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Abstract
Objectives—CXCL10 is expressed in increased levels in highly invasive fibroblast-like
synoviocytes (FLS) from arthritic DA rats and rheumatoid arthritis (RA). In this study we
analyzed the role of CXCL10 and its receptor CXCR3 on the regulation of the invasive properties
of FLS.

Methods—FLS were isolated from synovial tissues of RA patients, and from DA and arthritis-
protected Cia5d rats with pristane-induced arthritis. We used an in vitro model of invasion through
Matrigel, which has been shown to correlate with articular damage in RA and in rat arthritis. FLS
were cultured in the presence or absence of CXCL10, anti-CXCR3 antibody, CXCR3 inhibitor
AMG487, or controls, then studied for invasion, MMP-1-3 production, intracellular calcium influx
and cell morphology.

Results—DA FLS produced higher levels of CXCL10 compared with minimally-invasive Cia5d.
CXCL10 treatment increased Cia5d FLS invasion by 2-fold, and this increase was blocked by
anti-CXCR3. Both anti-CXCR3 and AMG487 reduced DA FLS invasion by as much as 77%.
AMG487 significantly reduced RA FLS invasion 60%. CXCR3 blockade reduced levels of
MMP-1 by 58%, inhibited receptor signaling (64%-100% reduction in intracellular calcium
influx) and interfered with actin cytoskeleton reorganization and lamellipodia formation in rat and
RA FLS.

Conclusion—We describe and characterize a new autocrine/paracrine role for CXCL10-CXCR3
in the regulation of rat and RA FLS invasion. These observations suggest that the CXCL10-
CXCR3 axis is a potential new target for therapies aimed at reducing FLS invasion and its
associated joint damage and pannus invasion and destruction in RA.

INTRODUCTION
Rheumatoid arthritis (RA) is a chronic autoimmune disease that is associated with increased
risk for joint deformities, disability, and reduced life expectancy (1–3). The RA synovial
tissue is typically characterized by synovial hyperplasia, also called pannus, which is
infiltrated with inflammatory cells. The RA synovial pannus produces pro-inflammatory
cytokines, chemokines and proteases, and invades and destroys cartilage and bone (4, 5).
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The fibroblast-like synoviocyte (FLS) has a central role in the formation of the RA synovial
pannus and in joint destruction (4, 6).

The in vitro invasive properties of FLS derived from patients with RA and from rats with
pristane-induced arthritis (PIA) through collagen-rich (Matrigel) have been shown to
correlate with radiographic erosive changes and with histological joint damage (7, 8).
Erosive changes and joint damage correlate with increased risk for worse disease outcome
and reduced functional capacity, including the development of deformities (9–12).
Therefore, understanding the regulation of FLS invasion has the potential to generate new
targets for therapies aimed at reducing articular damage as well as improving disease
outcome.

We have previously studied highly invasive FLS derived from PIA-susceptible DA rats, and
compared them with minimally invasive FLS obtained from PIA-resistant strain
DA.F344(Cia5d) (7). Microarray analysis of gene expression comparing FLS from these two
strains identified a novel invasion-associated gene expression signature (13). This FLS
invasion signature included the increased expression of genes implicated in cancer cell
invasion as well as other cancer-associated phenotypes (13). CXCL10 (IP-10) was one of
the genes with the most significantly increased expression in DA FLS with a 4.6-fold
increased expression, compared with DA.F344(Cia5d) congenics (13). CXCL10 is known to
be up-regulated in several cancers and to mediate cancer invasion, and its levels correlate
with worse prognosis (14–18). Synovial fluid and synovial tissue levels of CXCL10 are also
increased in RA patients (19–21), and serum levels of CXCL10 correlate with disease
activity (22).

CXCR3 is a seven trans-membrane G protein-coupled receptor for CXCL9, CXCL10 and
CXCL11 (23). CXCR3 is expressed by endothelial cells, mast cells, T cells and FLS (23,
24). Therefore, we considered that, in addition to its known chemotactic properties, the
increased concentrations of CXCL10 produced by arthritic FLS could mediate cell invasion
in an autocrine and paracrine manner via CXCR3, similarly to what is seen in cancer. In this
study, we determined that CXCL10 increases the invasive properties of FLS, and that
CXCR3 blockade reduces invasion of FLS obtained from arthritic DA rats, as well as FLS
from RA patients.

