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Angiogenesis is a critical process in the formation of new capillaries and a key participant in rheumatoid arthritis (RA) pathogenesis.
The chemokine (C-X-C motif) ligand 13 (CXCL13) plays important roles in several cellular functions such as infiltration, migration,
and motility. We report significantly higher levels of CXCL13 expression in collagen-induced arthritis (CIA) mice compared with
controls and also in synovial fluid from RA patients compared with human osteoarthritis (OA) samples. RA synovial fluid increased
endothelial progenitor cell (EPC) homing and angiogenesis, which was blocked by the CXCL13 antibody. By interacting with the
CXCR5 receptor, CXCL13 facilitated vascular endothelial growth factor (VEGF) expression and angiogenesis in EPC through the PLC,
MEK, and AP-1 signaling pathways. Importantly, infection with CXCL13 short hairpin RNA (shRNA) mitigated EPC homing and
angiogenesis, articular swelling, and cartilage erosion in ankle joints of mice with CIA. CXCL13 is therefore a novel therapeutic target

for RA.
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INTRODUCTION

Rheumatoid arthritis (RA) is one of the most common autoimmune
disorders, characterized by the accumulation of inflammatory
cytokines in the synovial joint, resulting in pannus formation,
cartilage degradation, and bone destruction [1]. Angiogenesis is a
critical driver of RA progression, whereby pre-existing vessels
promote the entry of blood-derived leukocytes into the synovial
tissues to facilitate and potentiate inflammation [2].

Endothelial progenitor cells (EPCs) develop from bone marrow-
derived endothelial stem cells, which contain the cell surface
markers CD133, CD34, and vascular endothelial growth factor
receptor 2 (VEGFR2) and are capable of stimulating postnatal
vasculogenesis [3] and angiogenic function [4]. VEGF induces EPC
proliferation and migration, and facilitates angiogenesis [4],
enabling the development of RA [5, 6]. EPC-dependent angiogen-
esis, therefore, seems to be a worthwhile treatment target in RA.

The chemokine (C-X-C motif) ligand 13 (CXCL13), also called the
B-lymphocyte chemoattractant, plays an important role in multi-
ple cellular functions, such as migration, invasion, motility,
proliferation, and apoptosis [7, 8]. CXCL13 is a critical mediator
of the homing and activation of cells at lymphoid sites [9].
Overexpression of CXCL13 in lymphoid sites facilitates B-cell

infiltration and invasion, leading to increased lymphoid neogen-
esis [10]. Recent reports describe how CXCL13 regulates different
pathogenic processes including inflammatory responses, cancer
progression, metastasis, and drug resistance [8, 11]. High levels of
CXCL13 expression in serum from patients with early RA
compared with serum from healthy controls serve as an early
biomarker of disease severity [12]. The proinflammatory cytokines
tumor necrosis factor-alpha (TNF-a) and interleukin (IL)-6 increase
CXCL13 production, leading to maturation of B-cell follicles within
the synovium during RA progression [9, 13]. Moreover, the
interaction of CXCL13 with its specific receptor CXCR5 enhances
B-cell maturation and the synthesis of antibodies in autoimmune
diseases [14].

Angiogenesis is an early and important process in RA. Inhibiting
the CXCL13/CXCR5-mediated signaling pathway is a new direction
for the treatment of autoimmune disorders [15]. However, how
CXCL13 impacts the angiogenic processes associated with RA
remains unclear. In this study, we examined whether high levels of
CXCL13 expression in patients with RA promote the homing and
angiogenesis of human circulating EPCs during RA development
and we investigated the signaling pathways that mediate this
process.
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RESULTS

High levels of CXCL13 expression in RA patients induce EPC
homing and angiogenesis

