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Abstract Human type B synoviocytes are involved in joint
injury during rheumatic diseases by producing inflamma-
tory mediators such as interleukin-6 (IL-6). The increased
level of purine and pirimidine nucleotides in the synovial
fluid of rheumatoid arthritis (RA) patients could activate the
large family of P2 receptors. Thus, we investigated the
presence of P2 receptors in human type B synoviocytes
from rheumatoid joints, also evaluating whether the P2X,
receptor is involved in IL-6 release. Reverse transcriptase
polymerase chain reaction analysis revealed messenger
ribonucleic acid (mRNA) expression for the P2X;, P2X,,
P2X,, P2Xs, P2X,4, P2X5, P2Y,, P2Y,, P2Y,;, P2Y,,
P2Y13, and P2Y14 but not the P2X3, P2Y2, and P2Y6
receptors. The expression of the P2X; receptor was
confirmed by Western blot analysis. Adenosine triphos-
phate (ATP) and the P2X; receptor agonist 2'-3'-O-(4-
benzoylbenzoyl)ATP (BzATP) triggered an increase in
intracellular calcium, thereby suggesting the expression of
functional P2 receptors, including the P2X; receptor.
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Moreover, BZATP treatment upregulated both IL-6 mRNA
and protein expression. Synoviocytes spontaneously re-
leased low quantities of IL-6; the incubation with BzATP
induced the release of larger amounts of the cytokine, and
such a release was blunted by the P2X, antagonist oxidized
ATP. The selective P2X; and P2Xj receptor agonist «,(3-
methylene ATP did not affect IL-6 release. Finally, BZATP
failed to induce a significant uptake of the large-molecule
YO-PRO, thus suggesting the lack of pore formation after
P2X; receptor stimulation. In conclusion, among the
different P2 receptors expressed on human RA type B
synoviocytes, the P2X; receptor may modulate IL-6 release
but not inducing changes in cell membrane permeability.
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Introduction

Activated synovial fibroblasts (type B synoviocytes) are
actively involved in the development of cartilage damage in
chronic inflammatory joint diseases, particularly rheuma-
toid arthritis (RA) [1]. Their ability to induce and
perpetuate inflammation is associated with the production
of proinflammatory cytokines, such as interleukin (IL)-6,
IL-8, and tumor necrosis factor « (TNFx) [2—4]. The
extensive tissue damage in inflammatory processes may
lead to the occurrence of high levels of purine and
pirimidine nucleotides at the sites involved; accordingly, it
is well-documented that adenosine triphosphate (ATP) is
often found in the synovial fluid of patients with RA [5].
Extracellular ATP and other nucleotides act through
specific cell surface receptors known as P2 purinergic
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receptors [6] and can regulate a variety of cellular responses
in many cell types and tissues [7-9]. On the basis of
pharmacological, functional, and cloning data, two P2
receptor subfamilies have been described: P2Y and P2X
[6, 10]. At the moment, seven members of the human P2X
receptor family (P2X,, P2X,, P2X;, P2X,, P2Xs, P2X,
P2X5) and eight of the human P2Y receptor family (P2Y,
P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, P2Y14) have
been found expressed and cloned [10, 11].

P2Y receptors are membrane spanning, G-protein-cou-
pled receptors. Their activation triggers the release of Ca*"
from intracellular stores. P2X receptors are ligand-gated
ionotropic channels, and their activation is associated with
fast Na” entry and K" release inducing plasma membrane
depolarization and consequent cytosolic Ca®" increase [12,
13]. An interesting member of the P2X subfamily is the
P2X; receptor (P2X,R), which has been demonstrated to be
expressed on inflammatory cells (e.g., monocytes/macro-
phages, dendritic cells) [14—17] and human primary
fibroblasts, coupled to ion fluxes, microvescicle formation,
and IL-6 release [18].

The aim of the present paper was to investigate P2X and
P2Y purinergic receptor expression in human fibroblast-like
type B synoviocytes from RA patients. The study was
mainly focused at the P2X;R expression and function in
terms of intracellular Ca** changes and IL-6 release.

Materials and methods

Cell isolation and culture Synovial fibroblasts were isolat-
ed from synovial biopsies obtained for diagnostic purposes
from ten RA patients, after obtaining their informed consent
according to the principles of the Declaration of Helsinki.
Synovial tissue was minced in small pieces and digested for
3 h at 37°C in 5% CO, in Dulbecco’s Modified Eagle
Medium (DMEM; Celbio, Milan, Italy), containing colla-
genase type I 233 U/ml (Sigma-Aldrich, Milan, Italy).
Short-term in vitro adherence (overnight) was performed to
remove nonadherent cells. Cell suspension was cultured in
DMEM supplemented with heat-inactivated fetal bovine
serum 10% (FBS), 100 U/ml penicillin, 100 pg/ml
streptomycin, 2 mM glutamine (all from Celbio). HEK293
cells stably transfected with full-length human P2X,
receptor (P2X,-HEK293 cells), and HEK293 cells stably
transfected with the empty vector (HEK293-mock cells)
were cultured in DMEM-F12 (Celbio). Media were
complemented with 10% heat-inactivated FBS, 100 U/ml
penicillin, 100 pg/ml streptomycin, and 2 mM glutamine
in the presence of 0.8 mg/ml G418 (Invitrogen Life
Technologies, Carlsbad, CA, USA). Cells were incubated
at 37°C in a humidified incubator in the presence of 5%
CO,.
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Flow cytometry Purity and phenotype of the isolated
synovial fibroblasts were characterized by flow cytometry
as reported by Hirth et al. [4] and Zimmermann et al. [19]
with the mouse monoclonal fibroblast antibody mAb AS02
(Calbiochem, San Diego, CA, USA) recognizing the human
surface antigen CD90/Thy-1 [20]. The mouse monoclonal
antibody CD14 (BD Pharmigen, Milan, Italy) was used to
study the presence of macrophages [21]. Cells (3x10°)
were stained with saturating amounts of monoclonal
antibody CD90/Thy-1 and CD14 conjugated with fluores-
cein isothiocyanate fluorochrome in phosphate-buffered
saline (PBS), 1% FBS, and 2 mM ethylenediamine tetra-
acetic acid (EDTA) for 30 min at 4°C. Cells were analyzed
with the FACS Calibur flow cytometer (Becton Dickinson,
Franklin Lakes, NJ, USA) with Cell Quest software.
Forward- and side-scatter gates were set to include all
viable cells, and 10,000 events were acquired for each
condition.