METHODS
Rats

Inbred DA (DA/BklArbNsi, arthritis-susceptible) rats were originally purchased from
Bentin-Kingman (Freemont, CA), bred at the Arthritis Branch at the National Institutes of
Health (NIH) and then transferred to the the Feinstein Institute (formerly North Shore-LIJ
Institute). DA.F344(Cia5d) congenic rats were generated as previously described (25, 26).
Briefly, the Cia5d chromosomal interval was introgressed from arthritis-resistant F344 into
arthritis-susceptible DA genetic background using a genotype-guided strategy for ten
backcrosses. Rats heterozygotes only at the Cia5d interval were then intercrossed to generate
homozygote congenics. All animals were housed in a specific pathogen-free environment,
with 12-hour light and dark cycles and free access to food and water. All experiments
involving animals were reviewed and approved by the Feinstein Institute for Medical
Research Institutional Animal Care and Use Committee (IACUC).

Induction of Pristane-induced arthritis (PIA) and tissue collection
Eight to 12 week- old rats received 150 μl of pristane by intradermal injection divided into
two sites at the base of the tail (27, 28). On day 21 post-pristane injection, animals were
euthanized and synovial tissues collected from the ankle joints for FLS isolation.

Laragione et al. Page 2

Arthritis Rheum. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RA patients and synovial tissues
Human synovial tissues were obtained from RA patients undergoing orthopedic surgery. All
patients met the American College of Rheumatology criteria for RA (29). Informed consent
was obtained from all participating subjects under an Institutional Review Board-approved
protocol.

Isolation and culture of FLS
FLS were obtained as previously described (7). Briefly, tissues were minced and incubated
with a solution containing DNase (0.15mg/ml), hyaluronidase type I-S (0.15 mg/ml), and
collagenase type IA (1 mg/ml) (Sigma, St.Louis, MO) in DMEM (Invitrogen, Carlsbad, CA)
for 1 hour at 37°C. Cells were washed and re-suspended in complete media containing
DMEM supplemented with 10% FBS (Invitrogen), glutamine (300 ng/ml), amphotericin B
(250 μg/ml) (Sigma), and gentamicin (20 ng/ml) (Invitrogen). After overnight culture, non-
adherent cells were removed and adherent cells cultured. All experiments were performed
with FLS after passage four (>95% FLS purity).

AMG487
AMG487 (a gift from Amgen, Thousand Oaks, CA) is a small molecule antagonist of
CXCR3 that has a reported CXCL10 IC50 of 0.008 μM (30). It has been shown to
effectively block CXCR3 activity in cells from different species, including human and rat.

Invasion Assay
The in vitro invasiveness of FLS was assayed in a transwell system using Matrigel-coated
inserts from BD (Franklin Lakes, NJ) or Chemicon (Temecula, CA), based on availability,
as previously described (7, 8). Briefly, 70–80% confluent cells were harvested by trypsin-
EDTA digestion, and re-suspended at 2.0 × 104 cells in 500 μl of serum-free DMEM. Cells
were placed in the upper compartment of the Matrigel-coated inserts. The lower
compartment was filled with complete media (as described above) and the plates were
incubated at 37°C for 24 hours. The upper surface of the insert was then wiped with cotton-
swabs to remove non-invading cells and the Matrigel layer. For the BD inserts, the opposite
side of the insert was stained with Crystal Violet (Sigma) and the total number of cells that
invaded through Matrigel counted at 100X magnification. For the Chemicon inserts, the
bottom surface of the insert, which contained the cells that invaded through Matrigel, was
stained with the kit staining solution, re-solubilized with acetic acid 10% and the solution
absorbance read at 570 nm as directed by the manufacturer’s protocol. Experiments with BD
inserts were done in duplicate and those with Chemicon inserts in triplicate. Where
indicated, mouse recombinant CXCL10 (1 μg/ml) was added to complete medium in the
bottom chamber, while mouse anti-human CXCR3 blocking antibody (200μg/ml) or an
IgG1 isotype control (200μg/ml) (R&D systems, Minneapolis, MN) or the CXCR3 small
molecule antagonist AMG487 (5μM, 10μM or 100μM) (or the diluent DMSO as control)
was added to the upper chamber for overnight incubation.