CXCL13 is associated with the progression of autoimmune
diseases, including RA [16]. We, therefore, investigated CXCL13
levels in RA patients. Our analysis of records from the Gene
Expression Omnibus (GEO) database revealed higher levels of
CXCL13 expression in RA synovial tissue (n = 10) compared with
those in healthy individuals (n = 10) or osteoarthritis (OA) patients
(n=10) (Fig. 1A). We also found markedly higher levels of CXCL13
expression in synovial fluid from RA patients compared with OA
synovial fluid samples (Fig. 1B), as well as higher levels of CXCL13
expression in collagen-induced arthritis (CIA) mice than in control

mice (Fig. 1C). Next, we examined whether the accumulation of
CXCL13 in RA patients promotes EPC homing and angiogenesis.
EPC migration and tube formation assays examined the effects of
CXCL13-controlled homing and angiogenesis [5]. Migratory
activity, as well as the formation and reorganization of capillary-
like network structures, was significantly greater in EPCs incubated
with RA synovial fluid compared with EPCs incubated with OA
synovial fluid (Fig. 1D and E). Treatment with CXCL13 antibody
dramatically diminished the effects of RA synovial fluid upon EPC
migration and tube formation (VEGF-induced EPC migration and
tube formation served as the positive control) (Fig. 1D and E). To
confirm whether CXCL13 from RA patients increases angiogenesis
in vivo, Matrigel containing RA or OA synovial fluid was
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Fig. 1 Upregulation of CXCL13 expression in RA promotes EPC homing and angiogenesis. A Expression levels of CXCL13 in normal healthy
individuals, as well as OA (n = 10) and RA (n = 10) patients, were retrieved from the GEO database (accession code: GDS5401). B CXCL13 levels
in OA and RA synovial fluid samples were quantified by the ELISA assay (n = 6). C IHC staining of CXCL13 in ankle joints of controls and CIA
mice (n = 6). D and E RA synovial fluid was treated with or without CXCL13 antibody, then applied to EPCs, before measuring EPC migration (n
= 6) and tube formation (n = 6). F Matrigel plugs containing OA synovial fluid plus IgG, RA synovial fluid plus IgG, or RA synovial fluid treated
with CXCL13 antibody were subcutaneously injected into the flanks of nude male mice (n = 6). G After 7 days, the plugs were photographed
and hemoglobin levels were quantified. H Plug specimens were immunostained with antibodies against CD31 and VEGF (n =6). | The new
positive new vessels of (H) was quantified. *p < 0.05 versus OA synovial fluid; *p < 0.05 versus RA synovial fluid.
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Fig. 2 CXCL13 increases angiogenesis in vivo. A and B Matrigel plugs containing CXCL13 (3-30 ng/ml) or VEGF was applied to 6-day-old
fertilized chick embryos for 4 days. CAMs were examined by microscopy and photographed, and vessels were counted (n = 6). C Matrigel
plugs containing CXCL13 or VEGF were subcutaneously injected into the flanks of nude mice (n=6). D After 7 days, the plugs were
photographed and hemoglobin levels were quantified. E Plug specimens were immunostained with antibodies against CD31 and VEGF (n =
5). F The new positive new vessels of E were quantified. *p < 0.05 versus the control group.

subcutaneously injected into the flanks of nude male mice. Vessel
formation was enhanced by a greater amount by RA synovial fluid
compared with OA synovial fluid, according to hemoglobin
content of the Matrigel plugs measured using the Drabkin’s
method and immunohistochemistry (IHC) staining of vessel
marker (CD31 and VEGF) expression (Fig. 1F-H) and the
quantitative data of the positive new vessels for VEGF and CD31
immunohistochemistry showed in Fig. 1l. Incubation with CXCL13
antibody downregulated vessel synthesis induced by RA synovial
fluid (Fig. 1F-I), indicating that high levels of CXCL13 expression in
RA patients induce EPC homing and angiogenesis.