Reverse transcriptase polymerase chain reaction Total
ribonucleic acid (RNA) from synoviocytes was extracted
using RNeasy Mini kit (Qiagen, Milan, Italy) and treated
with DNase (Invitrogen Life Technologies). The RNA
pellet was dissolved in H,O, and the optical density at
260 nm was determined in a spectrophotometer (Becton
Dickinson). For first-strand deoxyribonucleic acid (DNA)
synthesis, 1 pg of total RNA was converted to comple-
mentary DNA (cDNA) by incubation with Maloney murine
leukemia virus reverse transcriptase (200 U/ul per sample),
oligo(dT) primers (0.5 png/ul per sample), and deoxyribo-
nucleotide triphosphate (AINTPs; 10 mM; all Invitrogen Life
Technologies) in 20 pl total volume. cDNA was amplified
in a 50-pl reaction mixture containing EuroTaq DNA
polymerase (1.25 U per sample; Euroclone S.p.A., Pero,
Italy), MgCl, (5 mM), dNTPs (0.25 mM), and 20 pmol of
each sense and antisense primer for human purinergic
receptors (P2X;, P2X,, P2X;, P2X,, P2Xs, P2X¢, P2X,,
P2Y,, P2Y,, P2Y., P2Ys, P2Y,,, P2Y s P2Y,s, P2Y 4
Table 1). The presence of a single band amplified with
specific primers for f(-actin (sense 5'-GGATCTTCAT
GAGGTAGTCAGTC-3’; antisense 5-CCTGCCTTTGCC
GATCC-3") with the same cDNA was used as the internal
control. Polymerase chain reaction (PCR) was performed
using a minicycler PT-100 (MJ Research, Ramsey, MN,
USA) for 3540 cycles. PCR products were electrophor-
esed on a 2% agarose gel and stained with ethidium
bromide, and bands were visualized and photographed by
ultraviolet transillumination.

Western blot Cells at approximately 80% confluency were
harvested by trypsinization. Cell pellets were washed twice
with cold PBS and lysed for 20 min at 4°C in a lysis buffer
containing 20 mM Tris—HCI (pH 8.0), 150 mM NaCl, 1%
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Table 1 Sequence details for all P2X

Primers Sequences T, (°C) Accession Predicted length
number (BP)
Sense Antisense
P2X, GTTTGGGATTCGCTTTGA TGGCTGAGAGGGTAGGAGAC 58 NM_002558 384
P2X, CAAATTCCACTTCTCCAAGG TGAAGTTGTAGCCTGACGAG 56 NM_170682 287
P2Xj5 CATCCGTTTCCCCCTCTTCAA ACTCACTGCCATTTTCCATTT 56 NM_002559 347
P2X, CACCCACAGCAACGGAGTCT TTTGATGGGGCTGTGGAGAG 58 NM_002560 793
P2Xs GCTGGAAACGGAGTGAAG GCCTCCTGGGAACTGTCT 56 NM_002561 665
P2X, CGCCAGCCCAAGTTCAGG GCCTACAGACCCACCCAG 58 AF065385 449
P2X, TGAAGGGAACCAGAAGACC AACCAGGATGTCAAAACG 53 NM_002562 499
P2Y, CCTGCGAAGTTATTTCATCTA GTTGAGACTTGCTAGACCTCT 55 NM_002563 319
P2Y, GCAGCATCCTCTTCCTCACCT CATGTTCATGGCGTTGAGGGT 60 NM_176072 503
P2Y, GGCATTGTCAGACACCTTCTA AAGCCACGAAGCAGACAGCAA 58 NM_002565 551
P2Y¢ CGCTTCCTCTTCTATGCCAA GTAGGCTGTCCTGGTGATGTG 60 NM_176796 480
P2Y ACTTCCTGTGGCCCATACTG GCTGTCCCCAGACACTTGAT 56 NM_002566 499
P2Y,, CCCTCCAGAATCAACAGTTAT CGCTTTGCTTTAACGAGTTC 56 NM_022788 1,127
P2Y 5 TGTGTCGTTTTTCTTCGGTG TGCTGCCAAAAAGAGAGTTG 56 NM_023914 578
P2Y 4 CGCAACATATTCAGCATCGTGT GCTGTAATGAGCTTCGGTCTGAC 51 NM_0148 102