Zymography
FLS were cultured for 24h in the upper chambers of Matrigel-coated inserts. Supernatants
were collected from each upper chamber after 24h, then concentrated ten-times with
Microcon columns YM-30 (Millipore, Bedford, MA). Same amounts of concentrated protein
were mixed with Tris-glycine-SDS sample buffer (Invitrogen), and the mixture loaded into a
zymogram pre-casted gel (Invitrogen), and electrophoresed, as previously described (7, 31,
32). After the electrophoresis, gels were treated with renaturing buffer (Invitrogen),
followed by overnight incubation in a developing buffer (Invitrogen) at 37°C. Gels were
stained with SimplyBlue Safe-Stain (Invitrogen) for 1 hour at room temperature, and then
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washed extensively. Gelatin zymography was used to assess MMP-2, and casein
zymography was used for MMP-3 (7, 33)

Western blot analysis
MMP-1 detection in FLS culture supernatants—Equal volumes of the upper
chambers’ supernatants (as described in the zymography section) were loaded into a
NuPAGE 10% Bis-Tris gel (Invitrogen) in the presence of MES buffer (Invitrogen) and
electrophoresed under reducing conditions. Proteins were transferred overnight to a PVDF
membrane (Immobilion, Millipore, Bedford, MA). The membrane was then blocked with
5% blotting grade nonfat dry milk (Bio-Rad, Hercules, CA), and incubated with mouse
monoclonal anti-MMP-1 antibody (Calbiochem, EMD, La Jolla, CA). HRP-conjugated anti-
mouse IgG antibody (Santa Cruz Biotechnology, Santa Cruz, CA) was used as secondary
antibody.

CXCL10 in FLS culture supernatants—5 × 106 FLS were grown on Matrigel-covered
Petri dishes in 10 ml of complete media. Supernatants were collected and 500 μl were
concentrated using Microcon YM-30 columns (Millipore) at 14,000 g for 10 minutes at
room temperature. The same amount of protein concentrate per sample was loaded into a
NuPAge Bis-Tris gel according to the protocol described above. A polyclonal rabbit IgG
anti-rat CXCL10 antibody (Pierce, Thermo Scientific) was used as primary antibody, and an
HRP-conjugated donkey anti-rabbit IgG antibody (Amersham-GE Healthcare) as secondary.

Intracellular calcium influx
Intracellular calcium influx was measured using the Fluo-4 NW calcium assay kit
(Molecular Probes/Invitrogen) according to the manufacturer’s instructions. Briefly, FLS
were plated at a density of 4,500 cells/well in a 96-well plate (100 μl volume of complete
media per well) and allowed to adhere. Media was then changed to serum-free and cells
cultured overnight. Next morning the serum-free media was replaced with 50 μl of dye
loading solution, and cells were incubated at 37°C for 30 minutes. AMG487 (100 μM for
RA FLS and 10μM for DA FLS) or DMSO were then added to their respective wells and
cultured at room temperature for 30 minutes, followed by a baseline fluorimetric reading. A
solution with or without FBS was then added to bring the final concentration of FBS to 10%.
Fluorescence was immediately measured with a Fluoroskan Ascent Microplate Fluorometer
(Thermo Scientific) with settings appropriate for excitation at 494 nm and emission at 516
nm.

