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GENERAL INTRODUCTION






Extracellular purines (adenosine, ATP and ADP) pmdmidines (UTP, UDP)

are important molecules which mediate several biok effects through the
interaction with specific membrane receptors nanpmdinergic receptors.
Purinergic receptors are divided in P1 and P2 tecgFigure 1); P1 receptors
preferentially are able to bind adenosine whiler@&ptors interact with ATP,
ADP, UTP and UDP. P1 adenosine receptors are dahiiéour subtypes named
A1, Aza, Agg and A that are coupled to G-protein. P2 receptors arglelil into

ionotropic P2X and metabotropic P2Y. Purines andnmgines through these
receptors were involved in different processes hiegirotransmission, exocrine

and paracrine secretion, immunitary response,mmfiation and pain.

P2 nucleotide P1 adenosine
receptors receptors

P2Y, 5461112134 Aiza283

|P2x1-—? Ma+

Casz+

Figure 1: structure of purinergic receptors



ADENOSINE

Adenosine is a nucleoside composed of adenine hatlaco a ribose sugar

molecule (ribofuranose) viafaN9-glycosidic bond (Figure 2).

NF \

OH OH

HO

Figure 2: chemical structure of adenosine

Adenosine is an endogenous nucleoside-signallingeute, which by acting on
specific membrane receptors produces a number ofsiglbgical and
pathophysiological effects in both central nerveaystem and peripheral organs.
Adenosine is not a classical neurotransmitter b&zail is not principally
produced and released vesicular in response t@nalufiring. Most tissues in the
body and cells release adenosine to the extraaellmedium, acting as an
autacoid on the adenosine receptors (ARs). Thel bagals of extracellular
adenosine have been estimated as roughly 100 rikkiheart and 20 nM in the
brain, which would only partially activate the ARsesent (Fredholm et al.,
2005). In the case of severe ischemic stress, ebeld can rapidly rise to the
micromolar range, which would cause a more intearg generalized activation
of the ARs. Extracellular adenosine may arise fiatracellular break-down of
the adenine nucleotides, such as ATP, outside #fle Adenosine, which is
present in higher concentration inside than outidecell, does not freely diffuse

across the cell membrane. There are nucleosidespwaiers, such as the



equilibrative nucleoside transporter 1 (ENT1) whiniing it to the extracellular
space. Extracellular nucleotides may also originfiten cytosolic sources,
including by vescicular release exocytosis, pasdhgaugh channels and cell
lysis. Ectonucleotidases break down the adeninéatides in stages to produce
free extracellular adenosine at the terminal st&prhermann, 2000). For
example, the extracellular enzyme ectonucleoside iphdsphate
diphosphohydrolase 1 (E-NTPDasel) converts ATPADE to AMP. The final
critical step, with respect to AR activation, ofneersion of AMP to adenosine is
carried out by ecto-5’-nucleotidase, also knowBs87. The adenosine produced
extracellulary is also subject to metabolic breakaldy adenosine deaminase to
produce inosine or (re)phosphorylation by adenogimase to produce AMP.
Therefore, when an organ is under stress therehgldy complex and time-
dependent interplay of the activation of many rémepin the same vicinity. In
addition to the direct activation of ARs by seleetagonists or their blockade by
selective antagonists, inhibition of the metabolic transport pathways
surrounding adenosine is also being explored foerajeutic purposes
(McGaraughty et al., 2005).

P1 Purinergic Receptors

Adenosine act on cell surface receptors that anpled to intracellular signaling
cascades. There are four subtypes of G-proteintedupceptors (GPCRs) named
A1, Aoa, Asg and A ARs. The second messengers associated with theafdRs
historically defined with respect to the adenyleyelase system (Fredholm and
Jacobson, 2009). The;Aand A ARs inhibit the production of cyclic AMP
(cAMP) through coupling to Gi. The A and Ag subtypes are coupled to Gs or
Go to stimulated adenylate cyclase. Furthermore Al subtypes are coupled to
Gq (Ryzhov et al., 2006) and it has the lowestdffi(Ki > 1 uM). Adenosine
has the highest affinity at the; &And Aa ARs (Ki values in binding of 10-30 nM
at the high affinity sites) and the affinity of absine at the AAR is intermediate
(ca. 1 uM) (Jacobson et al.,, 1995a). The ARs, a€REP share the structural
motif of a single polypeptide chain forming seveansmembrane helices (TMs),
with the N-terminous being extracellular and thee@ninous being cytosolic

(Costanzi et al., 2007). These helices, consisting5-30 amino acid residues



each, are connected by six loop, three intracell(llg and three extracellular
(EL). The extracellular regions contains sites gosttranslational modifications,
such as glycosylation. The And A ARs also contains sites palmitoylation in the
C-terminal. The Ax AR has a long C-terminal segment of more than Iftha
acid residues, which is not required for coupliog3s, but can serve as a binding
site for “accessory” proteins (Zezula and Freis$m2008). The sequence
identity between the human And A ARs is 49%, and the humanAand Asg
ARs are 59% identical. Particular conserved resicamnt to specific functions.
For example, there are two characteristic His ressdn TMs 6 and 7 of the;A
A.a and Ag ARs. In the A AR, the His residue in TM6 is lacking but anothies
residue has appeared at a new location in TM3.0Allhese His residues have
been indicated by mutagenesis to be importantarrébognition and/or activation
function of the receptors (Costanzi et al., 200im ket al., 2003). Similar to the
function and regulation of others GPCRs, both atiivm and desensitization of
the ARs occur after agonist binding. Interactiortted activated ARs with the G
proteins leads to second messenger generation kEssical physiological
responses. Interaction of the activated ARs withpi@tein-coupled receptor
kinases (GRKSs) leads to their phosphorylation. Aé&ponses desensitize rapidly,
and this phenomenon is associated with receptoncemulation, internalization
and degradation (Klaasse et al., 2008). The mosi downregulation among the
AR subtypes is generally seen with the AR, due to phosphorylation by GRKs.
The A AR is only slowly desensitized and internalizedaasesult of agonist

binding.

A; adenosine receptors

A; ARs have been cloned from several species. The m#nAR subtype gene

(ADORA1) has been localized to chromosome 1g32dwfisend-Nicholson et
al., 1995). The variability in the primary sequemndghe A AR between species
is less than 10% for Afrom dog, rat and cow and less than 5% betweeimbov
and human AAR (Tucker and Linden, 1993). The; ARs is widely express

throughout the body, having its highest expressiotine brain, spinal cord, atria
and adipose tissue (Baraldi et al., 2000). Ademogia A, ARs reduces heart rate,
glomerular filtration rate, and renin release ine tkkidney; it induces

bronchocostriction and inhibits lipolysis (ElzeindaZablocki, 2008). The most
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widely recognized signalling pathway of ARs is inhibition of adenylate cyclase
causing a decrease in the second messenger cAMBh@#HmM et al., 2001). This
in turn modulates the activity of cAMP-dependentotpin kinase, which
phosphorilates diverse protein targets. Anotharalmng mechanism of AARS is
activation of phospholipase C (PLC) leading to meamnb phosphoinositide
metabolism and increased production of inosito)Sttdphosphate (1§ and C&"
mobilization. Elevation of cytosolic &aby IP; can stimulate a variety of
signalling pathways, including protein kinase C (BKphospholipase APLA,),
Cd*-dependent K channels and nitric oxide synthase (NOS). Depietib C&*
from IPs-sensitive pools may promote €anflux from extracellular sources. A
AR display two different affinities for agonist, weh have classically been
attributed to a different coupling to heterotrince@ proteins. According to this
two independent site model, CGRP complex displa fiffinity for agonist and
uncoupled receptors display low affinity. The rdpdr cluster-arranged
cooperative model predicts thet the high- and Ifimigy sites are a consequence
of the negative cooperativity of agonist bindinglato not seem to be related to
the content of G protein-coupled or —uncoupled ptars (Franco et al., 1996). In
the early 1990s Bruns et co-workers reported oiouarallosteric modulators, 2-
amino-3-benzoylthiphene derivatives capable of eaoimg the binding and
activity of reference Areceptor agonists, such lScyclopentyladenosine (CPA)
(Bruns et al.1990a, Bruns et al1990b). It was demonstrated that 2-amino-4,5-
dimethylthien-3-yl)[3-(trifluoromethyl)phenyl]-meéimone (PD 81,723) represents
a specific and selective allosteric enhancer ofnegadbinding to the A ARs
originally identified from a screening library otbzodiazepine-like compounds.
PD 81,723 has been shown to enhance agonist binging the functional
activation of the A ARs in both brain and cardiovascular tissues (Amapraku

et al., 1993, Bhattacharya et al., 199896; Janusz et all991, 1993, Mudumbi
et al.,1993). The available data indicate that PD 81,1&&tions to stabilize a
high affinity or agonist-preferring state of the ARs (Bruns et al.1990b, Bruns
1996, Linden et al.1997). This hypothesis is supported by data demetimsg
that the allosteric actions of PD 81,723 can battyenhanced in the presence of
GTP (Bruns et al.,1990b) and that PD 81,723 can significantly slove th
dissociation kinetics of agonist binding from ratib membranes (Bruns et al.,
1990b) and from the recombinant human ARs (Bhattacharya et al1995,
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1996). Thus, the putative mechanism by which PO33 enhances the activation
of A1 ARs is thought to be via an allosterically mediat®enformational shift of
the receptor to a high affinity state thereby inyimg receptor/effector coupling
(Bruns et al.1990b). The binding site of PD 81,723 on the ade®o8; ARs has

yet to be elucidated.

A,a adenosine receptors

The Aa AR has been cloned from several species such aarhuat, mouse and
canine. The gene for,A AR has been mapped to human chromosome 22 with
reported chromosomal localizations of 22q11.2 (fretend et al., 1996). TheoA
ARs is present in a wide variety of organs inclgdmajor peripheral tissue (e.g.
liver, heart, lung and the immune system) and trdral nervous system (CNS)
(Lee et al., 2003). The most commonly recognizgdaitransduction mechanism
for A,a ARs is activation of adenylate cyclase. This implgimarly coupling
with the Gs, although other G proteins may alsenlelved. In striatum the £
ARs interacts with Golf proteins (Corvol et al.,029. It is not known if there are
significant differences in receptor affinity or gignalling closely dependent by
the interaction with the specific G proteins. Irdein other G protein pathways
could be implicated, in the regulation of processésr example via
phosphorylation. There is no compelling reason $sume that this GPCR
coupling to members of the Gs family would sigmalanything but a canonical
way. Thus, most effects are probably due to adtmadf adenylyl cyclase and
generation of CAMP. The A ARs can recruif-arrestin via a GRK-2 dependent
mechanism (Khoa et al.,, 2006). This is influenced dativation of cytokine
receptors, which cause reduced desensitizatiorh®f&4, ARs (Khoa et al.,
2006). One key target of PKA is the cAMP respongiement-binding protein
(CREB) which is critical for many forms of neurorahsticity as well as other
neuronal functions (Josselyn and Nguyen, 2005) sptnarilation of CREB by
PKA activates CREB and turns on genes with cAMPaasive elements (CRE
sites) in their promoters. One important featureC&EB is that it is a point of
convergence for the cAMP/PKA and MAPK pathwaysnfsdation of the Aa
ARs counteracts the inhibition of neurite outgrowdbe to MAPK blockade.
Stimulation of the An ARs alone also activates the Ras/Raf-1/MEK/ERK
signalling through PKA-dependent and PKA-indepemngethways via Src- and
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Sos- mediated mechanism, respectively (Schulte &mddholm, 2003).
Phosphorylated CREB was therefore proposed to eetha anti-inflammatory
effect of the Ax ARs and inhibition of NkB by A, ARs activation during acute
inflammation in vivo was demonstrated (Fredholmalet 2007). Activation of a
multiple signalling pathways by the,AARs appears to contribute to its diverse

and complex functions in various tissues.

A, adenosine receptors

Az AR mRNA was originally detected in a limited numbaf rat tissues by
Northern blot analysis, with the highest levels rfduin cecum, bowel, and
bladder, followed by brain, spinal cord, lung, eg@nis, vas deferens, and
pituitary. The use of more sensitive reverse traptase-polymerase chain
reaction techniques revealed a ubiquitous disiobutf Az ARs (Spicuzza et al.,
2006). mRNA encoding & AR was detected at various levels in all rat tissue
studied, with the highest levels in the proximalocoand lowest in the liver. In
situ hybridization of Ag ARs showed widespread and uniform distribution g A
AR mRNA throughout the brain (Dixon et al., 1996he human Ag ARs gene
(ADORAZ2B) has been localized to chromosome 1q320lson et al., 1995b).
Pharmacological identification of ,A ARs, based on their low affinity and
characteristic order of potency for agonists, alsdicates a widespread
distribution of Ag ARs. Functional As ARs have been found in fibroblasts and
various vascular beds, hematopoietic cells, mdkt, cayocardial cells, intestinal
epithelial and muscle cells, retinal pigment epithe, endothelium, and
neurosecretory (Gessi et al., 2005). Although atitm of adenylyl cyclase is
arguably an important signaling mechanism fgr ARS, this is not necessarily
the case for As ARs, as other intracellular signaling pathways hiagen found to
be functionally coupled to these receptors in aoldito adenylyl cyclase. In fact
activation of Ag ARs can increase phospholipase C in human mast aed in
mouse bone marrow-derived mast cellsg ARs activation also elevates sIP
levels, indicating this receptor can couple als&Gtpproteins. Ag ARs have been
implicated in the regulation of mast cell secretao, gene expression, intestinal
function, neurosecretion, vascular tone and ini@der asthma (Varani et al.,
2005).
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A3z adenosine receptors

A3 AR was identified relatively late in the history éfRs with the cloning,
expression and functional characterization of aehedenosine receptor from rat
striatum (Zhou et al., 1992). The humagAR has been localized to chromosome
1p13.3 (Monitto et al., 1995). The; ARs has widely distributed its mRNA being
expressed in testis, lung, kidney, placenta, hdadin, spleen, liver, uterus,
bladder, proximal colon and eye of rat, sheep amchams. However, marked
differences exist in expression levels within angbag species. In particular rat
testis and mast cells express high concentratioms; ARs mRNA, while low
levels have been detected in most other rat tis&bessi et al., 2008). Lung and
liver have been found as the organs expressing lbigtls of A ARs mRNA in
human, while low levels have been found in aorta @main. The classical
pathways associated withy ARs activation are the inhibition of adenylyl cyséa
activity, through the coupling with Gi proteins,dathe stimulation of PLC, P
and intracellular C3, via Gq proteins (Fredholm et al., 2001). Howeveare
recently additional intracellular pathways haverbdescribed as relevant for A
ARs signaling. For example, in the hear, AR mediates cardioprotective effects
through ATP-sensitive potassium (KATP) channel vation. Moreover, it is
coupled to activation of RhoA and a subsequentuséition of phospholipase D
(PLD), which in turn mediates protection of cardiayocytes from ischemia
(Mozzicato et al., 2004). In addition, in differerécombinant and native cell
lines, A ARs is involved, like the other adenosine subtypeshe modulation of
mitogen-activated protein kinase (MAPK) activityc(failte and Fredholm, 2003).
A3z ARs signaling in Chinese Hamster Ovary cells tractsgfd with human AARsS
leads to stimulation of extracellular signal-regeth kinases (ERK1/2). In
particular, A ARs signaling to ERK1/2 depends pnrelease from pertussis toxin
(PTX)-sensitive G proteins, phosphoinositide 3-km#PI3K), Ras and mitogen-
activated protein kinase kinase (Schulte and Fredh2003). It has been reported
that A; ARs activation is able to decrease the levels oAPK downstream
effector of CAMP, and of the phosphorylated fornrP&fB/Akt in melanoma cells.
This implies the deregulation of the Wnt signalipgthway, generally active
during embryogenesis and tumorigenesis to increafiecycle progression and
cell proliferation (Fishman et al., 2002). Involvem of the PI3K/PKB pathway
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has been linked with preconditioning effects indud®y As ARs activation in

cardiomyocytes from newborn rats (Germack and Diska, 2005).

ADENOSINE TRIPHOSPHATE (ATP)

Adenosine triphosphate or ATP is a ribonucleotideclv is the main donor of
energy in cellular reactions and is involved in pgneduction of mechanical work
in the active transport of ions and molecules ddslynthesis of macromolecules.
ATP consist af adenosine (composed of an adenmgeamnd a ribose sugar) and
three phosphate groups connected with anhydrideso{fRigure 3). The energy
content of an isolated molecule of ATP is a consega of these anhydride bonds

when they hydrolyzed, releases a large amounteriggn

H,N
N N
I I I
OH—P—0—P—0—P—0 o</ \ /)
OH OH OH N~ N
OHOH

Figure 3: chemical structure of ATP

The purine and pyrimidine nucleotides are compamitalized in the cell

cytoplasm, where there are involved in the synthesinucleic acid, or in the

cellular metabolism, two key functions, from whidapends the survival of any
cell. Only recently ATP is recognized as an extitatsg messenger (Burstock,
2009). There are many studies in the literaturécatohg that ATP could function

as a neurotransmitter. Infact it is released bypbenergic terminals and then
recognized by membrane receptors (Ralevic and Barks1998; Boeynaems et
al., 2005). Investigations conducted in the nerveystem clarifies the role of
extracellular nucleotides in different anatomicaktiicts, as regulators of
proliferation and cell differentiation, cytokinelease, chemotaxis, the formation

of reactive oxygen and nitrogen species, secretidpsosomal factors, as well as
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induction of apoptosis or cell necrosis (Burnsto@)07). ATP and other
nucleotides are taken up by and stored in secreindy synaptic vescicles. As
revealed recently, accumulation of ATP into veskeicgan be mediated by a'Cl
dependent vesicular nucleotide transporter (VNWWHich belongs to the SLC17
anion transporter family, which includes also vekic glutamate transporters
(Sawada et al., 2008). VNUT preferentially recogsiATP, GTP and ADP and is
inhibited by diIATP. ATP is probably present in evetynaptic and/or secretory
vesicle, although at different concentrations, ead be co-stored and co-released
with other neurotransmitterg-@minobutyric acid, noradrenaline or glutamate). At
present, it is unclear whether various physioldgru#cleotide-receptor agonists
(ATP, ADP, UTP, UDP, UDP and NAD are released by common mechanisms.
There is compelling evidence for exocytotic neutoresicular release of ATP
(Pankratov et al., 2007) and recent studies alppa@t a vescicular release of
ATP from astrocytes, which perhaps involves lysosenfizhang et al., 2007).
Evidence has been provided for additional mechamisinucleotide release,
including ATP-binding cassette transporters, commex pannexin hemichannels,
plasmalemmal voltage-dependent anion channelsdditian to P2X% receptors
(Pankratov et al., 2006; Dubyak, 2006; Scemes.eR@07). After release, ATP
and other nucleotides undergo rapid enzymatic diegien by ectonucleotidases,
which is functionally important because ATP metébsl act as physiological
ligands for various P2 purinergic receptors.

P2 Purinergic Receptors

Implicit in the concept of purinergic neurotranssns was the existence of
postjunctional purinergic receptors, and the poaetions of extracellular ATP on
many different cell types also implicated membraaeeptors. The cytosolic
concentration of ATP in mammalian cells is quitghth{5-10 mM), but it increase
within specialized structures for its accumulatiatere ATP can reach values of
over 100 mM. In extracellular fluids, however, thencentration of ATP is

maintained at very low levels, in the order of 5@ due to the presence of
enzymes that hydrolyze (Burstock, 2007). Extrat@llATP interacts with the

cell in two ways: at nanomolar and micromolar coniions exerts its effects
after the binding and activation of membrane remepthat mediate a fast

response and a short distance. The action of trexsptors occurs in a time
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estimated to milliseconds. In 1994 Abbracchio angnBtock (Abbracchio and
Burnstock, 1994) on the basis of molecular strectiand transduction
mechanisms, proposed that purinoceptors shouldhgeto two major families: a
P2X family of ligand-gated ion channel receptorsd aa P2Y family of
GPCRs.This nomenclature has been widely adoptedcan@ntly seven P2X
subtypes and eight P2Y receptor subtypes are rexsmyrincluding receptors that
are sensitive to pyrimidines as well as purineslgi®a and Burnstock, 1998;
North, 2002; Abbracchio et al., 2006). It is widelgycognized that purinergic
signalling is a primitive system involved in manymneuronal as well as
neuronal mechanisms, including exocrine and endecsecretion, immune
responses, inflammation, pain, platelet aggregatma endothelial-mediated
vasodilatation (Burnstock and Knight, 2004; Bure&t@006). Cell proliferation,
differentiation and death that occur in developmantl regeneration are also
mediated by purinergic receptors (Abbracchio andnBlock, 1998; Burnstock
2002).

P2Y Purinergic Receptors

Recent biochemical investigations have shown tee¢ptors similar to the P2Y
group, appeared very early during evolution, sugpgrthe hypothesis that
purinergic and pirimidinergic signaling pathways aamong the most ancient
mechanisms of intercellular communication. The R2¥eptors are metabotropic
GPCRs, characterized by a typical seven-transmeralnalices: the N-terminal
domain facing the extracellular side, while thee@xiinal domain protudes into
the cell cytoplasm interacting with G proteins teediated the activation of
intracellular pathways (Von Kugelgen, 2006). ThstfP2Y receptor was cloned
in 1993, since then, numerous other family membenre isolated and cloned. At
the present, there are eight accept human P2Y t@sef’2Y, 2 4. 6 11, 12, 13, )4

that have preferential affinity for ATP and relatedcleotides. The missing
numbers represent either non-mammalian orthologgeceptors having some
sequence homology to P2Y receptors, but for whiokret is no functional

evidence of responsiveness to nucleotides. P2Yptece differ from other

families of GPCRs for their high heterogeneity e tamino acid sequence.
Several studies have shown that these receptosuidiadle for a neuromodulating

function because they may perceive low levels oPARbbracchio et al., 2006).
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The binding to the receptors by extracellular notitees determines the activation
of G proteins, phospholipase C (PLC) with subsegjdermation of inositol
phosphate 3 (i which induces the release of #&om intracellular stores, and
diacylglycerol (DAG), that activates the proteim&se C (PKC). Activation of
adenylyl cyclase generates cAMP, which activategepn kinase A (PKA). The
increasing cytosolic concentration of Cand the activation of PKA and PKC
mediate the cellular responses due to activatidP2Xf receptors. The complexity
of the intracellular pathways of P2Y receptors states into a wide-ranging
effect on many cellular functions such as prolifier® apoptosis, metabolism,
secretory activity and cell migration. It has bedmonstrated that each P2Y
receptor subtype is associated with one or mored®&ins subfamily (Gs, Gi/o,
Gau11, Gizi19. For example, P2Ysubtype, is coupled to Gi, Gogf or G It
remains to clarify which mechanisms allow each P2Motype to associate to
different G proteins and generate multiple pathwaf/signal transduction. A
possible explanation might be that many of P2Y pems have a binding
specificity for more than one nucleotide, and itpisssible that the binding of
different nucleotides, on the same receptor, inslutistinct conformational states
that can interact with different G proteins (Ablrhio et al., 2006). For example,
ADP is the preferential agonist of P2YP2Y;, and P2Y; ATP and UTP are
equipotent in the activation of P2Ywhereas UTP and UDP are preferential
agonists of P2Yand P2Y, respectively; P2¥ is activated only by ATP. The last
cloned P2Y receptor, P2 has a pharmacological behaviour different from th
other P2Y because it binds UDP-glucose as agofikarfibers et al., 2000;
Abbracchio et al., 2003). Mutagenesis study of P@deptors have demonstrated
the importance of amino acid residues presentaimstnembrane regions 6 and 7
to determining the power and specificity of the mgb (Erb et al., 1995). P2Y
receptors have been identified in several cellgstiguch as epithelial cells,
endothelial cells, striated and smooth muscle ceflsurons, fibroblasts,
monocytes, macrophages, neutrophils, eosinophiisaativated T lymphocytes
(Abbracchio et al., 2006). P2Ywas identified in platelets, heart, connective
tissue, immune system and nervous tissue. At thel lef platelets plays an
important role in the aggregation, where the absesfcthis receptor prolongs
bleeding time and protects against thromboembokddP-dependent (Fabre et

al., 1999). The expression of PRand P2¥ in smooth muscle cells and vascular
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endothelium induces vasodilatation (Di Virgilioat, 2001). The P2¥receptor is
expressed in the placenta, while it is slightly regged in the vascular system.
The P2 receptor is expressed in the lung, heart, agplaes, thymus, placenta
and brain. The P2Y receptor is expressed in spleen, intestine, in the
myocardium, in dendritic cells and macrophages (Abthio et al., 2006). It is
also expressed in several cell lines such as HLr6@hich induces granulocyte
differentiation (Communi et al., 2000a, van der \d@&y et al., 2000). P2¥ is
expressed abundantly in platelets, lymphocytestardiesser degree in the brain,
whereas P2¥; is found predominantly in spleen and brain, busoalin
lymphnodes and bone. The P2Yreceptor is mainly expressed in placenta,
adipose tissue, stomach and intestine, and atdwgald of it is detected in brain,
spleen, lung and heart (Abbracchio et al., 2008 &ctivation of this receptor
mediates chemotaxis in a population of hematopoails of bone marrow (Lee
et al., 2003).

P2X Purinergic Receptors

P2X receptors are ionotropic receptors, ie recepitdrose activation causes the
direct opening (or closure) of selective membrah@anoels for mono- and
bivalent cations, capable of determining the leakafK" and the entry of Na
and C&" in the cell. The first cDNAs encoding P2X recepgubunits were
isolated in 1994. Members of the family of ionoimP2X,_; receptors show a
subunit topology of intracellular N- and C-termpuwssessing consensus binding
motifs for protein kinases; two transmembrane spanregions (TM1 and TM2),
the first involved with channel gating and the setdining the ion pore; a large
extracellular loop, with 10 conserved cysteine dess forming a series of
disulfide bridges; a hydrophobic H5 region closeti@ pore vestibule, for
possible receptor/channel modulation by cations amTP-binding site, which
may involve regions of the extracellular loop adjicto TM1 and TM2. The
P2X;_7 receptors show 30— 50% sequence identity at tiptideelevel (North
2002; Stojilkovic et al., 2005; Egan et al., 200®pberts et al., 2006). The
stoichiometry of P2X 7 receptors is thought to involve three subunitsctviiorm

a stretched trimer or a hexamer of conjoined trar@&orth 2002; Nicke et al.,
1998). The pharmacology of the recombinant P2Xp&resubtypes expressed in

oocytes or other cell types is often different froéhe pharmacology of P2X-
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mediated responses in naturally occurring sitesvéGest al., 2006). Several
contributing factors may account for these diffees First, heteromultimers as
well as homomultimers are involved in forming thiener ion pore (Nicke et al.,
1998). For example, heteromultimers are clearlgldisthed for P2)3 receptors.
P2X12, P2Xy5, P2X%6, P2Xy6 @and more recently P2) heteromultimers have
also been identified. PZ2Xoes not form heteromultimers, and R2Xll not form

a functional homomultimer. Second, spliced varianft$22X receptor subtypes
might play a part. For example, a splice variantP@X, receptor, while it is
nonfunctional on its own, can potentiate the actiof ATP through the full-
length P2)% receptors (Townsend-Nicholson et al., 1999). Ti&X Rubunit
proteins are 384 (P2Xto 595 (P2X%) amino acids long (Roberts et al., 2006).
Each has two hydrophobic regions. All the P2X rémepubunits have consensus
sequences for N-linked glycosylation. There areesegenes for P2X receptor
subunits. P2Xand P2X subunit genes are located close to the tip ofdahg arm

of chromosome 12 (North 2002). P2And P2X% subunits are among the most
closely related pairs in amino acid sequences.;R2¥ P2X genes are also very
close together on the short arm of chromosome h8&.rémaining genes are on
different chromosomes. Several full-length non-maatam vertebrate sequences
have been identified. There are no reports of hogmls sequences from
invertebrate species, although there is considerdibhctional evidence that
extracellular ATP and other nucleotides can diyegjate ion channels in
invertebrates (Egan et al., 2006; Roberts et @06P Following the binding with
the ATP, the P2X receptor channel opens, generatimgjovement of cations
across the cell membrane. This movement of iondym®s changes in electrical
potential of the cell, with membrane depolarizatihich, in turn, activates
calcium-channel voltage-dependent. The accumulatibrcalcium ions in the
cytoplasm is also responsible of the activatiomwofmerous signal transduction
pathways through the activation of MAPKs, PKC amathmodulin (Communi et
al., 2000b; North, 2002). The extent of cellulaspenses induced by these
receptors, in addition to being modulated by tragrsforane potential difference,
is also regulated by the duration of receptor siatmon. Continuous stimulation
of the receptor leads to a state of desensitizatiowhich the receptor no longer
responds to the endogenous agonist. The rate whithwthis process is

established, and involves all the molecules ofrdeeptor, is finely regulated by
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the cell through specific phosphorylation induced decond messengers. For
example, P2Xand P2X receptors have a rapid desensitation when conisiyo
stimulated with ATP and P2Xeceptor channel stays open until the ATP interact
with it. Receptor activity and intensity of the pesise is also strongly modulated
by extracellular pH and the presence of heavy mémhc and cadmium) that act
as allosteric modulators (Huidobro-Toro et al., 20F-or example, the sensitivity
of P2X;, P2X; and P24 receptors to ATP is attenuated when the extrdeelpH

is greater than seven, while the affinity of theXR2eceptor in these conditions,
significantly increases. Zinc, however, increasesionic current through P2X
P2X; and P24 receptors while it inhibits the ionic current thgh P2X receptor
(Gever et al., 2006). The ability of pH and metiibsteric modulators of these
receptors appears to be attributed to the presehdwastidine residues in the
extracellular region (North, 2002). These receptams generally expressed by
excitable cells like neurons, smooth and striatetsate cells. P2X receptors are
involved in fast synaptic interneuronal transmissim CNS or in muscle
contraction. They are also present at the levahmmhune system cells such as
monocytes, macrophages, dendritic cells, thymoaytelsother lymphoid cells, in
which seem to mediate multiple responses includjagptotic cell death (Pizzo et
al., 1991; Chvatchko et al., 1996). R2X¥ceptors are expressed predominantly in
human smooth muscle cells of the deferens vessebftine bladder as well as in
brain, heart and platelets. While P2beceptors are present in sensory ganglia,
brain, chromaffin cells, in the retina, cochlea andsmooth muscle. P2X
receptors are found in sensory fibers in the bazid heart. Experiments in vivo
have been attributed to polymer B2Xa role in signal transmission in chronic
inflammatory pain and neuropathic pain (Barclayakt 2002; Wirkner et al.,
2007). P2X% receptors in addition to being expressed at heglels in the brain,
are localized at the level of colon, heart, epithahd smooth muscle. In the rat
this receptors was detected in the hippocampusbthm, in dorsal ganglion
(DRG) and endocrine tissue. P2Xeceptors are localized in the brain, heart,
spine, lymphocytes and thymus. In humans, PB€eptors are present in the
brain, sensory and autonomous ganglia. The expressi P2X receptors are
high in immune cells such as monocytes, macrophagesoglia, dendritic cells
(North, 2002; Burnstock, 2007; Surprenant and No&B08). In literature,

numerous studies have attempted to define the @tadogical profile of agonists
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and antagonists of P2X receptors (Burnstock, 20@dged there are many works
reporting the effect of agonists and/or antagonidtshe purinergic system in
different tissues and/or organs. These results sfmwetimes inconsistency on
the results obtained, this is probably due to tve &ffinity and selectivity of the

ligands used and to the ubiquitous presence ofraeperinergic subtypes. To
date, there are numerous agonists and/or antagdoisthe purinergic receptors

even though most of them are not selective.

P2X; and P2X; receptors

P2X; and P2X% receptors are transmembrane channel permeabkioms (N3,
cd* and K") which represent respectively the first and thedtmember of the
P2X family. Exposure to ATP or selective agonistdivates these receptors
transiently changing the channel conformation. Qu@gnof these receptors
generates a movement of cations across the celbna@m that produces changes
in the electrical potential of the cell, with cogsent membrane depolarization,
which in turn, activates calcium-channel voltageateent (Surprenant and
North, 2008). P2X purinergic receptors have been cloned and exptesse
different animal species such as rat, mice and huiflae human gene coding for
the purinergic receptors P2Xs mapped in 17p13.2 and shows characteristics
very similar to that of rat (North, 2002). P2keceptors are proteins consisting of
399 amino acids and has a molecular mass of 7@&kipst double that provided
by the amino acid sequence, probably because obgyation of the extracellular
domain (Sun et al., 1998). P2Xubunits have four potential glycosylation sites
(Asn153, Asnl184, Asn284, Asn300 in rat) (Nicke kt 8998) whose deletion
leads to inactivation of the ion channel (Newbolale, 1998, Torres et al., 1998).
The human P2Xreceptor is expressed not only in certain bragasybut mainly
in peripheral vascular smooth muscle cells of the deferens, arteries, arterioles,
bladder and bowel, and heart in platelets (Geveal.et2006). At the level of
smooth muscle, activation of this receptor by agoleiads to contraction. Studies
in P2X; knock-out mice have allowed to demonstrate that d@bhsence of this
receptor results in a reduced contraction of the deferens, male infertility,
reduced vasoconstriction to nerve stimulation, ceduautoregolating blood flow
in the kidney (Mulryan et al., 2000; Vial et al.paD). P2X receptors are
expressed at high concentration also in platelgtgre their activation by ATP is
partly involved in the regulation of various plaefunction. The importance of
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this receptor in promoting and maintaing the pk&itaktivation was confirmed by
knock-out mouse in which the lack of P2béceptor expression is associated with
changes in aggregation, secretion and plateletsamihand reduction of thrombus
growth (Hechler et al., 2003). Even P2#nd P2Y, receptors are abundantly
expressed in platelets and involved in their rejuta(Fabre et al., 1999). With
immunohistochemical studies, it was shown that P&€eptors are expressed,
even if in low concentrations, in lymphocytes (Wilet al., 1996) and in heart
muscle (Dhulipala et al., 1998). P2X¥urinergic receptors have been isolated
from sensory neurons of dorsal root ganglia (DRf3aband human heart (Chen
et al., 1995, Lewis et al., 1995, Garcia-Guzmamlgt1997). The human gene
coding for them map 11912 and the percentage otitgebetween the sequences
of human and rat P2Xs high. (North and Surprenant, 2000; North, 202X
receptors are composed of 397 amino acids and Xs RZeptors have four
potential glycosylation sites. Furthermore, botiXPthat P2X% subunits assemble
as trimers (Nicke et al., 1998). P2Xand P2X; receptors are expressed
predominantly in the major afferent neurons, iesmall diameter nociceptive
sensory neurons of dorsal root and trigeminal gargid nodose (Thomas et al.,
1998; Virginio et al., 1998; Cockayne et al., 200H)e nociceptive afferents are
widely distributed throughout the body and theylude both A myelinated
fibers of medium diameter, both the C fibers of Brdemeter, non-myelinated
slow conductance (Kirkup et al., 1999; Cockaynalet2000; Lee et al., 2000;
Brouns et al., 2000; Wynn et al., 2004). At thetrarevel P2X% and P2X%; are
present in the dorsal horn and in the nucleus efslitary tract (NST) which
appear to be involved in the modulation of presyicaglutamate release (Gu et
al., 1997; Hechler et al., 2003; Gever et al., 2088udies have shown that P2X
and P2X; are expressed in the enteric nervous system (Roa@le, 2002) and in
several epithelial tissues where responses appeawotiulate some chemical or
mechanical (Fu et al., 2004). In vivo experimendvehallowed to attribute to
P2X; and P2%3 an important role in the signaling of chronic amfimatory and
neuropathic pain (Barclay et al., 2002). Studiesine P2X% knock-out showed
that the absence of this receptor results in retlucanary and abnormal reflex
response to pain stimuli (Cockayne et al., 2000yeGet al., 2006). Antagonists
for this receptor and its heteromeric form couldréffiore have a therapeutic role

for the treatment of chronic pain (Wirkner et &007). P2X receptors are
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pharmacologically similar to P2Xreceptors, both rapidly desensitization when
exposed to high concentrations of ATP. It was notedt the time of
desensitization for the P2Xeceptor is approximately 300 milliseconds whde f
the P2X receptor is about 100 milliseconds. The ability thre P2X receptor to
function again is achieved after 10-30 min andH2¥X; receptor is 15 min (North
et al., 2000). It has been shown that both recepibtypes are activated to ATP
and too,f-meATP (pEGy> 6) and inhibited not only by Suramin but also by
TNP-ATP (pIlGg> 8). In literature, studies have defined the pleroiogical
profile of agonists and antagonists specific foKxPand P2X receptors. Selective
agonists for the P2p¢eceptor were analog of ATP g5MeATP (y,p-methylene-
ATP) and diadenosine polyphosphates (Ap4A) whileXf2eceptor showed
selectivity for diadenosine polyphosphates (Ap3A8glective P2X antagonist
were Suramin analogues NF449 and NF864 dipeptiddstee compound RO-1
while P2X; receptor shown affinity to tricarboxylic acid A3A91 and RO-3
(composed of dipeptides) (Gever et al. , 2006). atkevity and intensity of the
response of these receptor subtypes is also sygromgdlulated by the presence of
heavy metals such as zinc and extracellular pHdbas allosteric modulators.
Recent studies have shown that the extracellulampghtively regulates P2X
and P2X% receptors while zinc inhibits P2Xeceptors and positively modulates
P2Xs receptors. It is well known that calcium influeacthese receptors by the
inhibition of P2Xg receptors even if no effect on Pelas been reported (Gever et
al., 2006).