CXCL13 enhances angiogenesis in vivo

To directly examine whether CXCL13 acts as an angiogenic factor
in vivo, the chick chorioallantoic membrane (CAM) assay was used.
Matrigel was mixed with CXCL13 and placed onto the surface of
the CAMs. CXCL13 dose-dependently synthesized new capillaries
(VEGF-increased vessel formation served as the positive control)
(Fig. 2A and B). The Matrigel plug assay also demonstrated that
CXCL13 upregulated microvessel formation, as determined by
hemoglobin content, expression of vessel markers (CD31 and
VEGF), and the quantitative data of the positive new vessels
(Fig. 2C-F). Thus, CXCL13 served as an angiogenic factor and
promoted angiogenesis in vivo.

CXCL13 facilitates VEGF expression and angiogenesis in EPCs
via the CXCR5 receptor

VEGF is an important angiogenic factor that promotes the growth
of new capillaries from pre-existing vessels, regulating angiogen-
esis during the development of RA disease [2, 5]. We, therefore,
examined whether VEGF regulates CXCL13-mediated EPC homing
and angiogenesis. CXCL13 dose-dependently increased VEGF
mRNA and protein expression in circulating EPCs (Fig. 3A and B)
and induced EPC migration and tube formation (Fig. 3C and D).
Knockdown of VEGF in EPCs blocked CXCL13 treatment-induced
promotion of EPC homing and angiogenesis (Supplementary
Fig. S1), indicating that CXCL13 facilitates VEGF-dependent EPC
homing and angiogenesis. When we investigated levels of CXCR5
expression in circulating EPCs, flow cytometry data revealed that
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EPCs expressed the CXCR5 receptor (Fig. 4A). Transfection of EPCs
with CXCR5 short interfering RNAi (siRNA) antagonized CXCL13-
induced increases in VEGF synthesis and migration, as well as tube
formation (Fig. 4B-D). Thus, the CXCR5 receptor mediates CXCL13-
promoted VEGF expression and angiogenesis in EPCs.

The PLC, MEK, and AP-1 signaling cascades regulate CXCL13-
promoted VEGF expression and angiogenesis in EPCs

The PLC and MEK signaling pathways control various cellular
functions, including angiogenesis [17, 18]. We, therefore, sought
to determine how these pathways affect CXCL13-induced
upregulation of VEGF synthesis and angiogenesis. Treatment of
EPCs with PLC (U73122) and MEK (U0126) inhibitors or their
siRNAs reduced the effects of CXCL13 upon VEGF expression
(Fig. 5A and B) and inhibited CXCL13-induced upregulation of EPC
migration and tube formation (Fig. 5C-F). Incubating the EPCs
with CXCL13 induced PLC and MEK phosphorylation (Fig. 5G). The
CXCR5 siRNA reversed CXCL13-induced promotion of PLC and
MEK phosphorylation (Fig. 5H), while U73122 antagonized
CXCL13-mediated MEK phosphorylation (Fig. 5I), indicating that
CXCL13 promotes VEGF expression and angiogenesis in EPCs via
CXCR5, PLC, and MEK signaling.

The transcription factor AP-1 is expressed by different cells and
tissues and plays a critical role in mediating the transcription of
numerous genes in immune and inflammatory responses [19-22].
The promoter region of human VEGF contains the AP-1-binding
site [23, 24]; its activation regulates endothelial cell migration and
tube formation by the MAPK or PKC pathways [18, 25, 26]. As
shown in Fig. 6A, analysis of records from the GEO database
revealed higher c-Jun levels in RA patients than in healthy
individuals, and c-Jun expression was identified in EPCs (Fig. 6A
and B). Treatment of EPCs with an AP-1 inhibitor (tanshinone IIA)
or transfection with a c-Jun siRNA reversed CXCL13-induced
upregulation of VEGF expression and angiogenesis (Fig. 6B-E).
CXCL13 also facilitated the phosphorylation of c-Jun (Fig. 6F),
while CXCR5 siRNA, U73122, and U0126 all abolished CXCL13-
increased promotion of c-Jun phosphorylation (Fig. 6G and H).