Immunofluorescence and confocal microscopy
Immunofluorescence was performed as previously reported (34, 35). Briefly, FLS were
cultured on coverslips to 10–20% confluence, then starved overnight and treated with either
DMSO or AMG487 in complete media. FLS were then fixed with 4% formaldehyde (Ted
Pella INC, Redding, CA) for 15 minutes at room temperature followed by permeabilization
with PBS/Triton X-100 0.1% for 5 minutes. Non-specific binding was blocked with 5%
nonfat milk for 30 minutes. Cells were incubated with a rabbit antibody against
phosphorylated FAK (Cell Signaling) for 1 hour at room temperature, washed and then
incubated with Alexa Fluor 488 (green) donkey anti-rabbit IgG antibody (Invitrogen). Cells
were washed with PBS and incubated with Alexa Fluor 594 (red) Phalloidin (actin filament
staining; Invitrogen) for 15 minutes. The stained cells were washed with PBS, and mounted
on a glass slide. A Zeiss Axiovert 200M fluorescent microscope was used for visualization
with the appropriate filters, with Zeiss Axioversion 4.7 software. Immunofluorescence
microscopy was used for cell cytoskeleton scoring (see below). Olympus FluoView 300 was
used for confocal microscopy with a 600X magnification.
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Actin cytoskeleton, lamellipodia and phospho-FAK scoring system
In order to quantify the potential changes induced by CXCR3 blockade in FLS morphology,
we developed a new scoring system, which includes an established actin scoring system
(36), plus the addition of scores for four major parameters of interest: a) actin filament
characteristics and distribution (0 = no filaments, 1 = fine filament at the center of the cell, 2
= at least two thick filaments at the center of the cell, 3 = 90% thick filaments); b) cell
morphology (0 = round shape, 2 = fusiforme/linearized shape); c) lamellipodia location (0 =
no lamellipodia or presence all around the cell, 2 = polarized formation of lamellipodia on
one side of the cell); d) distribution of phosphorylated FAK (0=on cell edges, 1 =
homogeneous distribution, 2 = pronounced co-localization with lamellipodia). The cell
scoring ranged from 0–9, and ten cells per treatment group and per cell line were analyzed.

MTT assay
4×104 FLS per well were plated in triplicate in 96-well plates in 100 μl of complete media.
Cells were allowed to adhere for 24 hours. Media was then changed and either AMG487 or
DMSO added at the specified concentrations. After 24 hours (same duration as the invasion
experiments) viable cells were determined using the colorimetric MTT kit (Millipore)
according to the manufacturer instructions.

Statistics
Means were analyzed with the Student’s t-test or one-way ANOVA with a pairwise multiple
comparison procedure (Holm-Sidak method) using SigmaStat 3.0 (SPSS, Chicago, IL).

RESULTS
CXCL10 significantly increases invasion of DA.F344(Cia5d) FLS in a CXCR3-dependent
manner

DA.F344(Cia5d) FLS (minimally invasive) produced lower amounts of CXCL10 compared
with DA FLS (highly invasive) (Figure 1A). To determine whether the reduced levels of
CXCL10 explained the decreased invasiveness of DA.F344(Cia5d) FLS, invasion through
Matrigel was studied in the presence or absence of CXCL10 (1μg/ml) in the lower
chambers. CXCL10 treatment significantly increased the mean number of invading cells by
2-fold compared with controls (PBS-treated) (n=6; p≤0.005, One way ANOVA, figure 1B).
With CXCL10 treatment the DA.F344(Cia5d) FLS invasion reached 73.6% of the DA
invasion (figure 1B; p≤0.005, One Way ANOVA). Therefore, CXCL10 explains almost
two-thirds of the difference in invasion between DA and DA.F344(Cia5d) FLS.

To confirm the specificity of the interaction between CXCL10 and its receptor CXCR3 in
the regulation of the CXCL10-mediated invasion, a specific anti-CXCR3 blocking
monoclonal antibody was used (200 μg/ml). Blockade of CXCR3 prevented the CXCL10-
induced increase in FLS invasion, while an IgG1 isotype control did not, confirming the
CXCR3 specificity (n=6; p≤0.005, One Way ANOVA, Figure 1B).

Blockade of the CXCR3 receptor reduces DA FLS invasion and decreases levels of active
MMP-1

Treatment of highly invasive DA FLS with anti-CXCR3 blocking antibody significantly
decreased the number of cells invading through Matrigel over a 24 hour period by 40%,
compared with the non-treated controls (n=6; p≤0.001, t-test. Figure 1B).

To determine the effector mechanism of the CXCL10-CXCR3-mediated FLS invasion we
analyzed protein levels of pro- and active MMP-1, MMP-2 and MMP-3 in supernatants of
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DA FLS treated with or without anti-CXCR3 blocking antibody. Levels of active MMP-1
were significantly decreased and nearly undetectable in supernatants of DA FLS treated with
anti-CXCR3 blocking antibody compared with the isotype controls (n=3; p=0.001, t-test.
Figure 2A-B). No significant differences were detected for the other MMPs tested.