Triton-X100, and inhibitor cocktail (104 mM 4-(2-amino-
ethyl)benzenesulfonyl fluoride hydrochloride, 0.08 mM
aprotinin, 2.1 mM leupeptin, 3.6 mM bestatin, 15 mM
pepstatin A, 1.4 mM E-64; all Sigma-Aldrich). The
detergent insoluble material was removed by centrifugation
at 14,000 rpm for 20 min. The supernatant was collected
and used for protein quantification according to the
Bradford method [22]. Proteins were separated on 4—10%
Bis—Tris gel (Invitrogen Life Technologies) at 200 V for
45 min and blotted on nitrocellulose paper (Bio-Rad
Laboratories, Milan, Italy) at room temperature at 170 mA
for 1 h. The nitrocellulose membrane was blocked with
10% nonfat dry milk in blocking buffer Tris-buffered saline
(1.5 M NaCl; 500 mM Tris—HCI; pH 7.4) with 0.05%
Tween-20 for 1 h at room temperature and then incubated
with primary rabbit polyclonal antibody anti-human P2X,
(1:200; Alomone Labs, Jerusalem, Israel). The antibody
was raised against synthetic peptide corresponding to the
last 20 amino acids of the P2X; protein (KIRK EFPKT
QGQYS GFKYP Y; accession Q64663). Blots were then
incubated for 1 h at room temperature with goat anti-rabbit
antibody coupled to horseradish peroxidase (HRP;
1:10,000; Jackson ImmunoResearch Laboratories Europe,
Newmarket, UK) in blocking buffer. After washing, the
specific proteins were visualized by the Opti-4CN Substrate
kit (BioRad Laboratories, Milan, Italy), according the
manufacturer’s instructions.

Cytoplasmic free Ca®" concentration ([Ca’" ];,) measurements
Cells (5%10°) were loaded with the cell-permeant fluores-
cent calcium dye Fura-2 acetoxymethyl ester (AM; 3 uM;
Molecular Probes, Invitrogen, Carlsbad, CA, USA) for
30 min at 37°C [23]. After loading, the cells were kept at

room temperature in a medium containing 140 mM NaCl,
54 mM KCI, 1 mM MgCl,, | mM CaCl,, 15 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer (pH 7.4) plus 1% BSA. Just prior to the experiment,
a 1-ml aliquot of the cell suspension was rapidly centri-
fuged and resuspended in fresh medium. For experiments
performed in the absence of extracellular calcium, the
medium contained 0.2 mM ethylene glycol tetraacetic acid
(EGTA) with no added Ca*'. Fluorescence was measured
with a Varian Cary Eclipse fluorescence spectrophotometer
(Palo Alto, CA, USA; excitation wavelengths 340 and
380 nm, emission 510 nm) equipped with magnetic stirring
and temperature control, and the images were acquired
using digital imaging techniques. To minimize leakage of
trapped Fura-2, the assay temperature was 30°C, and
200 uM sulfinpyrazone was included in the medium [24].
Cells were stimulated with 500 uM, 1 mM ATP, and 100—
500 uM 2'-3'-0O-(4-benzoylbenzoyl)ATP (BzATP; all from
Sigma-Aldrich) both in the presence and the absence of
extracellular calcium. At the end of each incubation, 50 pg/
ml digitonin and 20 mM EGTA were added to measure
maximal (R,x) and minimal (R,,;,) fluorescence ratio (340/
380) values, respectively. For single cell [Ca*"]; measure-
ment experiments, synoviocytes were plated on glass
coverslips (13 mm diameter) at the density of 3x10* per
well in DMEM 10% FBS. When semiconfluence was
reached, cells were loaded with 3 uM Fura-2 AM. Calcium
measurements were carried out at room temperature. Fura-
2-loaded cells were placed on a fluorescence image
microscope and perfused with the medium in the presence
of ATP, BzATP, or 100 uM o,3-methylene ATP
(x,MeATP) or 1 uM 1-[N,O-bis(5-isoquinoline sulfo-
nyl)-N-methyl-L-tyrosyl] 4 phenylpiperazine (KN62; all
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from Sigma-Aldrich). The digital fluorescence-imaging
microscopy system was mounted on a Nikon Diaphot 300
(Nikon, Tokyo, Japan) inverted microscope. Fluorescence
images were collected through a Nikon oil immersion 40 x
13 numerical aperture objective and acquired by a cooled
charge-coupled device (CCD) camera (Photometrics, Roper
Scientific, USA) and a MetaMorph imaging system
(Universal Imaging, Downingtown, PA, USA).

IL-6 release Sandwich enzyme-linked immunosorbent as-
say (ELISA) protocol was used to assay for IL-6 in the
extracellular media samples. Synoviocytes were cultured at
3x10* cells per well in 24-well plates and stimulated in
duplicate with 0.1 ng/ml IL-13, 100 and 500 uM BzATP,
300 uM oxidized ATP (0ATP), 100 uM o,3MeATP, 10 U/
ml apyrase, 1 pg/ml lipopolysaccharide (LPS; all from
Sigma-Aldrich). In the experiments with 0ATP, cells were
pretreated with the antagonist for 3 h before stimulation
with BZATP. Apyrase is an ATP-degrading enzyme that was
used in combination with o, fMeATP. In the studies where
the agonists were incubated in the presence of LPS, cells
were pretreated with the endotoxin for 2 h at 37°C. IL-1f3
was used as a positive control because it has been shown to
be a potent inducer of IL-6 synthesis [25]. Times of
stimulation are reported in each figure.