We further explored whether the PLC and MEK signaling
pathway was involved in CXCL13-induced AP-1 transcriptional

SPRINGER NATURE
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tube formation. A and B EPCs were incubated for 24 h with CXCL13

(3-30 ng/ml); VEGF expression was quantified by gPCR (n = 6) and Western blot (n = 4). (C&D) EPCs were incubated for 24 h with CXCL13
(3-30 ng/ml); cell migration (n =5) and tube formation (n =5) were measured. *p < 0.05 versus the control group.

activation, using the chromatin immunoprecipitation assay to
assess in vivo recruitment of AP-1 to the VEGF promoter. As shown
in Fig. 6l, the binding of c-Jun to the AP-1 elements by CXCL13
was reduced by CXCR5 siRNA, U73122, and U0126. These results
indicate that CXCL13 increases AP-1 activation through CXCR5,
PLC, and MEK signaling.

Inhibition of CXCL13 reduces EPC homing and angiogenesis as
well as arthritis severity in vivo

To explore the therapeutic effect of CXCL13, we used a short
hairpin RNA (shRNA) to knock down CXCL13 expression in CIA
mice. Compared with controls, CIA mice exhibited significant paw
swelling that improved after administration of CXCL13 shRNA
(Fig. 7A and B). Micro-computed tomography (micro-CT) images of
the hind paws showed that CXCL13 shRNA reversed ClA-induced
reductions in bone mineral density (BMD), bone volume (BV), and
trabecular (Tb) numbers (Fig. 7A-E). Moreover, CIA mice exhibited
lower cartilage thicknesses, as indicated by H&E and Safranin-O/
Fast-green staining (Fig. 7F). CXCL13 shRNA reversed CIA-induced
cartilage degradation (Fig. 7F). According to IHC staining data,
levels of vessel markers (CD31 and VEGF) and EPC markers (CD34
and CD133) were markedly higher in CIA mice than in controls.
Notably, CXCL13 shRNA treatment antagonized ClA-induced
upregulation of CD31, VEGF, CD34, and CD133 expression (Fig. 7G).
These results indicate that inhibiting CXCL13 lowers EPC homing

SPRINGER NATURE

and angiogenesis as well as disease activity in ClA-induced
arthritis.

DISCUSSION

RA is widely recognized for its manifestations of synovial
inflammation and joint destruction [1, 27, 28]. The development
of RA disease relies upon pannus formation and neovasculariza-
tion [2], as well as VEGF-induced stimulation of angiogenesis [5].
Previous research has suggested that CXCL13 may serve as a new
biomarker of RA, based on higher levels of its expression in RA
patients than in healthy controls [12]. In this study, we confirmed
higher expression of CXCL13 in synovial fluid from RA patients
than from OA patients and healthy individuals, and that CXCL13
attracted EPC homing and angiogenesis via interactions with the
CXCR5 receptor. The PLC, MEK, and AP-1 signaling cascades
mediate CXCL13-induced upregulations in VEGF expression and
angiogenesis in EPCs. Importantly, inhibiting the expression of
CXCL13 reduces EPC homing and angiogenesis, reducing the
progression of RA in vivo.

EPCs also stimulate new vessel formation [29, 30] and
promotion of EPC mobilization by tumor-secreted VEGF facilitates
tumor development and angiogenesis [31]. EPC angiogenesis
plays a vital role in RA [5, 32]. EPC infiltration into joints has been
reported in ClA-induced RA [5]. Here, we observed that compared

Cell Death and Disease (2021)12:846



C-H. Tsai et al.

