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GENERAL INTRODUCTION




ADENOSINE

Adenosine is a nucleoside composed of a molecudelehine attached to a ribose sugar

molecule (ribofuranose) viafaN9-glycosidic bond (Figure 1).
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Figure 1 hedbnical structure of Adenosine

Adenosine is an endogenous nucleoside-signallingecute, which, by acting on
specific membrane receptors produces a number ofysigdbgical and

pathophysiological effects in both the central oerysystem and peripheral organs.

Under normal conditions, adenosine is continuodsiyned intracellularly as well as
extracellulalry. The intracellular production is dmeted either by an intracellular 5'-
nucleotidase, which dephosphorylates AMP or by blydis of S-adenosyl-

homocysteine (Fredholm et al., 2001). Adenosineegerd intracellular is transported
into the extracellular space mainly via specificdbectional transportes through

facilitated diffusion that efficiently evens outethintra-and extracellular levels of



adenosine. The dephosphorylation of extracelluldPAto adenosine, mediated by
ecto-5'-nucleotidase, is the last step in the eraigchain that catalyzes the breakdown
of extracellular adenine nucleotides, such as AiPadenosine. Ectonucleotidases
include ectonucleoside triphosphate diphosphohgdeolwhich can hydrolyze ATP or
ADP, ectonucleotide pyrophosphatase/phosphodiesteraalkaline phosphatases and
5’-nucleotidases (Zimmermann, 2000). When adendsiads in the extracellular space
are high, adenosine is transported into cells byanseof transportes. It is then
phosphorylated to AMP by adenosine kinase or degra inosine by adenosine
deaminase. Adenosine deaminase, but not adenosiasek is also present in the
extracellular space (Fredholm et al., 2001). Anothatential source of extracellular
adenosine is cCAMP, which can be released from msuaod converted by extracellular
phosphodiesterases into AMP and thereafter by smaucleotidase to adenosine.
The transport of adenosine by facilitated diffusisnequilibrative and bidirectional,
meaning that the net transport of adenosine eittteror out of the cell depends upon
the adenosine concentration gradient in both smfethe membrane. Inhibition of
adenosine transport can, therefore, inhibit eittEmosine release or adenosine uptake,
depending upon the intra- and extracellular lew¢ladenosine (Baraldi et al., 2008).
However, since the extracellular formation of adene from released adenine
nucleotides constitutes a second source of adexosimch is not affected by transport
inhibition, the transport inhibitors usually cawseicrease in the extracellular adenosine
levels. Under hypoxic and ischemic conditions thése a marked increase in
cytoplasmatic adenosine leading to an intense gele& adenosine, which is inhibited

by adenosine uptake inhibitors (Parkinson et 8022

Excitatory amino acid-mediated release of adenasimertainly involved; however, of
greater importance is probably the fact that whenentracellular levels of adenine

nucleotides fall as a result of excessive energy tne intracellular levels of adenosine



will rise dramatically (Fredholm et al., 2001). Fexample, following hypoxia there is a
decrease of intracellular ATP, accompanied by aoumclation of 5-AMP and
subsequently adenosine: The nucleoside is therdaftesported into the extracellular
space via the transporters. Furthermore, whemtih&cellular level of adenosine is very
high, adenosine simply diffuses out of cells. Direelease of intracellular adenine
nucleotides, such as ATP, that is thereafter cdaaseextracellularly by ecto-ATPase
and ecto-ATPdiphosphohydrolase (ecto-apyrase) t&AMd dphosphorylated by ecto-
5’-nucleotidase to adenosine, should also be cersid(Zimmermann et al., 2000).
Adenosine is neither stored not released as aicdhsgeurotransmitter since it does not
accumulate in synaptic vescicles, being releasemn fithe cytoplasm into the
extracellular space through a nucleoside transpofiee adenosine transportes also
mediate adenosine reuptake , the direction of tlwesport being dependent upon the
concentration gradient at both sides of the men#&(&redlhom et al., 2001). Since it is
not exocytotically released, adenosine behavesnagxé&racellular signal molecule
influencing synaptic transmission withiiout itselfeing a neurotransmitter, i.e.
modulates the activity of the nervous system atuaellevel presynaptically by
inhibiting or facilitating transmitter release, p®gaptically by hyperpolarizing or
depolarizing neurons and/or exerting nn-synapfiects. Adenosine, therefore, belongs

to the group of neiromodulators.