At confluency, the medium was changed to DMEM with
2% FBS 24 h before experiments to reduce background
activation of cells. Flat-bottom 96-well plates were coated
with rat anti-human IL-6 (0.5 mg/ml; BD Pharmigen) in
binding solution (0.1 M Na,HPO,, pH 9.0) and blocked 2 h
with PBS 10% FBS. The sample of 100 pl per well was
applied and incubated for 4 h at room temperature. Wells
were washed and incubated with biotinylated rat anti-
human IL-6 (0.5 mg/ml) for 1 h at room temperature. The
capture immune complexes were further incubated with
streptavidin HRP (30 min; Vector Laboratories, Peterbor-
ough, UK), and colorimetrically developed with 2,2'-azino-
bis-3-ethylbenzthiazoline-6-sulfonic acid (Sigma-Aldrich)
substrate solution. The level of the colored product generated
by the bound, enzyme-linked detection reagents was
measured spectrophotometrically using an ELISA plate
reader (Microplate 50 Pc, BioRad Laboratories) at 405 nm.
Human recombinant IL-6 served as a positive control (BD
Pharmigen) to construct the standard curve.

Cytotoxicity assay Synoviocytes were plated in 24-well
plates (3x10* cells per well) and incubated with 0.5 and
1 mM ATP, 100 and 500 uM BzATP, and 100 puM
o,PMeATP for 30 min, 1, 3, 6, and 24 h at 37°C in a
humidified atmosphere of 95% air and 5% CO,. Samples of
3x50 ul of the cell culture medium were collected from
each well and assayed for lactate dehydrogenase (LDH)
activity with the colorimetric CytoTox 96 Non-Radioactive
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Cytotoxicity Assay (Promega, Madison, WI, USA). Absor-
bance was measured in a spectrophotometer at a wavelength
of 490 nm. As a positive control, cell cultures were treated
with lysis solution (1% Triton X-100, Sigma-Aldrich), and
the absorbance of these samples was considered as 100% of
lactic dehydrogenase release. Cell death was expressed as
percent of cytotoxicity using the formula:

% Cytotoxicity = experimental LDH release (OD4g)/

maximum LDH release (ODyg)

Changes in plasma membrane permeability

Fluorescence microscopy The increase in plasma mem-
brane permeability was measured with the extracellular
fluorescent tracer YO-PRO. Synoviocytes were grown on
coverslips (13 mm diameter) at a density of 3x 10* cells per
well in DMEM 10% FBS; P2X;-HEK293 cells and
HEK293-mock cells were plated at a density of 2x10°
cells per well in DMEM-F12 10% FBS. Cells were
pretreated for 30 min with 500 uM BzATP at 37°C, and
YO-PRO was added during the last 5 min at 1 puM
concentration. The cells were washed and resuspended in
low divalent solution containing 147 mM NaCl, 2 mM
KCL, 12 mM glucose, and 10 mM HEPES (pH=7.3)
without Ca®" and Mg”" ions, which have been shown to
inhibit pore formation [26]. Cells were then placed on a
coverslip and immediately observed with a fluorescence
microscope mounted on a Nikon Diaphot 300 inverted
microscope. The images were acquired with a cooled CCD
camera and a MetaMorph imaging system.

Flow cytometry Flow cytometry was used to study YO-
PRO uptake by the detection of the shift in fluorescence
intensity. P2X;-HEK293 and HEK293-mock cells and
synoviocytes were suspended in PBS without Ca** and
Mg2+, 2 mM EDTA, and 0.5% BSA. One micromolar YO-
PRO was added, and the cells were treated with 500 uM
BzATP for 5 min at 37°C [27]. After incubation, cells were
washed twice and analyzed by flow cytometry.

Statistical analysis Data were expressed as mean+standard
error of the mean (SEM). Statistical analysis was performed
by the one-way analysis of variance and the Tukey—Kramer
multiple comparison test to evaluate significant differences
among groups. The level of significance was set at P<0.05.

Results

Characterization of primary culture synovial cells isolated
from rheumatoid arthritis patients Synovial cells were
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Fig. 1 Phenotype analysis of
RA synovial cells in primary
culture. a Representative images
of synovial cells in culture.
Synoviocytes appear with a
large, spindle-shaped and fibro-
blast-like morphology at differ-
ent passages (4" IIp; 4". 1llp;
A". IVp; A"". VIp). b FACS
analysis of freshly isolated
synoviocytes (n=3 patients).
Cells were labelled with fluo-
rescent antibody to CD90/Thy-1
and CD14. Plots show isotype
control IgG staining (upper and
lower left panels) versus specific
antibody staining (CD90 upper
right panel; CD14 lower right
panel). Greater than 90% of
synoviocytes express CD90
antigen
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characterized by morphology and flow cytometry analysis.
Cells isolated from synovia of RA patients showed to be a
homogenous population as demonstrated by their fibro-
blast-like morphology. Under our experimental conditions,
the primary culture of synovial cells maintained a spindle
shape without any morphological alterations also culturing
for several passages (Fig. la). The flow cytometry
confirmed the population homogeneity by showing that a
high percentage (93%) of cells cultured for two to six
passages showed a positive surface staining for the
fibroblast marker CD90/Thy-1. On the contrary, the average
percentage of cells positively stained with CD14 (synovial
macrophage marker) was less than 1% (Fig. 1b).