ADENOSINE, ATP AND INFLAMMATION

Adenosine receptors on immune cells
Adenosine is an endogenous signalling moleculedhgtage cell surface ARs to
regulate numerous physiological and pathologicat@sses. Substantial evidence
demonstrates that adenosine is an important siggatholecule and ARs are
important molecular targets in the pathophysiologly inflammation. All
inflammatory cells express ARs, and research ih® d¢onsequences of ARsS
activation has identified numerous avenues for asiee-based therapeutic

intervention. Indeed , adenosine-based approadkesuarently being developed
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for the treatement of various disorders where mffeatory modulation is a key

component.

Neutrophils

Neutrophils are the most abundant leukocyte ancesept rhe body’s first line of
defence in response to a pathogenic challenge; #reythe predominant
leukocytes involved in acute inflammation. All foadenosine receptors subtypes
are expressed on neutrophils. At submicromolar eotnations, AARs activation
on human neutrophils produces proinflammatory respo by promoting
chemotaxis and adherence to the endothelium (Betues. 2006). Activation of
A.a ARs and Ag ARs on neutrophils is anti-inflammatory. High contration of
adenosine inhibit neutrophils adhesion to endathealells by activating these
receptors (Bours et al. 2006, Sullivan et al. 200#human neutrophils, A ARs
activation inhibits the formation of reactive oxygespecies (Salmon and
Cronstein 1990). Activation of A ARs on neutrophils produced an anti-
inflammatory effect by decreasing the formation thfe proinflammatory
cytochine TNFe (Harada et al. 2000), chemokines such as macrephag
inflammatory protein (MIP)-&/CCL3, MIP-13/CCL4, MIP-2/CXCL2 and MIP-
30/CCL20 (McColl et al. 2006), and leukotriene LTBEldmada et al. 2000,
2002), and platelet activating factor (PAF) (Flamad al. 2006). Other important
immunoregulatory effects mediated by thea ARs include the inhibition of Fc
gamma (Fg) receptor-mediated neutrophils phagocytosis angibition of
degranulation (Bours et al. 2006, Sullivan et 809). Activation of the Ag ARS
inhibits neutrophils extravasation across human ilicab vein endothelial cell
(HUVEC) monolayers and inhibits the release of uémcendothelial growth
factor (VEGF) (Wakai et al. 2001). Conflicting refssuggest that activation of
A3 ARs on neutrophils may produce proinflammatory aoti-eflammatory
effects. Studies with AARs knockout mice suggest that; ARs promotes
recruitment of neutrophils to lungs during sepbis|e et al. 2008). MoreoverzA
ARs play an important role in the migration of meptils in response to
chemoattractant molecules released by microbesn(€hal. 2006). SelectivezA
ARs antagonists inhibit fMLP-mediated chemotaxisngutrophils (Chen et al.
2006). In other studies, activation ofs ARs has been shown to counteract

inflammation by inhibiting degranulation and oxidatburst (Gessi et al. 2002).
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Monocytes and Macrophages

Monocytes and macrophages are an heterogenous groognonuclear cells that
present an early line of innate immune defensey Tapresent a primary source
of inflammatory modulators and are highly adaptabithn a phenotype that can
change rapidly in response to the local environm@nthe inflamed tissue.
Macrophages also show an important role in terrmgathe inflammatory
process, which is critical for preventing excesgigsue injury. All four ARs are
expressed on monocytes and macrophages, althoygtession levels differ
markedly throughout the maturation and differergiratprocess. (Thiele et al.
2004). In human monocytes,1 AARs activation produces a proinflammatory
effect whereas & ARs activation produces an anti-inflattory effeét. key
function of the A ARs is a rapid enhancement of the activity of tlog feceptor
(Salmon et al. 1993). Activation of ,AARs limits inflammatory reactions by
inhibiting phagocytosis in monocytes (Salmon et H)93) and macrophages
(Eppell et al. 1989), decreasing the productioneaftive oxygen species (Thiele
et al 2004) and altering cytokine release. In aaolgitAs ARs activation inhibits
fMLP-triggered respiratory burst in monocytes (Bssas et al. 1999). Monocytes
and macrophages are primary sources of TNR- proinflammatory cytokine
involved in the pathophysiology of a number of ¢heoinflammatory diseases.
Early studies suggested that activation gf ARs suppresses production of TNF-
a in monocytes activated by bacterial lipopolysacclea(LPS) (Le Vraux et al.
1993). In primary cultures of monocytes activatgdUPS and LPS-stimulated
mause macrophages, activation of the ARs attenuate the release of TNF-
wherease activation of the; ARs and A ARs had no effect on the formation of
TNF-o (Zhang et al. 2005; Ezeamuzie and Khan 2007). I&nmesults were
obtained in studies with primary cultures of mouyseritoneal macrophages
(Kreckler et al. 2006). In other studies, activataf A; ARs was shown to inhibit
LPS-induced TNFe release in vitro in the RAW 264.7 murine leukemia
macrophage line (Martin et al. 2006), U937 humauwkdéenic macrophage line
(Sajjadi et al. 1996), murine J774.1 macrophages/(kRhney et al. 1996) and in
vivo in endotoxemic mice (Hasko et al. 1996). e RAW 264.7 macrophage
line, the inhibitory effects of AARs were mediated by a mechanism involving
Cd*-dependent activation of NEB (Martin et al. 2006).
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Dendritic cells

Dendritic cells (DCs) are highly specialized antiggesenting cells that play an
important role in the initiation and regulationiofmune responses by migrating
to sites of injury and infection, processing amigieand activating naive T cells.
Immature DCs (imDCs) undergo a maturation procedl®wing exposure to
proinflammatory signals, including pathogens, LHSIF-o, IL-1 and IL-6. the
maturation process results in decreased phago@gdiovity and increased
expression of membrane major histocompatibility ptax (MHC). Mature DCs
release a number of cytokines, including T&FIL-12 and IL-10. ARs are
differentially expressed on human DCs (Fossettaalet 2003). Immature,
undifferentiated human DCs express mRNAs for théAR, Aa AR and A AR
but not for the As AR (Fossetta et al. 2003). Activation of the ARs and A
ARs subtypes in undifferentiated DCs induces chamistand mobilization of
intracellular C4', while activation of the A AR subtypes has no effect (Panther
et al. 2001). Activation of AARs in resting DCs suppresses vescicular MHC
class | cross-presentation by a Gi-mediated patewg@ihen et al. 2008).
Following treatment with LPS to induce differenitte and maturation, human
DCs primarily express the,A ARs (Panther et al. 2001; Fossetta et al. 2003).
Activation of the Aa ARs increases adenylyl cyclase activity and inkibit
production of the proinflammatory cytokine IL-1Rgeteby reducing the ability of
the DC to promote the differentiation of T cellstlee Th-1 phenotype, and
stimulates the production of the anti-inflammatoggokine IL-10 (Panther et al.
2001, 2003). In mature DCs theAARs is the predominant subtype angsA
ARs activation decreass the production of IL-6,1R-and TNFe (Schnurr et al.
2004). Moreover IL-3-induced maturation of human DCesults in a
downregulation of AARs and an upregulation of,AARs (Schnurr et al. 2004).
The mouse DC line XS-106 expresses functionah ARs and A ARs
(Dickenson et al. 2003).A ARs activation increases cAMP levels and p42/p44
MAPK phosphorylation, whereas activation of 3 AARs inhibits cAMP
accumulation and increases in p42/p44 MAPK phospaton. Functionally, the
activation of both subtypes produces a partialaiioin of LPS-induced release of
TNF-o.
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Lymphocytes

Lymphocytes are critically involved in adaptive imnity. Adenosine regulates
multiple physiologic processes and inflammatoryaas on lymphocytes. In early
studies, it was demonstrated in mixed human lymptescthat R-PIA and low
concentrations of adenosine (1-100 nM) inhibit cAlidtumulation via AARS
mechanism, while high concentrations of adenosio® (M- 100uM) stimulated
cAMP via an Ax ARs mechanism (Marone et al. 1986, 1992). Cadd CDS T
lymphocytes express A ARs, A ARs and A ARs (Gessi et al. 2004, 2005;
Hoskin et al. 2008). In activated human Cd CD8 T lymphocytes, Ag ARS
expression is increased and its activation is binkeedecreased IL-12 production.
Activation of human CD4 T lymphocytes with phytohemagglutinin results in
increases in AARs mMRNA and protein levels that are accompaniethbseased
agonist potency (Gessi et al. 2004). A number ofliss suggest that,A ARs
engagement on CD4+ T lymphocytes results in aniafi@mmatory effects. In
mouse CDZ4 T lymphocytes, Ax ARs engagements inhibits T-cell receptor
(TCR)-mediated production of IFN{Lappas et al. 2005). TCR activation results
in Aa ARs mRNA upregulation, which functions as an anti@ammatory
mechanism for limiting T-cell activation and subgent macrophage activation in
inflamed tissues (Lappas et al. 2005). Activatidnttee Aon ARS on CD4 T
lymphocytes prevents myocardial ischemia-reperfusigury by inhibiting the
accumulation and activation of CDZ cells in the reperfused heart (Yang et al
2006b). moreover, an anti-inflammatory role in c¢hco inflammation was
demonstrated for the,A ARs in an in vivo murine model of inflammatory belw
disease, where activation of the,AARs attenuated the production of IFN-
TNF-a and IL-4 in mesenteric T lymphocytes in a rabbibd®ls of colitis
(Odashima et al. 2005). The result of a study (hakhi et al. 2007b) suggest that
the anti-inflammatory effect of adenosine in lympyies is mediated by AARS
and a proinflammatory effect is closely associatgth A; ARs. As such, the net
effect of adenosine on lymphocytes activated bg ik-a complex function due to
the presence of ARs. In primary cultures of B lymogjtes, activation of B-cell
antigen receptors results in the activation of ®-pathways (Minguet et al.
2005). Adenosine inhibits the NEB pathways by a mechanism related to
increased of cAMP levels and activation of PKA. S'hstudy suggest that
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adenosine-mediated signals represent an importteg 81 mediating the
activation of B lymphocytes. In activated human amouse natural killer (NK)
cells, adenosine inhibited the production of cytels and chemokines
(Raskovalova et al. 2006). In in vitro studies wiyfmphocytes derived from
mouse spleen, AARs activation increased NK cells activity while;/AARS
activation decreased NK cells activity (Priebe 1et1890). In mouse LAK cells,
the adenosine agonist CADO inhibited the cytotaativity and attenuated the
production of IFNy, granulocyte macrophage colony-stimulating faciadfF-o
and MIP-1a (Lokshin et al. 2006). Taken together, these tessiliggest that
elevated adenosine levels in tumors may inhibitdmeoricidal effect of activated
NK cells. In addition, recent studies have showat tadenosine exhibits anti-
infllammatory activities by engagin A ARs on regulatory cells (Deaglio et al.
2007).

ATP receptors on immune cells
Extracellular ATP is an important mediator of deleell interactions in the
nervous, vascular and immune system. In pathologiclitions, as inflammation,
ATP can highly increase, following its release laynége cells, elevated levels of
ATP led to the activation of purinergic receptaP2X and P2Y). The activation
by ATP of inflammatory/immune cells leads to theielease of some
inflammatory mediators. The blockade of the pumgiemediated activation of
the inflammatory/immune cells might represent afulséool to reduce the

spreading of the inflammatory response.

Neutrophils

Neutrophils are the body's first line of defencaiagt pathogens and are critical
effectors in both innate and humoral immunity. ATy contribute to the

regulation of neutrophil function during inflammatoand immune responses
Furthermore, neutrophils are capable of releasioth PATP and adenosine
following inflammatory activation. The functions afeutrophils may thus be
subject to autocrine and paracrine control by eadogs ATP and adenosine.
subtypes (Verghese et al., 1996; Jin et al., 188&)anty et al., 2001; Moore et
al., 2001b; Suh et al., 2001; Moore et al., 20@3en et al., 2004; Meshki et al.,
2004). P2 receptor density in neutrophils may d#yge-specific. As a model of
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promyelocytic neutrophil progenitors, human leukerkiL-60 cells have been
shown to weakly express P2X moderately express P2Xand P2Yi; and
strongly express P2yY, g receptor subtypes. Granulocytic differentiatiorHaf-60
cells was shown to induce upregulation of P2Kd P2Y; receptor subtypes, but
downregulation of P2Xreceptors (Adrian et al., 2000; Communi et al.0@0
2001). ATP at high micromolar concentrations mayntdbute to the
differentiation of HL-60 cells into neutrophil likeells via stimulation of P2Y
receptors (Communi et al., 2000, 2001). AlthoughNARfor the P2X% receptor
has been detected in human polymorphonuclear rmeutso(PMN) (Chen et al.,
2004), functional expression of this receptor spbtyy neutrophils remains
controversial. Using a mouse anti-human Pg¢€eptor monoclonal antibody, Gu
and co-workers detected little expression of PB€eptor protein on the surface
of PMN. However, these authors reported the preseasiclarge intracellular
amounts of P2Xprotein in PMN, and suggested that these mighstitoie an
intracellular receptor reserve from which B2Xceptors may be recruited to the
surface following cellular activation (Gu et alQ@D). Extracellular ATP has been
shown to stimulate neutrophil adhesion to endadheklls (Rounds et al., 1999).
Up-regulation of endothelial adhesion molecules hsuas E-selectin near
inflammatory sites allows circulating neutrophits tether to the endothelium,
which results in rolling of neutrophils. ATP at lawillimolar concentrations has
been shown to induce up-regulation of E-selectiaugh P2X% receptor-mediated
activation of NFxB (Goepfert et al., 2000). During rolling along teedothelium,
neutrophils are primed by various chemoattractants chemokines secreted by
endothelial cells. Micromolar concentrations of Ai& e been shown to induce a
rapid up-regulation of Mac-1 in neutrophils (Akketral., 1997). Following firm
adhesion, neutrophils extravasate by transmigratihgppugh the vascular
endothelium. Extracellular ATP may facilitate tremgration by increasing
endothelial permeability via activation of P2Y rpttas (Tanaka et al., 2004).
Once extravasated, neutrophils migrate to sitesfl@mmation or tissue damage;
a process which is mediated by a variety of chemaxiand chemoattractants.
Effects of extracellular ATP on neutrophil migratioare equivocal. At
micromolar ATP concentrations, neutrophil motilitf{chemotaxis and
chemokinesis) has been shown either to be: (afestafl (Aziz & Zuzel, 2001),
(b) inhibited (Elferink et al., 1992), or (c) probted via stimulation of P2Y2
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receptors (Kaneider et al., 2004). ATP may alsareatly affect neutrophil
migration by modulating formation of the potent trephil chemoattractant
leukotriene (LT)-B, which is formed from arachidonic acid (AA) thrduthe 5-
lipoxygenase (5-LO) pathway. High micromolar ATRhcentrations were shown
to inhibit the release of AA, whereas low microntotancentrations stimulated
AA release by activating neutrophil P2Y2 receptpfgng et al., 1992). These
findings suggest that ATP may exert a dual modwatmle on neutrophil
migration during inflammation. At low micromolar meentrations, ATP may
promote neutrophil accumulation via P2Y2 recepfdivation, either directly by
acting as a chemoattractant or indirectly by featilng LTB,; production.
Moreover, since ATP has been shown to stimulatelyrtoon of IL-8 by both
eosinophils and astrocytes (John et al., 2001;ddzkal., 2003), ATP-mediated
stimulation of chemokine release by cells nearssipé tissue damage may
contribute to neutrophil recruitment towards thsses. Upon arriving at inflamed
sites where ATP levels are the highest, neutragcituitment may be no longer
affected, even inhibited by ATP, allowing the neptrils to exert their
bactericidal functions. The first step in the bactdal function of neutrophils is
phagocytosis of pathogens, which has been showhetstimulated by low
micromolar concentrations of both ATP and ADP vietiveation of Mac-1
(Miyabe et al., 2004). Through activation of P2¥2eptors (Meshki et al., 2004),
micromolar concentrations of extracellular ATP stiate the degranulation of
both primary (Meshki et al., 2004) and secondapec¢#ic) granules (Aziz &
Zuzel, 2001). P2Y2 receptor-mediated LiIdzneration, which may subsequently
enhance granule secretion in an autocrine manres, bdeen proposed as a
mechanism for nucleotide-induced neutrophil degiimn during inflammation
(Kannan, 2001, 2002, 2003). In addition to stimaotat degranulation,
extracellular ATP has been shown to contributehtinitiation of the oxidative
burst. ATP appears to prime neutrophils for funwiioresponses to various
inflammatory mediators, as indicated by increasedigction of reactive oxygen
species (ROS, D and BHO,) (Tuluc et al., 2005). Extracellular ATP at millhar
concentrations may induce ROS production even iesgent neutrophils via
stimulation of P2X receptors (Suh et al., 2001). Extracellular ATPnatromolar
concentrations has been shown to delay neutropbjptasis in synergy with the

neutrophil survival factor granulocyte macrophagadogy-stimulating factor
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(GM-CSF), thus extending the functional life spdnmeutrophils (Gasmi et al.,
1996).

Monocytes and macrophages

Monocytes and macrophages express multiple P2 tacejubtypes, i.e.,
monocytes express P2¥se111213and P2X 457 receptors (Gu et al.,, 2000;
Chessel et al., 2001; Mehta et al., 2001; Mooral.e2001b;Warny et al., 2001;
Aga et al., 2002; Into et al., 2002a; Zhang et2002; Derks and Beaman, 2004;
Sluyter et al., 2004; Wang et al., 2004; Kaufmanalg 2005), and macrophages
express the same receptor subtypes except forsHB¥wler et al., 2003; Hanley
et al., 2004; Coutinho-Silva et al., 2005). P2 ptoe expression may depend on
maturation stage, since up-regulated expressid?2¥§ as well as P2Y receptors
was noted upon differentiation of monocytes intocrophages (Falzoni et al.,
1995). P2 receptor expression may also depend enntture of cellular
activation, since P2Xreceptor expression and function appears to bregyated
following classical activation of monocytes and nogphages by IFi TNFo or
LPS (Lemaire and Leduc, 2003). Classical activatioih monocytes and
macrophages with IFNand LPS has been shown to induce downregulation of
P2Y2 receptor expression. (Martin et al., 1997).comtrast, activation of rat
alveolar macrophages by the cytokines IL-4 and OLvtas shown to induce
down-regulation of functional P2Xreceptors (Lemaire and Leduc, 2003).
Extracellular ATP and ADP have been shown to irmeeadhesiveness of human
promonocytic U937 cells (Ventura and Thomopould8911 1995), suggesting
that endogenous nucleotides may contribute to theesion of inflammatory
monocytes to the vascular endothelium. Interactainselectins with their
respective ligands slows down rapidly flowing moytes (monocyte rolling), a
process to which ATP may contribute by up-regutati-selectin expression
through P2%-mediated activation of NéB (von Albertini et al., 1998; Goepfert
et al., 2000). Stimulation of monocyte P2véceptors has been shown to induce
shedding of L-selectin from the surface of monosy®luyter et al., 2004). This
might indicate that ATP at high extracellular lesrebntributes to activation and
transmigration of monocytes, as leukocytes sheeléetin upon activation and
during (trans-)migration. Indeed, ATP was showrstimulate transmigration of

murine monocytes through an endothelial cell moyeidGoepfert et al., 2001).
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Subsequent to transmigration, monocytes migrateinfammatory foci in
response to various chemoattractants. Both ATP ABdP at micromolar
concentrations have been shown to stimulate chedsadd murine monocytes as
well as rat microglial cells (McCloskey et al., B9%0epfert et al., 2001; Honda
et al., 2001). Similar levels of extracellular ATere also shown to stimulate
chemokinesis (i.e. undirected cell motility) of hammonocytes (Kaufmann et al.,
2005). Although the mechanism by which extracetlnlacleotides mediate these
chemotactic effects have not been clarified to ,datemulation of monocyte
migration could be P2 receptor-mediated. Produatiocspluble immunomediators
such as cytokines, chemokines and eicosanoidssiengal in immunity and
involves the activation of several transcriptiorctéas, including NkB and
activator protein AP-1. NEB is activated in monocytes and macrophages by
stimulation of P2X receptors Many studies have confirmed that ATP at
millimolar concentrations stimulates production lafla, IL-1 IL-6, IL-18
(Mehta et al., 2001; Muhl et al., 2003; Sluyterakt 2004) and TNé& (Guerra et
al., 2003). These stimulatory effects are likelydmted through P2Xreceptor
activation. IL- is a potent pro-inflammatory cytokine mediatingutac
inflammatory responses. Mechanisms involved in Ai&diated stimulation of
IL-1B release have been extensively studied. Thus,celintar ATP appears to
be a crucial signal that triggers the synthesis agldase of mature ILfL
following monocytes and macrophages priming byrdlammatory signal such as
LPS. Binding of ATP to P2Xreceptors causes opening of the channel and
depletion of intracellular potassium, resultingaativation of C&'-independent
phospholipase A (iPLA,), which induces generation of active caspase-i tha
catalyzes the formation of mature 1B-from prolL-13 (Sluyter et al., 2004). An
important function of inflammatory macrophages limgocytosis and elimination
of potentially harmful pathogens. For this purpose@crophages are equipped
with a diverse array of cytotoxic effector functsprincluding the secretion of
proteolytic enzymes and the production of ROS agdtctive nitrogen species
(RNS) However, uncontrolled cytotoxicity and celilikg may result in
considerable collateral damage to healthy tissée? has been shown to
modulate macrophage phagocytosis bi-directionadyethding on its extracellular
concentration. Phagocytosis was inhibited throu@iX;Preceptor activation at

millimolar ATP concentrations, while it was stimtdd through activation of
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P2Y, receptors at lower ATP levels (Sung and Silvenst&d85; Ichinose, 1995).
Proteolytic enzyme secretion is affected in a smibidirectional fashion.
Whereas ATP at millimolar levels has been showmd¢oease lysosomal enzyme
secretion via stimulation of P2Xeceptors in macrophages (Labasi et al., 2002),
ATP as well as ADP inhibited lysosomal enzyme d#mmeat micromolar

concentrations in one study (Riches et al., 1985).

Dendritic cells

Dendritic cells (DCs) are antigen-presenting innatenune cells whose specific
function is to activate naive T cells and to irigigorimary immune responses.
Human DCs have been shown to expressiR2Xand P2Y 2461113 14r€Ceptor
subtypes (Berchtold et al., 1999; Ferrari et 0@ Wilkin et al., 2001; ldzko et
al., 2002; Zhang et al., 2002; Schnurr et al., 2@Kelton et al., 2003; Georgiou
et al., 2005). Purinergic receptor expression mapedd on degree of DC
maturity, since expression of P2Yand P2Y, receptor subtypes was shown to be
downregulated upon maturation of monocyte-derivélks IMoDCs) (Skelton et
al., 2003). ATP at low micromolar concentrationsangiently enhanced
endocytotic activity of human immature DCs (Schnetral., 2000). ATP also
appears to affect migration of DCs, as originaéiparted by Liu and co-workers
who demonstrated that DCs migrated towards a g peittaining ATP (Liu et al.,
1999). Subsequent studies showed that low micrancollacentrations of ATP as
well as UDP and UTP stimulated migration of DCsdayivating P2Y receptors
(Idzko et al., 2002; la Sala et al., 2002; Schrearal., 2003; Idzko et al., 2004b).
In contrast, a gradient of ATP and chemokines, tinsdikely to occur at sites of
inflammation or tissue damage in vivo, resultedinhibition of chemokine-
directed migration of human MoDCs through activatiof P2Y;; receptors
(Schnurr et al., 2003). The authors hypothesizeat TP, after initially
stimulating DC migration towards sites of inflamimat may cause an arrest in
movement of DCs arriving at these inflammatory ssitey activating P2¥%
receptors, thereby prolonging exposure of DCs tigans and factors inducing
DC maturation. Extracellular ATP may in fact be afethe factors involved in
DC maturation, as micromolar ATP concentrationsehbeen shown to induce

up-regulation of maturation markers (CD80, CD83,86DCD54 and major
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histocompatibility complex MHC-II) in human periptaé blood mononuclear cell
(PBMC)-derived immature DCs (Schnurr et al., 20@0Sala et al., 2001;Wilkin
et al., 2001, 2002; Marteau et al., 2004), possiiyystimulation of the P2y
receptor subtype. Purinergic signaling by extratatl nucleotides is thought to
modulate cytokine production by DCs, resulting ispecific cytokine profile that
appears to depend on which P2 receptor subtypesirgy kactivated. The first
indication of such an effect came from an experinsggrowing that murine fetal
skin-derived DCs (FSDCs) selected for low R2Xceptor expression released
less IL-18 upon co-incubation with Th lymphocytes than wiygé FSDCs, which
express the P2Xreceptor subtype at a high level (Mutini et aB99). When
coincubated with syngeneic Th cells, the ATP-resistFSDCs also showed
reduced T cell-stimulatory activity in comparisonthwwild-type cells, as judged
by the ability to trigger IL-2 secretion by T ce(l8lutini et al., 1999). Prolonged
exposure (>15-30 min) to millimolar ATP concenwas causes morphological
changes and eventually apoptosis of mouse and hidaan(Mizumoto et al.,
2002; Sluyter and Wiley, 2002). These cytotoxiceef of ATP, which were
shown to be mediated by the P2i¢ceptor and partly depended on activation of
caspase-1 and caspase-3 (Coutinho-Silva et al9; F#8zoni et al., 2000), may
contribute to the removal of DCs after antigen \a&ly to lymphocytes in

lymphoid tissues.

Lymphocytes

Lymphocytes are central to humoral and cellular ime responses, two major
lymphocyte subclasses are B and T cells expresamigen-specific receptors,

which are the hallmark of adaptive immunity. T lymmgyte function may be

subject to autocrine or paracrine regulation byraedllular nucleotides as

suggested by three lines of evidence. First, T lyotptes are capable of releasing
ATP upon activation (Filippini and Sitkovsky, 1990anaday et al., 2002; Into et
al., 2002b; Loomis et al., 2003). Second, T lymptes express purinergic

receptors for extracellular nucleotides. SeveralX P2ceptor subtypes are

expressed in peripheral T lymphocytes, such as; P2X{Chused et al., 1996; Gu

et al., 2000; Smith et al., 2001; Di Virgilio et,&001; Li et al., 2001; Adinolfi et

al., 2002; Budagian et al., 2003; Loomis et alQ20Nang et al., 2004). Although

MRNA of P2Yi24611121314r€CEPtOr subtypes has been detected in resting
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peripheral T lymphocytes (Jin et al., 1998; Somatral., 1998; Moore et al.,
2001a; Duhant et al., 2002; Zhang et al., 2002; fdea al., 2003a; Wang et al.,
2004), P2Y receptors are thought to be nonfunctionénese cells (Oshimi et al.,
1999; Duhant et al., 2002). However, T cell aciatduring immune responses
may induce expression of functional P2Y receptdstyes. The third line of
evidence, which would suggest extracellular nuadiestediated regulation of T
lymphocyte function, comprises the expression ofessd purine-metabolizing
ecto-enzymes by T lymphocytes. Lymphocytes areghbto be characterized by
an ATP regenerating/Adenosine-eliminating phenoglfmving them to maintain
surrounding ATP at steady-state levels (Yegutkialgt2002). Extracellular ATP
has been shown to induce shedding of L-selectim ffdb lymphocytes via
activation of P2X receptors (Elliott and Higgins, 2004). Since Lestih is
primarily involved in lymphocyte homing to lymphottsues and is shed upon
lymphocyte activation, ATP may be involved in migpa of activated
lymphocytes to sites of inflammation. Purine nutites may also indirectly
facilitate transendothelial lymphocyte extravasatiy impairing vascular barrier
function. Henttinen and co-workers demonstrateti ddaesion of lymphocytes to
endothelial cells suppressed endothelial purineabwdism (Henttinen et al.,
2003). Extracellular ATP may be involved in lymplgtee proliferative responses.
In murine peripheral T lymphocytes, ATP at concatmdns of 0.5-2 mM was
shown to inhibit proliferation of both resting astimulated cells (Ikehara et al.,
2004; DosReis et al., 1986). These inhibitory @ffenight be due to breakdown
of ATP to adenosine. Using human peripheral blogehphocytes, ATP at
micromolar levels (100-30QM) was shown to be a co-stimulator of mitogen-
induced CO* and CO" T Iymphocyte proliferation via activation of a P2X
receptor channel, possibly the P2deceptor (Baricordi et al., 1996). The B2X
receptor is expressed on normal B lymphocytes (Catllal., 1997; Markwardt et
al., 1997; Smith et al., 2001), but also on°CB lymphocytes from chronic
lymphocytic leukemia (CLL) patients (Barden et 2D03). NK cells are a subset
of lymphocytes that appear to have a specific aapéar spontaneous cytolysis
of tumor and virus-infected cells. Research ondffects of nucleotides on the
activity of NK cells is very limited; existing kndedge derives mainly from
studies done in the early 1990s. A study reportedse-dependent inhibition of
NK cell-mediated cytotoxic activity by exogenous R Tprobably by interacting

36



with P2 purinergic receptors. It was shown that Affificromolar) treatment of
these NK cells neither induced a non-specific desein the number of viable
cells, nor showed specific elimination of the NKll€gKrishnaraj, 1992). In
human NK cells, incubation with extracellular p@rinucleotides resulted in an
inhibition of the IL-2 dependent NK proliferatiomhich was stronger for ATP
than for adenosine. Koziak and co-workers showedhuman NK cells a
correlation between the levels of CD39 expressimh ATP diphosphohydrolase
(ATPDase) activity (Koziak et al., 1999) The preserof mMRNAs specific for
purinergic P2 receptors (P2YP2X,, and P2X%) in these NK cells would suggest

a regulation of the purinergic signaling by the ®D€IPDase co-expression.