. ev. v
(A) I9G Anti-CXCL13 (B) £ &
Specimen_001-Tube_001 Specimen_001-Tube_002 O\ ‘)b
& &
o +
o ¢
o o 1 0.1
2.0
: * 43 N N | s
é’_% 1.54 T
10 10° 10 10° 10 10’ 10 10° z E
FITC-A FITC-A
<= #
1500+ zg 10
¥ 0
* ) ;
<o
=S 05
2 _ 1000+ I =
o5 g
% ‘_3,, 0.0 T :
=< & \ut \u
gv 500 Rl \§ gé§
— = & &
I3 &
0 . .
z CXCL13 (30 ng/mL)
& e
.&O
‘,0
(C) (D)
CXCL13 (30 ng/mL) CXCL13 (30 ng/mL)
CXCR5 CXCR5
Control  Control siRNA Control  Control siRNA
B TR Ak N
g 20077 2009 o
<@
on
g g 1504 4 5 5 1501 -
2F — EE
£ S 1001 EE #
Sl St e QO 100+
2R < o
> < 2 2 —_—
§V 501 £ s0
=
z 0 . T 0
\ v T T T
S \ > S > >
009 \§§ ‘.’S§ e&‘ § §
& & ¢ & &
X0
o4 C‘" Qe° G}vc'

CXCL13 (30 ng/mL)

CXCL13 (30 ng/mL)

Fig. 4 The CXCR5 receptor regulates CXCL13-induced migration and tube formation in EPCs. A Cell surface expression of the CXCR5
receptor was examined by flow cytometry (n=4). EPCs were transfected with CXCR5 siRNA, the CXCR5, and p-actin for examination by
Western blot (B; upper panel) (n = 3). EPCs were transfected with CXCR5 siRNA before being stimulated with CXCL13. VEGF expression was
examined by qPCR (B; lower panel) (n = 6), and EPC cell migration (n =5) and tube formation were measured (n = 5) (C&D). *p < 0.05 versus

the control group; *p < 0.05 versus the CXCL13-treated group.

with OA synovial fluid, RA synovial fluid facilitates EPC infiltration
and angiogenesis in vitro and in vivo, indicating that EPC-
dependent angiogenesis is an important step during RA progres-
sion. Interestingly, the CXCL13 antibody significantly antagonized
RA synovial fluid-induced increases in EPC homing and angiogen-
esis, suggesting that CXCL13 is a vital attractant in EPC-mediated
homing and angiogenesis during RA development. Levels of EPC-
specific markers were higher in our CIA mouse model than in
healthy control mice. CXCL13 shRNA reduced levels of vessel
markers and EPC markers and mitigated the severity of RA disease.
Thus, inhibition of CXCL13 shows promise as a novel
strategy in RA.

Chemokines interact with their specific receptors and thereby
regulate migratory, invasive, proliferative, and angiogenic activ-
ities during arthritis development [33]. CCL5 binding with the cell

Cell Death and Disease (2021)12:846

surface receptor CCR5 promotes IL-6 production in human OA
synovial fibroblasts [34]. Notably, the CXCL12/CXCR4 interaction
controls inflammatory cytokine production [35], monocyte infiltra-
tion [36], and cartilage degradation [37], all of which play critical
roles in the pathogenesis of both OA and RA. In this study, we
found that the EPC cell surface expressed the CXCL13-specific
receptor CXCR5. CXCL13-induced increases in VEGF production
and EPC angiogenesis were markedly inhibited by genetic
knockdown of the CXCR5 receptor, indicating that the CXCL13/
CXCRS5 axis facilitates angiogenic effects of human EPCs.
Activation of the PLC and MEK signaling mechanisms is
essential for regulating various cellular functions [38, 39]. The role
of PLC in signal transduction is to cleave phosphatidylinositol 4,5-
bisphosphonate (PIP,) into inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). PLC signaling is implicated in hematopoiesis

SPRINGER NATURE
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Fig. 5 PLC and MEK activation regulate CXCL13-induced VEGF expression and angiogenesis in EPCs. A-F EPCs were pretreated with PLC
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CXCL13. PLC and MEK phosphorylation was examined by Western blot (n = 4). *p < 0.05 versus the control group; *p < 0.05 versus the CXCL13-

treated group.