Human synoviocytes express the mRNA for P2X and P2Y
receptor subtypes We used Reverse transcriptase PCR (RT-

Fig. 2 Expression of P2 recep- a
tors. a, b RT-PCR of P2X and

P2Y receptors. Total cellular

RNA isolated from synoviocytes

was reverse transcripted. The

resulting cDNA was amplified

with primers specific for each
indicated P2X and P2Y recep-

tors subtypes, and the identifi-

cation of the PCR-amplified

products was made on the basis

of their predicted size. ¢ Western
blotting determination of the

P2X,R. Expression of the

P2X,R was analyzed in syno-
viocytes, HEK293-mock, and
P2X7-HEK293 cell lysates b
using a specific anti-P2X;R

antibody

c

P2X, — P
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PCR) to investigate whether P2 receptor transcripts were
expressed by the human type B synoviocytes. The RT-PCR
analysis performed with primers specifically designed for
the various cloned human P2X receptors revealed bands
corresponding to P2X;, P2X,, P2X,, P2Xs, P2Xg, and
P2X5 but not the P2X; receptor (Fig. 2a). The presence of
the P2X,R was also confirmed by Western blot analysis
(Fig. 2¢). P2X-R was identified by a major protein band of
the predicted molecular weight (~70-75 kDa), whose
specificity was investigated by the use of P2X,-HEK293
cells as a positive control and HEK293-mock cells as a
negative control. The protein detected in transfected HEK
cells lysates was slightly larger than the P2X;R detected in
human synoviocytes. The presence of alternative spliced
P2X receptor isoforms, together with post-translational
modifications, gives rise to potentially large variations in
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the size of detected proteins. RT-PCR analysis with primers
specifically designed for the various cloned human P2Y
receptors revealed that synoviocytes express messenger
ribonucleic acid (mRNA) for the following P2Y receptors:
P2Y1, P2Y4, PZY“, P2Y12, P2Y13, and P2Y14, with the
exception of the P2Y, and P2Y, receptors (Fig. 2b). The
size of the cDNA fragments for each P2 receptor is reported
in Table 1.

Stimulation with ATP and BzATP induces [Ca’" ]; increases
in human primary synoviocytes Functional P2 receptors

ATP 1mM
2.5 -

CaCl, 1.7mM

Ratio (340/380)

EGTA 0.2mM

0.0 11 2.2 34 45 56 6.8 7.9
Time (min)

b 2.7 -

2.5 1

23| BZATP 500uM

2.1

Ratio (340/380)

1.9 -

1.7

were evaluated by analyzing [Ca®']; responses induced by
the stimulation with ATP or agonists for specific purinergic
receptor subtypes. In experiments on cell cultures, the
application of 500 uM ATP did not induce calcium rise,
while the stimulation with 1 mM ATP in a calcium-free
medium resulted in a sharp and transient [Ca®"]; increase,
rapidly decreasing to baseline, in a way supporting the idea
of a mobilization from intracellular calcium stores. The
readdition of extracellular calcium (1.7 mM) resulted in a
second rise in [Ca®'];, followed by a sustained plateau,
putatively attributed to the extracellular calcium entry
through ligand gated P2X receptors (Fig. 3a). The mean
peak calcium response of synoviocytes, expressed as the
ratio of fluorescence values (AF 340/380), when exposed
to 1 mM ATP in Ca*'-free and 0.2 mM EGTA-containing
saline solution, was 0.85+0.02 (range 0.83-0.86), while
in the presence of extracellular Ca**, it was 0.53+0.11
(range 0.44-0.74). To determine the specific role of the
P2X receptor subtypes, experiments with the P2X,;R
agonist BZATP were performed. One hundred micromolars
of BzATP induced no appreciable response, while 500 uM
BzATP induced an increase in [Ca®']; but only in the
presence of extracellular calcium (Fig. 3b). In the absence
of extracellular calcium, BZATP application was not able to
induce any intracellular calcium modification (data not
shown). In single-cell calcium measurements, the stimula-
tion with ATP and BzATP confirmed the results obtained in
cell cultures. ATP (1 mM) induced calcium mobilization
both in the presence and in the absence of extracellular
calcium, respectively, in 83.7+£7.02% and 63.1+19% of the
analyzed cells (n=83), while 500 uM BzATP was effective
in the presence of extracellular Ca®’, but only 23.17+
3.10% of the cells showed [Ca”"]; increase (n=37; data not
shown). In a total number of 20 cells, | ptM KN62, a P2X,
antagonist, inhibited calcium mobilization following cell

1.5
20 3.2 43 54 6.6 7.7 8.8

Time (min)

(@)

141
121
101
08 _/
06
0.4 ]
02
0.0

o,BMeATP 100uM

Ratio (340/380)

1 31 61 91 121 151 181 211 241 271

Time (sec)

«Fig. 3 Stimulation with ATP and BzATP induces [Ca>"]; increase in

human primary synoviocytes. Representative images of [Ca®'];
changes in the presence of 1 mM ATP, 500 uM BzATP, and
100 uM o, BMeATP. Cells were loaded with the Ca*" indicator fura-
2/AM and stimulated with the agonists. For Ca**-free conditions, cells
were incubated in Ca®'-free, 0.2 mM EGTA-supplemented buffer. a In
the absence of extracellular Ca**, 1 mM ATP induces a rapid transient
rise in [Ca®'];, followed by a decrease to basal levels. The readdition
of extracellular calcium resulted in a second rise followed by a
sustained plateau. The experiments were performed with a fluores-
cence spectrophotometer. b Stimulation with 500 uM BzATP induces
an increase in [Ca’']; in the presence of extracellular Ca®". The
experiments were performed with a fluorescence spectrophotometer. ¢
Single cell calcium experiments. The image is representative of the
response of 20 cells of the same culture dish. No changes in [Ca®'];
have been detected in the presence of 100 uM o,MeATP. Under
each experimental condition, each trace is representative of similar
results obtained from three distinct experiments. The arrow indicates
the time when agonists and CaCl, were added
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stimulation with either 500 uM BzATP or 1 mM ATP in the
presence of extracellular calcium (data not shown).