The CXCR3 small molecule inhibitor AMG487 significantly reduces cell invasion and the
production of active MMP-1 by FLS from both DA rats and RA patients

The CXCR3 small molecule inhibitor AMG487 significantly reduced DA FLS invasion in a
dose-dependent manner by as much as 77% at 10μM concentrations (n=8; p≤0.001, t-test.
Figure 3A). AMG487 (100 μM) also significantly reduced invasion of FLS obtained from
RA patients by 58% (n=6; p≤0.001, t-test. Figure 3B). We have determined that RA FLS
express a higher level (two-fold) of CXCR3, compared with DA FLS, which is likely the
reason for the requirement of higher concentrations of AMG487 to inhibit RA FLS invasion.

Similar to the results for anti-CXCR3 antibody neutralization experiments, AMG487-
mediated blockade of CXCR3 also significantly reduced levels of active MMP-1 produced
by DA FLS (Figure 4A and B, n=4; p=0.02, t-test).

CXCR3 blockade decreases intracellular calcium influx
The engagement of CXCR3 by CXCL10, which is present in FBS, activates the receptor and
increases intracellular calcium influx in DA and RA FLS, compared with serum-free
medium (figure 4C and D for DA and RA, respectively). Pre-treatment of FLS with the
CXCR3 small molecule antagonist AMG487 reduced calcium influx in DA FLS by 64%,
and by 100% (complete block) in RA FLS, confirming that the compound is interfering with
CXCR3-mediated cell activation.

CXCR3 blockade interferes with actin cytoskeleton reorganization and lamellipodia
formation

DA (figure 5A–C) and RA FLS (figure 5G–I) treated with DMSO (control) had very similar
characteristics. Specifically, both DA and RA FLS had an elongated/fusiform morphology
with increased numbers of thick and longitudinal actin filaments running parallel to each
other and predominantly oriented in the same direction. The polarized shape consisted of a
single broad leading edge at one side of the cells and a narrow trailing edge in the opposite
direction. Lamellipodia were visible at the leading edge of the cells, and co-localized with
phospho-FAK both in FLS from DA rats and from RA patients.

In contrast, AMG487-treated DA (figure 5D–F) and RA FLS (figure 5J–L) had a round and
more compact morphology with a reduced number of actin stress fibers, which were often
disorganized. AMG487-treated FLS didn’t show a polarized orientation, resulting in
aberrant leading edge formation. Lamellipodia like structures were occasionally seen in
AMG487-treated cells, however those were present all around the cells as multiple narrow
projections, and did not co-localize with the lamellipodia marker phospho-FAK.

We developed a scoring system to be able to quantify the above differences (see Methods).
Both RA FLS and DA FLS treated with AMG487 had significantly reduced numbers of
thick actin filaments, reduced numbers of elongated cells, reduced formation of polarized
lamellipodia and reduced co-localization of phospho-FAK with lamellipodia, compared with
DMSO-treated FLS (table 1).
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DISCUSSION
The hyperplastic synovial tissue (pannus) in RA invades and destroys cartilage and bone,
and the FLS has a central role in these processes (4–6). While joint destruction correlates
with disease severity and with increased risk for disability, little is known about the genes
regulating these processes. Previous studies have shown that the in vitro invasive properties
of FLS through collagen-rich Matrigel correlate with histologic damage in rat PIA (7), and
with radiographic erosions and damage in patients with RA (8). Therefore, we consider this
model a useful strategy to understand the processes and genes regulating FLS invasion, and
to identify new potential targets for therapies aimed at preserving joint architecture and
reducing articular damage. Our previous studies with this model led to the identification of a
FLS invasion-associated gene expression signature that included several genes implicated in
cancer-related phenotypes, such as invasion and metastasis (13). CXCL10 was one of the
most significantly up-regulated genes (4.6-fold) in highly invasive DA FLS (13).