ATP and adenosine as endogenous signaling moleculesmmunity and

inflammation

The extensive available data on the immunologiea$f of purinergic signaling
by extracellular ATP and adenosine, as presentethanprevious paragraphs,
gives overwhelming evidence that these endogerigonalgig molecules and their
purinergic receptors play a major role in immuratyd inflammation. However,
the presented data also suggest that the role & &1d adenosine in immunity
and inflammation is extremely complex and interahej@ant. Existing knowledge
derives mainly from in vitro studies, which are edited towards unravelling
biochemical mechanisms at molecular receptor arsi-igceptor levels, rather
than providing a general picture of physiological pathological conditions in

vivo. The immunological role of ATP and adenosisebest viewed within the
scope of a model which provides a functional exglimm for the initiation of

inflammatory and immune responses as well as tlkswlution, in short, for the
regulation of immunity. One theory, which has gdin®nsiderable empirical
support over the past decade and that complentemtddssical infectious-nonself
theory of immunity, is the so-called “Danger théorywhich proposes that the
immune system is principally occupied with detegtitdanger”, defined as
anything causing tissue damage or cellular strigkdzinger, 1994, 2001, 2002;
Heath and Carbone, 2003; Jerome and Corey, 20@tprding to this line of

thought, substances causing damage or emerginggduaiiter or because of

damage constitute danger signals that alert anttugisthe immune system
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(Gallucci & Matzinger, 2001; Rock et al.,, 2004; $kme et al., 2004). A
distinction is made between on the one hand exagedanger signals, which are
typically the pathogen-associated molecular paite(PAMPSs; e.g. LPS)
triggering responses through ligation of pattercegmition receptors (PRRs; e.g.
TLRs), and on the other hand endogenous dangealsjgmhich can be produced
by activated immune cells (e.g. cytokines) or canve from stressed or damaged
tissue cells. These latter tissue-derived disteégsals have recently also been
called damage-associated molecular patterns (DAMBsbng and Matzinger,
2004). DAMPs initiate and regulate immune respoms&®-operation with other
danger signals, and should ideally be entities {iatare constitutively present at
high intracellular concentrations, (2) are normalpresent at negligible
extracellular concentrations, (3) are easily reddan response to injury, infection
or other inflammatory stimuli, (4) are able to aate selective and specific
cellular receptors responsive over a wide rangeasicentrations, and (5) are
quickly degraded following their release (Di Viigilet al., 2003; Di Virgilio,
2005). Both ATP and adenosine meet all five ofdheve prerequisites, and may
therefore be considered as DAMP molecules. For phepose of clarity,
inflammatory and immune responses are divided tihtee stages, which partly
overlap (Chaplin, 2003; Gilroy et al., 2004; Sheoa@@nd Toliver-Kinsky, 2004).
The first stage encompasses the onset of acuterinfhtion and the initiation of
primary immune responses upon encounter with iitfestor injurious agents.
The second stage comprises the modulation and tdimag of ongoing
inflammatory and immune responses by endogenous ummoragulatory
substances. Finally, the third stage encompassedadwn-regulation of immune
responses, the induction of inflammatory resolutiand the restoration of
damaged tissues to preserve cellular homeostdseseTthree stages will be used
as a steppingstone to positioning purinergic siggaby extracellular ATP and
adenosine in immunity and inflammation. In the tfistage, extracellular ATP
mainly functions as a proinflammatory and immunosiatory mediator in the
microenvironment of damaged cells. ATP may be phd group of endogenous
molecules that have recently been termed ‘alarm{@ppenheim and Yang,
2005). These multifunctional molecules appear toabeunique subgroup of
endogenous danger signals since they exhibit bb&motactic and activating

effects on leukocytes, particularly DCs, therelgptiying potent innate immuno-
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enhancing activity (Oppenheim and Yang, 2005). A§Ppresent in the cell
cytosplasm at millimolar concentrations and is asé®l from the intracellular
compartment upon cellular stress or non-physiokdginecrotic cell death.
Extracellular ATP concentrations in the local memgironment of damaged cells
can rise considerably, marking the damaged sitecanttibuting to the promotion
of inflammation and the initiation of primary immeimesponses. From this point
of view, ATP at high extracellular concentrationppears to be a natural
endogenous adjuvant released from injured and dgeeigs, which initiates
inflammation and has an augmenting effect to am@iid sustain cell-mediated
immunity through P2 receptor-mediated purinerggnaling. At an early phase
following cell damage, when ATP levels are high#isg receptor subtype most
likely involved in sensing the purinergic dangethe P2X% receptor (Elliott and
Higgins, 2004). Via activation of P2Xeceptors, ATP induces the production of
cytokines such as ILfl IL-2, IL-12, IL-18 and TNk by residing immune cells,
triggering the inflammatory response and inducingpet 1 lymphocyte
polarization. Highlevel signaling through other RP&ceptors probably also
contributes to the pro-inflammatory and immunostaiary role of ATP.
Recruitment of leukocytes to damaged sites is ptechby ATP as well as other
adenine and uridine nucleotides, which also indud@mmatory activation of
neutrophils, classical activation of macrophagesgtumation and Thl cell-
stimulatory capacity of DCs, and proliferation aativation of lymphocytes. In
the second stage, the immunological role of ATPeappto shift gradually from
being mostly immunostimulatory to being more immuonaalulatory. In addition,
extracellular adenosine mainly appears to predamiaa an anti-inflammatory
mediator at this stage. Over-activation of the immuwsystem may lead to
uncontrolled or chronic inflammation resulting iollateral cell damage and
destruction of healthy tissues. Therefore, inflatonmaand immune responses
must be tightly regulated to protect the host. tha purpose, the immune system
disposes of several regulatory molecules that ctche host responses by
controlling inflammatory and immune responses (ath2002). Extracellular
ATP and adenosine could be endogenous regulatogcoles comprising a
purinergic feedback system. Crucial componentsuchsa purinergic feedback
system are the purinergic receptors mediating thenunological effects of

extracellular nucleotides and nucleosides, as agethe ectoenzymes mediating a
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purinergic cascade that leads to a progressive edser in nucleotide
concentrations and an increase in nucleoside ctmatems. The expression
profile of purinergic receptors as well as of eeteymes by immune cells
changes under inflammatory conditions, allowing theg progressive acquisition
of an immunomodulatory purinergic repertoire expeesby the cells involved in
inflammatory and immune responses. The ecto-enz¥39 and CD73 control
extracellular nucleotide concentrations and therebgulate the extent of
purinergic signaling, as evidenced by several stdising ecto-enzyme knock-
out models (Goepfert et al., 2000, 2001; Mizumdtale 2002; Eltzschig et al.,
2003, 2004; Koszalka et al., 2004). It appears lthatlevel purinergic signaling
by P2 receptors, induced by nucleotides at deadeesecentrations, modulates
ongoing inflammatory and immune responses. Activatf P2 receptors, most
probably P2Y receptor subtypes, attenuates prarmfiatory cytokine production
by monocytes and macrophages, diminishes Th1l telli&tory capacity of DCs
and inhibits lymphocyte effector functions. Thuppao progression of the immune
response, nucleotide-mediated purinergic signalingy switch from being
predominantly pro-inflammatory to being mostly immamodulatory, depending
on the extracellular concentrations of the nuctiegtias well as the P2 receptor
subtype(s) ligated by these nucleotides. This $witmuld be part of a mechanism
by which the effector class of an immune respossbkeing fine-tuned and re-
directed by microenvironmental signals accordingthe tissue in which the
response occurs (Di Virgilio et al., 2003; La Setial., 2003; Mazzoni and Segal,
2004). However, evidence for such an immunomoduojatale of low-level ATP-
mediated purinergic signaling is very limited. ATR low micromolar
concentrations markedly inhibited the inflammatoegction by inhibiting TNE
release and stimulating IL-10 release in immunogi@ted whole blood, even
under conditions of severe oxidative stress (Swereteal., 2005, 2006). Since
natural cell-to-cell interactions are preservedhis diluted whole blood system
and blood components are present in in vivo ratibs non-cellular components,
this ex vivo system is a good reflection of theunalt environment. Furthermore,
adenosine-mediated P1 receptor signaling duringelsend stage down-regulates
neutrophil effector functions, contributes to aie#ive activation of macrophages,
stimulates Th2 cell-stimulatory capacity of DCs ankiibits lymphocyte effector

functions. At the final stage, extracellular adenesappears to be an important
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immunosuppressive and tissue-healing factor. LikKd® Aadenosine can also be
considered as a danger molecule because its dkitacéevels rise markedly in
response to tissue damage. However, unlike ATihgriextracellular adenosine
levels in response to damage inflicted by overadtost immune cells mediate an
autoregulatory immunosuppressive loop to protedlthg tissues from these
‘dangerous’ immune cells. Damage-associated ineseas extracellular
adenosine thus represent a ‘second’ danger sipatlid sensed by P1 receptors
(Frantz et al., 2005). Inflammatory mediators pesgively up-regulate the
expression of the P1 receptor subtypes through hwhienosine mediates its
immunosuppressive effects (Varani et al., 2003;sGetsal., 2004b; Lappas et al.,
2005a; Murphree et al., 2005; Fortin et al., 20083ing receptor knock-out
models, the An AR subtype has been considered to play a non-tehirrole in
down-regulating cell-mediated immunity and in aatimg pro-resolution
pathways (Thiel et al., 2005; McColl et al., 2008}, A and A ARs also
contribute to the adenosine-mediated negative feddlsignaling (Lee et al.,
2004a, 2004b; Tsutsui et al., 2004; Sun et al.520@ley and Boucher, 2005).
Adenosine mediated signaling by these purinergiceptors induces an
angiogenic switch in macrophages or deactivatesraphages, suppresses
proliferation and effector functions of lymphocytesid promotes angiogenesis
and tissue regeneration. In conclusion, althougls istill far from clear how
extracellular ATP and adenosine exert their immagial roles, they appear to be
crucial endogenous signaling molecules in immuaitg inflammation. Because
ATP and adenosine are unstable molecules with & bladf-life, they probably
operate only transiently in the local microenvira@mnof cells in an autocrine or
paracrine manner. Purinergic signaling constituas of the mechanisms by
which the immune system tailors inflammatory andnume responses according
to the host's need for protection against dangernné@rgic signaling molecules
may be beneficial in the treatment of immune-relatiéseases, as signaling by
extracellular adenosine may contribute to the efi@mmatory effects of low-
dose methotrexate, which probably is one of the tmosescribed anti-
inflammatory drug in the treatment of patients WA (Cronstein, 2005). Thus in
view of the pivotal role of the immune system inaltle and disease, current
research on endogenous immunomodulatory molecd$} and adenosine

included, may help devise novel strategies fottbatment of human diseases.
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AIM OF THE THESIS

The nucleotide ATP is normally present in everynig/cell of the human body
and is well-known for its role in intracellular egg metabolism. In addition to
this intracellular role, ATP in the extracellulaompartment is thought to
contribute to the regulation of a variety of othological processes, including
cardiac function, neurotransmission, muscle cotitblac vasodilatation, bone
metabolism, liver glycogen metabolism and inflamorat The human immune
system comprises an interactive network of lymphmigans and immune cells,
and is essential to host defense. Interaction twiee various components of the
immune system during activation is realized by ipldt signaling molecules.
These molecules, which can be released in resgorgsue injury or exogenous
pathogens, signal danger to the host and are raggefw initiating primary
immune responses as well as for controlling thersmwand resolution of the
concomitant inflammatory processes. Extracellulacleotides such as ATP may
function as endogenous signaling molecules thattrabnnflammation and
immune responses. Modulation of inflammatory preessy extracellular ATP is
complex and results from specific effects on a widdety of both immune and
non-immune cells. The role of ATP in immunity i®stly related to one of its
breakdown products, the nucleoside adenosine. Avlemohas an already
established role in immunity, in which it may cabtte to the engineering of
inflammation and immune reponses by providing gpsegsive tissue-protecting
signal in a delayed, negative feedback manner. Ahimodels of asthma,
ischaemia, arthritis, sepsis, inflammatory bowesledse and wound healing have
helped to elucidate the regulatory roles of theloumr adenosine receptors in
dictating the development and progression of deseakhe notion of an
interrelation between ATP and adenosine is firm#gda on the presence of a
large family of purinergic receptors. Several enegmwhich are also expressed
by various immune and non-immune cells, are inwblivea purinergic cascade by
which extracellular purine levels and the ensuinginergic signaling can be
dynamically controlled during inflammatory. Thiscest heightened awareness of
the role of ATP and adenosine in the control of wme and inflammatory
systems has generated excitement regarding thet@btese of purinergic-based

therapies in the treatment of inflammatory diseases

65



On this background, the aim of this study is toestigate the role of AAza, Azs
and A ARs, P2X and P2X% in chondrocytes and fibroblast-like synoviocyteatt
are the cells mainly involved in inflammatory preses of joint diseases such as
osteoarthritis and rheumatoid arthritis. The studychapter 1 describes the
presence and binding parameters of, Aza, A and A ARs in bovine
chondrocytes and fibroblast-like synoviocytes. fiis im saturation, competition
binding experiments and western blotting assaysienosine receptors in bovine
chondrocytes and fibroblast-like synoviocytes wpegformed. In the adenylyl
cyclase and proliferation assays the potency at&igh-affinity agonists was
evaluated to characterized the functional respookdsRs. In thechapter 2 the
role of adenosine analogs stimulation on prostayhaik, (PGE) release and
cyclooxygenase-2 (COX-2) expression in bovine filast-like synoviocytes was
investigated. Saturation and competition bindingeziments were performed by
using adenosine agonists such as CHA, CGS 2168CAN&nd CI-IB-MECA.
Bovine fibroblast-like synoviocytes were treated thwi TNFa and
lipopolysaccharide (LPS) to activate inflammatoegponse. Adenosine analogs
were added to control and TN#-or LPS- treated cultures both in the absence
and presence of adenosine deaminase (ADA) whichused to depleted
endogenous adenosine. The modulation of P@GHease was measured by
immunoassay and COX-2 expression was evaluated BYER. Chapter 3
reports the pharmacological and functional chareeton of ARs in human
fibroblast-like synoviocytes derived from patiemigh OA. To this aim mRNA,
western blotting, saturation binding experimentsd aAMP assays were
performed. To better investigate the functionaleraf adenosine in human
fibroblast-like synoviocytes, the activation of MEKRand NF«xB and the release
of TNF-o and IL-8 were analized. lchapter 4 thermodynamic parameters such
as standard free energy, enthalpy and entra@/ (AH° andAS° respectively) of
the binding equilibrium of well-known purinergic @gsts and antagonists to
human P2X and P2X receptors, expressed in HEK-293 cells, were detexuin
To this aim saturation binding experiments were fggered by using
[*H]apmethyleneATP as radioligand, and the van't Hofflgsia were conducted
with the aim to investigate the driving forces asated with the drug-receptor
interaction. The thermodynamic characterizatiorhofan purinergic P2Xand

P2X; expressed in HEK-293 cells, represents an impbrfoint to better
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investigate purinergic receptors in native tisséesa consequence, ahapter 5

a biochemical and functional characterization oKPand P2X receptors were
performed in bovine chondrocytes. In particulamusstion, competition binding
experiments, western blotting, thermodynamic anmalys and
immunohistochemistry assays in bovine chondrocyiese performed to better
analized purinergic receptors. The pharmacologdtaracterization of purine
receptors was completed by functional assays tluateal the effect of purinergic
agonists and antagonists on NO and P@#ease. The study ichapter 6
describes, in fibroblast-like synoviocytes obtairfemm OA patients and in SW
982 cells derived from human synovial sarcoma, aarphcological
characterization of P2Xand P2X% receptors. To this aim mRNA, western
blotting, saturation and competition binding expents were performed to
characterize the purinergic receptors. In additithxB activation, TNFe, 1L-6
and PGE production were also evaluated by means of enZyrked

immunosorbent assays.
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CHAPTER 1:

Characterization of adenosine receptors in bovine

chondrocytes and fibroblast-like synoviocytes.
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INTRODUCTION

Chronic inflammation is a significant factor in thpathophysiology of many
forms of joint disease. Adenosine has been repddeeduce inflammation in
several in vivo models suggesting a potential valuthis purine nucleoside as a
therapeutic mediator of inflammatory joint diseadde to limit articular cartilage
degeneration (Tesh et al.,, 2002, 2004). In thepperal system, adenosine has
been shown to limit systemic inflammatory resportbesugh receptor-mediated
regulation of a wide variety of cell types (Varaial., 1997; Gessi et al., 2004).
Adenosine interacts with four cell surface recemobtypes named as; AAza,
A.s and A, which are coupled to different G-proteins (Frddha2001). A and
A3 receptors mediate inhibition of the adenylate agelactivity, in contrast both
Aoa and Ag subtypes stimulate cAMP (cyclic AMP) accumulatigk.role of
adenosine in modulating chondrocytes and fibrobikst synoviocytes is
documented by previous studies. In chondrocytebag been reported that
adenosine and its analogs were capable of alteddP and nitric oxide (NO)
production (Tesh et al., 2002, 2004). In additibrseems likely that for normal
cartilage function, extracellular adenosine levelsst be quite tightly regulated
since depletion leads to increased glycosaminogly€AG) release and the
production of matrix metalloproteinases (MMPs) sashMMP-3 and MMP-13,
prostaglandin E (PGE) and NO, whilst its increase may trigger chondtecy
death (Tesh et al., 2004; Benton et al., 2002;iylist al., 2006). In fibroblast-like
synoviocytes adenosine receptor stimulation is lwaea in the regulation of
MMPs (Boyle et al., 1996, 1997). Recently, in hunsgnoviocytes it has been
reported the selective involvement of the,nA AR subtype in the
immunomodulatory actions of methotrexate (Ralplalget2005) Further, in vivo
adenosine A AR agonists inhibit cartilage damage when usdtiéntreatment of
septic arthritis by diminishing interleukin-8 expston and GAG loss and reduce
rat adjuvant induced arthritis (Boyle et al., 20@phen et al., 2004, 2005).
Although A and Ag ARs transcripts have been described in articular
chondrocytes (Koolpe et al., 199%owever, the binding parameters such as
affinity and density of adenosine subtypes have beén investigated in
chondrocytes and fibroblast-like synoviocytes. Frbis background, the aim of

this study was to investigate the expression andibg parameters of the; AA2a,
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Az and A ARs in bovine chondrocyte and fibroblast-like syiooyte
membranes. The ARs most involved in inflammatonycpss were the subtypes
Aoa and A thus we also performed competition experimentsdylBAlevels and

cell proliferation assays of A or A; ARs agonists.

MATERIALS AND METHODS

Chondrocyte monolayer cultures

Bovine articular cartilage derived from the metacghalangeal joints of 14-18-
month-old animals (Limousine breed). Chondrocytesewsolated from cartilage
fragments obtained from the weight-bearing regidntlee articular surface
(Pezzetti et al., 1999). Briefly, the cartilage whssected out and cut into small
pieces. Pieces were subjected to a sequentialtidiges Dulbecco’s modified
Eagle’s/Ham’s F12 (1:1) medium (DMEM/F12) with pese from Streptomyces
griseus for 90 min and collagenase P from Clastmdhistolyticum for about 12
h. The resulting cell suspension was filtered tmoee undigested cartilage.
Chondrocytes were recovered by centrifugation, tedirand plated at high
density (150,000/cAyin 75 cnf flasks and in multiwells (6.6 x 6.6 cm, 1.6 cm the
diameter of each well). Chondrocytes were cultunedMEM/F12 supplemented
with 10% fetal bovine serum (FBS) and antibiotiggericillin 100 U/ml,
streptomycin 0.1 mg/ml) (complete medium). Only mtimcytes without
subculturing and maintained in culture for 1 weedravused in the binding and

functional experiments.

Fibroblast-like synoviocyte cultures

Fibroblast-like synoviocytes were obtained by adtwf the bovine synovial
fluid. Synovial fluid was aspirated from the metgmahalangeal joints of 14-18-
month-old animals by a syringe. Then, fresh syriclWigd was diluted 1:4 with
complete medium and plated in 25 Zoulture flasks (Falcon, Becton Dikinson
and Company, Franklin Lakes, NJ, USA). After 3 kedimm was removed and
fresh complete medium was added to the flaskss@adkre maintained in culture
and passaged when reaching confluence. Synovil aelthe third and fourth

passages were used for the analysis of adenosieptoes.
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Chondrocytes and fibroblast-like synoviocytes chareterization

The expression of aggrecan, type Il and type lagalhs in the same chondrocyte
monolayer cultures wused for binding experiments weasgaluated by
immunohistochemistry as previously described (Dett®daet al., 2004).
Incubations with the primary mouse monoclonal ardipto aggrecan (1:50) and
the rabbit polyclonal to collagen type Il (1:208bgcam, Cambridge Science
Park, Cambridge, UK) were performed for 1 h at 37%broblast-like
synoviocytes were characterized by immunofluoreseestaining with vimentin,
a specific cellular marker for mesenchymal cellpr@garin et al., 2005). Cells
were fixed with cold methanol, washed with phosphauffer saline (PBS) and
incubated with the primary mouse antibody spediicthe human vimentin at
1:200 dilution for 1 h at 37°C. Washed slides wénen incubated with a
secondary fluorescein isothiocyanate-conjugated ga@& mouse antibody for 1 h
at 37°C in the dark. Antibodies were from Sigma+Add S.r.l. (Milan, Italy).
Fluorescence was visualized using the Nikon Eclipge 2000-E microscope
(Nikon Instruments Spa, Sesto Fiorentino, Firerizdy) equipped with a digital
camera (DXM 1200F, Nikon Instruments Spa, SestoeRtno, Firenze, Italy).
To confirm that fibroblast-like synoviocyte cultgrevere not contaminated by
macrophages, CD14 expression was evaluated by seevéranscription
polymerase chain reaction (RT-PCR). Total RNA ecttom was performed using
a commercial kit. RNA conversion to cDNA was penfied using the commercial
kit Superscript First-strand Synthesis System foF-HCR (Invitrogen Life
Technologies, Carlsbad, CA, USA). Two microlitefscBDNA were amplified by
specific oligonucleotide primers for CD 14 (dp50&@TAA GCC GGC G-30;
rp50-AGC TGA GCA GGA ACC TGT GC-30). Primer sequesavere selected
to amplify both human and bovine genome and weoen fseparate exons to
exclude a possibly genomic DNA contamination of RBIA samples. PCR
reactions were performed in a total volume of 25camtaining 1 U Tag DNA
polymerase (Roche Molecular Biochemicals, Indiad&A), 25 pmol of each
primer, 200 mM deoxynucleotide triphosphates (dNTIRsl x PCR buffer (10
mM Tris, pH 8.3, 50 mM KCI, 1.5 mM Mg@). Cycling parameters were as
follows: 1 min at 94°C, 1 min at 55°C, 1 min at C2for CD14. The size of the

amplified sequence was 403 bp. mRNA from human apGges was used as a
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positive control for CD14 expression. PCR produetsre analyzed on 1.5%

agarose gel, stained with ethidium bromide.

Preparation of bovine chondrocytes and fibroblastike synoviocytes
membranes

For membrane preparation, the culture medium wasoved the cells were
washed with PBS and scraped off T75 flasks in md-bypotonic buffer (5 mM
Tris HCI, 2 mM EDTA pH 7.4). The cell suspensionsfemogenized by using a
Polytron and was centrifuged for 30 min at 100,000e membrane pellet was
resuspended in the same buffer solution used in bineling experiments,
incubated with 2 IU/ml of adenosine deaminase fOr rBin at 37°C and
centrifuged for 30 min at 100,000g. Finally thesrssion was used in saturation
and competition binding experiments. The proteincemtration was determined

according to a Bio-Rad method with bovine albungneference standard.

Western blotting of ARs

Chondrocytes and fibroblast-like synoviocytes wkaevested and washed with
ice-cold PBS containing 1 mM sodium orthovanada@d, mM 4-(2-aminoethyl)-
benzenesulfonyl fluoride, 0.08 mM aprotinin, 2 mdlipeptin, 4 mM bestatin, 1.5
mM pepstatin A, and 1.4 mM E-64. Then cells wergetyin Triton lysis buffer
and the protein concentration was determined ubingnchoninic acid (BCA)
protein assay kit (Pierce, lllinois, USA). Aliquat$ total protein sample (50 mg)
were analyzed using antibodies specific for humanAda, Azs and A ARs (1
mg/ml dilution) (Merighi et al., 2002). Filters wewashed and incubated for 1 h
at room temperature with peroxidase-conjugated rekry antibodies (1:2000
dilution). Specific reactions were revealed withhBnced Chemiluminescence
Western blotting detection reagent (Amersham Basms, New York, USA).

Saturation and competition binding experiments to ARs

The chondrocyte and synoviocyte membranes werefosede A, Aza, Axg and
A3 binding experiments (Varani et al.,, 2002, 20038paturation binding
experiments to A ARs were performed according to the method desdrib
previously usingiH]-1,3-dipropyl-8-cyclopentyl-xanthine3fi]-DPCPX, specific
activity 120 Ci/mmol; NEN-Perkin Elmer Life and Algical Sciences, USA) as
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radioligand (Borea et al., 1994The membranes derived from chondrocytes or
fibroblast-like synoviocytes (100 mg of protein/@gswith 8-10 concentrations of
the radioligand 3H]-DPCPX (0.01-20 nM) were incubated in Tris HCI 6OM,
pH 7.4, for 90 min at 4°C. Non specific binding veietermined in the presence of
DPCPX 1 uM. Saturation binding experiments to,/AARs were performed
according to the method described previously ugfitj-4-(2-[7-amino-2-(2-
furyl)[1,2,4] triazolo [2,3-a] [1,3,5] triazin-5-y&mino]-ethyl (fH]-ZM 241385,
specific activity 27.4 Ci/mmol; American Radiolabdl Chemicals Inc, Saint
Louis, MO, USA) as radioligand (Varani et al., 26D3The membranes derived
from chondrocytes or fibroblast-like synoviocytd®@ mg of protein/assay) were
incubated for 60 min at 4°C with 8-10 concentrasior the radioligand®H]-ZM
241385 (0.01-20 nM) and Tris HCI 50 mM, Mgdl0 mM, pH 7.4. Nonspecific
binding was determined in the presence of ZM241B&5/1. Saturation binding
experiments to 4 ARs were performed usingH]-N-benzo [1,3[dioxol-5-yl-2-
[5-(2,6-dioxo-1,3-dipropyl-2,3,6,7-tetrahydro-1H+pu8-yl)-1-methyl-1H-
pyrazol-3-yloxy]-acetamide {H]-MRE 2029F20, specific activity 123 Ci/mmol;
Amersham International Chemical Laboratories, Bungkamshire, UK) as
radioligand (Gessi et al., 2005). The membranesioéd as previously described
(100 mg of protein/assay) with 8-10 concentratioh§’H]-MRE 2029F20 in the
range 0.01-20 nM were incubated in Tris HCI 50 mWgCl, 10 mM, EDTA 1
mM, pH 7.4 at 4°C for 60 min. Nonspecific bindingasvdetermined in the
presence of MRE 2029F20uM. Saturation binding experiments t@ ARs were
performed using °H]-5N-(4-methoxyphenylcarbamoyl) amino-8-propyl2-(
furyl) pyrazolo [4,3-e]-1,2,4-triazolo [1,5-c]pyridine (PH]-MRE 3008F20,
specific activity 67 Ci/mmol; Amersham Internatibr@hemical Laboratories,
Buckinghamshire, UK) as radioligand (Varani et &Q00). The membranes
treated as above mentioned (100 mg of protein/asgdty 8-10 concentrations in
the range 0.01-50 nM ofHi]-MRE 3008F20 were incubated in Tris HCI 50 mM,
MgCl, 10 mM, EDTA 1 mM, pH 7.4, at 4°C for 150 min. Neesific binding
was determined in the presence of MRE 3008F2@M. In competition
experiments, carried out to determine thg Ar A; affinity values, 1 nM of H]-
ZM241385 or 2 nM of {H]-MRE3008F20, bovine chondrocyte or fibroblaselik
synoviocyte membranes (100 mg of protein per asaag)at least 6-8 different

concentrations of 2-[p-(2-carboxyethyl)-phenetyliaoi-50-N-ethyl-
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carboxamido adenosine (CGS 21680, Sigma-RBI, StisLO,USA) or N6-(3-
iodobenzyl)2-chloroadenosine-50-N-methyluronamid€l-IB-MECA, Sigma-
RBI, St. Louis, MO, USA) as typical A or A; adenosine agonists were incubated
at 4°C for 60 or 150 min, respectively. In satumatior competition binding
experiments, at the end of the incubation time,ndloand free radioactivity was
separated by filtering the assay mixture throughatWtan GF/B glass fiber filters
by using a Brandel cell harvester. The filter bowadioactivity was counted by
Scintillation Counter Packard Tri Carb 2500 TR wathefficiency of 58%.

Measurement of cAMP levels in bovine chondrocytes rofibroblast-like
synoviocytes

Bovine chondrocytes or fibroblast-like synoviocytdd® cells/ml) were
suspended in 0.5 ml incubation mixture Krebs Ringdrosphate buffer,
containing 1.0 IU/ml adenosine deaminase and 0.5 mMNB-butoxy-4-
methoxybenzyl)-2-imidazolidinone (Ro 20-1724) a®fhodiesterase inhibitor
and preincubated for 10 min in a shaking bath &C3Then the effect of a typical
A,an adenosine agonist was studied by using CGS 21680different
concentrations (1 nM-tM) that was added to the mixture for a further %i.ntn
similar experimental conditions, the effect of Nngtarboxamidoadenosine
(NECA) on adenosine nonselective agonist was sdudie evaluate the effect of
a typical A adenosine agonist, forskolin (@M and CI-IB-MECA at different
concentrations (0.1 nM-100 nM) were added to thetuneé and the incubation
continued for a further 5 min. The effect of a stle Ax or Az antagonists such
as 7-(2-phenylethyl)-2-furyl)pyrazolo [4,3-e]-1,Zrazolo-[1,5-c] pyrimidine
(SCH 58261) (1 mM) or MRE 3008F20 (1 mM) on CGS&1@ mM) or CI-1B-
MECA (100 nM) was evaluated, respectively. The tieacwas terminated by the
addition of cold 6% trichloroacetic acid (TCA). Tleells were also incubated
with forskolin (1 mM) and/or Ro 20-1724 (0.5 mM) &valuate the adenylyl
cyclase activity. The TCA suspension was centrifuge2000g for 10 min at 4°C
and the supernatant was extracted four times witemsaturated diethyl ether.
The final agueous solution was tested for CAMP Iewarough a competition
protein binding assay by usingH]-cAMP as radioligand (specific activity 21
Ci/mmol, NEN Research Products, Boston, MA, USARi@hi et al., 2002).
Samples of CAMP standards (0-10 pmol) were addexhth test tube containing
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trizma base 0.1 M, aminophylline 8.0 mM, mercagtaabl 6.0 mM, pH 7.4 and

[*H]-cAMP (at the final concentration of 1 nM). Thebing protein, previously

prepared from beef adrenals, was added to the samapld incubated at 4°C for
150 min. At the end of the incubation time and raftee addition of charcoal the
samples were centrifuged at 2000g for 10 min. Tiearcsupernatant was mixed
with 4 ml of Atomlight and counted in a Scintillati Counter Packard Tri Carb
2500 TR.

[*H] Thymidine incorporation

Chondrocytes or fibroblast-like synoviocytes wemreated with CGS 21680 and
CI-IB-MECA (10 uM) in complete medium containing adenosine deamginas
(ADA) and 1 mCi/ml fH] thymidine. Cells cultured in the absence of axéme
agonists were used as controls. After 24 h of Iagetells were trypsinized, and
[*H] thymidine was evaluated as previously descridéerighi et al., 2002). In all
cultures, cell viability was evaluated by the Trggdue exclusion test (Merighi et
al., 2005).

Statistical analysis

A weighted nonlinear least-squares curve fittinggopam Ligand (Munson and
Rodbard, 1980)was used for computer analysis of saturation ardpesition
binding experiments. Functional experiments werécutated by nonlinear
regression analysis using the equation for a sigraoncentration-response curve
(GraphPAD Prism, San Diego, CA, USA). Analysis dtad was done with
Student’s t test (unpaired analysis). Differencesenconsidered significant at a
value of p<0.01. All data are reported as mean E.Nb. of independent
experiments (n=3-6).

RESULTS

Phenotype characterization of bovine chondrocytesral

fibroblast-like synoviocytes

Chondrocytes, cultured in monolayer, show phenotypistability and can
dedifferentiate toward the fibroblast phenotypdtsig from the synthesis of type
I to type | collagen (De Mattei et al., 2004). Wheanalyzed by
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immunohistochemistry, under the same experimentaiditions of binding

experiments, chondrocytes stained positive for ecagr and type |l collagen,
specific markers of the chondrocytic phenotype, sesliited negative for type |
collagen, which is expressed in dedifferentiatedncimocytes. Negative controls,
obtained without primary antibodies, did not shomwy &taining. Fibroblast-like
synoviocytes used in our experiments showed theesgmn of vimentin, the
main intermediate filament protein in mesenchynmaliscand synovial fibroblast.
Results obtained by RT-PCR showed the absence d#4Cibus indicating the

absence of contaminating macrophages in our csliigaa not shown).

Western blotting

Figure 1.1A shows the immunoblot signals of, A, and Ag ARS in bovine
chondrocytes and fibroblast-like synoviocytes. Tih&ensity of each band in
immunoblot assay was quantified using molecularlyat/®@C densitometry
software (Bio-Rad). Mean densitometry data frone¢hindependent experiments
were normalized to control that was set to 100%ue1.1B-C). Unfortunately
Western blot of A AR was undetectable probably due to the low degrfee

homology between bovines and humans.

Saturation binding experiments inbovine chondrocytes and

fibroblast-like synoviocytes

A series of experiments were carried out to deteenthe binding parameters of
A1, Aza, Aog and A ARs in bovine chondrocytes and fibroblast-like @yiocytes.
Table 1.1reports the affinity (I§, nM) and density (Bmax, fmol/mg protein) of
A1, Aoa, Azg and A ARs in bovine chondrocyte and in fibroblast-likgeviocyte
membranes. The affinity values were in the low maolar range for both the
substrates. Bmax values confirm the presence ahallARs. For chondrocytes
membrane the Bmax values were 41, 53, 51,and 78nfrg@rotein for A, Aza,
Az and A ARs respectively. For the fibroblast-like synowtes the Bmax
values were30, 76, 84 and 83 fmol/mg protein for;,AAza, Azs and A ARS
respectively (figure 1.2-1.3).
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Competition binding experiments inbovine chondrocytes and

fibroblast-like synoviocytes

Figure 1.4 and figure 1.8hows the competition curves of CGS 21680 and €I-I1B
MECA in bovine chondrocyte or in fibroblast-like reyviocyte membranes,
respectively. The affinity (Ki) of CGS 21680 or BMECA in bovine
chondrocyte membranes was 28 + 3 or 2.6 £ 0.3 rddpactively (n = 4). In
fibroblast-like synoviocyte membranes CGS 2168@CbIBMECA showed a Ki
value of 30 £ 3 or 3.3 £ 0.3 nM, respectively (@) The competition curves of
both the agonists examined, exhibited Hill coeffits near the unity and were

best described by the existence of one high-affiminding site.

cAMP assay inbovine chondrocytes and fibroblast-like synoviocyte

The A ARs are coupled to stimulation of adenylate cyelais Gs stimulatory
proteins, which leads to an increase of CAMP foromatBovine chondrocyte or
fibroblast-like synovial cells did not reveal changf basal enzyme activity and of
the response of adenylate cyclase activator forskdMo change in cAMP
production was also observed in the absence ohenptesence of the cAMP-
dependent phosphodiesterase inhibitor, Ro 20-17T2b4l¢ 1.2). We have also
evaluated the effect of a typicab/Aadenosine agonist such as CGS 21680 on the
adenylate cyclase activity. When CGS 21680 washatmd with examined cells
an amplification of adenylate cyclase response watected revealing a
significant increase of CAMP production in a cortcation-dependent manner. In
particular CGS 21680 elicited a stimulation of cAMBvels in bovine
chondrocytes with an BEgof 82 + 7 nM (Figure 1.6A). Moreover, CGS 21680
elicited a stimulation of cCAMP levels in fibrobléike synoviocytes with an Eg
of 91 + 8 nM (Figure 1.7A). The selective, Aantagonist SCH 58261 (M)
totally inhibited the rise in cAMP levels induceds LGS 21680 (1uM)
suggesting that the stimulatory effect was esséntde,, mediated (Table 1.2).
On the contrary, the #ARs are coupled to inhibition of adenylyl cyclase @i
proteins, which leads to decreases of CAMP formatiWe have also evaluated
the inhibitory effect of a typical Aadenosine agonist like CI-IBMECA on the
adenylyl cyclase activity. Cl-IB-MECA determineddacrease of cCAMP levels in
bovine chondrocytes with an 4€values of 6.33 + 0.64 nM (Figure 1.6B).
Moreover CI-IB-MECA induced a decrease of cAMP Isvin fibroblast-like
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synoviocytes with an I3 values of 7.90 = 0.71 nM (Figure 1.7B). The select
Az antagonist MRE 3008F20 (M) antagonized CI-IB-MECA (100 nM)
mediated cAMP inhibition suggesting that the intaby effect was essentiallyzA
mediated (Table 1.2). NECA, a typical adenosinepear agonist, determines a
stimulation of CAMP levels in bovine chondrocyteghnan EGo value of 40 £ 3
nM. Analogous results were obtained in fibroblast-lsynoviocytes with an &g
value of 37 £ 3 nM. This stimulatory effect duethe interaction of NECA with
Aoa and Ag ARs predominates on the inhibitory effect mediavgdA; and A
ARs.