In consideration of the fact that BZATP could partially
act also on the P2X; and P2Xj receptor subtypes, we also
tested the effect of «,3MeATP, a relatively selective agonist
for the P2X; and P2Xj; receptors [28], to rule out their
possible involvement. The application of a high concentra-
tion of «,FMeATP (100 uM) did not result in any increase
n [Ca®']; in all of the analyzed cells (n=20 cells; Fig. 3c).

BzATP enhances the IL-6 mRNA expression in human
synoviocytes To investigate the possible involvement of the
P2X;R in IL-6 gene transcription, mRNA expression was
examined in human synoviocytes after 100 and 500 uM
BzATP stimulation. IL-6 mRNA expression was induced
after 1-h stimulation and declined considerably at 3 h

(Fig. 4).

Detection of IL-6 release from human synoviocytes To
determine whether the enhanced mRNA transcript was
associated to an increase in IL-6 protein release, ELISA
experiments following BzATP stimulation were conducted.
Figure 5a shows that in the absence of a specific stimulus,
IL-6 is measurable in the supernatants of resting synovio-
cytes showing that these cells spontaneously release a low
amount of the cytokine in our experimental conditions. IL-6

a 30' 1H

2 3 4

release is substantially increased as a consequence of the
stimulation with BzATP. The agonist caused a significant
IL-6 production compared with untreated cells at both
concentrations (100 and 500 uM), and the cytokine
secretion reached the maximum level at 24 h of exposure
to the agonist (Fig. 5a,b). This result was observed in 60%
of experiments performed in duplicate with cells from ten
RA patients. The release of IL-6 due to the stimulation with
IL-13 (0.1 ng/ml; Boehringer-Mannheim, Germany) was
considered as the positive control. To obtain more infor-
mation on the possible role of the P2X,;R in cytokine
release, the inhibitory effect of 0ATP, a P2X,R antagonist
[29], was tested. As shown in Fig. 6a, oATP produced an
83.5% reduction in the amount of IL-6 release induced by a
24-h stimulation with 100 and 500 uM BzATP. To further
confirm the central role of the P2X-R in cytokine release, in
the light of the fact that BZATP could partially act also on
the P2X; and P2X;5 receptor subtypes, we tested
«,PMeATP, which is typically considered a selective
agonist for such receptors [28]. The application of the
agonist (100 uM) in the presence or the absence of apyrase
did not result in any significant increase in cytokine
production compared to untreated cells (control) as shown
in Fig. 6b. The addition of apyrase was employed to avoid
desensitation of P2X; and P2X5 receptors by endogenously
released ATP. When synoviocytes were pretreated with

1H30' 3H
2 3 4
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Fig. 4 BzATP upregulates the expression of IL-6 mRNA in human
synoviocytes. a The image represents the time course of the effect of
BzATP on IL-6 mRNA expression. Cells were incubated for 30 min,
1 h, 1 h and 30 min, and 3 h with 100 and 500 uM BzATP. Total RNA
isolated from synoviocytes was subjected to reverse transcription, and
the resulting cDNA was amplified with specific primers for human IL-
6. IL-1p3-stimulation was used as a positive control. M: Marker
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100 bp; lane I: untreated cells; lane 2: IL-1{3 stimulation; lane 3:
BzATP 100 uM-treated synoviocytes; lane 4: BzZATP 500 uM-treated
synoviocytes. b Densitometric analysis at 1 h of stimulation with
BzATP. Values (mean+SEM of four different patients) are expressed
as IL-6/3-actin ratio. Triple asterisk, P<0.001 vs control (C, untreated
cells), double asterisk, P<0.01 vs control (C, untreated cells)
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Fig. 5 Detection of IL-6 release. a Time course of the effect of 100
and 500 uM BzATP on IL-6 release. Cells were incubated for 3, 6,
and 24 h. Supernatants were removed and assayed for IL-6 content by
the ELISA technique. The release of IL-6 due to the stimulation with
IL-1$ (0.1 ng/ml) was measured as a positive control. Values are
means=SEM (n=3). Double asterisk, P<0.01 vs control (C, untreated
cells). b Six additional experiments were performed by incubating
synoviocytes with 100 and 500 uM BzATP for 24 h. double asterisk,
P<0.01 vs control (C, untreated cells)

1 pg/ml LPS, BzATP induced a very significant IL-6
release in comparison to cells stimulated with LPS only
(Fig. 7). All the cell cultures were responsive to BzATP
after LPS priming.

Measurement of LDH The percentage of cytotoxicity from
cultures treated up to 24 h with 100 and 500 uM BzATP
(4.47+0.32; 4.60+1.10, respectively), 100 uM o, 3MeATP
(4.70£0.10), and 0.1, 0.5, and 1 mM ATP (4.88+0.62; 4.24+
0.85; 4.48+0.11, respectively) did not differ significantly
from untreated cells (control; 3.73+0.67). Similar results were
obtained at shorter incubation times (30 min, 1, 3, and 6 h;
data not shown).