Adenosinereceptors

Four adenosine receptor (AR) subtypes, (Aca, Azs, and A) have been cloned and
pharmacologically characterized, all of which arer@tein-coupled receptors (GPCRS).

(Figure.2)

Adenosine receptors can be distinguished accorttingpeir preferred mechanism of
signal transduction: Aand A receptors interact with pertussis toxin-sensit@e
proteins of the Gi and Go family; the canonicahsigng mechanism of the,A and of
the Apgg receptors is stimulation of adenylyl cyclase vis @oteins. In addition to the
coupling to adenylyl cyclase, all four subtypes npagitively couple to phospholipase
C via different G protein subunits (Fredholm et24Q1; Ciruela et al, 2010). (Table.1)
Furthermore it has been demonstrated that adenosimeugh interaction with

adenosine receptors, mediated phosphorylationARPKikinase family.

Considering the overall protein structure, ARs ligghe topology typical of GPCRs.
Sequence comparison between the different GPCR=lexy the existence of different
receptor families sharing no sequence similaritgneN specific fingerprints exist in all
GPCR classes. However, all these receptors hawwnmmon a central core domain
consisting of seven transmembrane helices (TMvith each TM composed of 20-27
amino acids, connected by three intracellular (L2, and IL3) and three extracellular
(EL1, EL2, and EL3) loops. Two cysteine residuese(on TM3 and one in EL2), which
are conserved in most GPCRs, form a disulfide Wikch is possibly crucial for the
packing and for the stabilization of a restricteniner of conformations of these seven
TMs. Aside from sequence variations, GPCRs diffiethie length and function of their
N-terminal extracellular domain, their C-terminaitracellular domain, and their
intracellular loops. Each of these domains providesy specific properties to these

receptor proteins. Particularly, consensus sitedNftinked glycosylation exist on the



extracellular regions of ARs, although the predseation of the sites for this post-

translational modification varies amongst the ARtgpes. The carboxyl-terminal tails

of the AIAR, A,sAR, and AAR, but not AAAR, possess a conserved cysteine residue

that may putatively serve as a site for receptémipaylation and permit the formation
of a fourth intracellular loop (Moro et al., 2005).

The AIAR, AsAR, and AAR are very similar in regard to the number of amatids

composing their primary structure, and in gendifa@se AR subtypes are among the

smaller members of the GPCR family. For example ,ithman homologs of the;AR,
A2sAR, and AAR consist of 326, 328, and 318 amino acid residuespectively.
Conversely, the human,AAR is composed of 409 amino acids. It should beddhat
the size of ARs deduced from their primary aminad astructure frequently is not
consistent with the mass estimated by polyacrylamgd#l electrophoresis of the
expressed proteins. The post-translational glyedsyl of ARs, which may vary in a
cell type-dependent fashion, likely accounts fasth discrepancies. The humaAR
and human AAR display 49% overall sequence identity at theremmacid level, while

the human AnAR and human AsAR are 45% identical (Fredholm et al, 2001).
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Figure.2 p@tein-coupled receptors (GPCRS).
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Tablel

Adenosine receptors in the brain.

Receptor Adenosine G Transduction Physiological actions
affinity protein mechanisms” in brain
AR ~ 70 nM Gi123  Inhibits AC (|cAMP) Inhibits synaptic
Activates PLC (1IP3/DAG) transmission;
hyperpolarizes
neurons
Activates PLAZ (1AA)
Activates PLD ( 1PEtOH)
Activates GIRKs
Inhibits Ca** channels
Go
AR ~ 150 nM  Gs” Activates AC (7cAMP) Facilitates
Gair Activates AC (1cAMP) transmitter release;
Gisasw  TIPs regulation of
Inhibits Ca®>* channels sensorimotor
integration in basal
ganglia
AapR ~ 5000 nM  Gs” Activates AC (1cAMP) Increases in cAMP
Activates Ca’* channels in brain slices
Gg/n"-  Activates PLC (11P3/DAG)
AsR ~ 6500 nM  Gias Inhibits AC (|cAMP) Uncouples A;R and
Gg/11 Activates PLC (1IP5;/DAG) mGlu receptors
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A;adenosinereceptors