Cell proliferation and viability

Chondrocytes or fibroblast-like synoviocytes trelaveth CGS 21680 or CI-IB-
MECA (10 uM) showed no statistically significant modulationf aell
proliferation (Figure 1.8). However, in fibroblaslike synoviocytes, CI-IB-
MECA induced a slight reduction of cell prolifer@ti In all tested conditions cell

viability was not changed with respect to contrahditions (99% viable cells).
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Table 1.1: Saturation binding experiments on ARs irbovine chondrocyte and
in fibroblast-like synoviocyte membranes.

Chondrocyte membranes Fibroblast-like synoviocyte

membranes
Bmax Bmax
Kp (nM) (fmol/mg Kp (nM) (fmol/mg
protein) protein)
AL AR 2.18t0.22 412 0.6#0.01 3@2
Aoa AR 1.71+0.32 535 2.0%0.17 766
Aoz AR 2.19+0.24 513 1.2%#0.13 845
A3z AR 4.61+0.35 725 1.86:0.22 834
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Table 1.2: Basal and stimulated cAMP production inbovine chondrocytes

and in fibroblast-like synoviocytes.

Chondrocytes
(pmol cAMP x 1 cells)

Fibroblast-like synoviocytes
(pmol cAMP x 1 cells)

Basal levels
+ R0 20-17240.5 mM)

+ CGS 2168Q1 puMm)
A, stimulation

+ CGS 2168Q1 uM)
+ SCH 58261(1 um)

Forskolin
(1 ™)

Forskolin (1 um)
Ro 20-17240.5 mm)

+ CI-IBMECA (100 nM)
Asz inhibition

+ CI-IBMECA (100 nM)
+ MRE 3008F20(1 uM)

10+1

25+2

51+4*

2712

98+10

120+12

82+6*

116+11

11+1

232

50+4*

252

969

11211

84+6*

108+11

*, p<0.01 vs basal levels + Ro 20-1724 for CGS 21&8d vs Forskolin + Ro 20-

1724 for CI-IB-MECA
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Figure 1.1: Western blotting analysis of bovine chadrocytes and fibroblast-
like synoviocytes for A, A,a and Az ARs (A) and densitometric analysis for
chondrocytes (B) and fibroblast-like synoviocytesQ).
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Figure 1.2: Saturation curves and Scatchard plotsfoA1, Aza, Azg and Az ARs

(A, B, C, D respectively) in chondrocyte membranes.
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Figure 1.3: Saturation curves and Scatchard plotsfoA1, Aza, Azg and Az ARs

(A, B, C, D respectively) in fibroblast-like synovocyte membranes.
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Figure 1.4:. Competition curves of CGS 21680 (A) an&I-IB-MECA (B) in

bovine chondrocyte membranes.
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Figure 1.5: Competition curves of CGS 21680 (A) an&I-IB-MECA (B) in
bovine fibroblast-like synoviocyte membranes.
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Figure 1.6: cAMP experiments by using CGS21680 (And CI-IB-MECA (B)

in bovine chondrocytes.
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Figure 1.7: cAMP experiments by using CGS 21680 (Aand CI-IB-MECA

(B) in bovine fibroblast-like synoviocytes.
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Figure 1.8: Proliferation activity measured by £H] thymidine incorporation

assay in bovine chondrocytes (A) or fibroblast-likesynoviocytes (B).
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DISCUSSION

The purpose of the current investigation was toudunt the presence and the
binding parameters of adenosine receptor subtypé&®vine chondrocytes or in
fibroblast-like synoviocytes. Preliminary charactation of cells used in our
experiments showed the expression of chondrocytiesgnoviocyte phenotypic
markers, as well as the absence of contaminatidts @e fibroblast-like
synoviocyte cultures (De Mattei et al., 2004). @harmacological data in these
cells report that A Aza, Azs and A3 ARs are expressed and similarly distributed
in both cell types showing high-affinity values the nanomolar range and a
receptor density from 30 to 83 fmol/mg of proteifhe results obtained in
competition binding experiments show that the #ffiof CGS 21680 or CI-IB-
MECA in bovine chondrocytes were 28 + 3 and 2.6.3 M respectively. In
fibroblast-like synoviocytes the affinity of CGS&80 was 30 + 3 nM and for ClI-
IB-MECA was 3.3 + 0.3 nM. The effect of,A and A agonists on adenylyl
cyclase activity and cell proliferation was invgstied. Our results did not show
any change of basal enzyme activity and of thearsp of adenylyl cyclase to the
direct activator forskolin used in the absence rorthe presence of cAMP-
dependent phosphodiesterase inhibitor (Ro 20-172djskolin, which directly
activated adenylate cyclase was utilized in thiglgtas a positive control for
cAMP production. Ro 20-1724, a type IV phosphodieste inhibitor prevented
the rapid degradation of cAMP allowing the accurdetection of the cAMP
levels produced. Moreover, the capability of typisaa or As adenosine agonists
such as CGS 21680 or CI-IB-MECA to modulate cAMRels was evaluated.
These compounds showed potency values in the ndapbmamge, in agreement
with their affinity in binding experiments. To flsr confirm that the effects
induced by the agonists on cAMP formation were tluethe modulation of
adenosine receptors investigated, we performedriexeets in the presence of
typical selective Ax or As adenosine antagonists such as SCH 58261 or MRE
3008F20. These antagonists were able to prevergfteet of CAMP induced by
CGS21680 or CI-IB-MECA through a selective moduaatiof the adenylyl
cyclase via the & or Az ARs, respectively. In addition, the levels of cAMP
increased in response to NECA, a nonselective agosuggesting that in

physiological condition (presence of endogenousasiae) the activation of A
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ARs may prevail over the $8ARs inhibitory action. This is not surprising basa

a similar behavior has already been reported iarathbstrates (Gessi et al., 2002,
2004). In line with cAMP data, cell proliferatiom ithe absence of adenosine
agonists and in the presence of ADA was not moeien if Cl-IB-MECA
inhibited slightly cell proliferation in fibrobladike synoviocytes. In conclusion,
this study shown for the first time the presence tre binding parameters of the
A1, Aa, Az and A ARs, in bovine chondrocytes and fibroblast-like
synoviocytes. Functional assays performed om And A ARs showed the
involvement of these subtypes in bovine chondracysnd fibroblast-like
synoviocytes. These results open interesting petispe on the modulation of
adenosine pathways for the treatment of joint mfizatory diseases.
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CHAPTER 2:

Adenosine analogs inhibit prostaglandin £ (PGE,)

release in bovine fibroblast-like synoviocytes
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INTRODUCTION

OA and RA are the most common degenerative diseaseshe joints,
characterized by the progressive and permanentadagon of the articular
cartilage, synovial hyperthrophy and change in dgag bone. Although the
pathophysiologic events of OA and RA are quite ettéght, inflammation and
altered fibroblasts-like synoviocytes activitiese anbserved in affected joints
(Pelletier and Martel-Pelletier, 2007; Goldring0Z0 Muller-Landner et al., 2005;
Moulton, 1996; Christodoulou and Choy, 2006; Abedesl Pillinger, 2006). In
RA, fibroblasts-like synoviocytes play a centralerto the pathogenesis of joint
destruction by an increasquoliferation and thesecretion of a wide range of
proinfammatory mediators, including cytokines, \gtbh factors, and lipid
mediators of inflammation (Muller-Landner et alQ05; Abeles and Pillinger,
2006). Pro-inflammatory mediators produced by filtasts-like synoviocytes are
detrimental to articular cartilage also in OA, aliligh fibroblasts-like
synoviocytes play a less central role than in RAll@er and Martel-Pelletier,
2007; Goldring, 2007). Inflammatory mediators rekxh by SFs can impact
several cell types including lymphocytes, neutrighiendothelial cells,
osteoclasts and chondrocytes and a range of pexasduding maintenance of
inflammation, angiogenesis, chemoattraction. Funttoee, fibroblasts-like
synoviocytes are involved in cartilage destructian the synthesis and secretion
of matrix degrading enzymes such as matrix metedlgmases (MMPs) and
aggrecanases (Asano et al., 2006; Westra et d@4; 2Davidson et al., 2006).
Prostaglandins, in particular PgEare important lipid inflammatory mediators
produced by fibroblasts-like synoviocytes and tHeirels are increased in the
synovial fluid and synovial membrane of patientsthwinflammatory joint
diseases (Park et al., 2006; Burger et al., 20@8nf et al., 2001; Goetz| et al.,
1995). PGE is synthesized from arachidonic acid via the astioof
cyclooxygenase (COX) enzymes, either constitutivetyin response to cell
specific trauma, stimuli, or signalling moleculagls as IL-B or TNF and it
accounts for many of the proinflammatory actionduced by these peptides
(Berenbaum, 2000; Funk, 2001; Crofford, 1999). PGe&ontributes to
vasodilatation, vascular permeability, pain, cytekand proteinase production in
inflamed tissues (Hill et al.,, 2001; Cha et al.,020 Agro et al., 1996).
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Accordingly, the use of non-steroidal anti-inflantorg drugs (NSAIDs) and/or
selective COX-2 inhibitors which control inflammati and inhibit PGE
production represent the standard recommendedmiesat of OA and RA
(Schnitzer, 2001; Hochberg et al., 1995). Adenqgsiteracting with four types of
cell surface receptor (AR) proteins, termegd Aza, Azg and A acts as a potent
endogenous inhibitor of inflammatory processesewesgal tissues (Fredholm et
al.,, 2001; Varani et al., 2003a; Gessi et al., 200@04). In fibroblasts-like
synoviocytes and chondrocytes adenosine has beelvéa in the production of
matrix metalloproteinases (MMPs) and inflammatorgdmators (Tesch et al.,
2002, 2004). Moreover, in human fibroblasts-liken@yiocytes the selective
involvement of the Ay AR subtype in the immunomodulatory actions of
methotrexate has been reported (Ralph et al., 2BaB}her, in vivo adenosine
analogs inhibit joint destruction when used in tteatment of adjuvant induced
arthritis and septic arthrosis (Boyle et al., 200@n the bases of the above
observations and of the role of fibroblasts-liken@yiocytes to elicit and to
maintain joint inflammation, we investigated if adsine receptor agonists, might
limit PGE, release in fibroblasts-like synoviocytes treatedthwknown
inflammatory stimuli: TNFe. and the bacterial lipopolysaccharide (LPS) (Westra
et al., 2004; Park et al., 2004). COX-2 express¥as also evaluated by RT-PCR
as it appears to be the primary enzyme controf@d: synthesis in response to
inflammatory stimuli (Park et al., 2006; Crofford999). Further, adenosine
analogs were used to characterise the presenceeabsine receptors and their
affinity in bovine fibroblasts-like synoviocytes.

MATERIALS AND METHODS

Fibroblasts-like synoviocytescultures

Fibroblasts-like synoviocytes were obtained by wnétof the bovine synovial
fluid, aspirated from the metacarpophalangeal $o@it14-18 month-old animals,
as previously described (Varani et al., 2007). ¢lbasts-like synoviocytes at the
third-fourth passage were used in the experimeébétls were characterized by
immunofluorescence staining with vimentin, a marfarfibroblasts (Upragarin
et al., 2005). To confirm that SF cultures were cawitaminated by macrophages,

CD14 expression was evaluated by RT-PCR.
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Immunofluorescence staining

Fibroblasts-like synoviocytes were fixed with cofdethanol, washed with
phosphate-buffered saline (PBS) and incubated with primary monoclonal
antibody (mAb) for the human vimentin (SigmaeAltiridtaly) at 1:200 dilution

for 1 h at 37°C. Washed slides were then incubwaiitid a secondary fluorescein
iIsothiocyanate-conjugated goat anti-mouse antifodyt h at 37°C. Nuclei were
stained with the DNA dye, 4’,6-diamidino-2-phenyoie (DAPI) (0.1 mg/ml in

PBS ethylene glycol tetraacetic acid (EGTA)) for d0n. Fluorescence was
visualized using the Nikon Eclipse TE 2000-E micagse (Nikon Instruments,
Italy) equipped with a digital camera (DXM 1200F).

RT-PCR experiments

CD14 and COX-2 expression in fibroblasts-like syinoytes cultures was
assayed by RT-PCR. Total RNA extraction was per&airhy a commercial kit
(RNeasy Kit, Qiagen, Deutschland). RNA conversmieDNA was performed by
the kit SuperscriptTM First-Strand Synthesis Systémvitrogen, USA).
Oligonucleotide primers for CD14 were dp50’-CTGGABGGGCG-3’; rp5'’-
AGCTGAGCAGGAACCTGTGC-3 and oligonucleotides forygeraldehydes 3-
phosphate dehydrogenase (GAPDH) were dp5’-TGGCAT
CGTGGAGGGACTTAT-3’; rp5’-GACTTCAACAGCGACACTCAC-3..
Sequences were selected to amplify both human aodnd genome.
Oligonucleotides for COX-2 were dp5-TCCAGATCACATGATTGACA-3’;
rp5’-TCTTTGACTGTGGGAGGATACA-3'. Oligonucleotides gaences were
from separate exons to exclude genomic DNA contatiuins. Two microliters of
cDNA were amplified by the specific oligonucleotidets and PCR reactions
were performed as previously described (Varani.e2807). Cycling parameters
were as follows: 1 min at 94°C; 1 min at the spe@hnealing temperature (55°C
for CD14, 61°C for GAPDH, 60°C for COX-2); and 1nmat 72°C. PCR product
sizes were 403 bp for CD14, 370 bp for GAPDH and Bp for COX-2. mRNA
from human macrophages was used as a positiveotdatr CD14 expression.
PCR products were analyzed on 1.5% agarose geledtavith ethidium bromide

and visualized under UV.
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Saturation and competition binding experiments to ARs

Fibroblasts-like synoviocytes, used for cellular mieane preparations, were
washed with PBS and scraped off T75 flasks in md-dypotonic buffer (5
mMTris HCI, 2 mM EDTA, pH 7.4). The cell suspensivas homogenized by a
Polytron, centrifuged for 30 min at 100,000g andedusn saturation and
competition binding experiments (Varani et al., 202002, 2003a,b). Saturation
experiments to A ARs were performed using’H]-N6-cyclohexyladenosine
([*H]-CHA, 34.4 Ci/mmol; NEN - Perkin Elmer, USA) asdioligand for an
incubation time of 90 min. Non-specific binding waetermined in the presence
of CHA 1 uM. Saturation experiments to,AARs were performed usingH]-
CGS 21680 (39.6 Ci/mmol; NEN - Perkin Elmer, USA) radioligand with an
incubation time of 120 min. Non-specific binding svdetermined with CGS
21680 1uM. Saturation experiments toAARs were performed usingH]-MRE
2029F20, (123 Ci/mmol; Amersham Laboratories, UK)yadioligand for 60 min.
Non-specific binding was determined with MRE 2020F2 uM. Saturation
experiments to A ARs were performed using®?fl]-4-aminobenzyl-50-N-
methylcarboxamidoadenosine *?f]-AB-MECA, 2000 Ci/mmol; Amersham
Laboratories, UK) as radioligand, for 60 min (Varanal., 1998). Non-specific
binding was determined with AB-MECA @M. In competition experiments,
carried out to determine;AA2a, Azg and A affinity values, 1 nM radioligands
were used on fibroblasts-like synoviocytes memlsgt80 mg protein per assay)
and 6-8 different concentrations of the examinednajs. At the end of
incubation time, in binding experiments performea ffibroblasts-like
synoviocytes membranes, bound and free radiodeBvitvere separated by
filtering the assay mixture through Whatman GFI&ifs (Brandel Harvester) and
radioactivity was counted (Scintillation CounteccRard Tri Carb 2500TR).

Fibroblasts-like synoviocytes treatments with adengine agonists

For the analysis of PGErelease, fibroblasts-like synoviocytes at thirdsto
passage were plated at 10,0007ém complete medium DMEM/F12 containing
10% FBS and antibiotics in multiwells (Nunc, Denkjat.6 cm the diameter of
each well) and used after 5 days plating. In prelary experiments increasing
doses of the recombinant human TiFPreprotech, USA) and the bacterial LPS

(Sigma, USA) selected in the range of those usgutadious studies, were tested.
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In the following experiments TNE-and LPS were used, respectively, at 10 ng/ml
and 1 mg/ml, which elicited maximal Pgtcrease in preliminary experiments.
Control cells were incubated in complete mediumneloln a first series of
experiments adenosine analogs were added to bathotand TNFe- or LPS-
treated cultures in the presence of endogenousoanhen The adenosine agonists
CHA (A1 AR), CGS 21680 (A AR), NECA (non-selective), and CI-IB-MECA
(As AR) were used at 1M (Sigma, USA). In a second series of experiments,
treatments with adenosine agonists in the preseficéNF-o or LPS were
performed in complete medium containing 2 1U/ml rma@ne deaminase (ADA,
FlukaeSigmae Aldrich, Switzerland) to deplete emamyisly released adenosine.
Different ADA concentrations (0.5-4 IU/ml) were dywed on PGErelease and
cell viability to evaluate the effect of endogenoaslenosine. In some
experiments, 1uM forskolin (Sigma, USA), a direct activator of aéate
cyclase, was added to both control and TdMffeated cultures. At each condition
tested, after 24 h treatment, medium was remowad the well, stored at -80°C
for subsequent determination of PG&hd the monolayer protein content was

evaluated (Lowry et al., 1951).

PGE, Assay

The concentration of PGEwas measured using a commercially available
competitive enzyme immunoassay according to theufaaturer’s instructions
(PGE, ASSAY, R&D Systems, Inc. Minneapolis, USA). Sangpbnd standards
were assayed in duplicate. PGiroduction was normalized to the total protein

content and expressed as pg REg protein.

MTT assay

Effects of ADA on cell proliferation and viabilitgf fibroblasts-like synoviocytes
were evaluated by the MTT assay (Ahmed et al., pB6efly, 100ul of MTT
solution (5 mg/ml in PBS) (Sigma-Aldrich, Irvine JKvere added to each well
and incubated at 37°C for 3 h. The medium was tiisoarded and 500! of
isopropanol/HCI 0.04 N were added to each welltier formazan solubilization.
The solution absorbance was measured at 540 nmy-BDar UV-Visible

Spectrophotometer, Varian).
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Statistical Analysis

Data were obtained from at least five independ&peements. Each experiment
was performed in triplicate. All values are expess®s mean + SEM of four
independent experiments. Analysis of data was deite Student's t test.

Differences were considered significant at a vaiue<0.05.

RESULTS

Phenotype characterization of fibroblasts-like syneiocytes

Fibroblasts-like synoviocytes used in our experiteeare shown in Figure 2.1.
Cells showed a fibroblast-like morphology and thxpression of vimentin, the
main intermediate filament protein in mesenchymallscand fibroblasts-like
synoviocytes. Results obtained by RT-PCR showed ahsence of CD14

expression, indicating the absence of contaminatiagrophages.

Evaluation of ARs affinity and density by saturation and competition binding
experiments

Table 2.1reports the affinity (I, nM) and density (Bmax, fmol/mg protein) of
A1, Aoa, Aog and As receptors in fibroblasts-like synoviocytes memlsanThe
affinity values of AR subtypes were in the low naradar range and the Bmax
values were from 24 to 65 fmol/mg of protein. TaBl@ reports the affinity
values (Ki, nM) of CHA, NECA, CGS 21680 and CI-IBENA in bovine
fibroblasts-like synoviocytes. The major affinitf ©HA (Ki = 3.5 £ 0.4 nM) was
reported in TH]-CHA binding suggesting a high affinity vs;AAR. NECA and
CGS 21680 showed similar affinity fo,AAR even if NECA had a good affinity
also for the other subtypes. CI-IB-MECA showed ghhaffinity vs A3 AR with a
Ki value of 2.3 + 0.2 nM. Saturation and competitibinding experiments
allowed to select, on the basis of the Ki valudse tadenosine agonist

concentrations to be used in subsequent experiments

TNF-0 and LPS induce a dose response increase on PGEelease in
fibroblast-like synoviocytes
In preliminary experiments we investigated the @feof increasing doses of

TNF-0. and LPS, which are known to stimulate RGftoduction in human
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fibroblast-like synoviocytes, on PGErelease in bovine fibroblast-like
synoviocytes cultures (Figure 2.2). PGproduction by control fibroblast-like
synoviocytes was at very low levels. TFand LPS significantly increased PGE
production in a dose-dependent manner. The masiesif doses were 10 ng/ml
for TNF-o and 1 mg/ml for LPS yielding a maximal 7.9- an8-fld increase,
respectively. On these results, these TiN&d LPS doses were used to stimulate

PGE production in subsequent experiments.

Adenosine agonist inhibit PGE release in TNFe- or LPS-treated fibroblast-
like synoviocytes in the presence of endogenous adsine

The effects of adenosine agonists on P@&#ease in TNFx or LPS unstimulated
and stimulated fibroblast-like synoviocytes, in tipeesence of endogenous
adenosine, are shown in figure 2.3. Treatment b$ gath the A agonist CHA,
the App agonist CGS 21680, the non-selective agonist NEEG& the A agonist
CI-IB-MECA did not modify basal PGEproduction in the absence of TNFer
LPS. In TNFe stimulated fibroblast-like synoviocytes, all agstsj except for Cl-
IBMECA, significantly inhibited PGE production. PGEinhibition ranged from
38.6% in the presence of CHA to 54.9% in the preserf NECA (Figure 2.3B).
Similar data were obtained in LPS stimulated fitbasblike synoviocytes (Figure
2.3C). The effects of adenosine agonists reduced,Aévels to those of
unstimulated control cells. Adenosine agonists weled at 1uM, the
concentration that assured a complete saturatioradenosine receptors as
suggested from the affinity values (Ki, nM) of Tald.2.

Depletion of endogenous adenosine with ADA increas®asal PGE release in
fibroblast-like synoviocytes

Fibroblast-like synoviocytes were exposed to insired doses of ADA (0.5-2
IU/ml) to determine the effects of depleting endumgs adenosine. PGlEelease
slightly but significantly increased in a dose-degent manner with maximal
effect at 2 IU/ml (Figure 2.4A). In parallel expments, MTT assay was
performed to verify that in our experimental comdis ADA did not modify
fibroblast-like synoviocytes proliferation or vidiby. At all the doses, ADA had

no effect on cell proliferation and viability (Figri2.4B).
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Depletion of endogenous adenosine with ADA potenties adenosine agonist’s
effects on PGE release in TNFe- or LPS- treated fibroblast-like
synoviocytes

As 2 IU/ml ADA induced the maximal increase in PGiEoduction, this dose was
used to deplete endogenous adenosine (Figure Bdih TNFo and LPS
significantly stimulated PGEsynthesis similarly to what observed in the absenc
of ADA. Also, CI-IB-MECA did not modify PGE levels in TNFe. or LPS
stimulated cells. In TNF:or LPS stimulated fibroblast-like synoviocytes, &H
CGS 21680 and NECA induced a stronger inhibitiorP@E& production than in
the absence of ADA. In fact, CHA, CGS 21680 and WE€duced PGElevels
to those of unstimulated control cells.

Forskolin stimulates PGE release in activated fibroblast-like synoviocytes

As shown in figure 2.3 and 2.5, CHA and CGS 21&#tich inhibit and stimulate
adenylate cyclase, respectively, decreased ,Pfefease in TNF: or LPS
stimulated fibroblast-like synoviocytes. To clarifiye potential involvement of
adenylate cyclase activity in the modulation of B@Eduction, we investigated
the effects of forskolin, a potent stimulator okagllate cyclase, on PGEelease.
Forskolin did not modify basal PGElevels. However, in fibroblast-like
synoviocytes activated by the inflammatory stimédirskolin induced a further

24.3% increase in PGEelease.

Changes in COX-2 expression are associated to theanges in PGR release
induced by adenosine agonists in TNle- or LPS- treated fibroblast-like
synoviocytes

Since PGE levels were regulated by adenosine agonists westigated whether
changes in PGErelease were associated to a regulation of COMastripts.
COX-2 expression, evaluated by RT-PCR, at 24 htrtreat, is shown in figure
2.6. As reported in literature, in our experimethis stimulation of PGEsynthesis
induced by TNk and LPS was associated to an increase of COX-Begsipn
with respect to control cells. All adenosine agtmigxcept for Cl-IB-MECA,
inhibited COX-2 expression in TNé&-or LPS stimulated cells.
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Table 2.1 Affinity and density of adenosine recepts in bovine fibroblast-like

synoviocytes.
[*H]CHA [*H]CGS 21680 | [*H]MRE 2029F20 [*H]JAB-MECA
binding to binding to binding to binding to
A1 ARs Aon ARS Aog ARS A3z ARs

Kp=1.82 +0.16 nM

Bmax=24 + 3
fmol/mg protein

Kp=4.6 £ 0.5 nM

Bmax= 62 + 6
fmol/mg protein

Kp=1.32 £0.12 nM

Bmax= 78 + 8
fmol/mg protein

Kp=1.65+ 0.15 nM

Bmax= 65 + 6
fmol/mg protein

Table 2.2 Affinity (Ki) of typical adenosine agoniss versus A, Aza, Axg and

A3z ARs, in bovine fibroblast-like synoviocytes.

[*H]CHA [*H]CGS ["HIMRE [*H]AB-MECA
binding to 21680 binding | 2029F20 binding binding to
A1 ARs to Aoa ARS to Aog ARs A3z ARs
Ki (nM) Ki (nM) Ki (nM) Ki (nM)
CHA 35104 812+ 75 > 1000 837
NECA 22+2 8.4+0.8 156 £+ 17 36+4
CGS21680 740 £70 7.2+0.7 > 1000 985 + 90
CIl-IB-MECA 185 + 22 643 + 60 > 1000 23+0.2
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Figure 2.1: Bovine fibroblast-like synoviocytes irculture. Phase contrast (A)
and vimentin expression by immunofluorescence (B) utlei were

counterstained in blue with DAPI.
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Figure 2.2: Effect of increasing doses of TNle-and LPS on PGE production

in bovine fibroblast-like synoviocytes.
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** Indicates statistical significance (p<0.05)th& previous dose.
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Figure 2.3: Effect of AR agonists, in the presencef endogenous adenosine,
on basal (A), TNFa (B) or LPS (C) induced PGE production in bovine
fibroblast-like synoviocytes.
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* Indicates statistical significance (p<0.05) vaitrol.
° Indicates statistical significance (p<0.05) mBammatory stimuli
(TNF-o 10 ng/ml, LPS Lug/ml).
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Figure 2.4: Effect of increasing doses of ADA on P& production (A) and
cell proliferation/viability evaluated by MTT test (B).
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* Indicates statistical significance (p<0.05) vaitrol.
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Figure 2.5: Effect of adenosine agonists, in the psence of ADA (2 1U/ml), on
TNF-a (A) or LPS (B) induced PGE production in bovine fibroblast-like

synoviocytes.
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* Indicates statistical significance (p<0.05) vaittol.
° Indicates statistical significance (p<0.05) mBammatory stimuli
(TNF-o 10 ng/ml, LPS Lug/ml).
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Figure 2.6: Effect of adenosine agonists on contr@ind TNF-a (upper panel)

or LPS (lower panel) induced COX-2 expression.
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DISCUSSION

In this study we investigated how AR agonists, rigiodify PGE release in
bovine fibroblast-like synoviocytes treated with opnflammatory stimuli.
Saturation binding experiments confirmed the presest A, Aza, Ag and A
ARs in fibroblast-like synoviocytes (Varani et &0Q07, 2002). In agreement with
previous studies, TNE-and LPS induced an approximately 8-10-fold inceeas
PGE levels in fibroblast-like synoviocytes. In a firseries of experiments we
analyzed the effects of adenosine agonists in ttesepce of endogenous
adenosine. All the agonists had no effect on bB&#H, release, however, CHA,
NECA and CGS 21680 caused a significant inhibinonPGE increase induced
by TNF-« and LPS. These data indicate for the first time ittvolvement of A
and A ARs in the negative modulation of P&Eynthesis in fibroblast-like
synoviocytes. Cl-IB-MECA did not modify PGEroduction suggesting that the
activation of the A AR is not involved in the modulation of PgEynthesis. As
endogenous adenosine potentially could mask thectse¢ involvement of a
specific AR, we investigated the agonist effeceah the presence of ADA, an
enzyme capable to deplete adenosine levels bilisygo convert adenosine to
inosine (Tesh et al.,, 2004). The presence of AD&eaased basal PGHevels,
confirming the involvement of adenosine in moduigtiPGE production, a
finding consistent with the first series of expegims and with previous studies in
cartilage cells (Petrov et al., 2005). Furthercétis treated with TNF+and LPS,
CHA, NECA and CGS 21680 induced a stronger P@fibition than in the
absence of ADA; this can be explained by the irswdapotency of adenosine
agonists in comparison to adenosine. Collectively, results show that ;Aand
A.a ARs are involved in the inhibition of PGBproduction in fibroblast-like
synoviocytes. The similar effects on PQElease obtained by using NECA (non-
selective agonist) and CGS 21680{AMR agonist) suggest that, AAR are not
involved in this functional response. In additidhe lack of an effect of CI-IB-
MECA excludes a role for the ;AAR in modulating PGE production. The
canonical transduction pathway coupled toafdd Aa ARS include, respectively,
the inhibition and the stimulation of adenylate lage with consequent reduction
and increase in CAMP levels. As both &hd A agonists inhibited PGHelease

to a similar degree, this suggested that cAMP chsvgere not involved in the
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PGE inhibition. Therefore, as a positive control fdret adenylate cyclase
activation, we investigated the effects of forskpla direct activator of this
enzyme, on PGErelease. Forskolin increased PGEelease in stimulated
fibroblast-like synoviocytes confirming that the PGrelease inhibition observed
in our experiments was not linked to cAMP produttidghese findings are
consistent with the results described by Kojima aoevorkers (Kojima et al.,
2003)in human fibroblast-like synoviocytes. Other sigtrahsduction pathways,
activated by ARs, might be involved in the negatiregulation of PGE
production (Schulte and Fredholm, 2003; Ciccarellial., 2007). Finally, our
results show that the ability of adenosine agonistsnhibit PGE release is
mediated by a down-regulation of TNF- and LPS-induced COX-2 mRNA
expression. Worth of note, a similar effect is afstuced in human fibroblast-like
synoviocytes by known anti-inflammatory drugs (Fahet al., 200l The
pharmacologic PGEblockade by aspirin, NSAIDs and COX-2 inhibitorash
been a useful anti-inflammatory strategy for mdranta century, however, it is
known that the appearance of side-effects may liimét chronic use of these
drugs. The findings of the present study open negpectives to the control of
inflammation associated to joint diseases. It inéte that adenosine modulate
chondrocyte activities too. In cartilage cells, molgne and the A AR have been
involved in the inhibition of inflammatory and miatdegradative events (Tesh et
al., 2002, 2004jpromote anabolic activities and prevent cartilaggrddation (De
Mattei et al., 2003, 2004, 2007). Thus, previouseobations and the results of
this study suggest that adenosine analogs, mageadtiammation and cartilage
degradation in articular joints, by targeting bétiroblast-like synoviocytes and
chondrocytes. Indeed, in vivo, the separate abiftadenosine analogs to limit
joint destruction has been previously proven inratimodels (Ciombor et al.,
2003). In conclusion, our results add new relevdata in the analysis of
adenosine anti-inflammatory activities by showihg involvement of Aand Ax
ARs in the inhibition of fibroblast-like synovioms responses to inflammatory
stimuli. From a clinical point of view, the pharnodmgical modulation of
adenosine pathways might have relevant therappatential for the treatment of

joint inflammatory diseases.
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CHAPTER 3:

Expression and functional role of adenosine
receptors in regulating inflammatory responses

in human fibroblast-like synoviocytes.
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INTRODUCTION

Human fibroblast-like synoviocytes play a centrderin the pathogenesis of joint
destruction primarily by the secretion of a widenga of pro-inflammatory
mediators including cytokines, growth factors angbidl mediators of
inflammation. Pro-inflammatory agents produced yayaviocytes are detrimental
to articular cartilage in different joint diseasgsch as OA and RA (Abeles and
Pillinger, 2006; De Mattei et al., 2009). OA is ttim®st common form of arthritis,
and is the single most important cause of disahititolder adults (Benito et al.,
2005; Goldring et al., 2007). At the present theent recommended treatment of
OA involves weight loss, physical therapy and tlse of pain relievers (Altman
and Barkin, 2009). However these drugs do not sevéne degenerative process
in OA and show some adverse effect on cartilagabodism (Zhang et al., 2008).
Adenosine is a modulator which interact with foefl surface receptor subtypes
named as A Aza, Az and A ARs which are coupled to different G-proteins
(Burnstock, 2008). Aand A ARs, through Gi proteins, mediate inhibition of the
adenylate cyclase activity, whilst,A and Ag ARs via Gs proteins stimulate
cAMP production (Hasko et al., 2008). ARs modulatias an important role in
the regulation of the inflammatory processes (Palamel Trevethic, 2008; Ham
and Rees, 2008; Gessi et al., 2008). Understandowg cytokine release is
regulated endogenously can give important insightairious disease pathologies.
It is well known that MAPKs like p38 are involvedh icontrolling cellular
responses as the release of pro-inflammatory ayeski(Fotheringham et al.,
2004). The cell signaling pathways initiated by-prilammatory events converge
on activation of the NF-kB which drive cytokinesnscription and production
(Wen et al., 2006). Notably, p38 MAPK is one of tieases implicated in the
phosphorylation of NF-kB inhibitors (IkBs) (Westead Limburg, 2006). Once
phosphorylated, IkBs undergo polyubiquitination anlimately proteosomic
degradation, allowing NF-kB to enter the nucleud promote the transcription of
inflammatory genes, such as TNFand IL-8 (Barnes and Karin, 1997). A role of
adenosine in modulating bovine chondrocytes antblfilast-like synoviocytes
activity has been documented by previous studieowf group. In bovine
fibroblast-like synoviocytes ARs have been charasd from saturation,
competition binding experiments and western blgttamalysis (Varani et al.,

2008). Functional studies suggested an anti-inflatony effect relative to Aand
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Aoa ARs activation in LPS-induced PGEproduction mediated by a down-
regulation of TNFe and COX-2 mRNA expression (De Mattei et al., 2009has
been recently reported that in fibroblast-like syinoytes from RA patients, A
ARs are over-expressed and any Atimulation mediated a reduction in
inflammation as a decrease in NF-kB and TiNFelease (Ochaion et al., 2008).
Furthermore it has been demonstrated that in drfitecells or tissues adenosine is
a regulator of NF-kB and MAPK signalling throughetimteraction with their
receptor subtypes (Majumdar et al., 2003; Schuitk redholm, 2003; Jijon et
al., 2005). From this background, the aim of thisdg was to investigate the
presence of ARs in primary cultures of human filbmetlike synoviocytes cells
from OA patients by using mRNA and western blott@asgays. Saturation binding
experiments were performed to evaluate affinity)(lnd density (Bmax) of A
Aoa, Azg and A ARs. Affinity values (Ki) of adenosine agonistsdaantagonists
were determined by using competition binding experits. In order to complete
the pharmacological characterization, ARs werewatad from a functional point
of view. The effect of adenosine agonists and amtafs was investigated on
cAMP production. Moreover, we focused the involvemef ARs on the signal
transduction pathways including p38 MAPK and NF-KBBnsequently, the effect
of adenosine agonists on TNFand IL-8 secretion were analyzed. The capability
of adenosine antagonists to block the effect ofatlenosine agonists was also
carried out to better verify the involvement of ARBinally Gi, Gs and
phosphatidylinositide-3-OH kinase (PI3K) pathwaysrevinvestigated to study
ARs signalling.