and several diseases including diabetes, obesity, and autoimmune
disorders [40]. PLC plays important role in the regulation of
immune responses; in particular, PLC activity is implicated in ref.
[41], while PLC signaling reportedly controls different cellular
functions, including angiogenesis [17]. Moreover, the activation of
the MAPK signaling pathway is essential in many types of cells for
mediating multiple cellular functions [42]. As part of the MAPK
cascade, MEK is implicated in the regulation of RA angiogenesis
[43, 44]. Our investigations found that PLC and MEK inhibitors
reduced CXCL13-enhanced VEGF expression as well as EPC
migration and tube formation. This was confirmed by findings
from genetic siRNA experiments demonstrating that PLC and MEK
mediate the angiogenic effects of CXCL13. Treatment of EPCs with
CXCL13 augmented PLC and MEK phosphorylation, while PLC
inhibitor treatment inhibited CXCL13-promoted MEK phosphor-
ylation. This suggests that MEK is a downstream molecule of PLC.

SPRINGER NATURE

Likewise, CXCR5 siRNA decreased PLC and MEK phosphorylation
after CXCL13 stimulation, suggesting that CXCR5, PLC and MEK
activation controls CXCL13-induced increases in VEGF expression
and angiogenic activity in human circulating EPCs.

AP-1 is an important transcription factor that regulates VEGF
transcriptional activity and angiogenesis during the progression of
RA [45]. Several lines of evidence have indicated that the activation
of AP-1 regulates endothelial cell migration and tube formation by
the MAPK or PKC pathways [18, 25, 26]. However, how CXCL13
regulates RA angiogenesis through the PLC/MEK/AP-1 pathway
remains unknown. The results of this study show that an AP-1
inhibitor (tanshinone IIA) reduced CXCL13-induced promotion of
VEGF synthesis and angiogenesis in human EPCs, which suggests
the importance of AP-1 activation in these processes. Stimulation of
EPCs with CXCL13 also facilitated c-Jun phosphorylation. The
upstream signaling pathways mediating the CXCR5 siRNA, PLC,
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and MEK inhibitors antagonized CXCL13-induced phosphorylation homing and angiogenesis through the PLC, MEK, and AP-1 signaling
of c-Jun. These results document how CXCL13 promotes AP-1- pathways via binding to the CXCR5 receptor on the EPC surface.
regulated VEGF production and angiogenesis in human EPCs via Inhibiting CXCL13 antagonized EPC infiltration and angiogenesis,
CXCR5, PLC, and MEK signaling mechanisms. We have determined inhibiting RA progression (Fig. 8). The evidence supports the
that higher accumulation of CXCL13 in the RA synovium attracts EPC targeting of CXCL13 in RA treatment regimens.
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Fig.6 The transcriptional factor AP-1 mediates CXCL13-induced VEGF expression and angiogenesis in EPCs. A Expression level of c-Jun in
normal healthy individuals, as well as RA patients, were retrieved from the GEO database (accession code: GDS3192). B EPCs were transfected
with c-Jun siRNA, c-Jun, and B-actin for examination by Western blot (n = 4). C-E EPCs were pretreated with an AP-1 inhibitor (tanshinone IIA),
or transfected with c-Jun siRNA, then stimulated with CXCL13. VEGF expression (n = 6), cell migration (n = 5), and tube formation (n = 5) were
measured. F After treating EPCs with CXCL13, c-Jun phosphorylation was examined by Western blot (n = 3). G and H EPCs were pretreated
with PLC (U73122) or MEK (U0126) inhibitors or transfected with CXCR5 siRNA, then stimulated with CXCL13. PLC and MEK phosphorylation
was examined by Western blot (n=3). I EPCs was transfected with CXCR5 siRNA or pretreated with U73122 or U0126 inhibitors, then
stimulated with CXCL13, before undergoing the chromatin immunoprecipitation assay. Chromatin was immunoprecipitated with anti-c-Jun
:nd quantified by gPCR (n = 3). *p < 0.05 versus the control group; "p < 0.05 versus the CXCL13-treated group.
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Fig. 7 CXCL13 knockdown reduces EPC homing and angiogenesis as well as the severity of RA in vivo. CIA mice received intra-articular
injections of 7.1 x 10° PFU CXCL13 shRNA (n = 6) or control shRNA (n = 6) on day 14 and were euthanized on day 49. A Representative micro-
CT image of the hind paws was taken on day 49. B A digital plethysmometer quantified the amounts of hind paw swelling. C-E Micro-CT
SkyScan Software quantified BMD, trabecular numbers, and bone volume (n =6). F and G Histological sections of ankle joints were stained