In the present study we report increased production of CXCL10 protein by DA FLS, and
show that treating minimally invasive DA.F344(Cia5d) FLS with CXCL10 significantly
increased cell invasion in a CXCR3-dependent manner. Additionally, CXCL10 accounted
for most of the difference in invasion between DA and DA.F344(Cia5d) FLS. CXCR3
blockade with either an antibody or a small molecule antagonist significantly reduced
invasion of both DA FLS and RA FLS by as much as 86% and 53%, respectively. Our
results demonstrate that blocking the CXCL10-CXCR3 engagement reduces CXCR3-
mediated cell signaling as evidenced by the reduced intracellular calcium influx in FLS pre-
treated with the small molecule CXCR3 antagonist AMG487. RA FLS calcium influx
inhibition was more pronounced (100%) than the invasion suppressive effect (53%) most
likely because these parameters involve different variables and different time-points.
Specifically, calcium influx is a very early event during CXCR3 activation and in this case
was used to measure the specific inhibition of CXCR3 signaling. On the other hand, while
our studies show that CXCL10 has a major role in FLS invasion, it is clearly not the only
mediator of invasion, thus its inhibition is not enough to completely block RA FLS invasion.

Additionally, blocking the CXCL10-CXCR3 interaction interfered with actin cytoskeleton
reorganization and inhibited the polarized formation of lamellipodia, which is required for
both cell migration and invasion. CXCR3 blockade also inhibited the formation of the active
form of MMP-1, a collagenase implicated in cartilage and bone erosive changes.

Increased levels of CXCL10 have been previously reported in synovial fluid, synovial
tissues and FLS from RA patients (20, 21). However, at the time it was mostly considered a
chemoattractant for T cells and mast cells (19, 21, 37). CXCR3 was later found to be
expressed by FLS (24). Antibodies against CXCL10 reduced disease severity in adjuvant-
induced arthritis in rats (38), and in patients with RA in a placebo-controlled trial (39).
However, the mechanism for the disease amelioration was only partially understood, and
focused on the T cell. The present study identifies a new role for the CXCR3-CXCL10
interaction in the regulation of FLS invasion, and provides a new mechanistic explanation
for the benefit described in previous in vivo studies.

MMP-1 levels have been previously correlated with joint damage in RA (40) and with the
invasive properties of RA FLS (41, 42). However, this is the first time that FLS invasion and
MMP-1 levels are shown to be regulated by CXCL10 and its receptor CXCR3. While
MMP-1 can be activated by several serine proteases (43), it remains unclear whether
CXCL10 activation of CXCR3 directly regulates MMP-1 activation, or whether it requires
yet another molecule or pathway such as IL-1β.
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There is strong evidence that CXCL10 increases the invasive and metastatic properties of
cancer cells (14, 16, 17). While RA FLS and the RA synovial pannus invade local tissues in
a tumor-like manner, they do not metastasize in the strict sense of the word. However, recent
studies suggest that the FLS is able to migrate from the synovial tissue of an arthritic joint
through the bloodstream, and home into a different and unaffected joint, where it is capable
of spreading arthritis (44). Once at the new joint, the FLS then invades and destroys
cartilage and bone (44). In order for the FLS to gain access to the blood stream, and then
back into the synovial tissues of another joint, it likely requires chemotactic and invading
signals such as those provided by CXCL10. Therefore, our discovery of a new role for
CXCL10-CXCR3 in FLS invasion creates an additional parallel between RA FLS and
cancer cell migration and invasion, and raises the possibility that blocking this pathway
could not only reduce articular damage, but also reduce disease spreading from one joint to
the other.

We were able to establish a previously unrecognized role for CXCL10 in the regulation of
the invasive properties of FLS from arthritic DA rats and more importantly, FLS from
patients with RA. We identified a new mechanistic explanation for the in vivo arthritis-
improving effects of drugs or antagonistic antibodies reported by others (38, 39).