YO-PRO uptake Synoviocytes isolated from five distinct
patients, P2X,-HEK293 cells and HEK293-mock cells,
were examined for permeability to YO-PRO in the presence

of 500 uM BzATP. Most of the P2X;-HEK293 cells were
positive for YO-PRO uptake when they were stimulated
with 500 uM BzATP. As expected, fluorescence was
localized in the nucleus; in fact, YO-PRO becomes
fluorescent when it binds to nucleic acids. On the contrary,
it was not possible to document any change in plasma
membrane permeability in P2X,-HEK?293 untreated and in
HEK293-mock cells stimulated with 500 uM BzATP. In
synoviocytes stimulated with the agonist, YO-PRO did not
appear as intranuclear fluorescence, but there was a weak
increase in cytosolic fluorescence similar to that observed
in untreated synoviocytes, suggesting a pinocytosis phe-
nomenon, as also confirmed by experiments performed at
room temperature to reduce this effect. The same data were
obtained measuring YO-PRO fluorescence by flow cytom-
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Fig. 6 Role of P2X;R in the BzATP-dependent release of IL-6. a
Inhibitory effect of oATP on BzATP-induced IL-6 release in
synoviocytes. Cells were pretreated with 300 uM oATP for 3 h before
the addition of 100 and 500 uM BzATP. After a 24-h stimulation, the
medium was collected and used for determining IL-6 concentration.
Values are expressed as mean+SEM (n=3). Triple number sign, P<
0.001 vs control (C, untreated cells); double number sign, P<0.01 vs
control (C, untreated cells); double asterisk, P<0.01 vs 100-500 uM
BzATP. b «,AMeATP has no effect on IL-6 release. Synoviocytes
were stimulated for 24 h with IL-13 as a positive control, 100 uM
&,AMeATP, and 100 uM o, 3MeATP with 10 U/ml apyrase, an ATP-
degrading enzyme. Values are expressed as mean+SEM (n=3).
Asterisk, P<0.05 vs control (C, untreated cells)
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Fig. 7 Effect of BZATP on LPS-primed synoviocytes. Synoviocytes
were stimulated with 1 pg/ml LPS and then treated with 100 and
500 uM BzATP for 24 h; the medium was collected and used for
determination of IL-6 concentration. IL-1[3-treated and untreated cells
were used as controls. Data were collected from a minimum of four
independent experiments and expressed as mean+SEM. Asterisk, P<
0.05 vs control (C, untreated cells)

etry. The stimulation with 500 uM BzATP induced a shift in
the fluorescence intensity spectrum of YO-PRO in P2X7-
HEK293 cells (77.1% positive cells) but not in HEK293
mock cells (14.8% positive cells). On the contrary, under
our experimental conditions, we did not observe any
increase in uptake of YO-PRO in human synoviocytes
stimulated with BzATP (12.4% positive cells; Fig. 8).

Discussion

In RA joints, type B synoviocytes grow aggressively and
contribute to the tissue damage by producing several
cytokines such as IL-13, TNF«, interferon y, and IL-6
[30]. The extensive cell injury in the affected joints leads to
a significant increase in ATP (and other nucleotides)
concentrations in the synovial fluid [5], probably contrib-
uting to the amplification of the inflammatory reaction.
Indeed, it is increasingly appreciated that receptors for
extracellular nucleotides have a central role in inflammation
and immunomodulation [14, 31]. They are expressed by
monocytes/macrophages, microglial cells, lymphocytes,
and dendritic cells [14—17], and more recently, they have
also been demonstrated in human primary fibroblast
cultures [18]. Moreover, Loredo and Benton [31] have
shown that ATP and uridine triphosphate are able to
stimulate the mobilization of calcium from intracellular
stores in synovial cells, possibly through the activation of a
P2Y (formerly P2U) receptor.

In the present paper, by the RT-PCR technique, mRNA
transcripts of numerous P2 receptors were detected in the
pure fibroblast-like cell population namely, the P2X,
P2X,, P2Xy4, P2Xs, P2X,, and P2X;, and P2Y,, P2Y,,
P2Y,, P2Y,, P2Y 3, P2Y 4 receptors, with the exception
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of the P2X3, P2Y,, and P2Y receptors only. In the case of
the P2X-R, the presence of the receptor protein was also
demonstrated by Western blot analysis. In different cell
types, the stimulation with agonists interacting with the
purinergic receptor family leads to a rise in intracellular
Ca”" level either by the influx from the extracellular medium
via cation channels (P2X receptors) or by the release from
intracellular stores (P2Y receptors) [12]. In our experimental
setting, the treatment of human synoviocytes with ATP, an
agonist of some of both P2X and P2Y receptor subtypes,
triggered a rapid increase in cytosolic Ca®" both in the
presence and in the absence of extracellular calcium, thus
strongly suggesting that both P2 receptor subfamilies are
functionally expressed in this cell type. To dissect the
specific contribution of the various P2X receptors to the
ATP-induced [Ca”']; elevation, also stressing the possible
role of the P2X,R, BZATP was employed as a pharmaco-
logical tool. Although there are no ligands showing
absolute selectivity toward the P2X;R, the pharmacological
phenotype of the receptor is relatively well established.
Unlike other members of the P2 receptors, homomeric
P2X; receptors are activated by high concentrations of ATP
and BzATP, the latter being at least 10-30-fold more potent
than ATP at the P2X;R [32]. The specific focus on the
P2X-,R was due to the fact that the stimulation of such a
receptor in inflammatory cells (e.g., monocytes/macro-
phages, microglial cells) has been shown to be associated
with cell activation and cytokine release [9, 14, 18]. BZATP
promoted [Ca”"]; increase in the presence of extracellular
calcium as expected. However, since BZATP could activate
P2X receptor subtypes other than the P2X; namely, the
P2X; and the P2X; (the latter subtype possibly not
expressed in synoviocytes), the effect of the P2X;- and
P2X;5-selective agonist o, MeATP was tested [28]. Since
o, BMeATP failed to increase [Ca*']; in synoviocytes, the
conclusion could be reasonably drawn that the BzATP
activity was mediated by the P2X; receptor stimulation.
As mentioned before, synoviocytes are very efficient
producers of some inflammatory cytokines, including IL-6
[30]. Under our experimental conditions, the incubation of
synoviocytes with 100 and 500 uM BzATP in the presence
of extracellular calcium resulted in the expression of IL-6
mRNA, which was maximal after 1 h and declined
considerably after 2 h, thus strongly suggesting the direct
involvement of the P2X-R activation in the upregulation of
IL-6 gene transcription. Next, we wanted to test whether
synoviocytes may release IL-6 to the culture medium in
response to BzATP stimulation. Resting synoviocytes
spontaneously release low amounts of the cytokine; IL-6
release was substantially increased following the stimula-
tion with 100 and 500 uM BzATP with a maximal increase
obtained after a 24-h incubation. However, such results
were not obtained from all the samples tested. On the con-
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trary, when synoviocytes were pretreated with LPS, the
stimulation with BzATP was always able to induce the
release of a large amount of IL-6 in the suspension medium.
Accordingly, Solini and coworkers have shown that human
primary fibroblasts were able to release IL-6 following ATP
and BzATP stimulation after a preincubation period of 2 h
with phorbol myristate acetate or LPS at the same