The A receptor is widely expressed throughout the bbdyjng its highest expression
in the brain, spinal cord, atria and adipose tidgtieuela et al., 2010). Via adenosine
A:ARs, adenosine reduces heart rate, glomerulaatfdin rate, and renin release in the
kidney; it induces bronchoconstriction and intsbiipolysis (Elzein and Zablocki,
2008). Adenosine /Rs can be coupled to different pertussis toxini§easG proteins,
which mediate inhibition of adenylate cyclase ardulate calcium and potassium
channels, as well as inositol phosphate metabdlisedholm et al., 2001). ARs and
A2rARs are primarily responsible for the central effecf adenosine (Dunwiddie and
Masino, 2001). In addition to their postsynapticdtions in different brain regions,
A1ARs can be found presynaptically and modulate rieamemitter release. Presynaptic
A:ARs are the prototype of GPCRs, the stimulatiomnvbich decreases the probability
of neurotransmitter release. The main mechanisnA@R-mediated inhibition of
exocytosis is a direct inhibitory effect on voltaggependent Ca2+ channels (Moore et
al., 2003). AXR displays two different affinities for agonist, \Wwh have classically
been attributed to a different coupling to hetenogric G proteins. According to this
two independent site model, coupled receptor—Gepratomplexes display high affinity
for agonists and uncoupled receptors display Idmiaf. The reported cluster-arranged
cooperative model predicts that the high- and |fimigy sites are a consequence of the
negative cooperativity of agonist binding and do seem to be related to the content of
G protein-coupled or —uncoupled receptors (Frarical.e 1996). Like other GPCR
members, AAR expression is regulated in response to agonightagonist stimulation.
Desensitization of MRs has been described in intact animals and ihocddures.
Prolonged administration of ;AR agonists to animals leads to functional
desensitization of ARs in guinea pig heart, rat adipocytes, rat atmalscle, and rat
brain (Moro et al., 2006). The reduced functiorsponse is attributable to a net loss of
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A;ARs or down-regulation, a decrease in the propomibA;ARs displaying the high-
affinity state for agonists, and a decrease indbetent of Gi proteins. The loss of
binding sites on the cell membrane owing to intezation of AJARs is a slower event.
Ser/Thr phosphorylation seems to be related to t4bon clustering and

desensitization, as well as long-term internal@anf A/ARs (Ciruela et al., 1997).

A, adenosinereceptors

The AAR exists in a wide variety of organs including oraperipheral tissues (e.qg.,
liver, heart, lung, and the immune system) andcdrgral nervous system (CNS) (Lee et
al., 2003). In the developing rat brain, expressibthe A,AR is transiently regulated
in various areas (e.g., the striatum, cortex, ap@dtampus), perhaps implying a role
of adenosine in neuronal development. Soon aftarogenesis, the AAR is highly
expressed by striatal neurons and co-localizes with [ dopamine receptor in
GABAergic striatopallidal neurons (Ferré et al.,08D In addition to the intense
expression in the striatum, low levels ofp/AR are found in many brain regions (e.g.,
the cortex and hippocampus) and it has been swghéisat adenosine acting at the
A2AAR regulates important neuronal functions includinguronal protection and
synaptic transmission (Ferré et al., 2008). Regurabf ApAR gene expression is
therefore likely to play an important role in nenmab development, basal ganglia
activity, and many other peripheral functions. e ICNS, [-DOPA enhanced the gene
expression of the striatal AAR in 6-OHDA-lesioned rats (Tomiyama et al., 2004).
Treatment with an antagonist of the NMDA receptoeantine) was also reported to
elevate the transcript level of striatabpARs (Marvanova and Wong, 2004). The
adenosine AAR couples primarily to members of the Gs familikd_other GPCRs it
can also interact with other G proteins if the ptoe is very over-expressed, but the

evidence for such coupling in vivo is not compg]linn striatum the AAR interacts
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with Golf proteins (Corvol et al.,, 2001). It is n&hown if there are significant
differences in receptor affinity or in signalingpdsdent on which of the two partners
(or which variant of Gs) the receptor interactshwifhere are instances where other G
protein pathways have been implicated, and it @l important to determine if this
alternate coupling is a regulated process, for gamia phosphorylation. There is no
compelling reason to assume that this GPCR coupgbngembers of the Gs family
would signal in anything but a canonical way. Thusst effects are probably due to
activation of adenylyl cyclase and generation oMEA The AAAR can recruitp-
arrestin via a GRK-2 dependent mechanism (Khod. e2@06). This is influenced by
activation of cytokine receptors, which cause redudesensitization of the, /AR
(Khoa et al., 2006).