with H&E or Safranin O and immunostained with VEGF, CD31, CD34, and CD133 (n = 6). *p < 0.05 versus the control group; “p < 0.05 versus the
CXCL13-treated group.

MATERIALS AND METHODS Cell Signaling Technology (Danvers, MA, USA). All siRNAs (ON-TARGETplus)
Materials were obtained from Dharmacon Research (Lafayette, CO, USA). Tagman® one-
PLC (SC-58407), MEK (SC-6250), c-Jun (SC-74543), and VEGF (SC-7269) step PCR Master Mix, gPCR primers, and probes were obtained from Applied
antibodies were purchased from Santa Cruz Biotechnology (CA, USA). p-PLC Biosystems (Foster City, CA, USA). Beta-actin antibodies and pharmacological
(2821S), p-MEK (2338S), and p-c-Jun (3270S) antibodies were purchased from inhibitors were obtained from Sigma-Aldrich (St. Louis, MO, USA).
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Fig.8 Schematic diagram summarizes the mechanisms in the CXCL13/CXCRS5 axis that promote EPC homing and angiogenesis during RA
pathogenesis. Accumulation of CXCL13 in the synovium of RA patients promotes VEGF expression, EPC homing, and angiogenesis through

the CXCR5 receptor, PLC, MEK, and AP-1 signaling pathways.

Human synovial fluid samples

Study approval was granted by the Institutional Review Board of China
Medical University Hospital (Taichung, Taiwan) and all patients provided
written informed consent before participating in the study. Synovial fluid
samples were obtained from patients undergoing total knee arthroplasty
for OA or RA.

Analysis of the GEO database

CXCL13 mRNA levels for normal healthy (n = 10) individuals, RA (n = 10),
and OA (n = 10) patients were retrieved from the GEO database (accession
code: GDS5401). C-Jun mRNA levels for normally healthy individuals (n = 3)
and RA patients (n = 5) were retrieved from the GEO database (accession
code: GDS3192) [46].

Cell culture

Human EPCs were prepared according to our previous protocols [5, 47, 48],
after we had obtained approval from the Institutional Review Board (IRB) of
Mackay Medical College, New Taipei City, Taiwan (reference number:
P1000002). Peripheral blood was collected from healthy donors after they
completed written informed consent forms. Mononuclear cells were
isolated from blood components using centrifugation on Ficoll-Paque
PLUS (Amersham Biosciences, Uppsala, Sweden). EPCs were characterized
and maintained using methods described in our previous reports
[32, 49, 50].

Western blot analysis

Cell lysates were resolved by SDS-PAGE and transferred to Immobilon®
PVDF membranes. The blots were blocked with 4% bovine serum albumin
(BSA) for 1 h at room temperature and then probed with rabbit anti-human
antibodies against primary antibody (1:1000) for 1 h at room temperature.
After three washes, the blots were subsequently incubated with donkey
anti-rabbit peroxidase-conjugated secondary antibody (1:3000) for 1 h at
room temperature. Enhanced chemiluminescent imaging of the blots was
visualized using the UVP Biospectrum system (UVP, Upland, CA, USA) [51].