MATERIALS AND METHODS

Subjects

Synovial tissues were obtained from patients wittl-stage OA undergoing total
joint replacement surgery. The diagnosis was basedlinical and radiological
criteria. Human samples were collected with appidoweformed consent in
accordance with the principles of the Declaratibielsinki. The study protocol
was approved by the local Ethics Committee of tiévérsity of Ferrara and the
subjects provided written consent after receivirejadled verbal and written
explanations of the study. All patients (n=35, F/BB/12; age: 63.7 £ 3.4 yrs)

enrolled in this study were recruited from the Drqpant of Biomedical Sciences
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and Advanced Therapies, Orthopaedic Clinic of theiversity Hospital of
Ferrara, Italy. Each patient underwent medical onyst physical examination,
electrocardiogram and routine blood tests. Meaeadis duration expressed as
years £+ SEM was 6 + 1. Regarding pharmacologicaagtny of OA,80% of the
enrolled patients were receiving non steroidal-aritammatory drugs (NSAIDs)

and 20% had no medications.

Cell culture

Primary lines of surface adherent fibroblast-like®viocytes were isolated by
enzymatic digestion of synovial tissues for 2-3 rsoat 37°C in DMEM
containing 1.5 mg/ml of collagenase type I-A andngy/ml of hyaluronidase
(Sigma-Aldrich, Milan, Italy). After digestion theells have been recovered by
centrifugation and plated in T25 culture flagkdiyashita et al., 2004). Human
fibroblast-like synoviocytes were maintained intaw in DMEM, 10% FBS,
penicillin (100 U/ml), streptomycin (10Qug/ml), L-glutamine (2 mmol/L),
passaged when reaching confluence and used atdh&lBpassages for binding
and functional experiments. CHO or HEK 293 celen#fected with human ;A
Aoa, Ag and A ARs were prepared as previously described. Membrane
preparation was performed prior of the competitisinding experiments as
previously described (Varani et al., 2000; 2005).

Human fibroblast-like synoviocyte characterization

Immunofluorescence with the primary monoclonal laodiy specific for the
human vimentin (Sigma Aldrich, St Louis, MO) wasedsto evaluate the
expression of vimentin, a fibroblasts marker, inmary cultures of human
fibroblast-like synoviocytes cells, as previouslgsdribed. Nuclei were stained
with the selective DNA dye, DAPI (0.1 mg/ml in PE&TA) for 10 minutes.
Fluorescence was visualized using the Nikon Eclipge 2000-E microscope
equipped with a digital camera DXM 1200F (Nikontinsnents, Firenze, ltaly).
To exclude the presence of contaminating macroghageendothelial cells,
fibroblast-like synoviocyte cultures have been wradl for CD14 and von-
Willebrand factor (VWF) expression by reverse tcaipgion polymerase chain
reaction (RT-PCR). Briefly, 2 pl cDNA have been difigd by specific
oligonucleotide primers for CD14 (for-5-CTG GAA @CGGC G-3’; revs'-
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AGC TGA GCA GGA ACC TGT GC-3’) and for vVWF (for-5rGG CCA GAC
CTT GCT GAA GA-3’; rev-5'-CCA TTA TGG AGA ATC ACC TC A-3).
Cycling parameters have been as follows: 1 mind8C9 1 min at the specific
annealing temperature (62°C for CD14 and 55°C iy, and 1 min at 72°C.
PCR product sizes are 405 bp for CD14 and 252 bp\Wit-. MRNA from human
macrophages and endothelial cells have been usagasitive control for CD14
and VWF expression respectively (Miyashita et2004).

RT-PCR experiments

Total cytoplasmic RNA was extracted by the acidmgdiaium thiocyanate phenol
method. Quantitative real-time RT-PCR assay (Getsal., 2004) of A Aza, A
and A MRNAs was carried out using gene-specific fluoeedy labelled
TagMan MGB probe (minor groove binder) in a ABI gPni 7700 Sequence
Detection System (Applied Biosystems, Warringtorestiire, UK). For the real-
time RT-PCR of A, Aza Asgand A; adenosine receptors the assays-on-defifand
Gene expression Products NM 000674, NM 000675, AbB6@6 and NM 000677
were used respectively. For the real-time RT-PCRthef reference gene the
endogenous control human GAPDH kits was used, lamgrobe was fluorescent-
labeled with VIC™ (Applied Biosystems, Warrington Cheshire, UK). Genic
contamination was ruled out by including an RT-riegasample in each PCR set

as a control.

Western blotting analysis

Human fibroblast-like synoviocytes were washed vigi-cold phosphate buffer
saline containing sodium orthovanadate 1 mM, 4&(#noethyl)-benzenesulfonyl
fluoride 104 mM, aprotinin 0.08 mM, leupeptin 2 mbkstatin 4 mM, pepstatin
A 1.5 mM, E-64 1.4 mM (Sigma Aldrich, St Louis, M@ells were then lysed in
Triton lysis buffer and the protein concentratiomswdetermined using BCA
protein assay kit (Pierce, Rockford, IL). Aliquaiktotal protein sample (509)
were analyzed using antibodies specific for humanAda Azs and A ARs (1
pg/ml dilution, Alpha Diagnostic, San Antonio, TAhdP-p38 (1ug/ml dilution,
Cell Signaling Technology, Danvers, MA) (Merighi &., 2002). Filters were
washed and incubated for 1 hour at room temperatitheperoxidase-conjugated
secondary antibodies (1:2000 dilution). Specifiacteons were revealed with
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Enhanced Chemiluminescence Western blotting detectreagent (GE
Healthcare, UK). Western blotting assays were alsomalized against the

housekeeping protefsractin.

Saturation and competition binding experiments to ARs

To obtain membrane preparation the culture medias ®emoved and the cells
were washed with PBS and scraped off T75 flaskearcold hypotonic. The cell
suspension was homogenized by using a Polytrortriftegged for 30 min at
100000 g and used in the saturation and competitioiling experiments.
Saturation binding experiments on human fibroblist-synoviocyte membranes
were performed by usindH]-DPCPX, PH]-ZM241385,[°*H]-MRE 2029F20 and
[*H]-MRE 3008F20 as radioligands to study the presasfcA;, Asa, Asg and A
ARs, respectivelyBriefly, these radioligands at different concentrations1(20
nM or 0.01-30 nM) were incubated with 1§ of protein per assay of membrane
suspension for 90 min at 25°C4(AR) or 60 min at 4°C (A and Ag ARS) or
150 min at 4°C (AAR). Competition binding experiments of 1 nRH|-DPCPX,
[*H]-ZM 241385, PH]-MRE 2029F20 and®H]-MRE 3008F20 were carried out
to determine the A Aza, Azg and A ARs affinity values of the selected adenosine
agonists and antagonists, respectively. In thesayashuman fibroblast-like
synoviocyte membranes (100 pg protein per assaxg imeubated with different
concentrations of the examined agonists CHA, CGBQ1LNECA, CI-IB-MECA
and antagonists DPCPX, SCH 58261, MRE 2029F20 aRdE NAOO8F20. Non
specific binding was determined in the presenc®BCPX, ZM 241385, MRE
2029F20 or MRE 3008F20 at the .MM concentration, respectively and was
always < 25% of the total binding. Similar expermteewere also performed by
using A, Aoa, Azs and A adenosine agonists such as CHA, CGS 21680, NECA
and CI-IB-MECA at the UM concentration, respectively and was always < 30%
of the total binding. At the end of incubation tiniund and free radioactivity
were separated by filtering, in a Brandel cell legter, the assay mixture through
Whatman GF/B glass-fiber filters. The filter bouradlioactivity was counted in a
liquid Scintillation Counter Tri Carb Packard 250& (Perkin-Elmer Life and
Analytical Sciences, Boston, USA). Similar competit binding experiments

were performed in CHO cells transfected with hurdan A, or A3 ARs and
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AsHEK 293 cells with the aim to evaluate affinity asélectivity of adenosine

agonists and antagonists used in functional assays.

Measurement of CAMP levels

Human fibroblast-like synoviocytes (16ells per sample) were suspended in 0.5
ml incubation mixture Krebs Ringer phosphate buffeontaining adenosine
deaminase 1.0 IU/ml (Sigma, St Louis, MO) and prebated for 10 min in a
shaking bath at 37°C. Then the effect of seleatdehosine agonists was studied
by using CHA, CGS 21680, NECA and CI-IB-MECA at M|concentration. To
better investigate the inhibitory effect of CHA a@#IB-MECA the cells were
also incubated with forskolin (JuM) and/or Ro 20-1724 (0.5 mM) as
phosphodiesterase inhibitor;,AA2a, A2s and A selected adenosine antagonists
as DPCPX, SCH 58261 MRE 2029F20 and MRE 3008F2Ghatl1 puM
concentration were also used to verify the speaifiolvement of these subtypes
in CAMP production. The final aqueous solution wasted to evaluate cAMP
levels by using a competition protein binding assét [*H]-CAMP. At the end

of the incubation time (150 min at 4°C) and aftee addition of charchoal the
samples were centrifuged at 2000 x g for 10 min thedclear supernatant was
counted in a liquid Scintillation Counter Tri Cdlackard 2500 TR (Perkin-Elmer
Life and Analytical Sciences, Boston, USA).

NF-kB activation

Nuclear extracts from human fibroblast-like synayi®s were obtained by using
a nuclear extract kit (Active Motif, Carlsbad, US#)lowing the manufacturer’s
instructions. The NF-kB activation was evaluated datecting phosphorylated
p50 and p65 proteins in nuclear extracts by udwegliransAM NF-kB kit (Active
Motif, Carlsbad, USA). Phosphorylated NF-kB subsirspecifically bind to the
immobilized oligonucleotides containing the NF-kBonsensus site (5'-
GGGACTTTCC-3). The primary antibody used to detdiéi-kB recognized an
epitope on each subunit that is accessible onlynvdwivated and bound to its
DNA target. A horseradish peroxidase (HRP)-conjedasecondary antibody
provided a sensitive colorimetric readout that waguantified by

spectrophotometry at 450 nm.
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TNF-a and II-8 release
TNF-a and II-8 levels were measured in human fibrobli&st-synoviocytes by
using a highly sensitive enzyme linked immunosotizamsay (R and D Systems,

Minneapolis, USA) in accordance with the manufaatsrinstructions.

Data and statistical analysis

The protein concentration was determined accortting Bio-Rad method with
bovine albumin as reference stand@édadford MA, 1976). A weighted non
linear least-squares curve fitting program Ligarebwsed for computer analysis
of saturation and competition binding experimemsiifson and Rodbard, 1980).
Functional experiments were calculated by non limegression analysis using
the equation for a sigmoid concentration-responseec(GraphPAD Prism, San
Diego, CA, USA). Analysis of data was performedregeated measures analysis
of variance (ANOVA) followed by Bonferroni test thavas used for multiple
comparisons of data sedsd was considered significant at a value of p<QAi2
data are reported as mearSEM of independent experiments. Each experiment
was performed by using the fibroblast-like synoyies derived from one single
donors, and was done in duplicate (for binding expents) or in triplicate (for
functional experiments). The experiments wexpeated at least 3 or 4 times as
indicated from n values that showed the numbeiatiepts used.

RESULTS

Phenotype characterization of human fibroblast-likesynoviocytes

Cells isolated from synovial of OA patients showkx be a homogenous
population as demonstrated by their fibroblast-likerphology (Figure 3.1A).
Primary cultures of human fibroblast-like synovitey cells also showed the
expression of vimentin, a specific cellular marlier mesenchymal cells and
fibroblast-like synoviocytes (Figure 3.1B). RT-P@Rta showed that, under our
experimental conditions, mRNA for CD14 and VWF wemet amplified,
suggesting the absence of macrophage and endbthellacontamination in
fibroblast-like synoviocytes cell cultures (Figla.C).
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Evaluation of ARs mRNA expression and protein level

Figure 3.2A shows adenosine mRNA in human fibrdHi&e synoviocytes by
using real-time quantitative RT-PCR. The presenalyais performed with
primers specifically designed for the various ckbriruman ARs revealed the
expression of A Aoa, Azg and A mMRNA. In particular, high levels of A and A
MRNA were found in human fibroblast-like synoviceyt The presence of ARs
was also confirmed by western blot analysis (Figsi2B). In human fibroblast-
like synoviocytes A, and A3 ARs were present with a higher expression than A

and A ARs as demonstrated by densitometric analysisrtegpa figure 3.2C.

Saturation and competition binding experiments

Saturation binding experiments in primary culturafs human fibroblast-like
synoviocytes membranes were performed to evaluéitetya (K p) and receptor
density (Bmax) of ARsFigure 3.3A illustrate saturation binding curvekitige to
A1, Aza, Ao and A3 ARs showing affinity in the nanomolar range anfledent
receptor density. Scatchard plot analysis revetilegpresence of an high affinity
binding site as suggested by the linearity of ihed (Figure 3.3B). Computer
analysis of the data failed to show a significaruggter fit to a two site than to a
one site binding model, indicating that in our expental conditions is primarily
present one class of high affinity binding sitengpetition binding experiments to
A1, Aza, Aog and A3 ARs by using selected adenosine agonists and @mitdg in
human fibroblast-like synoviocytes membranes werdopmed (Figure 3.4). As
expected, CHA and CI-IB-MECA showed biphasic contjet binding curves
versus A and A ARs, respectively as suggested by a significanéiger fit to a
two site binding model and by an Hill coefficiemsss than unity (0.54 and 0.63,
respectively). Their competition binding curves &ebest described by the
existence of one high affinity (§ and low affinity (K.) agonist-receptor binding
state (Figure 3.4A,D). Moreover, CGS 21680 and NEAg@nists revealed good
affinity values versus A and Ag ARs confirming a tight coupling between the
receptors and G protein. For CGS 21680 and NECA cHefficients were close
to unity excluding the involvement of multiple cdung affinity states (Table 3.1).
In addition, competition binding experiments wersoacarried out studying
selected adenosine antagonists as DPCPX, SCH 5BH#E,2029F20 and MRE
3008F20 revealing Ki values in the nanomolar rafigeble 3.1). The affinity of
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the adenosine agonists and antagonists versus hAmakpa, Azs and A3 ARsS
expressed in CHO or HEK 293 cells was reported @mdpared with human
fibroblast-like synoviocytes in Table 3.1. CHA shexvan high affinity versus ;A
AR similarly to those obtained in human fibrobldke synoviocytes. Our
experimental data revealed a good affinity of CA88D and NECA versus,A
AR. CI-IB-MECA presented a very high affinity vesshuman A AR. DPCPX,
SCH 58261, MRE 2029F20 and MRE3008F20 showed andfiiity versus A,
Aoa, Aog and A3 ARs, respectively (Table 3.1). The high affinity human
fibroblast-like synoviocytes of these adenosineagonists confirmed the binding
with Aj, Aoa, Azs and A ARS, respectively (Table 3.1).

CAMP assays

The A and Ag ARs are coupled to stimulation of adenylate cyclase Gs
proteins which mediates an increase of CAMP pradaocCGS 21680 and NECA
at the 1 pM concentration were able to mediategaifsiant increase in cAMP
formation reaching 65-90 pmoles per® Ills, respectively. The presence of a
selective Aa antagonist as SCH 58261 demonstrates a compldtectren in
CAMP production (Figure 3.5A). MRE 2029F290 apsAadenosine antagonist,
was only able partially to inhibit NECA-stimulatedAMP levels because of the
dual effect of NECA as stimulatory agent fogpfand AgARs (Figure 3.5A). The
effect of A, and A3 agonists as CHA and CI-IB-MECA (1 uM) was evaldaite
the presence of 1 uM forskolin and Ro 20-1724 (@M). This experimental
condition was chosen for the low basal levels (@5g2nol CAMP per assay)
which hamper the evaluation of a direct inhibitaffect. In our experimental
conditions CHA and CI-IB-MECA were able to decrea®dVP levels by 70%.
DPCPX was not able to abrogate completely the itdnip effect of CHA
probably for A AR activation. On the other hand, MRE 3008F20 béackhe
inhibitory effect induced by the selectiveg Agonist.

p38 MAPK activation

Western blotting analysis showed that LPS (10 pgAvds able to increase

phospho-p38 levels of 72% in comparison to basedl$e All adenosine agonists

investigated at the 100 nMoncentration were not able to significantly modify

phospho-p38 levels (data not shown). Interestingtythe 1 pMconcentration
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adenosine agonists such as CGS 21680 and NECA waele to inhibit

significantly in a similar way the LPS-stimulategpB8 levels (Figure 3.6A,B).
Moreover, CI-IB-MECA (1 uM) was also able to inhilthe LPS-stimulated P-
p38 levels although in a minor extent (Figure 3BA,SCH 58261 and MRE
3008F20 blocked the inhibitory effect of CGS 21688d CI-IB-MECA,

respectively. On the contrary, MRE 2029F20 was alade to abrogate NECA
effect probably due to the persistenfsAand A NECA modulation. CHA (1 puM)
in the absence and in the presence of DPCPX (1 pad) no effect in the

modulation of P-p38 levels suggesting thatAR were not implicated.

NF-kB activation in human fibroblast-like synoviocytes

NF-kB levels were evaluated studying p50 (Figur@A3.and p65 (Figure 3.7B)
subunits activation. In primary cultures of humalordblast-like synoviocytes,
adenosine agonists examined were not able to dectka LPS-stimulated NF-kB
levels at a concentration of 100 nM with the eximptof Cl-IB-MECA that
mediated a reduction in p50 and p65 levels by 3%atand 24 + 3%, respectively
(p<0.05). All adenosine agonists investigated atlthuMconcentration were able
to inhibit the LPS-stimulated NF-kB levels. The iimtory effect of CHA was
reverted only by the Aantagonist MRE 3008F20. In addition, SCH 58261, bu
not MRE 3008F20, was able to block the reductiolBfkB levels mediated by
CGS 21680 because of the high or low affinity a$ thgonist for Ax AR or Ag
AR, respectively (Table 3.1). The inhibitory effecf the adenosine agonist
NECA was partially blocked (p<0.05) only by SCH 6&2and MRE 3008F20
suggesting the involvement obAand A ARs. Interestingly, the effect of NECA
was completely abrogated by the simultaneous inaubavith SCH 58261 and
MRE 3008F20. The reduction in p50 and p65 activatioediated by CI-IB-
MECA was reverted only by MRE 3008F20 and not byHSEB261. This effect
was most likely due to the low affinity of the;Agonist, CI-IB-MECA for Aa
AR (Table 3.1, Figure 3.7 A,B).

TNF-a and IL-8 production

In human fibroblast-like synoviocytes the effect aflenosine agonists and
antagonists on TNEk-(Figure 3.8A) and IL-8 (Figure 3.8B) release waaleated
in the presence of LPS 10 pg/ml. Of the agonistamered at 100 nM
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concentration only CI-IB-MECA was able to decreaggificantly TNFea and
IL-8 production by 35 + 3% and 28 + 2%, respecyv@l<0.05). All adenosine
agonists investigated at 1 uM concentration wele tabsignificantly inhibit LPS-
stimulated release of TNé&-and IL-8. The inhibitory effect of CHA was
counteracted by MRE 3008F20 and not by DPCPX or $S8261 suggesting the
involvement of A ARs (Table 3.1). The effect of CGS 21680 was dibcked
by SCH 58261 and not by MRE 3008F20 probably bexafishe low affinity of
CGS 21680 for A AR. NECA was able to significantly decrease the 1PS
stimulated release of TNé&-and IL-8, an effect blocked by SCH 58261 or MRE
3008F20 (p<0.05), but not by DPCPX or MRE 2029Fte simultaneous use of
SCH 58261 and MRE 3008F20 completely reverted titebitory effect of
NECA (p<0.01). Finally, only MRE 3008F20 was abteabrogate the effect of
CIl-IB-MECA on TNF- and IL-8 release.

Modulation of Gi, Gs and PI3K proteins

To determine whether the Gi pathway or phosphatidgitide-3-OH kinase
(PI3K) was involved in A AR responses, human fibroblast-like synoviocytes
were preincubated with the Gi inactivator pertussisn (100 ng/ml) for 2 h or
with the PI3K inhibitor LY294002 (25 uM) for 20 misnd then stimulated with
CI-IB-MECA (1 pM). The preincubation with pertusgaxin did not modify the
Cl-IB-MECA-mediated inhibition of P-p38, NF-kB p5fr p65, TNFe and IL-8
levels. In contrast, LY294002 incubation completabplished the inhibition of P-
p38, NF-kB p50 or p65, TNE-and IL-8 levels by CI-IB-MECA. These data
suggest that the #ARs signals through a PI3K pathway (Table 3.2)oidder to
verify whether the Gs pathway was involved ign Aunctional responses, human
fibroblast-like synoviocytes were incubated withdiaect activator of adenylyl
cyclase activity, forskolin (1 uM). This compounésvable to reduce P-p38, NF-
kB p50 or p65, TNFe and IL-8 levels suggesting the involvement of cAMP

Aoa-mediated responses (Table 3.2).
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Table 3.1. Affinities expressed as pKi values of Wl&known adenosine

agonists and antagonists in CHO or HEK 293 cells pxessing human A,

Aoa, Agg Or AsARs and in human fibroblast-like synoviocytes.

[*H] DPCPX [°*H] ZM 241385  [°*H] MRE 2029F20 [°H] MRE 3008F20 Human synoviocytes
Compounds binding to binding to binding to binding to
hACHO cells hA,CHO cells hA;sHEK 293 cells hAsCHO cells
pKu, pKL or pKi pKi pKi pKu, pKL or pKi pKi 1]
CHA 8.96+0.04 6.09+£0.03 4.38:0.02 7.190.05 9.08+0.03 0.54+0.05
6.76%x 0.03 557+ 0.04 6.94+£0.04
CGS 21680 >5.3 7.92+ 0.03 >5.3 5.91+0.04 7.55 0.08 1.04t0.09
NECA 7.70£ 0.04 8.08t 0.04 6.74t 0.03 7.44-0.05 7.02:0.04 0.91+0.08
CI-IBMECA >5.3 6.19+ 0.04 >53 8.89+0.05 9.04+0.04 0.63:0.05
6.80+ 0.04 7.06+£0.03
DPCPX 8.80+£0.03 6.580.04 7.40t0.04 5.94+ 0.06 8.65:0.06 1.14+0.10
SCH 58261  6.26+ 0.04 8.60t 0.05 >5.3 >5.3 8.56+ 0.03 1.06t0.09
MRE 6.55%+ 0.03 >5.3 8.46x 0.05 >5.3 8.57+0.06 1.11+0.11
2029F20
3%2"520 593+ 0.04 6.7220.03 5.83:0.03 9.05+ 0.05 8.55: 0.04 0.99:0.08

Affinity values are represented aspiK, and pKi values; = Hill coefficient.
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Table 3.2: Modulation of Gi,

PI3K and

Gs pathways in different

inflammatory responses on human fibroblast-like syoviocytes.

pertussis toxin LY294002

(100 ng/m1) (25 pug/ml) Forskolin

LPS Cl-IB-MECA Cl-IB-MECA Cl-IB-MECA (1 pg/ml)
(10 pg/m) (1 pg/nt) (1 pg/ml) (1 pg/ml)

P-p38 172+ 10 135+ 6° 133+ 7 175+ 8¢ 128+ 8°
NF-kB (p50) 169+ 14 110+ 12° 104+ 10 173+ 13¢ 109+ 9°
NF-kB (p65) 353+ 14 234+ 12° 242+ 13 338+ 14¢ 226+ 11°

TNF-a 358+ 21 128+ 13° 134+ 12 344+ 199 136+ 14°

IL-8 455+ 20 262+ 11° 278+ 15 437+ 221 287+ 14°

The data are expressed as % of contr@EM. ? p<0.02 versus LPS: p<0.01

versus LPS¢ p<0.02 versus Cl-IB-MECA? p<0.01 versus CI-IB-MECA.
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Figure 3.1: Culture of human fibroblast-like synoviocytes. In A, phase
contrast and in B vimentin expression by immunofluoescence. Nuclei were
counterstained in blue with DAPI. Original magnification, x200. In C CD14
and VWF mRNA expression in macrophages (MC), endodiial cells (EC) and

in fibroblast-like synoviocytes (S).
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Figure 3.2: mRNA expression of ARs (A) and represedative western blotting
analysis (B) in human fibroblast-like synoviocytesDensitometric analysis for

ARs were also shown (C).
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Figure 3.3: Saturation curves (A) and Scatchard plb(B) of [*H]DPCPX,
[*H]ZM 241385, PH]MRE 2029F20, FPH]JMRE 3008F20 binding to A;, Asa,
A.s and A3 ARs in human fibroblast-like synoviocytes, respectely.
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Figure 3.4: Affinity values of selected A A,a, Azs and Ag adenosine agonists
and antagonists obtained by using competition bindig experiments versus
A1 (A), A2a (B), As (C) and As (D) ARs.
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Figure 3.5: Stimulatory effect on cAMP levels of CG 21680 and NECA in the absence
and in the presence of SCH 58261 and MRE 2029F2@&spectively (A). Inhibitory effect
of CHA and CI-IB-MECA in the absence and in the prsence of DPCPX and MRE

3008F20, respectively (B).
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Figure 3.6: Western blotting analysis of P-p38 in the absencend in the
presence of LPS. The effect of examined adenosingoaists and antagonists
was also evaluated (A). Densitometric analysis ohé¢ bands obtained were
also shown (B).
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Figure 3.7: Effect of adenosine agonists and antagists in human fibroblast-
like synoviocytes on NF-kB activation which was evaated by detecting
phosphorylated p50 (A) and p65 (B) proteins in nuelar extracts.
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Figure 3.8: TNF-a (A) and IL-8 (B) levels in human synoviocytes inantrol conditions

and stimulated by LPS (10 pg/ml). TNFa and IL-8 levels were also calculated in the
presence of adenosine agonists and antagonists.
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DISCUSSION

Chronic inflammatory processes are based on aisadtandtightly regulated
communication network among different cdilpes. It is generally accepted that
fibroblast-like synoviocytes have a key functiontive development of sustained
inflammation in joint diseases such as OA. Theodagly of OA is multifactorial
and includes the release of both systemic and loicghemical factors (Peat et
al., 2001). Recently, growing evidence suggest $lyabvial inflammation have
an important role in the pathophysiology of OA edniting to signs and
symptoms of the disease (Liu et al., 2009; Suttoal.e 2009). The activation by
inflammatory stimuli of fibroblast-like synoviocydemediate the production of
different chemokines, cytokines and matrix metalbdginases (Georganas et al.,
2000; Nanki et al., 2001). There is growing evidertbat pro-inflammatory
mediators could play critical roles in the devel@mm of inflammation and
damage in joint tissues (Wen et al., 2006; Inous.e2005). Several studies have
indicated that adenosine, via stimulation of itgeggors, is involved in the
modulation of inflammatory processes (Palmer anevdthic, 2008; Ham and
Rees, 2008; Gessi et al., 2008). In particulan AR agonists inhibit cartilage
damage when used in the treatment of septic asthiby diminishing IL-8
expression and reduce rat adjiuvant induced aghf@ohen et al., 2005). In
fibroblast-like synoviocytes the selective involvemh of A and A ARs in the
immunomodulatory actions of methotrexate has béatied (Montesinos et al.,
2003; Cronstein, 2005). Recentlyz AR stimulation inhibits human fibroblast-
like synoviocytes growth and the inflammatory masiations of arthritis
(Ochaion et al., 2008). The purpose of the prepaper was to document the
expression and the binding parameters f Ava, Aog and A ARs in human
fibroblast-like synoviocytes derived from OA patienARs are coexpressed in
these cells and were investigated through mRNA temesblotting analysis and
saturation binding experiments. To exactly quantifg affinity and density of
ARs, saturation binding studies were performedhiman synoviocytes ARs
affinities (Kp, nM) were in the nanomolar range and the recegeasities (Bmax,
fmol/mg protein) were from 125 to 287 fmol/mgotein. No data are present in
literature on the ARs binding parameters in hunibroblast-like synoviocytes.

Moreover, binding and functional characterizatioaswpreviously performed in
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bovine fibroblast-like synoviocytes. In these celdRs affinity was similar in
nanomolar range to those observed in human fibstlike synoviocytes. ARs
density was higher in human than bovine fibrobl&st-synoviocytes (Varani et
al.,, 2008). The competition binding experiments haman fibroblast-like
synoviocytes were performed with the aim to calkauthe affinity of adenosine
agonists and antagonists which have been alsoestudifunctional assay#\s
expected, competition offi] DPCPX and H] MRE 3008F20 by increasing
concentrations of CHA and CI-IB-MECA, respectivedvealed two binding sites
for these agonists probably due to the presendsvafdifferent high and low
receptor affinity states. On the contrary, competit binding curves with
antagonists were monophasic (Varani et al., 200@righi et al., 2001). In
addition, competition of*H] ZM 241385 and3H] MRE 2029F20 by increasing
concentrations of CGS 21680 and NECA, respectishlywed simple inhibition
curves excluding the involvement of multiple affinstates because of the tight
coupling between AARs and Gs proteins (Varani et al., 1998; Gesal.eP005).
Affinity values of adenosine agonists and antagenigersus human ARS
expressed in CHO or HEK 293 cells were closely lsimio those obtained in
human fibroblast-like synoviocytes. CGS 21680 atdBaIMECA were selective
versus Aa and A ARs, CHA was able to interact with;Aand A ARs whilst
NECA bound all ARs. The adenosine antagonists, DEGCH 58261, MRE
2029F20 and MRE 3008F20 chosen in this study deetsee versus A Agza, Azs
and A ARs, respectively. Another purpose of the prestrtyswas to investigate
the ARs functional activities in human fibrobla#tel synoviocytes where
adenosine agonists and antagonists were able tolateccAMP production. As
expected CGS 21680 and NECA stimulated adenylylasgcactivity whereas
CHA and CI-IB-MECA decreased cAMP production. Theskenosine agonist
effects have been blocked by selected antagonigtstiae aim to discriminate
selectively the involvement of specific ARs. Thetsa are in agreement with
those reported in human or bovine fibroblast-likeaiocytes where & and Ag
ARs are coupled positively to adenylyl cyclase valasrA and A ARs are linked
to Gi proteins and inhibit cAMP production (Boylé &., 1996; Varani et al.,
2008). There is a large body of evidence suggesliag p38 MAPK represents
one key signal transduction pathwaucial forthe induction and maintenance of

chronic inflammation (Westra and Limburg, 2006).isThetwork comprises the
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extracellular mediators such aytokines, chemokines and matrix-degrading
proteases whichrchestrate the participation of the cells in cliwanflammatory
process (Karin, 2005). The mirrors of this outsiEmmunication world are
intracellular transcription factor pathways such B&-kB, which shuttle
information about inflammatory stimuli to the cell nucleus (Roantz and
Baltimore, 2002). To address this issue, p38 MAR#ivation was studied
following ARs modulation in human fibroblast-likgrsviocytes. We found that
the stimulation of Ay and A ARs by using CGS 21680 and CI-IB-MECA,
respectively mediated a significant decrease of ph®sphorylated, hence
activated form of p38 MAPK. In literature are pnesdéew papers on human
fibroblast-like synoviocytes and functional respomg ARs (Boyle et al., 1996;
Ochaion et al., 2008). On the other hahdse data are in agreement with those
previously reported in human pro-monocytic U937Iscelhere CGS 21680
decreased phospho-p38 protein levels (Fotheringbairal.,, 2004). It is well
known that phospho-p38 acts as a kinase implidatéae phosphorylation of the
NF-kB inhibitors 1kB, allowing the p50 and p65 suiits to enter the nucleus and
promoting the transcription of inflammatory genesherefore, we have
investigated the effects of adenosine agonists artdgonists on p50 and p65
subunit levels in the nuclear extract of humandiiast-like synoviocytes. Our
data demonstrated that adenosine agonists werd¢catdduce p50 and p65 levels
primarily through the involvement of A and A ARs as revealed by the use of
adenosine antagonists. In particular, the effed€ld, that bind A and A ARs
with high affinity and Aa ARs with low affinity (Table 3.1), was reverted gy
the Ag antagonist MRE3008F20 and not by theaktagonist DPCPX excluding
the involvement of A ARs. The effect of the A agonist CGS 21680 was
reverted by the selective,Aantagonist SCH 58261, confirming the involvement
of Aza AR in the reduction in p50 and p65 levels. The hitory effect of the
adenosine agonist NECA was only abrogated by SG65&nd MRE 3008F20,
but not by the A antagonist DPCPX or the A antagonist MRE 2029F20,
demonstrating the involvement obAand A3 ARs but not of Aor A;g ARs. The
direct role of A AR in the down-regulation of nuclear NF-kB levels wagher
confirmed by the inhibitory effect of the ;Aagonist CIl-IB-MECA that was
completely abrogated by the Antagonist MRE 3008F20.
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The present data strongly support several piecegvadence performed in
different cellular models such as murine microgtiells, mouse macrophages and
leukemic cell line indicating that adenosine and particular A, and A
stimulation mediated the inhibition of NF-kB (Le¢ &., 2006; Martin et al.,
2006; Majumdar and Aggarwal, 2003). The transasipfiactor NF-kB represents
a major component of the TNEgene activation machinery and its activation is
necessary for TNe- production. In our study we found that the supgices of
TNF-o release was mediated bysfand A ARs. Our data are in agreement with
those previously reported by several authors shpwirat A, and A ARs
mediated a reduction of TN&production (Hasko et al., 1996; Szabo et al., 1998
Hasko et al., 2000; Mabley et al., 200Bhis reduction of TNFe levels could be
explained as a direct inhibition of NF-kB, thusadtanscriptional level (Lee et al.,
2006). Alternatively, it is also possible thatsfand A ARs-mediated inhibition
of TNF-u production is closely associated with p38 MAPK ttiies been
proposed to be a key regulator of TMFARNA stability and protein translation
(Fotheringham et al., 2004). The cell signallingthpaays initiated by pro-
inflammatory events converge on the activation28 pnd NF-kB which are also
implicated in the regulation of IL-8 expression,catical mediator of tissue
inflammation. As a result of p38 and NF-kB inhibiti Ao and A3 ARS
stimulation resulted in a decrease of IL-8 produttiPrevious contrasting studies
obtained in different cells have reported that adere acts as a positive or
negative regulator of IL-8 suggesting that thigodisty of the effect could be in
part explained by the presence of different tacgés or tissues (Jijon et al., 2005;
Murakami et al., 2001). To better investigate tbke of G proteins in A or As
ARs functionality, selective experiments were parfed with the aim to evaluate
the effect of CI-IB-MECA in the presence of Gi ot or PI3K inhibitors. We
found that the Armediated reduction in NF-kB activation and cyt@direlease
was not affected by the block of Gi proteins bulydoy the inhibition of PI3K
suggesting that, for these responsesAR signals through a PI3K pathway. In
contrast, the A AR-mediated reduction of inflammatory responses wast
likely due to the activation of Gs protein and e tincrease in CAMP levels, as
demonstrated by the use of adenylyl cyclase daetvator forskolin that leads to
similar responses to those obARs. Clearly, further studies will be needed

regarding the differential roles of other MAPKs atrdnscription factors on
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various inflammatory mediators to delineate the maetsms underlying cytokine
production by adenosine signalling. In conclusitwe, novel findings of this study
in human fibroblast-like synoviocytes from OA patie are represented by the
presence of ARs that are also quantified by higklgof density. The functional
results revealed the direct involvement ofsAand A ARs in the inhibition of
inflammatory cascade in human fibroblast-like syinoytes. Taken together these
results suggest that ARs could represent potetiiedapeutic pharmacological

target in the complex pathways regulating inflanmonatprocesses in joint
diseases.
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CHAPTER 4:

Binding thermodynamic characterization of

human P2X; and P2X; purinergic receptors.
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INTRODUCTION

P2 purinergic receptors are divided in two subfasil G-protein coupled (P2Y)
and ligand-gated ion channels (P2X). In mammaliagllsc eight P2Y
(P2Y124611121304 7 homomeric P2X (P2X) and four heteromeric (P2,
P2Xy5, P2X6, P2Xy) receptors have been cloned and characterized
pharmacologically (North, 2002). Both of these ptoe families are activated by
the presence of extracellular ATP, an importanalaegulatory factor under
physiological, inflammatory and neuropathic paimditions (North et al., 2000;
Burnstock, 2006; Sawynok, 2007). Briefly, P2X redoep are abundantly
distributed, and functional responses have beemrtep in neurons, glia,
epithelia, endothelia, bone, muscle and hemopoteisties (Khakh and North,
2006). The widespread expression of P2¥ceptors suggests that ATP may
contribute in various pathophysiological conditigBsirnstock and Knight, 2004).
P2X; receptors have been found primarily localisedpecgic subsets of sensory
nociceptor neurones, and there is now much evidérateP2% homomeric and
P2X3 heteromeric receptors in sensory pathways aréviestan neuropathic and
chronic pain (Kennedy, 2005; Jarvis, 2003). Phaoiogical methods and
manipulations, that can differentiate between Paid P2X receptors, could be
very useful in the development of PXr P2X receptor-specific ligands
(Abbracchio and Williams, 2001; King and Notrh, PPOThis is especially
important because the rapidly desensitising kisedind the agonist and antagonist
pharmacology of these two P2X receptors are rerbérkaimilar to each other
(North, 2000; North, 2002; Burnstock, 2006). ATmdathe ATP analogues,
BzATP, 2meSATP andpmeATP show equipotent agonist profiles at P2xXd
P2X; receptors (Jacobson et al., 2002). Consideraldagds in binding affinity
of purinergic antagonists are also reported prgbdbk to the little information
available with respect to the regions of the remejivolved in antagonist binding
(North, 2000, 2002). More recently, a submicromadéiinity, non-nucleotide
antagonist, A 317491, has been described whichoi® than 100-fold selective
for P2Xs/P2X;3receptors over P2)¢eceptors in electrophysiological and calcium
flux functional assays (Jarvis et al., 2004; Budget al., 2000). Radioligand
binding techniques have had limited success in eugdfftiating between

endogenous or recombinant P2X receptors, probalytd the lack of highly
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selective and potent ligands (Jacobson et al., )200Be ATP bioisosteres,
[*H]aBmeATP, f°S]JADPBS and {°S]JATPYS have been used in ligand-binding
studies of purinergic receptors in various tissaeds recombinant expression
systems (Jarvis et al., 2004; Bo and BurnstockQ188chel et al., 1995, 1996;
Schafer and Reiser, 1997). In spite of the problassociated with the use of
these radioligands, information obtained from sfpedinding assays has long
proved invaluable for screening potential drug codaieds, for basic
pharmacological characterization of receptor suetypnd for identification of
signal transduction pathways. It can be of intetesobtain determinations of
drug-receptor binding association f)Kand dissociation (1/Kor Kp) constants
over a range of temperatures, in contrast to thglesipoint temperature assays,
which add significant information on the molecutaechanisms involved in the
drug-receptor interaction (Borea et al., 2000).ebaination of K or Kp values
makes it possible to calculate the standard freegy\G° = -RtInKy = RTInKp
(T=298.15 K), but not its two components, the aftilm standard enthalpy
(AH° ) and entropyX&S°) as defined by the Gibbs equat@°® = AH® -TAS®. As

a consequence, van't Hoff plot analysis was peréatno obtain I values over a
range of temperatures and to obtain the thermodiyngmms of this equation.
From such analysis, it is generally proposed thaindard enthalpy is a
guantitative indicator of the changes in intermaolac bond energies, such as
hydrogen bonding and van der Waals interactionsymimig during the binding.
In addition standard entropy can be considereddicator of the rearrangements
undergone by the solvent, normally water molecutksjng the same process
(Borea et al., 2000). In the last few years it been shown that theH° andAS®
values of drug interaction with a defined rece@an often give a simple in vitro
way to discriminate agonists from antagonists sstjgg the manner in which the
drug interferes with the signal transduction patysvaSuch “thermodynamic
discrimination” reveals that the binding of agosishay be entropy-driven and
that the antagonists are enthalpy-driven, or vieessa. At the present fourteen
receptor systems have been extensively studiedrsiooin thermodynamic point
of view: eleven of these show the agonist-antagahscrimination and three are
not discriminated (Borea et al., 1996, 1998, 20@@righi et al., 2002; Gilli et al.,
2005). In particular, all the ligand-gated ion chanreceptors, i.e. glycine,

GABA, 5HT3; and neuronal nicotinic receptors have been repadeliscriminate
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in vitro the effect of their agonists and antagtsmiMaksai, 2001; Gessi et al.,
1999; Borea et al., 2004). Analysis of thermodyrardata of drug-receptor
interactions appears to be an effective tool in shedy of the role, at the
molecular level, played during the binding of thgahds (Stoop et al., 1997;
Froldi et al., 1997; Borea et al., 1995). From th&ckground, the aim of this
study was to determine the thermodynamic parametetgpical agonists and
antagonists in HEK 293 cells transfected with hurRaix; and P2X receptors by
using PH]aPmeATP radioligand binding assays and van't Hofflgsia in order
to gain further insight into possible differences pharmacological properties
between these two therapeutically important P2X¢pear subtypes. This research
could provide information in the development of eabwand potent P2)Xand
P2X; purinergic ligands

MATERIALS AND METHODS

Materials

[*HloaBmeATP (PH]apmethyleneATP specific activity 15.0 Ci mrmidl was
obtained from NEN-Perkin Elmer Life and Analytic&ciences (USA). ATP,
ADP, apmeATP, BzATP (benzoilATP), TNP-ATP (2'-3-0-(2,4,6-
trinitrophenyl)adenosine 5’-triphosphate), suramiNF023 (8,8'-[carbonylbis
(imino-3,1-phenylene  carbonylimino)]bis(1,3,5-napdene-trisulfonic  acid),
PPADS (pyridoxal 5-phosphate 6-azophenyl-2’,4’-theonic acid), A317491 (5-
({[3-phenoxybenzyl][(1S)-1,2,3,4-tetrahydro-1-najphiienyllamino}carbonyl)-
1,2,4-benzenetri-carboxylic acid) and apyrase vebtained from Sigma-Aldrich
Advanced Sciences (Milan, Iltaly). NF279 (8,8-[carhlbis(imino-4,1-
phenylenecarbonyl-imino-4,1-phenylene carbonyl-nmyj bis-1,3,5-naphthalene-
trisulphonic acid)and 2meSATP (2methylSATP) wergaoted from Tocris
Cookson Ltd (Bristol, UK). All other reagents weoé analytical grade and

obtained from commercial sources.

Cell culture and membrane preparation

HEK293-hP2X and HEK293-hP2X cells were kindly provided by Prof. A.
Surprenant (Institute of Molecular Physiology, Usrsity of Sheffield, Sheffield,
England, UK). Methods of maintenance of HEK293 sedind their stable
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transfection with hP2X and hP2X receptors cDNA have been described
previously (Stoop et al., 1997). Briefly, the cellere grown adherently and
maintained in DMEM/F12, containing 10% FBS, petiicil (100 U/ml),
streptomycin (100ug/ml) and Geneticin (G418, 0.2 mg/ml) at 37°C in 5%
C0O,/95% air. Cells were split 2 or 3 times weekly aato of 1:5. For membrane
preparation, the culture medium was removed anddheuspension was washed
with PBS and scraped in ice-cold hypotonic bufféhe cell suspension was
homogenized with Polytron (Kinematica, Switzerlaatla setting of 6 for 40 sec
and the homogenate was spun for 30 min at 100y0&@d frozen at -80°C until

binding experiments.

Effect of various factors on purinergic receptor bnding assays

The effect of pH at the different values (6.0, 704, 8.0, 9.0) on the
[*H]apmeATP binding at the 3 nM concentration was evaldiaand obtained
incubating in Tris HCI 50 mM the HEK-293 membrar@mtaining hP2X or
hP2X; purinergic receptors. The effect of different camtcations of C& (from 0
to 10 mM) and Mg’ (from 0 to 10 mM) was also investigated by usingh8 of
[*H]oaPmeATP as radioligand in Tris HCl 50 mM pH 7.4 andEHK4293
membranes containing hP2Xor hP2X purinergic receptors. The effect of
Apyrase (1 U/ml for 30 min at 37°C) was evaluatadubating the hP2Xor
hP2X; membranes in Tris HCI 50 mM pH 7.4 CaCl4 mM and 3 nM of
[*H]apmeATP as radioligand. Non specific binding was deteed in the
presence of 1M apmeATP (Froldi et al., 1997). After the incubatiome (40
min at 5°C) bound and free radioactivity were saf@t by rapid filtration
through Whatman GF/B glass-fiber filters using argtel instrument. The filter
bound radioactivity was counted on a Scintillat©ounter Tri Carb Packard 2500
TR (efficiency 57%).

Kinetics of [*H]apmeATP binding

Kinetic studies of 3 nM *H]aPmeATP were performed by incubating
membranes in Tris HCI 50 mM, CaCl mM pH 7.4 obtained as described above
in a thermostatic bath at 5°C. For the measurerénhe association rate of
human P2Xreceptors, the reaction was terminated at diffetiemes (from 1 to
80 min) by rapid filtration under vacuum, followbg washing four times with ice
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cold buffer. Similarly, for human P2Xeceptors the reaction was terminated from
10 sec to 30 min by rapid filtration. For the meaasuent of the dissociation rate,
the samples were incubated at 5°C for 40 min aed #tOpM aPmeATP was
added to the mixture. The reaction was terminabed®X; receptors from 1 to 40

min and for P2Xreceptors from 30 sec to 40 min.

Saturation and competition binding experiments

Saturation and competition binding assays wereopadd on HEK293-hP2X
and HEK293-hP2Xmembranes at 5, 10, 15, 20, 25 and 30°C, in anthetatic
bath assuring a temperature00.1°C. Analogous experiments in HEK293 wild
type and in HEK293 transfected with the vector alevere executed. Saturation
binding experiments of 3H]apmeATP (0.1 to 50 nM) to the membranes
previously obtained were performed in Tris-HCI 5MpCaCL 4 mM pH 7.4 for
an incubation time ranged from 40 min at 5°C tav@ at 30°C according to the
results of previous time-course experiments. Coipetexperiments of 3 nM
[*H]apmeATP were performed in the same buffer descritbed@and at least 8-
10 different concentrations of P24nd P2X agonists or antagonists studied. Non
specific binding was determined in the presenc&0fiM ameATP (Froldi et
al., 1997). Bound and free radioactivity were safet by rapid filtration through
Whatman GF/B glass-fiber filters using a Brandedtimment. The filter bound
radioactivity was counted on a Scintillation Countei Carb Packard 2500 TR
(efficiency 57%). The affinity values expressedkas or Ki were used in the

thermodynamic parameter determination.

Thermodynamic data determination

For a generic binding equilibrium L+R = LR (L = #igd, R = receptor) the
affinity association constant K= 1/Kp is directly related to the standard free
energyAG°® (AG° = -RTInK,) which can be separated in its enthalpic and pittro
contributions according to the Gibbs equatiaG® = AH° -TAS®. The standard
free energy was calculated 86° = -RTInK, at 298.15 K, the standard enthalpy,
AH°, from the van’t Hoff plot Ink versus (1/T) (the slope of which i&AH°/R)
and the standard entropy&S° = AH°- AG®°)/T with T = 298.15 K and R = 8.314
J/K/mol(Borea et al., 1995, 2000, 2004).
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Data analysis

Kinetic, saturation and competition binding expesnts were analysed with the
program Ligand (Bradford, 1976) which performs vegl non linear least-
squares curve fitting program. The protein coneimn was determined
according to a Bio-Rad method with bovine albumm reference standard
(Munson and Rodbard, 1980). All experimental dagaraported as meanSEM

of three or four independent experiments performetuplicate.

RESULTS

Effect of various factors on purinergic receptor bnding assays

Preliminary assays were performed to determineeiperimental conditions for
the evaluation of specifi¢ffjapmeATP binding. The incubation of the HEK293-
hP2X and HEK293-hP2X membranes with apyrase (1U/ml) with the aim to
eliminate extracellular ATP and minimize recepteséhsitization during binding
experiments produced no differences in the pergentaf specific binding
(HEK293-hP2X = 85+8% and 88+9% or HEK293-hP2X 89+9% and 92+10%,
respectively). The effect of pH values (from 6 jao@ the fH]aBmeATP binding
reveals that the optimal pH value for the bindixgeximents was around 7.4 in
both cell lines examined (Figure 4.1A,C). The sfiediinding of PH]apmeATP

to HEK293-hP2X (Figure 4.1B) and HEK293-hP2XFigure 4.1D) membranes
increased of 8 and 6 fold, respectively with thisezof the C& concentration
from 1 uM to 1 mM. On the contrary, further increas in the calcium
concentration from 1 to 10 mM led to a decline pkdfic PH]afmeATP
binding. The addition of Mg (from 1 to 10 mM) in the same experimental
conditions resulted in a strong reduction (80%,)sf3he binding suggesting that
the PH]aPmeATP binding was regulated in an opposite way hysilogical

concentrations of Gaand Md", respectively.

Kinetic binding assays to human P2Xand P2X; purinergic receptors

Kinetic behaviour of JH]aBmeATP binding was studied at 5°C in HEK293-
hP2X, (Figure 4.2) and HEK293-hP3XFigure 4.3) membranes. Figures 4.2A
and 4.3A show that *H]aBmeATP binding reached equilibrium after
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approximately 20 and 5 min, respectively and wadblst for at least 90 min.
[*H]aBmeATP binding was rapidly reversed by the additéi0pM afmeATP

as shown in figures 4.2B and 4.3B. Association amgbsociation curves in
HEK293-hP2X and HEK293-hP2Xmembranes were fitted to a one component
model significantly better than to a two componemidel (p<0.05). The rate
constants were: ks = 0.106 £ 0.012 1/min and = 0.712 + 0.010 1/min
respectively. The k values were = 0.017 £ 0.002 1/min nM and = 0.233014
1/min nM , respectively. The apparent equilibriuresdciation constant @ was

estimated to be 3.29 nM and 2.35 nM, respectively.

Saturation binding assays to human P2Xand P2X; purinergic receptors
Saturation binding experiments in HEK 293 cells evgrerformed to better
characterize human P2Xand P2X purinergic receptors and evaluate affinity
(Kp) and receptor density (Bmax) values (Table 4.hesE binding parameters
were determined at various temperatures by uSHBmeATP as radioligand at
different concentrations. In both purinergic receptexamined the K values
change with temperature and Bmax values appeae targerly independent of it.
Figures 4.4 and 4.5 illustrate saturation bindingres and Scatchard plot relative
to human P2Xand P2X purinergic receptors, respectively. Scatchardsplotre
linear at all temperatures investigated and companalysis of the data failed to
show a significantly better fit to a two site thtoha one site binding model,
indicating that only one class of high affinity ding site was present under our
experimental conditions. Saturation binding expernits performed employing
HEK 293 wild type and HEK 293 transfected with tleztor alone failed to show
significant values of specific binding (n=4 expeeims, % of specific binding = 2
*+ 1% and 3t 1%, respectively) suggesting that the P2Xd P2X% transfection is

essential to the presence of specific binding.

Competition binding assays to human P2Xand P2X; purinergic receptors
Figures 4.6 and 4.7 show the dose response cufJésljoBmeATP binding in
HEK293-hP2X and HEK293-hP2X membranes by using typical agonists and
antagonists. The order of potency itH[aBmeATP displacement assays for
purinergic agonists in HEK293-hP2Xvas as follows:ameATP > BzATP>
2meSATP > ATP > ADP. A similar order of potency wakso obtained in
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HEK293-hP2)% even if the affinity values were much higher tharHEK293-
hP2X; membranes. The order of potency of antagonistdEK293-hP2X was
similar to those obtained in HEK293-hP24s follows: TNP-ATP > A 317491 >
NF 279 > NF 023 > Suramin > PPADS and TNP-ATP 314491 > NF 023 >
Suramin > NF 279 > PPADS, respectively.

Thermodynamic analysis to human P2Xand P2X; purinergic receptors

The van’'t Hoff plots show that the effect of tengtere on the equilibrium
binding association constants, lippears to be essentially linear in the range 4-
30°C for purinergic ligands examined to human P2Xd P2X purinergic
receptors (Figures 4.8 and 4.9). Slopes of vanft plots are positive for agonists
and antagonists of P2)purinergic receptors showing that the affinitiecitase
with the increase of the temperature (Table 4.2i4¢.Slopes of van’'t Hoff plots
regarding P2X purinergic receptors are positive for agonists sehaffinities
decrease with the increase of the temperature agdtine for antagonists whose
affinities are improved by an increase in tempeeat(Table 4.2B). Final
thermodynamic parameters calculated for the bindiggilibria of the different
compounds investigated are reported in Table 432X purinergic receptors
AG° values range from -46.0 to — 37.4 kJ/moldgonists and from -30.1 to -
25.5 kJ/mol for antagonists. In P2REurinergic receptorAG° values range from -
46.2 to -41.0 kJ/mol for agonists and from —39.828.3 kJ/mol for antagonists.
Equilibrium standard enthalpyAH°® and entropyAS° values show similar values
for agonists and antagonists examined suggestaitgPtBX purinergic receptors
are not thermodynamically discriminated. The analysf thermodynamic
parameters of P2xXpurinergic receptors shows that the binding fgorasts is
always enthalpy- and entropy-drivelH° values ranging from -26 to -18 kJ/mol
and AS° values from 59 to 68 J/K/mol) while for antaptsit is totally entropy-
driven (AH° values ranging from 14 to 36 kJ/mol ai®° values from 149 to 249
J/IK/mol). Therefore, agonists and antagonists asRaurinergic receptors are
thermodynamically discriminated. Interestingly, theompound TNP-ATP,
reported to be from a functional point of view aguainergic antagonist (Burgard
et al., 2000), shows a typical agonist behaviouthvan affinity value and
thermodynamic parameters strictly similar to thosletained for the other

purinergic agonists. Figure 4.10 summarizes theltes the form -1\S° versus
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AH° scatter plot (T = 298.15 K) showing that for hamP2X receptors the points
are present in the region that characterises thibaky and entropy-driven
binding without a thermodynamically discriminatidn. human P2X purinergic
receptors antagonists are clustered in the endoiberegion (14< AH° < 36
kJ/mol) with large positive entropy values (-74.20-TAS° < -44.40 kJ/mol)
revealing that their binding is totally entropyaden. Agonist binding is enthalpy
and entropy-driven (-2& AH° < -18 kJ/mol and -21.7% -TAS° < -17.58
kJ/mol).
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Table 4.1: Binding parameters of HEK293-hP2X and HEK293-hP2X;
membranes (A) and thermodynamic parameters for thdinding equilibrium
of [°H]apmeATP in the same substrates (B).

(A)
[*H] apme
ATP binding  5°C (278 K) 10°C (283 K) 15°C (288 K) 20°C (293 K) 25°C (298 K) 30°C (303 K)

HEK293-hP2X;
Kp (nM) 3.2+0.3 4.1+0.4 4.8+0.4 6.4+0.6 8.1+0.7 11.1+1.1
Bmax
(fmol/mg protein)  3120+290 3200+310 33004320 34004330 3050+315 35PB+3

HEK293-hP2X;
Kp (nM) 2.6+0.3 3.5+0.4 4.0+0.4 4.9+0.5 6.2+0.6 7.510.7
Bmax

(fmol/mg protein) 18800+1600 18900+1650 19000+1700 19200+1750 185001520 19580G1

(B)

Cell lines AG® (kJ/mol) AH? (kJ/mol) AS® (J/mol/K)
HEK293-hP2X; -46.0£0.2 -3243 46+3
HEK293-hP2X, -46.7+0.2 -28+2 6416
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Table 4.2A: Affinities, expressed as Ki values (nMyf selected purinergic compounds to human P2Xeceptors expressed in

HEK293 cells

5°C 10°C 15°C 20 °C 25°C 30°C
Ligand 278 K 283 K 288 K 293 K 298 K 303 K
Purinergic
Agonists Ki (nM) Ki (nM) Ki (nM) Ki (nM) Ki (nM) Ki (nM)
ATP 12010 150+14 18015 215420 250424 306+28
ADP 12511 15513 200£16 227+18 245422 316+30
afpmeATP 3.5+0.3 4.2+0.4 4.8+0.5 6.4+0.6 8.1+0.7 11.4+1.1
2meSATP 100£10 120+11 150+12 18015 200+18 250422
BzATP 60+6 90+9 113+10 137412 168+18 200+16
Purinergic
Antagonists
Suramin 7500£650 8300+730 9600+850 112004950 13700+£1100 0067200
NF023 6140+500 7500+600 10000+970 1120041050 12800+1080 4000+1270
TNP-ATP 50+4 60+5 75+7 9248 113+10 137415
PPADS 16700£1500 18500+1700 20400+2000 275002400 3048032  33600+3120
A317491 2500+220 3000+210 3500250 4300+300 5000420 5600+5
NF279 40004300 4500+£350 5000380 5600+460 6800+610 85R0+7
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Table 4.2B: Affinities, expressed as Ki values (nMdf selected purinergic compounds to human P2Xreceptors expressed

in HEK293 cells

. 5°C 10 °C 15°C 20 °C 25°C 30 °C
Ligand 278 K 283 K 288 K 293 K 298 K 303K
Purinergic
Agonists Ki (nM) Ki (nM) Ki (nM) Ki (nM) Ki (nM) Ki (nM)
ATP 152 18+2 202 25+2 30+3 374
ADP 30+3 37+3 4514 5015 6015 756
afpmeATP 2.9+0.3 4.1+0.4 4.6+0.5 5.310.5 7.610.6 9.240.8
2meSATP 5.1+0.4 6.8+0.5 8.2+0.7 9.740.8 11.2+1.0 13.8+1.2
BzATP 5.4+0.4 7.2+0.5 9.4+0.7 10.7£0.9 12.5+£1.1 14.9+1.3
Purinergic
Antagonists
Suramin 4000+380 3730+350 3100+280 2800+245 2500+240 2180+1
NF023 3500£320 3200£300 3000£260 2700+252 2300£210 2095+1
TNP-ATP 28+3 34+3 404 4614 50+5 605
PPADS 20000£1850 15000+£1200 12000+1100 9170+£840 7500£720 6000510
A317491 250122 226+20 185+15 137+12 1009 706
NF279 10000+920 91704810 8290+780 7500+740 6790+630 5560+
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Table 4.3: Thermodynamic parameters for the binding equilibrium of
[*H]apmeATP to human P2X (A) and P2X; (B) purinergic receptors
expressed in HEK293 cells.

(A) AG° AH° AS°
Ligand (kJ/mol) (kJ/mol) (J/K/mol)
Purinergic Agonists

ATP -37.4+0.1 -2543 43+3

ADP -37.6+0.1 -24+2 47+3
afpmeATP -46.0+0.2 -31+43 51+4
2meSATP -37.8+0.1 -24+1 46+3
BzATP -38.4+0.1 -23+2 50+4

Purinergic Antagonists
Suramin -27.8+0.1 -21+2 2143
NF023 -27.6+0.1 -2242 20+2
TNP-ATP -39.3+0.2 -27+3 41+4
PPADS -25.5+0.1 -20+2 17+1
A317491 -30.1+0.2 -2243 27+2
NF279 -29.3+0.1 -19+1 3412
(B) AG® AH° AS°
Ligand (kJ/mol) (kJ/mol) (J/K/mol)
Purinergic Agonists

ATP -42.7+0.1 -24+1 6215

ADP -41.0+0.1 -2442 59+4
afpmeATP -46.2+0.2 -26+3 6815
2meSATP -45.1+0.2 -26+2 6515
BzATP -44.9+0.1 -18+2 64+4

Purinergic Antagonists

Suramin -31.9+0.1 18+2 16848
NF023 -32.0+£0.1 14+1 15318
TNP-ATP -41.4+0.2 -20+2 7316
PPADS -29.3+0.1 36+3 21819
A317491 -39.8+0.2 35+3 24919
NF279 -29.5+0.1 15+2 14947
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[3H]-aBmeATP bound

[3H]-aBmeATP bound
(fmol/mg protein)

Figure 4.1: Effect of pH on [PH]apmeATP binding in HEK293-hP2X; and
HEK293-hP2X; membranes (A,C). Effect of C&" on [*H]apmeATP binding
in HEK293-hP2X; and HEK293-hP2X; membranes (B,D).

(fmol/mg protein)

A B
1200 1200
©
% —~
800 8%  s800-
a3
Fa
v ©
£ £
400+ %3 400-
= £
T
ml—l
S O
7 6 5 4 3 -2
pH 2+ .
log Ca“" concentration
C D
9000+ 9000
e]
c
5~
[o 3 =
6000 =g 6000
o
k&
[OhNe]
€ E
3000- TS 30001
TE
ml—l
G T T T T 1 O T J T T J J
5 6 7 8 9 10 < 6 5 4 3 =2
pH log ca?* concentration

170



Figure 4.2: Kinetics of [3H]aBmeATP binding to HEK-293-hP2X;
membranes with associaton (A) and dissociation (Burves.
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Figure 4.3: Kinetics of [3H]aBmeATP binding to HEK-293-hP2Xs
membranes with associaton (A) and dissociation (Burves.
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Figure 4.4: Saturation curves of PH]apmeATP to HEK-293-hP2X
membranes at 5 and 25 °C (A) and relative Scatcharplot (B).
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Figure 4.5: Saturation curves of PH]apmeATP to HEK-293-hP2X
membranes at 5 and 25 °C (A) and relative Scatcharplot (B).
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Figure 4.6: Competition curves of specific[*H]apmeATP binding to HEK-
293-hP2X by purinergic agonists (A) and antagonists (B).
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Figure 4.7: Competition curves of specific[*H]apmeATP binding to HEK-
293-hP2)g by purinergic agonists (A) and antagonists (B).
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Figure 4.8: van’'t Hoff plots showing the effect oftemperature on the

equilibrium binding association constant, Ky, for P2X; purinergic agonists

(A) and antagonists (B).
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Figure 4.9: van't Hoff plots showing the effect of temperature on the

equilibrium binding association constant, Ky, for P2X3 purinergic agonists
(A) and antagonists (B).
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Figure 4.10: Scatter plot showing —TAS® versusAH® values for purinergic

ligands studied in HEK-293-P2X (A) and HEK-293-P2X; (B)
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DISCUSSION

Thermodynamic parameters have been collected foenzarkable number of
ligands at P2Xand P2X receptors, including full, partial and inverse aigts or
antagonists (Borea et al., 2000). The informaticoviged by these data could be
useful from a pharmacological point of view to diger new thermodynamic
relationships related to drug-receptor interactiang their molecular mechanisms
(Gilli et al., 1994; Grunwald and Steel, 1995; Raff001). In the last few years, it
has been reported that equilibrium standard engh@pi®) and entropy 4S°)
values of drug interaction with a defined receptan often give a simple “in
vitro” way to discriminate the capability of theudy to interfere with the signal
transduction pathways (Borea et al., 1996, 199802Merighi et al., 2002; Gilli
et al., 2005; Lorenzen et al., 2000). This phenaneralled “thermodynamic
discrimination” has been evaluated for various memé and
cytoplasmatic/nuclear receptors. Six G-protein ¢edipreceptors such aB-
adrenergic, dopamine, 5H7, serotonin and A Aza and A; ARs subtypes were
studied and four out of six of these were thermadiyically discriminated (Borea
et al., 1998, 2000; Merighi et al., 2002). In amdhitfour ligand-gated ion channel
receptors such as glycine, GABASHT; serotonin and nicotinic membrane
receptors were analyzed and all resulted discritethdrom a thermodynamic
point of view (Maksai, 2001; Gessi et al., 1999rdnet al., 2004). Finally, the
cytoplasmatic receptor for glucocorticoid hormoresd three cytoplasmatic
steroid/nuclear estrogen, progesterone and andragsptors were investigated
and three of these were discriminated (Gilli et2005). All these data suggest an
intercorrelation between specific binding and tlagiation of water molecules
present to receptor surfaces. In addition, based tlom thermodynamic
compensation a general model of drug-receptorantem has been proposed. In
this model the solvent molecules do not modifyititensic values of the affinity
constant (k) of the drug-receptor interaction because thedstahfree energy for
solvent reorganization can be near to zero andréhees of binding parameters
are due to specific features of the ligand andp®eean the binding process and
not by the solvent (Grunwald and Steel, 1995). I@ndther handyH® and -TAS®
values are related to the rearrangements occudurgg the binding, in the

solvent-drug and solvent-receptor interfaces (Galdvand Steel, 1995). It seems
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reasonable to assume that solvent effects mightesgonsible for the in vitro
thermodynamic discrimination between agonists anthgonists. From this
background, one of the most significant resultthef paper is the presence of the
linearity of van't Hoff plots for P2X purinergic ceptors similarly to what
verified for other membrane receptors showing thaf and AS° values are
independent of temperature and obtained by linaait\Hoff plots. Van't Hoff
plots turn out to be linear for all compounds cdesed implying that the value of
AH° is not significantly affected by temperature igdon in the range
investigated. The second result concerns the iepemdence ofAH° and -TAS®
values for the P2xpurinergic receptors where all the experimentah{soappear
to be arranged along a same diagonal line accorttinthe equation: -AS°
(kd/mol at 278 K) = - 37.8% 2) —0.80 £ 0.05)AH° (kJ/mol) (n=11, r= 0.985,
p<0.0001). This equation is of the for°® = BAS° which is expected for a case
of enthalpy-entropy compensation with a compensatemperature of 278 K
(Borea et al., 1996, 1998, 2000; Merighi et al.020Gilli et al., 2005). The
enthalpy-entropy compensation phenomenon has lduted for drug-receptor
interactions to the solvent reorganization (Grumheatd Steel, 1995). WhilsG®
values are most probably determined by the featafeshe ligand-receptor
binding process,AH° and -TAS° values appear strongly affected by the
rearrangements occurring in the solvent (Tomlinsod Steel, 1983). As it can be
seen from the data plotted in Figure 4.10, all expental points are arranged on
the same diagonal band encompassed between theddslred lines which
represent théoci of points defined by the limiting iKvalues of 10QuM and 10
pM. This band is the expression of the enthalpyegryt compensation
phenomenon probably due tdrug-receptor interactions, to the solvent
reorganization that accompanies the receptor bijndincess (Borea et al., 1996,
1998, 2000; Merighi et al., 2002; Gilli et al., Z)0 The most remarkable
differences between P2Xand P2X receptors are elucidated by the comparison of
thermodynamic data. Interestingly, P2Xnd P2X purinergic receptors have a
different thermodynamic behaviour as demonstraiethé fact that agonists and
antagonists for P2)Xreceptors show similar enthalpy and entropy val@esthe
contrary, P2X receptors can be considered thermodynamicallyrichgtated
because agonist binding is enthalpy and entropyedrand antagonist binding is

totally entropy-driven. Another observation on pergic ligands studied is
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represented by a higher affinityersusP2X; thanversusP2X; receptors. High
affinity values, in the nanomolar range, were fouiod afmeATP in both
purinergic receptors studied. The order of potefary P2X; receptors of the
agonists wasafmeATP > 2meSATP >BzATP > ATP > ADP. Similar potersi
were also observed to P2Xeceptors even if all ligands, with the exceptain
apmeATP, showed a lower affinity in comparison withat obtained to P2X
receptors. It should be noted that other examplesiraling experiments have
been reported by using different agonist or antegjoadioligands (Jarvis et al.,
2004; Michel et al., 1995, 1996; Schafer and Rei$897). It was found that in
synaptosomal membranes from rat brain cortex, AAMeSATP and suramin
revealed lower Ki values by using®$]-ATPaS as a radioligand to label P2X
receptors, than those found in our conditions (fchand Reiser, 1997). The
same authors reported a clear difference betweerbitiding characteristics of
different agonists and antagonists usit$JFATPaS or fH]apmeATP (Schafer
and Reiser, 1997). Furthermore, different affinigiues were found usingH]-
A317491 to label P2Xreceptors expressed in 132N1 human astrocytons cel
(Jarvis et al., 2004). In particular, the main elifince in affinity values compared
to our data concern the Ki values of the antagsenlstfact, A317491, TNP-ATP
and PPADS revealed a higher affinity usingH]fA317491 instead of
[*H]apmeATP. On the contrary, the affinity values of #mgonists were strictly
similar using fH]-A317491 or fH]apmeATP as radioligands. Some reports
revealed weak correlation between radioligand Inigdgtirofiles and the functional
activity of various P2 ligands (Yu et al., 1999)n@ing and functional studies
reported that P2X receptor agonists with high dffivalues in the nanomolar
range also showed a very low potency (Lambrecl@QR0n addition, differences
in P2X binding parameters could be attributed tdous additional factors. In
particular it was found that several divalent andatent cation salts markedly
increase binding of apmeATP (Michel and Humphrey, 1994). Some
discrepancies between our and previous data m@ghtlated either to a different
radioligand used to reveal P2X purinergic receptor® a various cells or tissues
expressing purinergic receptors. Some differenaes adso present by using
human or rat purinergic tissues suggesting a spatieersity despite their high
homology (Michel et al., 1996). In our experimentahditions suramin analogs
such as NF 023 and NF 279 revealed affinity valogbe micromolar range for
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both purinergic subtypes even if they have beewrted be selective for P2X
receptors (Burnstock, 2007). This is probably doehe various experimental
conditions used and may also be complicated byfdbe that functional P2X
ligand-gated ion channels exist as oligomeric comtons with specific subunit
arrangements (North, 2002; North and Surprenar@p20acobson et al., 2002;
Burnstock, 2007). Interestingly, TNP-ATP a typicalcleotide with a ribose-
substituted trinitrophenyl group, defined to beaamagonist in functional assays,
behaves in our experimental thermodynamic conditi@s an agonist. It is
possible to hypothesize that TNP-ATP could inteveith the site occupied by the
agonists. Another possible explanation could be tie binding of TNP-ATP is
present to an allosteric site on a large extrakeglluegion of the receptor
representing a common domain that interacts with dtnongly electronegative
trinitrophenyl mojety (Burgard et al., 2000; Virgoret al., 1998). More generally,
the present study demonstrates that thermodynaanaeters reflect a common
mechanism of ligand-receptor interaction and empgbkaghe possibility to obtain
information about the agonist-antagonist discrirtioraby simplein vitro binding
experiments. Thus, analysis of thermodynamic d&@rug-receptor interactions
appears to be an effective tool for investigatiaga molecular level, the role
played during the binding of the ligands. Theseahogsearch could be of interest

in the identification of novel and potent PRahd P2X% purinergic ligands.
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CHAPTER 5:

Pharmacological characterization of

P2X; and P2X; purinergic receptors

in bovine chondrocytes
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INTRODUCTION

Chondrocytes within articular cartilage are resjjaasfor the synthesis and
degradation of the extracellular matrix, which irealthy tissue provide
mechanical functionality. In degenerative diseageh as OA and RA there is a
net loss of cartilage because the rate of catabhadisceeds the rate of synthesis
and deposition of the macromolecular componentshef extracellular matrix
(Leong et al., 1994). Several chondrocyte actisitege associated to cartilage
damage, and include the up-regulation of nitric dexi(NO) and lipid
inflammatory mediators such as prostaglandins (P@g)well as the increased
production of matrix-degrading enzymes (De Matteiag, 2002). Growing
evidence suggests that extracellular nucleotidéghtnplay important roles in the
regulation of cartilage metabolism (Hoebertz et 2003; Picher et al., 2003).
Extracellular nucleotides have been shown to erhagrowth factor-induced
proliferation of chondrocytes (Kaplan et al., 199Burther it has been reported
that ATP and ADP can stimulate the production oftikeagge inflammatory
mediators such as PGE by cultured human chondmcwtieich is enhanced by
the pro-inflammatory cytokines ILBL IL-1o and TNF-a (Caswell et al., 1991,
1992; Koolpe et al.,, 1999). ATP can promote cayélaesorption through the
breakdown of proteoglycans and the release of gbminoglycans (Leong et al.,
1994; Brown et al., 1997). On the other hand, & baen also reported that the
release of ATP and the activation of purinergic hpatys induced by
physiological mechanical stimulation can be invdivie beneficial effects on
cartilage, including the up-regulation of proteagly synthesis and the
downregulation of inflammatory mediators such as (@oaff et al., 2000; Kono
et al., 2006; Millward et al., 2000, 2004; Chowdhand Knight, 2006). These
previous studies indicate the involvement of pugne pathways in the
modulation of cartilage metabolism, however, toedathe pharmacological
characterization of purinergic receptors and thécef of nucleotides in
chondrocytes have not been investigated in defsdlveral pharmacological
studies on transduction mechanisms and molecutdody indicate the basis for
subdivision of P2 receptors into P2X and P2Y faasil{North, 2002; Burnstock,
20049). In particular, seven subtypes of P2X receptord eight subtypes of P2Y

receptors are currently recognized (Abbracchio let 2009. P2X purinergic
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receptors are membrane ligand-gated ion channatsoiben in response to the
binding of extracellular ATP which represents apamant local regulatory factor
of the inflammatory response. P2X receptors arenddmotly distributed and
functional responses have been described in neughias epithelia, endotelia,
bone, muscle and hemopoietic tissues (North, 200%r the last few years
attempts to characterize endogenous and recombiR@Xtpurinergic receptors
using radioligand binding techniques have had éohsuccess, primarily due to a
lack of selective radioligands (North, 2002; Jacwbset al., 2002). The
availability of [PH]-o,pmeATP as a selective radioligand to study P2X
purinoceptors presents a very good tool for detaingithe distribution of these
receptors and their binding parameters (Michel.etl899. In addition, to better
characterize the ligand-receptor interaction antteetynamic analysis of human
P2X; and P2X purinergic receptors expressed in HEK293 cells bhasn
performed (Varani et al., 2008&Numerous thermodynamic studies have reported
that the discrimination of the agonists and anté&gsroccur in different classes of
membrane or intracellular receptors confirming timeportant role of the
thermodynamic parameters to clarify the mechanisfrgyandereceptor binding
(Borea et al., 1996, 1998, 2000, 2004; Merighilet20023. From the current
background, the aim of this study was to investighé presence of P2X receptors
in  bovine chondrocyte membranes by using westernottit),
immunohistochemistry and saturation binding assagsmpetition binding
experiments and thermodynamic analysis with typjmatinergic ligands were
also performed to characterize, from a pharmaco#&gpoint of view, P2X
purinergic receptors expressed in bovine chondescyThe capabilities of the
same purinergic ligands to modulate chondrocytealbmdic activities were
evaluated by analyzing the effects on NO release RBE production, both in
the absence and in the presence of IL-1.

MATERIALS AND METHODS

Human P2X; and P2X purinergic receptors expressed in HEH-293 cell
culture and membrane preparation

HEK293-hP2X and HEK293-hP2X cells were kindly provided by Prof A.
Surprenant (Institute of Molecular Physiology, Usrsity of Sheffield, Sheffield,
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England, UK). In particular, HEK293-hP2Xand HEK293-hP2X cells were

generated by transformation of human embryonic éydeell cultures and stably
expressed purinergic receptors (Virginio et al.989 These cells were grown
adherently and maintained in DMEM/F12, containif@alFBS, penicillin (100

U/ml), streptomycin (100 mg/ml) and Geneticin (G4Q& mg/ml) at 37°C in 5%
CO, /95% air. For membrane preparation, the cultureiome was removed, the
cells were washed with PBS and scraped in ice-bgfmbtonic buffer. The cell
suspension was homogenized and centrifuged for BO anh 100,000 g. The
membrane pellet was resuspended in Tris HCI 50 @MCL 4-mM, pH 7.4 and

frozen at -80°C.

Chondrocytes culture and membrane preparation

Bovine articular cartilage derived from the metacghalangeal joints of 14-18
month-old animals (Limousin breed). Chondrocytesenisolated from cartilage
fragments obtained from the weight-bearing regidntle articular surface
(Pezzetti et al., 1999; De Mattei et al., 2D@riefly, the cartilage was dissected
out and cut into small pieces that were subjecte@ tsequential digestion in
DMEM/F12 (1:1) medium (Gibco-Invitrogen, PaisleyKJwith pronase from
Streptomyces griseus (Calbiochem, Darmstadt, Gegymdor 90 min and
collagenase P from Clostridium histolyticum (Roclmglianapolis, USA) for 12 h.
The resulting suspension was filtered to removeigested cartilage and
chondrocytes were recovered by centrifugation, texiand plated at high density
(150,000/crfy) in 75-cnf flasks and in multiwells (1.6 cm the diameter afle
well). Chondrocytes were cultured in DMEM/F12 swpénted with 10% FBS
and antibiotics (penicillin 100 U/ml, streptomydiil mg/ml) (Gibcoelnvitrogen,
Paisley, UK). Only chondrocytes without subcultgriand maintained in culture
for 1 week were used in the binding and functiaagderiments. In chondrocyte
cultures the presence of aggrecan and type Ilgatiaand the absence of type |
collagen were shown by immunohistochemistry indingathe maintenance of the
chondrocyte phenotype (Varani et al., 2008Bor membrane preparation, the
culture medium was removed and the cells were vebshith PBS and scraped off
T75 flasks in ice-cold hypotonic. The cell suspensiwas homogenized,
centrifuged for 30 min at 100,000 g and used irurséibn and competition

binding experiments.
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Western blotting analysis for P2X and P2X; receptors

Bovine chondrocytes in comparison with HEK293-hP2xd HEK293-hP2X
cells were harvested and washed with ice-cold PRfataming sodium
orthovanadate 1 mM, 4-(2-aminoethyl)-benzenesulfdlupride 104 mM, mM
aprotinin 0.08, leupeptin 2 mM, bestatin 4 mM, gaeps A 1.5 mM, E-64 1.4
mM. Then cells were lysed in Triton lysis bufferdathe protein concentration
was determined using bicinchoninic acid (BCA) piotassay kit (Pierce).
Aliquots of total protein sample (50 mg) were amely using polyclonal
antibodies for human P2Xand P2 purinergic receptors (Neuromics Antibodies,
1 mg/ml dilution) and for GAPDH (Novus Biological§yerighi et al., 2002h
Filters were washed and incubated for 1 h at roemperature with peroxidase-
conjugated secondary antibodies (1:2000 dilutio8jpecific reactions were
revealed with Enhanced Chemiluminescence Westeattirg detection reagent

(Amersham Biosciences).

Immunohistochemistry for P2X; and P2X; receptors

The expression of P2X and P2X receptors was also evaluated by
immunohistochemistry in cartilage fragments immealjaafter dissection from
the articular surface (Brady et al., 200Briefly, cartilage fragments were fixed in
freshly prepared 4% paraformaldehyde (PFA) w/vBSPpH 7.2 for 3 h and then
transferred to 10% sucrose in PBS and refrigeratetnight. The samples were
embedded in optimum cutting temperatures medium 4&tdmm thickness
sections were cut using a cryostat and collectéd clean glass superfrost slides.
After washing in PBS, endogenous peroxidase waskbtb by incubation with
0.3% w/v hydrogen peroxide in methanol. After atier wash in PBS, the tissue
sections were incubated with polyclonal rabbit lamdies to P2X and P2X
receptors (Neuromics Antibodies, 1:500) overnigBtain was obtained by
developing with ultraystain polyvalent horseradisperoxidase (HRP)
immunostaining kit (Ylem, Rome, Italy), using theopedure recommended by
the manufacturer. Negative controls were prepantidowt primary antibody and

nuclei were counterstained by hematoxylin.

192



Saturation and competition binding assays

Saturation binding experiments H]-o,3-meATP (from 0.1 to 50 nM) to the
membranes previously obtained (100 mg of protesaigswere performed by
incubating from 40 min at 5°C to 90 min at 30°C @ding to the results of
previous time-course experiments. Competition erpamts of 3 nM H]-o,B-
meATP were performed in duplicate in test tubestaiamg Tris HClI 50 mM,
CaCh 4 mM buffer, 100 ml of membranes and at least 8diflerent
concentrations of P2¢and P2X% agonists or antagonists studied. ATP, ARJB;
meATP, BzATP, TNP-ATP, suramin, NF023, PPADS, AXT4vere obtained
from Sigma-Aldrich Advanced Sciences (Milan, ItaljF279 and 2-meSATP
were obtained from Tocris Cookson Ltd (Bristol, UR)on specific binding was
determined in the presence of 10 mi-meATP (Froldi et al., 1997Bound and
free radioactivity were separated by rapid filmatthrough Whatman GF/B glass-
fiber filters using a Brandel instrument. The filund radioactivity was counted
on a Scintillation Counter Tri Carb Packard 2500 Td®ficiency 57%). The
protein concentration was determined accordingBmoaRad method with bovine

albumin as reference standard (Bradford, 1976

Thermodynamic data determination

For a generic binding equilibrium L+R = LR (L = &gd, R = receptor) the
affinity association constant K= 1/Kp is directly related to the standard free
energyAG° (AG° = -RTInKa) which can be separated in its enthalpic and pitro
contributions according to the Gibbs equatidG® = AH° -TAS®. The standard
free energy was calculated 86° = -RTInK, at 298.15 K, the standard enthalpy,
AH°, from the van’t Hoff plot Ink versus (1/T) (the slope of which IAH°/R)
and the standard entropy&S°® = QAH°- AG®)/T with T = 298.15 K and R = 8.314
J/K/mol (Jacobson et al., 2002; Merighi et al., 2002; Ddt&laet al., 2004). K
values were obtained frontH]-a,p-methyleneATP saturation experiments in
bovine chondrocyte membranes carried out at 0,150,20, 25 and 30°C in a

thermostatic bath assuring a temperature of £ 0.1°C

Pharmacological treatments of bovine chondrocytes
In functional assays including the analysis of R@kd NO release, chondrocytes
isolated from cartilage, plated at high densityQ(080/cnf) in multiwells and
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maintained in culture for 1 week were used. At ltleginning of the experiments
(time 0), medium was changed in all cultures. Tst tee effects of purinergic
agonists cells were incubated in complete mediunaioing increasing doses of
ATP (10, 100, 50QM) and a,p-meATP (1, 10, 10@M). In a second series of
experiments ATP (10, 100, 5@M) anda,B-meATP (1, 10, 10QM) were added
to medium containing 50 ng/ml Recombinant HumanilpL{Preprotech INC,
Rocky Hill, NJ, USA), used to activate inflammataagtivities in chondrocytes.
To evaluate the capability of A317491 to antagoniee effects of the purinergic
agonists, 1 mM of this antagonist was added tdréeded cultures. All treatments
were made up in triplicate wells for 24 h. At thedeof treatment, the culture
medium was removed from the wells and stored atfG8@r subsequent
determination of PGEand NO release. The monolayers were solubilized in

sodium hydroxide and protein concentration waswatall (Bradford, 1976).

NO assay

The release of nitrite, a stable breakdown proddiddO was measured as an
indicator of NO synthesis. At the end of the 24 fhtreatment period, nitrite

concentration was determined in the conditioned immextcording to Greiss

method (Green et al., 1982.) Briefly, culture mediwas mixed with an equal
volume of the Greiss reagent and absorbance wasumsehat 550 nm. Nitrite

concentration was calculated from a standard cofgedium nitrite.

PGE; assay

The concentration of PGEwas measured using a commercially available
competitive enzyme immunoassay (RGESSAY, R&D Systems, Inc., MN,
USA). Briefly, medium was diluted threefold in Qaiator Diluent (RD5-39)
included in the kit and 100l of diluted sample or standard were added to each
well of a microplate coated with goat antimouseikenity. Subsequently,
horseradish peroxidase (HRP)-labeled P@kd a mouse monoclonal antibody to
PGE were added to each well and the plate was incdldfate2 h and washed.
The substrate solution was added to each well altmlving 30-min incubation a
stop solution containing phosphoric acid was addedeach well and the

absorbance was measured at 450 nm with a refecérié® nm. All samples and
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standards were assayed in duplicate. P@&duction was normalized to the total

protein content and expressed as picogram (pghpfagEorotein.

Statistical analysis
A weighted non linear least-squares curve fittimggoam Ligand (Munson and
Rodbard, 1980was used for computer analysis of saturation ardpedition
binding experiments. Functional experiments wer&utated by non linear
regression analysis using the equation for a sigraoncentration response curve
(GraphPAD Prism, San Diego, CA, USA). Analysis dital was done with
Student’s t test (unpaired analysis). Differenceseaconsidered significant at a
value of p<0.01. All data are reported as mean i $Eindependent experiments
(n = 3-4).

RESULTS

Western blotting

Figure 5.1shows the immunoblot signals of PR&nd P2X purinergic receptors
in bovine chondrocytes in comparison with HEK292KPand HEK293-hP2X
cells. P2X and P2X purinergic receptors are present in bovine chandes
showing a minor expression than in HEK293-hP2aKd HEK293-hP2Xcells. In
addition, in bovine chondrocytes P2Xeceptor expression resulted lower than
P2X3 receptor. Figure 5.4lso reports the immunoblot signals of GAPDH used a
loading control.

Immunohistochemistry

The immunohistochemistry of purinergic receptorgantilage slices showed that
chondrocytes in all zones of the articular cardlegfained positive for P2X
receptors con-firming the expression of the reaeptointact cartilage (Figure
5.2A). No signal for P2X receptors was observed in cartilage slices (Figure
5.2B). Negative controls, obtained without primantibodies, did not show any

staining.

Saturation and competition binding experiments
Saturation binding experiments in bovine chondresytwere performed to

evaluate affinity (k) and receptor density (Bmax) values of P2X pugiter
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receptors (Table 5.1, figure 5.3). The binding paeters were determined at
various temperatures (0, 10, 15, 20, 25 and 303C)ging fH]-a,p-meATP as
radioligand at different concentrations. These ltssiemonstrate thatKvalues
change with temperature and Bmax values appeag tarbely independent of it.
Computer analysis of the data failed to show aiggmtly better fit to a two site
than to a one site binding model, indicating thalyane class of high affinity
binding site is present under our experimental targ. Figure 5.4shows the
dose response curves ofH]-a,-meATP binding in bovine chondrocyte
membranes by using typical agonists and antago(iistsle 5.2). The order of
potency in fH]-a,p-meATP displacement assays for purinergic agonists as
follow: a,p-meATP > BzATP > 2-meSATP > ATP > ADP. Similarlipetorder of
potency of antagonists in bovine chondrocyte memdsavas as follow: TNP-
ATP > A317491 > Suramin > NF023 > NF279 > PPADS.

Thermodynamic analysis

The van’'t Hoff plots show that the effect of tengtere on the equilibrium
binding association constants, lappears to be essentially linear in the range 4-
30°C for the purinergic ligands examined (Figur&)5Final thermodynamic
parameters calculated for the binding equilibria tbé different compounds
investigated are reported in table 5.3 Thermodynaparameters of bovine
chondrocytes for agonists show an enthalpy- andbpydriven binding and the
antagonist binding was totally entropy-driven. tesgingly, the compound TNP-
ATP that functional experiments reported to be angugic antagonist (Burgard
et al.,, 2000)shows a typical agonist behavior with an affinitalue and
thermodynamic parameters strictly similar to thob&ined from other purinergic
agonists. Figure 5.6A reports the van’t Hoff pladahermodynamic parameters
of the PH]-a,p-meATP radioligand showing that this binding washaefpy- and
entropy-driven. Figure 5.6B summarizes the resultstained in bovine
chondrocytes in the form of AB° vSAH® scatter plot (T = 298.15 K) and shows
that purinergic antagonists are clustered in tltdo#rermic region (15 AH° < 30
kJ/mol) with large positive entropy values (-58.21TAS° < -44.40 k/J/mol)
revealing that their binding is totally entropyadn. Agonistic binding was
enthalpy- and entropy-driven (-26 AH°® < -24 kJ/mol and -20.26 TAS® < -
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11.62 k/J/mol) suggesting that agonists and antatgpom bovine chondrocytes
are discriminated from a thermodynamic point ofaie

Effects of purinergic ligands on NO production in ©iondrocyte monolayers
Figure 5.7illustrates the effects of ATP andpB-meATP on NO production in
bovine chondrocytes in basal condition (Figure 5.aAd after IL-B treatment
(Figure 5.7B). In the absence of II3;ltreatment of cells with 500M ATP and
100 uM «a,p-meATP induced a low but significant increase orsabaNO
production (Figure 5.7A). In the same experimentaiditions described above,
ATP until 200uM concentration and,f-meATP until 10uM concentration were
not able to modulate NO release. In the presendé-afi (Figure 5.7B), both
ATP and o,p-meATP induced a dose-dependent increase on NOugtiod,
ranging from 11 to 84% with respect to IB-ttreated cells. The purinergic
antagonist A317491 efficiently counteracted thavégt of both ATP anda,f3-
meATP inhibiting NO production to the levels ofledfeated with IL-§ alone.

Effects of purinergic ligands on PGE production in chondrocyte monolayers
Figure 5.8 shows the effects of ATP aa@-meATP on PGE production in
bovine chondrocytes in basal condition (Figure 5.8Ad after IL-B treatment
(Figure 5.8B). In the absence of I[3;ltreatment of cells with ATP in the range of
concentrations from 10 to 5QM and a,-meATP (10 and 10@M) induced a
significant increase on basal P&Broduction (Figure 5.8A). In the same
experimental conditions described aboveyM of a,-meATP was not able to
modulate PGErelease. In the presence of IB;lboth ATP (500uM) and a,f-
meATP (100uM) induced a maximum increase on PQGEoduction, of 137-79%,
respectively. ATP at the 100M concentration was able to induce slightly but
significant PGE release (p<0.05; figure 5.8B). The purinergic gartast
A317491 counteracted in a different way the agtioitboth ATP and,-meATP
(Figure 5.8B). In particular, A317491 partially teed ATP-mediated PGE
release whilst it completely inhibitedB-meATP-mediated PGHelease.
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Table 5.1:Binding parameters, expressed asg<and Bmax, of fH]- a,p-meATP in bovine chondrocyte membranes.

[*H]apmeATP 5°C 10°C 15°C 20°C 25°C 30°C
binding (278 K) (283 K) (288 K) (293 K) (298 K) (303 K)
Kp (nM) 3.3+0.3 4.3+0.4 5.5+£0.5 6.6+0.6 7.5+0.7 8.4+0.7
Bmax (fmol/mg
protein) 4900+420 49504440 5050+480 5000£470 4800+450 479014
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Table 5.2: Affinity, expressed as Ki values, of setted purinergic agonists and antagonists in bovinghondrocyte

membranes at different temperatures.

5°C 10 °C 15°C 20 °C 25°C 30 °C
Ligand (278 K) (283 K) (288 K) (293 K) (298 K) (303 K)
Purinergic
Agonists Ki (nM) Ki (nM) Ki (nM) Ki (nM) Ki (nM) Ki (nM)
ATP 9048 120+11 137+15 168+17 200+19 250122
ADP 120+11 150+12 186+17 205+18 250+20 306+28
afpmeATP 3.0+£0.3 4.1+0.3 5.0+0.4 6.1+0.5 6.9+0.6 8.1+0.7
2meSATP 858 110+10 130+12 150+15 185+20 220+22
BzATP 80x7 100+9 124+13 145+14 170+16 205121
Purinergic
Antagonists
Suramin 9000850 8000750 7000+650  6500+550 5500+450 5000+4
NF023 11000+£850  10000+£850  9000+850 8500+850 7500+850
TNP-ATP 100+10 135+15 150+16 180+18 230+25 280120
PPADS 25000+2200 21000+2000 18000+17002000+1000 10000+900 9000+800
A317491 950+85 800+70 75060 600+60 550+50 450+40

NF279 15000+1400 13000+1300 12500+120D01000+1100 95004900 8000+700
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Table 5.3: Thermodynamic parameters for the bindingequilibrium of [ 3H]-
a,p-meATP to bovine chondrocyte membranes of selectgulirinergic agonists

and antagonists.

Ligand AG® AH° AS°
(kJ/mol) (kJ/mal) (J/mol/K)
Purinergic Agonists

ATP -38.0+3.8 -26+2 39+2

ADP -37.5+3.7 -24+1 44+3
afpmeATP -46.4+4.1 -26+2 68+3
2meSATP -38.2+3.4 -25+1 4514
BzATP -38.4+3.6 -25+2 4612

Purinergic Antagonists

Suramin -30.0+3.0 16+1 155+5
NF023 -29.2+2.9 15+1 14945
TNP-ATP -37.7+£3.5 -27+2 38+3
PPADS -21+2.0 30+2 19548
A317491 -35.6+3.4 19+1 184+7
NF279 -28.6+2.8 16+0 15045
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Figure 5.1: Western blotting analysis of bovine chadrocytes for purinergic
receptors in comparision with HEK293-hP2X and HEK293-hP2X; cells.

Figure 5.2: Immunohistochemistry of P2X% receptors (A) and P2X receptors
(B) in cartilage section. In (B) nuclei are countestained by hematoxylin.
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Figure 5.3: Saturation curves of fH]-a,p-meATP binding to P2X purinergic
receptors in bovine chondrocytes at 5°C and 25°C {(Aand relative Scatchard
plot (B).
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Figure 5.4. Competition curves of typical purinergc agonists (A) and
antagonists (B) in bovine chondrocytes.
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Figure 5.5: Van't Hoff plot in bovine chondrocytes showing the effect of

temperature on the equilibrium binding associationconstant, Ka, for P2X

purinergic agonists (A) and antagonists (B).
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Figure 5.6: Van't Hoff plot in bovine chondrocytes showing the effect of
temperature on the equilibrium binding associationconstant, Ka, of [*H]- a.p-
meATP to P2X purinergic receptors (A). Scatter plotshowing —TAS® vsAH°

values for the purinergic ligands studied (B).
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Figure 5.7: Effect of purinergic ligands in the abence (A) and in the presence

(B) of IL-1p on NO release in bovine chondrocytes.
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Figure 5.8: Effect of purinergic ligands in the abence (A) and in the presence
(B) of IL-1p on PGE; release in bovine chondrocytes.
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DISCUSSION

The purpose of the current investigation was toudwnt the expression, the
binding parameters and the functionality of P2Xipengic receptor subtypes in
bovine chondrocytes. The presence of purinergieptrs was investigated
through western blotting analysis, immunohistoclstmiand saturation binding
experiments. Western blotting assays reveal theepee of P2X and P2X%
purinergic receptors as reported in figure @Mere bovine chondrocytes were
analyzed in comparison with HEK293-hP2and HEK293-hP2Xcells. In both
cell types, P2X purinergic receptors were present at higher lekiah P2X
purinergic receptors. Immunohistochemistry in ¢tage slices confirmed the
presence of P2)purinergic receptors while P2Xpurinergic receptors were not
detectable probably due to the low presence ofetlheseptors in this substrate.
Another possible hypothesis could be that P2ZXrinergic expression was
induced by the in vitro culture conditions. Purigfier receptors were also
characterized in saturation binding experimentsaghg the presence of an high
affinity binding site with a Is of 3.3 £ 0.3 nM and a receptor density (Bmax) of
4900 + 420 fmol/mg protein. In addition, thermodyna parameters obtained
from the van't Hoff plot indicate that™i]-a,p-meATP binding to purinergic
receptors is enthalpy- and entropy-driven, with ajan contribution of the
enthalpic component. The information provided bgsth data could be useful
from a pharmacological point of view to discoverwnehermodynamic
relationships linked to ligand-receptor interactiamseful to the development of
new potential classes of drugs (Gilli et al., 192@05; Raffa, 2001; Lorenzen et
al., 2000; Gessi et al.,, 1999; Maksai, 2001). Frihia competition binding
experiments, performed with the aim to calculae dffinity of the agonists for
purinergic receptors, the order of potency wismeATP > BzATP > 2-meSATP
> ATP > ADP. The same order of potency was repodtedll the temperatures
investigated even if the affinity values of the ipargic compounds decreased
with the increase of the temperature. The orderpotency of the studied
purinergic antagonists was TNP-ATP > A31749 > SumamNF023 > NF279 >
PPADS. Similarly, the order of potency was the sdram 5°C to 30°C even if
the affinities of the antagonists increased (Kirdased) with the increase of the

temperature. Moreover, in our experimental condgjo purinergic agonists
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revealed a higher affinity, in the nanomolar rangben compared to purinergic
antagonists that showed an affinity in the low maalar-micromolar range. In
addition a,p-meATP was the most affine and potent agonist shgvan high
affinity in the nanomolar range. On the contrary FATa typical purinergic
endogenous ligand, revealed a lower affinity thgiameATP vs P2X purinergic
receptors. Collectively, these binding data ofratfyi are important to identify the
specific concentrations of agonists and antagortistsise in functional and
molecular in vitro and in vivo experiments. Anotlmerrpose of the present study
was to investigate from a functional point of vidve purinergic P2X receptors in
bovine chondrocytes. To this aim, the effects ofPAdnda,-metATP on NO
production and PGErelease were analyzed. Both NO and RP@ie synthesized
by chondrocytes (Stadler et al., 1991), and haven bienplicated as critical
inflammatory mediators of cartilage matrix degrasat(Stefanovic-Racic et al.,
1997; Bankers-Fulbright et al., 1996; Stabelliniaét 2003; Knott et al., 1994).
ATP and a,3-meATP were able to increase NO production at miciar
concentration similarly to that reported in litena (Leong et al., 1994; Caswell et
al., 1991) and the P2X antagonist A317491 was tabbecrease the stimulatory
effect mediated by the purinergic agonists inveséd. It is well known that IL-
1B, a proinflammatory agent which is present in elegdaamount in osteoarthritic
cartilage and plays a decisive role in osteoarshritlso increases the production
of NO (Stefanovic-Racic et al., 1997). In agreemtmd treatment of bovine
chondrocytes with 50 ng/ml of ILBL significantly increased NO synthesis.
Interestingly, ATP and.,-meATP were able to further stimulate the produrctio
of NO in a dose-dependent manner and A317491 caehplénhibited the
stimulatory effect mediated by the purinergic agtsi The similar behavior of
ATP anda,p-meATP and the complete inhibition of their effetig A317491
indicate the involvement of P2X receptors in thenstation of NO release. In
addition, ATP ando,f-meATP stimulated the production of P&SHE a dose-
dependent manner, both in the absence and in &sempre of IL-f, indicating a
role for P2X in PGErelease. Interestingly, ATP had an higher effeenio,f-
meATP and A317491 was able only to partially inhibe effect of ATP and to
completely decrease the effectogf-meATP. These differences are probably due
to the presence of P2Y receptors, involved in P@Hease (Burnstock, 2004),
which can be activated by ATP but not @-meATP. The results of this paper
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confirm ATP as an important extracellular signaidlved in cartilage metabolism
and indicate that the stimulation of purinergic hpedys, mediated by P2X
receptors, can increase the inflammation processocaged to cartilage
pathological conditions. On the other hand, studieacerning physiological
mechanical stimulation on cartilage suggest thatP A&cting via purinergic
pathways, may have beneficial effects on cartilagestimulating proteoglycan
synthesis and inhibiting NO production (Graff et, &000; Kono et al., 2006;
Milward-Sadler et al., 2000, 2004; Chowdhury anddgki, 2006). In addition, it
IS reported that a chronic treatment of human chasdes with 100-50QM ATP
induced the loss of glycosaminoglycans but a sidgke of 50QuM ATP increase
proteoglycan and collagen synthesis (Picher et2803. The reasons for this
apparent discrepancy concerning the role of ATP amgnergic pathways are
difficult to establish due to the limited knowledgencerning the expression,
affinities and functional roles of purinergic ret@s in cartilage. It is possible to
hypothesize that various ATP levels associatedht dartilage physiological
and/or pathological conditions can lead to thevatiobn of different purinergic
receptors subtypes. In conclusion, for the finsteti the present study states in a
guantitative way the presence and the binding pater® of P2X and P2X
purinergic receptors in bovine chondrocytes. Bigdamd functional data on NO
production and PGErelease confirm a pivotal role of these purinengiceptor
subtypes in the inflammatory pathologies linkedHe articular cartilage. Novel
purinergic ligands could be potential targets fargddevelopment in the future in

several cartilage pathological conditions.
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CHAPTER 6:

P2X; and P2X; purinergic receptors differentially

modulate the inflammatory response in human

osteoarthritic fibroblasts-like synoviocytes
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INTRODUCTION

Fibroblast-like synoviocytes play a central role time pathogenesis of joint
destruction primarily by the secretion of a widenga of pro-inflammatory
mediators including cytokines, growth factors angbidl mediators of
inflammation. Pro-inflammatory agents produced iyoblast-like synoviocytes
are detrimental to articular cartilage in differgoint diseases such as OA and RA
(Abramson et al., 2006; Varani et al., 2008a). mureceptors have historically
been classified in two categories named as P1 anguRnergic receptors which
were subdivided into G protein coupled P2Y receptord P2X ligand-gated ion
channels (Burnstock, 2006; Sawynok, 2007). Diffeffemctional responses due
to these purinergic receptors have been describ@dwide range of tissues and
biological systems suggesting that ATP may conteldo various physiological
processes (Koles et al.,, 2007; Burnstock, 2008 €Rect of extracellular
nucleotides, through P2 receptors, was previousponted in the regulation of
bone metabolism, in the breakdown of proteoglycand in the production of
cartilage inflammatory mediators (Hoebertz et 2003; Picher et al., 2003). The
pharmacological characterization of P2 receptodstha effects of nucleotides on
fibroblast-like synoviocytes have not been investg in detail although it has
been shown that these cells respond to extrace®il® (Hoebertz et al., 2003).
Synergistic interaction between IL-6, P&End the presence of purinergic
receptors in fibroblast-like synoviocytes may beyartant in the modulation of
the joint tissue destruction including the damagdated to inflammatory
pathologies (Loredo and Benton, 1998; Caporalil.e2@08). It is well reported
that ATP was able to mediate an increase of IL< BNF-u in different cell lines
(Inoue et al., 2007; Bulanova et al., 2009). Thadgtof the pharmacologic
modulation of the NF-kB pathways linked to p50 @& polypeptides suggest its
involvement in the pathogenesis of several inflatomyadiseases (Roman-Blas
and Jimenez, 2006). The characterization of endngemand recombinant P2X
purinergic receptors by using radioligand bindieghniques have had limited
success. Purinergic receptor pharmacological sfuthee been also hampered by
the lack of highly potent and selective agonistd/@nantagonists (Burnstock,
2006). The availability of *H]apmeATP as radioligand to study P2X

purinoceptors represent a useful tool in deternginiine distribution of these
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receptors (Michel et al., 1995). Recently’HFafmeATP binding and

thermodynamic characterization of human P2Kd P2X purinergic receptors in
HEK 293 cells and in bovine chondrocytes revealael possibility to obtain
informations by agonist-antagonist discriminatidrai@ni et al., 2008b,c). The
aim of this study was to investigate the preserfc@2aX receptors in primary
cultures of fibroblast-like synoviocytes from patie with OA and in SW 982
cells derived from human synovial sarcoma by usiNA and western blotting
assays. Affinity values expressed as Ki of BEnd K of selected purinergic
agonists and antagonists were determined by usiogpetition binding

experiments. A thermodynamic analysis was perfornedinvestigate new
insights into the forces driving drug-purinergicceéptor coupling. In order to
complete the pharmacological characterization, R&¢ptors were studied from
a functional point of view. The effect of selectedX; and P2X agonists was
investigated on NF-kB and NF-IL-6 activation and ®NF-o, IL-6 and PGk

release. The capability of well-known purinergi¢aaonists to block the effect of
the purinergic agonists was also carried out teebeerify the involvement of the

P2X; and P2X purinergic receptors.

