEVs on NF-kB signaling in RA-FLS.  Discussion

Taken together, these results suggest that PEVs may regulate

the migration and invasion of RA-FLS via CXCR2-mediated RA-FLS, the dominant non-immune cells of synovial
activation of the NF-kB pathway. tissues in patients with RA, contribute to the development
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of synovitis, pannus formation and joint destruction via
multiple mechanisms (3). Increasing evidence suggests
that migration and invasion of RA-FLS play important
roles in RA initiation and progression (4-6). As regards the
promoting effect of PEVs on the motility of RA-FLS, the
present study demonstrated that PEVs regulate the actin
cytoskeletal reorganization in RA-FLS, which further veri-
fied the active role of PEVs in cell motility, consistent with
previous findings (22). To identify the main active contents
and determine the molecular mechanism through which
PEVs regulate the motility of RA-FLS, LC-MS-MS analysis
was performed to identify the proteins of PEVs, which
included several significant chemokines, such as CCLS5,
CXCL4 and CXCLY7. Previous studies have demonstrated
that these three chemokines are involved in chemokine
signaling pathways that are closely associated with cell
migration and invasion (27-29). According to GO analysis,
the biological processes these chemokines participate in
principally include ‘signal transduction’, ‘transport’, ‘estab-
lishment of localization’, ‘regulation of developmental
process’ and ‘negative regulation of biological process’;
the molecular functions include ‘substrate-specific trans-
porter activation’ and ‘receptor binding’. KEGG annotation
revealed that these chemokines are mainly involved in the
‘chemokine signaling pathway’.

Considering that chemokines play important roles in
autoimmune diseases, tumor-related inflammation and
immunity, as well as tumor growth and metastasis, it was
hypothesized that the chemokines in PEVs can affect the
motility of RA-FLS (30-32). In RA, CCLS5 and its receptor,
CCRI1, are abundantly expressed in synovial tissue and
involved in monocyte and T lymphocyte recruitment
to the joints (33). CXCL4/CXCR3 may be involved in
Ilymphocyte chemotaxis to target organs in patients with
systemic lupus erythematosus, and have been reported to
be associated with disease activity (34). Notably, higher
levels of synovial CXCL4 and CXCL7 have been detected
in early RA compared with resolving arthritis or estab-
lished RA (35). Taken together, these results suggest that
the chemokine/chemokine receptor axis may be a suitable
target for disease treatment. Chemokines and their receptors
have been implicated in inflammatory cell recruitment and
angiogenesis, which underlie the pathogenesis of RA (36).
To verify whether PEVs modulate the motility of RA-FLS
via the chemokine/chemokine receptor pathway, BX471
(CCRI1 antagonist), AMG487 (CXCR3 antagonist) and
SB225002 (CXCR2 antagonist) were selected in the present
study. None of these antagonists exerted significant effects
on the viability of RA-FLS. The results from the wound
healing and Transwell assays demonstrated that BX471 and
AMG487 were unable to block the migration of RA-FLS
induced by PEVs. Conversely, SB225002 partially antago-
nized the migration and invasion of RA-FLS induced by
PEVs, suggesting that PEVs may promote the migration
and invasion of RA-FLS via a CXCR2-mediated signaling
pathway.

NF-«B is activated by several agents, including cyto-
kines, oxidant free radicals, bacterial or viral products and
ultraviolet irradiation (37). Since PEVs presumably play a
promoting role in the regulation of motility of RA-FLS by

activating NF-«xB signaling, the present study investigated
whether the activation of NF-xB signaling was mediated by
CXCR2. As expected, the results confirmed that SB225002
decreased the phosphorylation of IkB and NF-kB in RA-FLS
induced by PEVs, rather than affecting CXCR2 expression.
When the CXCL7/CXCR?2 axis in RA-FLS is stimulated, the
extracellular signal is transmitted to the cytoplasm, which
triggers the phosphorylation of I-kB, which is degraded by
the proteasome. Subsequently, NF-«kB is released and trans-
ferred into the nucleus, initiating transcription of related
genes, including inflammatory cytokines, chemokines
and MMPs, resulting in the malignant transformation and
metastasis of cells (38,39).

In conclusion, understanding the role of the main active
contents of PEVs in the occurrence and development of RA
may be crucial for exploring therapeutic targets. The findings
of the present study demonstrated that the CXCR?2 antagonist
exerted an antagonistic effect against PEVs by decreasing
IxB and NF-kB phosphorylation in RA-FLS, indicating that
CXCL7/CXCR2 may be a potential therapeutic target for
RA. However, further studies on specific downstream factors
of this signaling pathway and verification in animal models
are required to further elucidate the role of PEVs in RA and
develop novel therapeutic strategies.
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