EPC tube formation

Matrigel (BD Biosciences, Bedford, MA, USA) coated on 48-well plates and
EPCs (2 x 10% per 100 pL) were resuspended in MV2 serum-free medium
with the indicated CXCL13 concentration and then added to the wells.
After 6 h of incubation at 37 °C, EPC tube formation was assessed with a
photomicroscope, and each well was photographed at X200 magnification.
The number of tube branches was calculated using MacBiophotonics
Image J software (v1.51, National Institutes of Health, USA) [6, 52].
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EPC migration

EPC migration assays were used with Transwell inserts (Corning/Costar,
Corning, NY, USA) in 24-well plates, and 2 x 10* EPCs were applied to the
upper chamber with 10% FBS MV2 medium and the culture medium was
combined with 20% FBS MV2 complete medium in the lower chamber.
After incubating the plates for 16 h at 37 °C in 5% CO,, the cells were fixed
in 3.7% formaldehyde solution for 15 min and stained with 0.05% crystal
violet in phosphate-buffered saline (PBS) for 15 min. Cells on the upper
side of the filters were removed with cotton-tipped swabs, and the filters
were washed with PBS. Cells on the underside of the filters were examined
and counted under a microscope [6, 17].

The chick chorioallantoic membrane (CAM) assay

The CAM assay was adapted from a previously described assay [6, 53, 54].
On day 7, CM was collected from CXCL13 treatment EPCs (2 x 10* cells)
were deposited in the center of the CAM. At 11 days, CAMs were collected
for microscopy and photographic documentation. Angiogenesis was
quantified by counting the number of blood vessel branches; at least 10
viable embryos were tested for each treatment. All animal work was done
in accordance with a protocol approved by the China Medical University
(Taichung, Taiwan) Institutional Animal Care and Use Committee.

In vivo matrigel plug assay

The Matrigel plug angiogenesis assay was adapted from a previously
described assay [6, 53, 54]. Four-week-old nude male mice received a
single subcutaneous injection of Matrigel (300 uL) containing RA or OA
synovial fluid. After 7 days, the Matrigel plugs were harvested and
hemoglobin concentrations were measured. The plugs were embedded in
paraffin and processed for IHC staining for vessel markers VEGF and CD31.

CIA mouse model

C57BL/6J, 6 weeks, male mice were purchased from the National
Laboratory Animal Centre (Taipei, Taiwan) and CIA mouse model protocol
followed that detailed in previously published work. An emulsion
containing bovine type Il collagen (Cll, Chondrex, Redmond, WA, USA)
and IFA Freund’s incomplete adjuvant (Sigma-Aldrich, St. Louis, MO, USA)
was intradermally injected into each mouse tail root on day 0; we then
intra-articularly injected the same amount on day 14 according to the
improved method [6, 54, 55].

Arthritis in CIA mice develops reliably within 6 weeks. Following both
immunizations, the mice have randomly separated three groups (Sham,
CIA, and CIA + sh CXCL13) given weekly intra-articular injections of ~7.1 x
10° plaque-forming units (PFU) of control (n = 6) or CXCL13 shRNA (n = 6).
Upon sacrifice after 49 days of treatment, phalanges and ankle joints were

SPRINGER NATURE



C.-H. Tsai et al.

10

removed from each mouse then fixed in 4% paraformaldehyde for micro-
CT analysis.

Statistical analysis

All statistical analyses were carried out using GraphPad Prism 5.0
(GraphPad Software) and all values are expressed as the mean +SD.
Differences between selected pairs from the experimental groups were
analyzed for statistical significance using the paired sample t-test for
in vitro analyses and by one-way ANOVA followed by Bonferroni testing for
in vivo analyses.

DATA AVAILABILITY

The data generated and analyzed will be made from the corresponding author on
reasonable request. Full, uncropped Western blot images are now provided in the
Supplementary files (Figs. S2 and S3).
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