Fig. 8 YO-PRO uptake in
HEK293 cells and synoviocytes a
studied by fluorescence micro-
scope. a Cells (2% 10°) were
incubated in a medium contain-
ing YO-PRO in either the ab-
sence of stimuli (4, D) or the
presence of BZATP (B, E and C,
F). After 30 min, cells were
rinsed and photographed using a
x40 objective. BZATP causes
permeabilization of the plasma
membrane in P2X7-HEK293
cells (B, E) but not in HEK293-
mock (C, F). A—C, bright-field
photographs of HEK293 cells;
D-F, fluorescence images of
HEK?293 cells. b Synoviocytes
(3%10% were incubated in a
medium containing YO-PRO in
the absence (4, C untreated
cells), or the presence of BZATP
(B, D). After 30 min, cells were
rinsed and photographed using a
x40 objective. BZATP does not
induce YO-PRO uptake by syn-
oviocytes (B, D). A-B, bright-
field photographs of
synoviocytes; C—D, fluores-
cence images of synoviocytes

Untreated cells
P2X7-HEK293

BzATP 500u.M
P2X7-HEK293

BzATP 500uM
HEK293-mock

Untreated cells
synoviocytes

B2zATP 500M
synoviocytes

concentration (1 pg/ml) used in the present study [18].
We would speculate that in our setting, synoviocytes, while
releasing significant amounts of IL-6 when stimulated by
BzATP alone, do keep a sort of priming as a consequence
of the in vivo effect of the inflammatory milieu of the
arthritic joint. The same phenomenon could account for IL-
6 release from purified synoviocytes primed and exposed to

Fluorescence
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low concentrations of endogenously released ATP. The role
of the P2X;R activation by BzATP in IL-6 release was
further confirmed by the inhibitory effect of the P2X;R
antagonist oATP and by the null activity of the P2X; and
P2X3 receptor agonist o, 3MeATP.

A very interesting datum of our study arises from the
observation that the treatment of human synoviocytes with
BzATP was associated neither to cell death nor to changes
in membrane permeability. While in other cell types,
including human fibroblasts, sustained stimulation of the
P2X5R causes phenotypic changes, membrane permeabili-
zation, and eventually cell death [33], we did not observe
any significant cytotoxicity up to 24 h of exposure to
BzATP, as demonstrated by the study of LDH release. In
addition, prolonged incubation of cells with high ATP
concentrations (0.5 and 1 mM) did not induce cell death.
Indeed, in several cell types, P2X-R activation is associated
with the opening of a large pore of more than 3 nm, which
increases permeability to molecules up to 900 Da [34],
thereby possibly leading to cell lysis and death [33]. Pore
formation can be studied by measuring the ability of cells to
take up the fluorescent dye YO-PRO, after exposure to a
P2X,R agonist such as BzATP. We were not able to de-
monstrate YO-PRO uptake by human synoviocytes, while
P2X,-transfected HEK293 showed clear evidence of plasma
membrane permeabilization. In some tumor cells, the P2X,R
has been demonstrated to be nonfunctional in terms of pore
formation [35], as a possible expression of a survival
strategy. RA synoviocytes are characterized by pronounced
proliferating activity [1], thereby putatively sharing some
characteristics with tumor cells. Thus, we could speculate
that in RA synoviocytes, the P2X;R may have silenced
cytotoxic activity, although being able to trigger calcium
entry, IL-6 mRNA transcription, and IL-6 release.

Limitations of our study include: synoviocytes from
healthy subjects were not evaluated; our data cannot rule
out the presence and activity of some P2X and P2Y
receptors other than the P2X;R in synoviocytes from
patients affected by RA; commercially available anti-
human P2X-R antibodies are only polyclonal, and this
makes a clear understanding of the protein expression more
difficult; there was no availability of an antibody suitable
for FACS, thus we could not confirm the P2X;R expression
also by flow cytometry.

In conclusion, despite the small number of patients
enrolled, we can produce evidence for the first time that: (1)
human synoviocytes express the mRNA for numerous P2
receptors, including the P2X;R whose receptor protein was
also detected; (2) ATP stimulation is coupled to [Ca®"];
increase dependent on either extracellular calcium entry and
intracellular calcium release, thereby producing evidence
that both the P2Y and P2X subfamilies are functionally
expressed; (3) stimulation with a P2X;R agonist induces
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the transcription of IL-6 mRNA and the release of the
cytokine itself; (4) IL-6 release is not a consequence of cell
death; (5) P2X5R stimulation does not cause pore formation
in synoviocytes. P2 receptors may represent a pharmaco-
logical target for the therapeutic manipulation of the
proinflammatory activity of synoviocytes in RA patients.
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