MATERIALS AND METHODS
Materials
[*H]apmeATP, was obtained from NEN-Perkin Elmer Life aAdalytical
Sciences (USA). ATP, ADRyBmeATP, BzATP, TNP-ATP, PPADS, A317491,
suramin, vimentin, CD14 and von-Willebrand antilesdiwere purchased from
Sigma-Aldrich Advanced Sciences (St. Louis, MO, UYSAIF023, NF279,
2meSATP and KN-62 (4-[(2S)-2-[(5-isoquinolinylsuliid) methylamino]-3-oxo-
3-(4-phenyl-1-piperazinyl) propyl] phenyl iso-quimesulfonic acid ester) were
obtained from Tocris Cookson Ltd (Bristol, UK). NdB- kit was purchased from
Active Motif, Carlsbad, USA. TNk, IL-6 and PGEELISA kits were purchased
from R&D Systems, Inc. Minneapolis, USA. HEK-293Isdransfected with the
human recombinant P2Xand P2X% receptors were kindly provided by Prof.
Annmarie Surprenant (Institute of Molecular Physgyl, University of Sheffield,
Sheffield, England, UK). All other reagents wereaaglytical grade and obtained

from commercial sources.
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Cell culture and membrane preparation

HEK293-hP2X and HEK293-hP2X cells were generated by stable transfection
of human embryonic kidney cell cultures with R2X4nd P2X purinergic
receptors (North, 2002). Fibroblast-like synovi@sytvere obtained by enzymatic
digestion of synovial tissues derived from 27 p@sewith end-stage OA
undergoing total joint replacement surgery (Miyéslat al., 2004; Bilgen et al.,
2007). The diagnosis was based on clinical andokagical criteria. Human
samples were collected with approved informed cainse accordance with the
principles of the Declaration of Helsinki. The sgyatotocol was approved by the
local Ethics Committee of the University of Ferramad the subjects provided
written consent after receiving detailed verbal awitten explanations of the
study. SW 982 cells derived from a human synoweat@ma are fibroblast-like
synoviocytes obtained from American Type Culturdl€xtion (Bethesda, MD)
(Christensen et al., 2005). To avoid the degradatib nucleotides, cells were
incubated in serum-free medium during the pharnuagoal treatment with

purinergic agonists and/or antagonists investigated

Fibroblast-like synoviocytescharacterization

Immunofluorescence with the primary monoclonal lzodly specific for the human
vimentin was used to evaluate the expression okmtin, a fibroblast marker, in SW
982 and in primary cultures of human fibroblastlikynoviocytes, as previously
described (Varani et al., 2008b; Miyashita et &Q04). Human fibroblast-like
synoviocytes and SW 982 were maintained in culmrBMEM, 10% FBS, penicillin
(100 U/ml), streptomycin (10@ug/ml), L-glutamine (2 mM). Human fibroblast-like
synoviocytes when reaching confluence were passaggdised at the 3rd-4th passages
for binding and functional experiments. Nuclei watained with the selective DNA
dye, DAPI (0.1 mg/ml in PBS-EGTA) for 10 minuteduérescence was visualized
using the Nikon Eclipse TE 2000-E microscope eqetpwith a digital camera (DXM
1200F, Nikon Instruments Spa, Sesto Fiorentinerzie, Italy). Monoclonal antibodies
to CD14 and von-Willebrand factor were also usedetxlude the presence of

contaminating macrophages or endothelial cells.
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RT-PCR experiments

Total cytoplasmic RNA was extracted by the acidmgdiaium thiocyanate phenol
method (Gessi et al., 2004). Quantitative real-tRTePCR assay of P2XP2X
P2Xs, P2Xi, P2X%, P2X, P2X mRNAs was carried out using gene-specific
fluorescently labelled TagMan MGB probe (minor gredinder) in a ABI Prism
7700 Sequence Detection System (Applied Biosysteraman GAPDH was

used as a reference gene.

Western blotting analysis

Primary cultures of human fibroblast-like synovitesy and SW 982 cells in
comparison with HEK293-hP2Xand HEK293-hP2X cells were harvested and
washed with ice-cold PBS containing sodium orthedate 1 mM, 4-(2-
aminoethyl)-benzenesulfonyl fluoride 104 mM, apmoti 0.08 mM, leupeptin 2
mM, bestatin 4 mM, pepstatin A 1.5 mM, E-64 1.4 mid8]. Aliquots of total
protein sample (5@ug) were analyzed using antibodies specific for hurRaX
and P2X purinergic receptors (Jug/ml dilution). Filters were washed and
incubated for 1 hour at room temperature with pelase-conjugated secondary
antibodies (1:2000 dilution). Specific reactionsreveevealed with Enhanced
Chemiluminescence Western blotting detection relagfeamersham Biosciences).
B-actin was used as a loading control. Additionaktem blotting analysis was
also performed for the NF-IL-6 protein expressios @reviously described
(Kiehntopf et al., 1995).

Saturation and competition binding assays

Saturation and competition binding assays weraethout in primary cultures of

fibroblast-like synoviocytes and in SW 982 membgaaée 5, 10, 15, 20, 25 and
30°C. Saturation binding experiments #iJafmeATP (from 0.1 to 50 nM) were
performed by using the membranes previously obida{i€0 g protein/assay).

Previous time course experiments showed thit]oBmeATP binding reached
equilibrium after approximately 15 min and was &dlor at least 3 hours. The
incubation times used in binding experiments wd@:min at 5°C, 50 min at

10°C, 60 min at 15°C, 70 min at 20°C, 80 min at@%hd 90 min at 30°C.

Competition experiments of 3 nMH]apmeATP were conducted incubating

membranes (10Qlg protein/assay) and 13 different concentrationpufnergic
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agonists or antagonists examined for thermodynasticlies. Non specific
binding was determined in the presence ofiMl apfmeATP (Varani et al.,

2008Db,c). Bound and free radioactivity were segardity rapid filtration through

Whatman GF/B glass-fiber filters using a Brandstinment and the radioactivity
was counted on a Scintillation Counter Tri Carbkaad 2500 TR.

Thermodynamic data determination

For a generic binding equilibrium L+R = LR (L = &gd, R = receptor) the
affinity association constant K= 1/Kp is directly related to the standard free
energyAG°® (AG° = -RTInK,) which can be separated in its enthalpic and pitro
contributions according to the Gibbs equatitdG® = AH°-TAS® (Borea et al.,
2000).

NF-kB activation in human fibroblast-like synoviocytes

The NF-kB activation in nuclear extracts from hunfi@Bnoblast-like synoviocytes
and SW 982 cells was evaluated by detecting phoglaited p65 and p50
proteins in nuclear extracts using the TransAM NB--kit (Active Motif,
Carlsbad, USA) (Gomez et al., 2006). Phosphorylatéd-kB subunits
specifically bind to the immobilized oligonucleat®l containing the NF-kB
consensus site (5-GGGACTTTCC-3’). The primary bhatly used to detect NF-
kB recognized an epitope on each subunit thatgessible only when activated
and bound to its DNA target. A horseradish peros@dgHRP)-conjugated
secondary antibody provided a sensitive colorimagadout that was quantified

by spectrophotometry at 450 nm.

Enzyme-linked immunosorbent assay (ELISA)
The concentration of TNE; IL-6 and PGk was measured using commercially
available competitive enzyme immunoassays (R&D &wst Minneapolis, USA)

in duplicate samples or standards (Forrest e2@05; De Mattei et al., 2007).

Data and statistical analysis
The protein concentration was determined accortbng Bio-Rad method with
bovine albumin as reference stand@dadford, 1976). A weighted non linear
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least-squares curve fitting program Ligand was ueedcomputer analysis of
saturation and competition binding experiments (M&umand Rodbard, 1980).
Functional experiments were calculated by non limegression analysis using
the equation for a sigmoid concentration-responseec(GraphPAD Prism, San
Diego, CA, USA). Analysis of data, expressed asmie&EM, was performed by
one-way analysis of variance. Differences wereyaea with Dunnett’s test and

were considered significant at a value of p<0.01.

RESULTS

Phenotype characterization of fibroblast-like synoiocytes

Fibroblast-like synoviocytes isolated from synow&lOA patients showed to be a
homogenous population as demonstrated by theiolibst-like morphology.
Primary cultures of fibroblast-like synoviocytesdlie 6.1A) and SW 982 cells
(Figure 6.1B) also showed the expression of vinmerdispecific cellular marker
for mesenchymal cells and fibroblast-like synoviesy No stain was observed
with MoAbs, to CD14 and von-Willebrand factor indimg the absence of

contaminating cells (data not shown).

Evaluation of P2X purinergic receptor mRNA expresson and protein level

The expression of P2% mRNA was shown and high levels of P2XR2X; and
P2X; mRNA were found in human fibroblast-like synovitey and SW 982 cells
(Figure 6.2A). The presence of PRahd P2X was confirmed by western blotting
in comparison with HEK293-hP2Xand HEK293-hP2X cells (Figure 6.2B).
Densitometric analysis of the bands obtained wae gerformed as shown in
figure 6.2C,D.

Saturation and competition binding experiments

Saturation binding experiments in primary culturafs human fibroblast-like
synoviocytes (Figure 6.3A,B) and in SW 982 (Fig6t8C,D) membranes were
carried out to evaluate affinity X and receptor density (Bmax) values of P2X
receptorsBinding parameters were determined at various teatyes (5, 10, 15,
20, 25 and 30°C) by usingH]apmeATP as radioligand and showed thaf K

values changed with temperature (from 3 to 9 nidpeetively) and Bmax values
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in the picomolar range appeared to be largerly peddent of it. Saturation
binding experiments, performed at 5°C, in humamofiast-like synoviocytes
demonstrated the presence of an high affinity migdite (kb= 3.1+ 0.3 nM) and
a receptor density (Bmax= 1580140 fmol/mg protein). Similarly, SW 982 cells
showed kK value of 4.1+ 0.4 nM and Bmax values of 24Q0 230 fmol/mg
protein. With the increase of the temperaturendjfivalues decreased (K 6.5+
0.6 nM, Ko= 8.4+ 0.7 nM, at 25°C, respectively) (Figure 6.3B,D)fiAity values
obtained in {HJapmeATP competition binding experiments by using ctele
purinergic agonists and antagonists in human filasidike synoviocytes
membranes are shown in table 6.1A. In human filastdike synoviocytes
membranes affinity values of the purinergic ligandsed in functional
experiments were obtained incubating 13 differemticentration of purinergic
agonists (Figure 6.4A) or antagonists (Figure 6.4IBjerestingly, BymeATP,
BzATP, A317491 and NF 023 showed a better fit fdwa binding site model,
suggesting a different affinity for P2>Xand P2X purinergic receptors. On the
contrary,ameATP showed a better fit for a one site bindingletipconfirming a
similar affinity for P2X and P2X purinergic receptors. KN62 was not able to
displace fH]apmeATP (Ki > 20 puM). Similar affinity values weresal obtained
in SW 982 cells for purinergic agonists (Figure ®.4and antagonists (Figure
6.4D). In human fibroblast-like synoviocytes andSW982 cells, the affinities of
apmeATP, BymeATP and BzATP were decreased with the increas¢hef
temperature (from 5 to 30°C) as reported in tabld6Interestingly, the increase
of the temperature differentially modulated theirgify of the antagonists and
mediated: i) the reduction inof A317491 and in Kof NF023; ii) the increase
in KL of A317491 and in K of NFO23 (Table 6.1B).

Thermodynamic analysis

The van't Hoff plots for purinergic ligands examiheere essentially linear in the
range 5-30°C in human fibroblast-like synoviocy(Eggure 6.5A,B) and in SW
982 cells (Figure 6.5C,D). Thermodynamic parame{&s°, AH°, AS®) were
reported in Table 6.2. The standard free energycabsilated adAG°® = -RTInKx
at 298.15 K, the standard enthal@yH°, from the van’t Hoff plot InK versus
(1/T) (the slope of which isAH°/R) and the standard entropy AS° = QH°-

223



AG°)/T with T = 298.15 K and R = 8.314 J/K/md{). values were obtained from
saturation experiments ofH]apmeATP binding to fibroblast-like synoviocytes
membranes carried out at 0, 10, 15, 20, 25 and 3A°& thermostatic bath
assuring a temperature 0.1°C. The slopes of van’t Hoff plots were postior
the purinergic agonists examined whose affinitiesrdased with increase of the
temperature. Different behavior was reported far purinergic antagonists. In
fact, the slopes of van't Hoff plots for the;Kf A317491 and the Kof NF023
were negative whose affinities are improved byramaase of the temperature. In
contrast, the slopes of van’'t Hoff plots for Kf A317491 and Kof NF0O23 were
positive. Final thermodynamic parameters of thedeld purinergic compounds
revealed that the binding of agonists was enthatpyentropy driven (Table 6.2).
In addition, high affinity of A317491 and low afftg of NFO23 were associated
with an entropy driven binding whilst low affinitgf A317491 and high affinity
of NFO23 showed an enthalpy and entropy drivenibm(Table 6.2).

Transcription factors in human fibroblast-like synoviocytes

NF-kB levels were evaluated studying P50 and P®%birsits activation. In human
fibroblast-like synoviocytespPmeATP (P2X and P2X agonist) and BzATP
(P2X; agonist) were able to increase of 85% and 152%b#sal level of P65
subunit, respective\BymeATP (P2X agonist) reduced of 58% the basal level of
P65 subunit (Figure 6.6A). The capability of typiparinergic antagonists were
investigated using A317491 and NF 023 which ares @bl block the effect of
BymeATP oraPmeATP respectively . In addition, a P2Xntagonist, KN 62
partially reduced the effect of BZATP and was rdedo counteract the effect of
BymeATP oraPBmeATP. Similar results were also obtained in SW @8Hs
confirming that P2X and P2X purinergic receptors present in human fibroblast-
like synoviocytes were closely similar to those exfosd in this cell line. No
modulation by purinergic agonists and antagonisés Wound on P50 subunit
activation and NF-IL6 transcription factor with te&ception of BzZATP that was
able to increase the basal level of P50 subunitNi#fdL-6 transcription factor.
This effect was blocked only by KN-62 and not by 1X391 or NF 023,
suggesting the involvement of P2deceptors (Figure 6.7).
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TNF-a, IL-6 and PGE; production

In both OA fibroblast-like synoviocytes and SW sethe effect of selected
purinergic agonists and antagonists was evaluateitha presence of LPS (10
png/ml) specific stimulation in TNle-release (Figure 6.6B), in IL-6 (Figure 6.8A)
and PGE production (Figure 6.8B). The stimulation of P2xnhd P2X receptors
mediated a decrease and an increase of d Nffease, respectively. No effect was
present on the modulation of IL-6 and PEoduction by the stimulation of these
purinergic receptors (Figure 6.8A,B). In human diblast-like synoviocytes,
apBmeATP was able to significantly increase Tproduction by 47%. P2X
stimulation by using3ymeATP revealed a significant decrease by 51%hén t
same experimental conditions, the effect of BzZAT&wWo increase of 88% the
TNF-o release. A317491 (10@M) counteracted the effect ofBmeATP but not
of BymeATP. NF023 (100uM) blocked the effect of3ymeATP but not of
apmeATP. In addition, evaluating the effect of theeth purinergic antagonists,
only KN 62 was able to decrease partially the BzAn&diated increase of TNF-

a production.
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Table 6.1A: Affinities, expressed as Ki or K and K_ values (nM) of selected purinergic agonists and &mgonists in human fibroblast-like
synoviocytes at different temperatures.

5°C 10 °C 15 °C 20 °C 25 °C 30 °C

Ligand 278 K 283 K 288 K 293 K 298 K 303 K
Agonists

afmeATP

Ki (nM) 2.7+£0.3 3.5+0.3 4.6x0.5 5.840.6 6.5+0.6 7.4+0.7

BymeATP

Ky (nM) 14+1 172 19+2 2412 31+3 38+3

KL (nM) 339+34 395+37 452+41 526+48 597453 671+64
BzATP

Ky (nM) 11+1 13+1 16+1 20+2 2412 28+3

KL (nM) 132+11 163+15 195420 239+22 286127 358+32

Antagonists

A317491

Ky (nM) 114+10 10249 8918 7417 5616 4315

KL (nM) 2021+190 2817+265 3381+323 3852+374 4268+413 4838+4
NF023

Ky (nM) 642463 82377 992+91 1076+105 1184+113 1328+129
KL (nM) 10623+1054 9223+892 8412+826 7636697 68441672 57291536
KN62

Ki (nM) >20000 >20000 >20000 >20000 >20000 >20000
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Table 6.1B: Affinities, expressed as Ki or I and K. values (nM) of selected purinergic agonists and #gonists in SW 982 cells at different

temperatures.

5°C 10 °C 15 °C 20 °C 25 °C 30 °C

Ligand 278 K 283 K 288 K 293 K 298 K 303 K
Agonists

afmeATP

Ki (nM) 3.2+0.3 3.8+0.4 5.2+0.5 6.3£0.5 7.0£0.6 7.910.6

BymeATP

Ky (nM) 17+1 19+2 20+2 2512 3243 403

KL (nM) 353+31 40339 464142 538451 611+57 693+63
BzATP

Ky (nM) 13+1 15+1 18+2 21+2 26+2 30+3

KL (nM) 136+12 171+16 198+18 245+21 293+28 365+35

Antagonists

A317491

Ky (nM) 121+11 10510 93+9 78+8 59+6 48+5

KL (nM) 1865+172 2724+213 3243+311 3726+353 4115+391 4724+4
NF023

Ky (nM) 622459 815+73 983+88 1052+97 1148+102 1296+116
KL (nM) 10456+1023 9185+871 9356+794 7518+702 6738+623 56124513
KN62

Ki (nM) >20000 >20000 >20000 >20000 >20000 >20000
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Table 6.2: Thermodynamic parameters for the binding equilibrium of
[*H]apmeATP in human fibroblast-like synoviocytes (A) andSW982 cells (B)

of selected purinergic agonists and antagonists.

(A)

Ligand AG® AH° AS°
(kd/mol) (kJ/mol) (J/mol/K)
Agonists
afmeATP
Ki -46.7+0.2 -28.842.3 60.0+5.8
PymeATP
Ky -42.9+0.2 -27.942.2 50.445.3
K. -35.5+0.1 -19.441.9 54.1+4.9
BzATP
Ky -43.5%0.2 -26.942.1 55.645.7
K. -37.3x0.1 -27.612.4 32.6+3.6
Antagonists
A317491
Ky -41.4+0.2 27.242.5 230.1+22.4
Ky, -30.6x0.1 -23.242.1 24.742.2
NF023
Ky -33.8+0.1 -19.5+1.9 48.1+4.7
K. -29.5%0.1 16.4+1.7 153.9+13.5
KN62
Ki > -26.8 NC NC
(B)
Ligand AG® AH° AS°
(kJ/maol) (kd/mol) (J/mol/K)
Agonists
apmeATP
Ki -46.5+0.2 -26.312.4 67.846.1
PymeATP
Ky -42.8+0.2 -24.242.1 62.445.9
K. -35.4+0.1 -19.14+2.0 54.945.2
BzATP
Ky -43.3+0.2 -24.0£2.2 64.746.3
Ky, -37.2+0.1 -27.242.3 33.8+3.4
Antagonists
A317491
Ky -41.3+0.2 26.0+2.4 225.6+23.5
KL -30.7+0.1 -24.4+1.9 21.1+2.1
NF023
Ky -33.9+0.1 -19.2+1.8 49.31+4.6
KL -29.6x0.1 16.6+1.7 154.5+14.2
KN62
Ki > -26.8 NC NC
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Figure 6.1: Culture of human fibroblast-like synoviocytes (A) and SW 982
cells (B). Left panels: phase contrast. Right pangl vimentin expression by

immunofluorescence. Nuclei were counterstained inllbe with DAPI.
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P2X receptors mRNA/GAPDH mRNA ratio

Figure 6.2: mMRNA expression of P2X purinergic recefors (A) and western
blotting analysis (B) in human fibroblast-like synosiocytes (SFs) and SW 982
cells in comparison with HEK293-hP2X and HEK293-hP2X; cells.
Densitometric analysis for hP2X and hP2X; purinergic receptors are shown

(C,D).
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[3H]a BmethyleneATP bound

Figure 6.3. Saturation curves and Scatchard plot dfH]afmeATP binding to
P2X purinergic receptors in human fibroblast-like synovocytes (A,B) and
SW 982 (C,D) membranes at 5°C and 25°C.
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[3H]a BmethyleneATP

[*H]a BmethyleneATP
% specific binding

Figure 6.4: Competition curves of typical purinergc agonists and
antagonists in human fibroblast-like synoviocytesA,B) and in SW 982 (C,D)

membranes.
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Figure 6.5. Van't Hoff plots in human fibroblast-like synoviocytes (A,B) and
in SW 982 (C,D) membranes showing the effect of tgmarature on the
equilibrium binding association constant, Ky, for P2X purinergic agonists
(A,C) and antagonists (B,D).
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Figure 6.6: Effect of apmeATP, pymeATP and BzATP (100 uM) in human
fibroblast-like synoviocytes (SFs) and in SW 982 e on NF-kB activation by
detecting phosphorylated p65 (A) in nuclear extract and on TNFa (B) levels
in control conditions and stimulated by LPS (10 pgnl).
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Figure 6.7: Effect of apmeATP, pymeATP and BzATP (100 uM) in human
fibroblast-like synoviocyes and in SW 982 cells oNFkB activation which
was evaluated by detecting phosphorylated p50 (Apinuclear extracts. No
effect was present in western blotting analysis bypmeATP and pymeATP
(100 pM) in human fibroblast-like synoviocytes on IR-IL-6 activation.
BzATP (100 uM) was able to statistically increase INIL-6 activation (B).

Densitometric analysis for NF-IL-6 was shown (C)
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Figure 6.8: Effect of apmeATP, pymeATP and BzATP (100 uM) in human
fibroblast-like synoviocytes (SFs) and in SW 982edls on IL-6 (A) and PGE,

(B) production. The effect of typical purinergic artagonists were also

evaluated
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DISCUSSION

Nowadays no specific therapy, based on intracellpédhways of chondrocytes
and/or fibroblast-like synoviocytes, exists for tireedical management of OA.
Although different cytokines provide a potentialethpy for OA it will be
necessary to elucidate novel targets to be employéhis disease (Blom et al.,
2007). The purpose of the present paper was tondecuthe presence, the
binding parameters and the functionality of R2&nd P2X receptors in
fibroblast-like synoviocytes derived from OA patierand in SW 982 cells used
as a representative model of human synovial aedl. IThese data could be very
important considering that synovial tissue is knawrhave a key role as target
tissue in the joint during inflammation and in tipathophysiology of OA
(Korkusuz et al., 2005; Goldring and Goldring, 200 this paper we report for
the first time a binding and functional charactatian of P2X purinergic
receptors in human fibroblast-like synoviocytes. Works are present in the
literature showing the presence and the role of PaXd P2X purinergic
receptors in human fibroblast-like synoviocytes. lhuman fibroblast-like
synoviocytes the presence of purinergic receptoes Wwvestigated through
MRNA and western blotting analysis. To quantify @kathe affinity and density
of the P2X receptors investigated, saturation bigdstudies were performed
revealing that the affinity (K nM) was in the nanomolar range and the receptor
density (Bmax, fmol/mg protein) was very high. Thending was rapid,
reversible, saturable and indicated similar paramein both human fibroblast-
like synoviocytes and in SW 982 cells. In additian,demonstrated by a previous
work from our groupoapmeATP was able to label with a similar affinity bot
P2X; and P2X purinergic receptors expressed in HEK 293 cellar@vi et al.,
2008b). These results were also confirmed by cotngetbinding experiments
where apmeATP showed a closely similar affinity for huma@X? and P2X%
purinergic receptors expressed in HEK 293 cells.ti@nbasis of these previous
results, we can hypothesis that in saturation bopdixperiments performed in
human fibroblast-like synoviocytesH]-apmeATP labeled both P2Xand P2%
purinergic receptors with similar affinity. Compein binding experiments
revealed thatpmeATP have higher affinity, in the nanomolar rantp@n other

agonists and antagonists. To evaluate if the ligars#d in functional experiments
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had different affinity values for P2Xand P2X receptors, competition binding
experiments with 13 various concentrations of thmsapounds were performed.
As expectedppmeATP revealed a monophasic curve showing the fliefstr a
receptor population constituted from P2Xnd P2X with similar affinity.
Interestingly,BymeATP, BzATP, A317491 and NF 023 showed a bedbfita
two site binding model, suggesting that these camgs have a different affinity
for P2X; and P2X purinergic receptors. From these results we cpotmgsis that
Ky for BymeATP and NF 023 represent their affinity versuKfpurinergic
receptors whilst BzZATP and A317491 were able tadwith high affinity P2
purinergic subtypes. We have also performed comipetiexperiments at six
different temperatures that could represent anulsif vitro experimental
approach to discriminate agonists from antagonisys means of binding
experiments. Thermodynamic parameters obtained tlmmvan’'t Hoff plots in
the cells examined indicated th@aBpmeATP binding to purinergic receptors is
enthalpy- and entropy-driven, with a major conttibn of the enthalpic
component. The presence of the linearity of vardffhblots for P2X receptors
similarly to those verified for other membrane goes showed thaiH® andAS®
values are independent of temperature (Varani .et2808b, c). These results
provide further informations to the several datespnt in literature showing the
thermodynamic parameters for a remarkable numbkgarids and receptors that
allow a precise investigation at molecular level the role played during the
binding by ligand substituents and by receptor aadids (Borea et al., 2000,
2004; Gilli et al., 2005). We previously reportdtht P2X% purinergic receptors
are thermodynamically discriminated whilst R2Xeceptor subtypes are not
discriminated (Varani et al., 2008b). For human P2&ceptors expressed in
HEK293 cells, purinergic agonists and antagonibsved an enthalpy-entropy
driven binding. In HEK293-hP2xcells only the agonists had an enthalpy-entropy
driven binding whilst the antagonists showed arrogyt driven binding. The
novel results obtained in human fibroblast-like ®yinocytes and SW 982 cells,
suggest that the purinergic agonists examined laventhalpy-entropy driven
binding. In addition, the purinergic antagonistclsias A137491 and NF023
showed a different thermodynamic behavior. In fagh affinity binding site for
A137491 was closely associated to the typical £@®¢rmodynamic behavior as
previously reported in HEK293 cells. The high atfrbinding site of NFO23 was
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similar to the thermodynamic behavior of R2x¢ceptors (Varani et al., 2008b).
These experimental data in human fibroblast-likeosyocytes and in SW 982
cells confirm that P2Xreceptors are thermodynamically discriminated B2,
receptors are not discriminated. Another purposehef present study was to
investigate the purinergic receptor functional \atés in human fibroblast-like
synoviocytes. To this aim, the effect on NF-kB aation and on the release of
pro-inflammatory factors such as TNFsuggested the possible involvement in
inflammatory process of P3Xand P2X agonists and/or antagonists. These
experiments demonstrated an anti-inflammatory efeécP2X; receptors and a
pro-inflammatory effect of P2xXreceptors as confirmed by the contrasting effect
of apmeATP and3ymeATP in NF-kB activation and TNé&-+elease. These data
are in agreement with those reported in literategarding NF-kB that is one of
the most important signalling pathways able to l&gu pro-inflammatory
cytokines such as TN&{Hong et al., 2008). Interestingly, IL-6 and PGl not
modulable by the presence of R2)X@2X; but only by the presence of P2X
receptors confirming previous data obtained in nh&ioid synoviocytes where is
evident the involvement of P2Xpurinergic receptors (Caporali et al., 2008).
These results on IL-6 and Pgroduction demonstrated a direct link in human
fibroblast-like synoviocytes of different nucleaanscription factors involved in
the modulation of pro-inflammatory molecules. lectfaNF-kB-p50 and NF-IL-6
proteins, that binds responsive elements in thé knd PGE gene promoters,
were not modified by P2)Xand P2 agonists (LeClair et al., 199; Uematsu et al.,
2002). Finally, binding, thermodynamic and functbmata demonstrated that
P2X; and P2X receptors present in human fibroblast-like synoyies and in
SW 982 cells are closely similar and suggestegthential use of this cell line as
an in vitro model to study purinergic receptorsnira pharmacological point of
view. In conclusion, the novel findings carried dat human fibroblast-like
synoviocytes from OA patients and in SW 982 cells eepresented by the
presence of high density of the P2Xnd P2X purinergic receptors. The
functional results revealed the direct and contrgsinvolvement of P2Xand
P2Xs purinergic receptors which could represent po#énthediators in the
complex pathways regulating inflammatory processes fibroblast-like
synoviocytes suggesting their potential benefi¢aget for the treatment of

inflammatory joint diseases.
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GENERAL CONCLUSION

Chronic inflammation is a significant factor in thmthophysiology of many
forms of joint disease such as OA and RA. Chondexcyand fibroblast-like
synoviocytes are the two kind of cells particularalved in these diseases. In OA
and RA there is a net loss of cartilage becauseatieeof catabolism exceeds the
rate of synthesis and deposition of the macromtdecaomponents of the
extracellular matrix. Several chondrocyte actigtiare associated to cartilage
damage, and include the up-regulation of NO anidl ipflammatory mediators
such as PGE as well as the increased production of matrix-alegting enzymes.
As well as chondrocytes, fibroblast-like synoviastplay a central role in the
pathogenesis of joint destruction primarly by tleerstion of a wide range of
proinfammatory mediators including cytokines, gtbwfactors and lipid
mediators of inflammation. Growing evidence suggéekat extracellular
nucleotides, such as ATP and adenosine, might plgyortant roles in the
regulation of inflammatory processes, including itiftammatory process in joint
diseases. In the first part of this study we aedalithe presence and the binding
parameters of A Aza, Azg and A ARs in bovine chondrocytes and fibroblast-like
synoviocytes. We found that all the adenosine necspare present in these
substrates and similarly distributed in both cglles showing high-affinity values
in the nanomolar range and a receptor density 86rno 83 fmol/mg of protein.
We have also evaluated the capability of typical & As adenosine agonists and
antagonists to modulate cAMP levels. These compewhdwed potency values
in the nanomolar range, in agreement with theingyf in binding experiments,
the antagonists were able to prevent the effectAdP induced by the agonists
through a selective modulation of the adenylyl agel via Ax or Az ARs. In
addition, the levels of CAMP increased in respotséNECA, a non selective
agonist, suggesting that in physiological conditi(presence of endogenous
adenosine) the activation of,Amay prevail over the Amediated inhibitory
action. We have also analized the role of adencana¢ogs on PGEelease and
COX-2 expression in bovine fibroblast-like synowtes. We have used as
adenosine agonists CHA, CGS21680, NECA and CI-IBeMEIn fibroblast-like
synoviocytes treated with two different type oflamhimatory stimuli (TNFe and
LPS) we observed the increase of B@&Hease. All the adenosine agonists, except
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CI-IB-MECA significally inhibited PGE production. These data indicated for the
involvement of A and Aa ARs in negative modulation of PGEynthesis. We
have also found that the changes in RI8kels were associated to modification of
COX-2 expression the primary enzyme controlling P&Hthesis in response to
inflammatory stimuli. Finally, we have performed @harmacological and
biochemical characterization ofiAAza, Azs and A ARs in human fibroblast-like
synoviocytes. We found that the ARs were preserdll Wnown adenosine
agonists and antagonists showed affinity valuekénanomolar range and were
coupled to stimulation or inhibition of adenylyl adgse. Axr and A ARs
activation inhibited p38 MAPK and NkB pathway, an effect abolished by
selected adenosine antagonists, And A; agonists were able to diminish TNF-
and IL-8 production. Aand Ag ARs were not implicated in the inflammation
downstream whereas the stimulation ghA&nd A ARs were closely associated
with a down-regulation of the inflammatory statlikese results indicate thapA
and A3 ARs could represent a potential target in therapanti-inflammatory
joint interventions. In the second part of the gtulde role of ATP in bovine
chondrocytes and fibroblast-like synoviocytes haeen evaluated. First of all
thermodynamic parameters of the binding equilibriohhwell-known purinergic
agonists and antagonists were determinate in hua2af and P2X receptors
expressed in HEK-293 cells. Our analysis showed B2X; receptors are not
thermodynamically discriminated and that the bigdafi agonists and antagonists
was both enthalpy and entropy-driven. B2¥ceptors were thermodynamically
discriminated and purinergic agonist binding washaipy and entropy-driven,
while antagonist binding was totally entropy-driveAs a consequence a
biochemical and functional study on P2Xand P2X receptors in bovine
chondrocytes have been performed. We found thahbahondrocytes expressed
P2X; and P2X purinergic receptors and thermodynamic parametdrsated that
purinergic binding is enthalpy- and entropy-drivésr agonists and totally
entropy-driven for antagonists. Purinergic agonsstsh as ATP andp-meATP
were able to increase NO and PGElease. A purinergic antagonist, A317491,
was able to block the stimulatory effect on funeibexperiments mediated by
the agonists, suggesting the potential role of hpueinergic antagonists in the
treatment of pathophysiological disease involvedhftammatory of the joints. In

addition, the pharmacological characterization @XP and P2X purinergic
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receptors in fibroblast-like synoviocytes obtairfiein OA patients and in SW982
cells derived from human synovial sarcoma have Ipegformed. Moreover their
possible involvement in modulating the inflammatoegponse by assessing the
activation of NF-kB and the production of TNE, -IL-6 and PGE have been
investigated. Interestingly P2Xand P2X% receptors were present in human
fibroblast-like synoviocytes and SW982 cells. Irgb cells purinergic agonists
and antagonists have a different thermodynamiceharhis study report, for
the first time the presence of PXnd P2X purinergic receptors in human
fibroblast-like synoviocytes. Moreover from the &fional point of view P2X
receptors exhibit anti-inflammatory effects, by wethg the activation of NF-kB
and the release of TN&-whereas P2)Xreceptors mediate an opposite response
suggesting pro-inflammatory effects.

In conclusion, overall these data demonstrate tesemce of A Aza, Acs, As
ARs and P2X P2X; purinergic receptors in bovine chondrocytes abdbblast-
like synoviocytes. The functionality of these puarireceptors suggest the use of
selective adenosine and/or purinergic ligands i tieatment of inflammatory
diseases. In addition, the expression and the Isigaasduction system of
adenosine and purine receptors in human fibrolilestsynoviocytes highlight
the potential pharmacological use of novel purigarlds in disorders associated

with inflammation.
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