In conclusion, this study provides new evidence implicating CXCL10 and its receptor
CXCR3 on the regulation of the in vitro invasive properties of FLS from patients with RA
and rats with PIA. Since the in vitro invasive properties of FLS correlate with in vivo
articular damage, our observations suggest that targeting CXCL10 and/or CXCR3 could be a
the potentially useful strategy aimed at reducing articular damage and erosive changes in
RA.
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FIGURE 1. CXCL10 regulates FLS invasion in a CXCR3-dependent manner and explains most
of the difference in invasion between DA and DA.F344(Cia5d)
(A) Highly invasive DA FLS produce increased levels of CXCL10 compared with
minimally invasive DA.F344(Cia5d) FLS (western blot done with supernatants of FLS
cultured on Matrigel; see methods for details). (B) DA FLS treated with anti-CXCR3 were
significantly less invasive (40% reduction), compared with untreated DA controls (n=6;
*P≤0.001; One way ANOVA). DA.F344(Cia5d) FLS treated with CXCL10 (1μg/ml)
increased invasion by 2-fold, compared with untreated controls, and became 73% as
invasive as DA. Anti-CXCR3 antibodies (200μg/ml), but not an IgG1 isotype control
(200μg/ml), prevented the CXCL10-induced increase in FLS invasion (Matrigel invasion
assay; n=6; *P≤0.001, One way ANOVA; mean±S.D.). Percentage changes are all
compared with untreated DA.F344(Cia5d).
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FIGURE 2. Anti-CXCR3 antibodies significantly reduce DA FLS production of activated
MMP-1
(A) Densitometry analyses showing that anti-CXCR3 treatment significantly reduced DA
FLS production of active MMP-1 (n=3; *P=0.001; t-test; mean±S.D.). (B) Representative
western blot of the above densitometries demonstrating significant reduction in the levels of
active form of MMP-1 in supernatants of FLS treated with anti-CXCR3, compared with no-
treatment and isotype control.
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FIGURE 3. The CXCR3 small antagonist AMG487 decreases invasion of both DA and RA FLS
(A) DA (n=8; *P≤0.001, t-test) and (B) RA (n=6; *P≤0.001, t-test; mean±S.D.) FLS
invasion was significantly reduced by 77% and 58%, respectively, with AMG487 10μM
treatment, compared with control.
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FIGURE 4. AMG487 reduces production of active MMP-1 and CXCR3-mediated calcium influx
into DA and RA FLS
(A) Densitometry analyses of MMP-1 western blot (below) of four DA FLS cell lines (mean
of active/pro-MMP-1). (*P=0.02, t-test; mean±S.E.M.). (B) Western blot showing pro- and
active MMP-1 (n=4). (C) CXCL10-containing 10% FBS induced a significant increase in
intracellular calcium influx. Pre-treatment of FLS with AMG487 (10μM) reduced calcium
influx by nearly 64% in DA FLS, (D) and by 100% in RA FLS (AMG487 100 μM),
compared with FLS treated with 10% FBS only, confirming inhibition of the CXCR3
receptor signaling.
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FIGURE 5. CXCR3 blockade with AMG487 inhibits actin filament reorganization and prevents
the polarized formation of lamellipodia
(A–C) DA FLS treated with DMSO (control) had linearized actin filaments (Alexa Fluor
594-phalloidin: red), elongated shape and lamellipodia at the leading edge of the cells. (D–
F) DA FLS treated with AMG487 10μM had a round shape, fewer actin filaments and
reduced number of lamellipodia, which did not co-localize with phospho-FAK (Alexa Fluor
488: green). (G–I) RA FLS treated with DMSO and those treated with AMG487 100μM (J–
L) had similar characteristics to DA FLS receiving the same treatments.
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Table 1

FLS morphology scoring in cell treated with DMSO or the CXCR3 antagonist AMG487*

DA (n=3) RA (n=4)

control AMG487 control AMG487

Actin

no filaments 0 6.7 0 7.5

fine filaments at the center 0 43.3 30 77.5

>2 thick fillaments at the center 0 40 20 10

90% thick filament 100 10 50 5

Cell shape

Round 0 50 2.5 12.5

Elongated 100 50 97.5 87.5

Lamellipodia

none or all around cell 0 90 2.5 97.5

polarized (on one side) 100 10 97.5 2.5

p-FAK

cell edges 0 43.3 0 40

homogenous distribution 0 46.7 7.5 60

co-localization with lamellipodia 100 10 92.5 0

*
Percentage of cells within each treatment group that met the specified category criteria.

The most significant differences are shown in light grey.

Ten cells per treatment group and per cell line were analyzed.

DA and RA FLS were treated with AMG487 10μM and 100μM, respectively.
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