One key target of PKA is the cAMP responsive elen@mding protein (CREB) which
is critical for many forms of neuronal plasticitg avell as other neuronal functions
(Josselyn and Nguyen, 2005). Phosphorylation of BERE Ser133 by PKA activates
CREB and turns on genes with cAMP responsive el&n€BRE sites) in their
promoters. One important feature of CREB is thas & point of convergence for the
CAMP/PKA and MAPK pathways. Stimulation of the,#ARs counteracts the
inhibition of neurite outgrowth due to MAPK bloclkad(Cheng et al.,, 2002).
Stimulation of the AWAR alone also activates the Ras/Raf-1/MEK/ERK dligiga
through PKA-dependent and PKA-independent pathwagsSrc- and Sos- mediated
mechanisms, respectively (Schulte and Fredholm, 3R00 Interestingly,
phosphorylation/activation of CREB has been shaweompete with nuclear factaB
(NFxB) p65 for an important co-factor, CBP. PhosphdgdaCREB was therefore
proposed to mediate the anti-inflammatory effecthef ApAR receptor and inhibition
of NFxB by A;pAR activation during acute inflammation in vivo wdemonstrated

(Fredholm et al., 2007).
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An interesting observation is that activation ofhAR receptor facilitates activities of
adenosine transporters via a PKC-dependent patlnvalye hippocampus, and thus
reduces the level of extracellular adenosine avi@lfor A/AR activation (Pinto-Duarte
et al., 2005). In addition, PKC was shown to playkey role in mediating the
enhancement of noradrenaline release by theAR in rat tail artery (Fresco et al.,
2004). Activation of multiple signaling pathways the A AR appears to contribute to

its diverse and complex functions in various tissue

A,g adenosine receptors

A2sAR mRNA was originally detected in a limited numhodrrat tissues by Northern
blot analysis, with the highest levels found inw®¢ bowel, and bladder, followed by
brain, spinal cord, lung, epididymis, vas defereasd pituitary. The use of more
sensitive reverse transcriptase-polymerase chaactiom techniques revealed a
ubiquitous distribution of AsAR (Spicuzza et al., 2006). MRNA encodingsAR was
detected at various levels in all rat tissues stlidiwith the highest levels in the
proximal colon and lowest in the liver. In situ hglization of AARs showed
widespread and uniform distribution obg®AR MRNA throughout the brain (Dixon et
al., 1996).

Pharmacological identification of,AARs, based on their low affinity and characteristic
order of potency for agonists, also indicates aegfead distribution of AARS. In
brain, functional AgARs are found in neurons and glial cells. Althoubkre is no
evidence that ASAR are present in microglia, there is ample datd #how that they
are expressed in astrocytes and in different glicslblines (Fiebich et al., 1996). The

expression of AsARs in glial cells, which represent a majority dfetbrain cell
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population, can explain the original observatiorattislices from all brain areas
examined showed an adenosine-stimulated cAMP regpon

Functional AgARs have been found in fibroblasts and various wascbeds,
hematopoietic cells, mast cells, myocardial cefitgstinal epithelial and muscle cells,
retinal pigment epithelium, endothelium, and neacostory cells (Gessi et al., 2005).
Although activation of adenyl cyclase is arguabtyimportant signaling mechanism for
A2»ARs, this is not necessarily the case foasMRs, as other intracellular signaling
pathways have been found to be functionally coupdethese receptors in addition to
adenyl cyclase. In fact activation of adenosingARs can increase phospholipase C in
human mast cells and in mouse bone marrow-deriast oells. AgAR activation also
elevates inositol triphosphate (IP3) levels, intiga this receptor can couple also to
Gqg-proteins. AgARs have been implicated in the regulation of nca#itsecretion and,
gene expression, intestinal function, neuroseargti@scular tone and in particular

asthma (Varani et al., 2005).

Az adenosine receptors

The Ag adenosine receptor ¢AR) is the only adenosine subtype which was cloned
before its pharmacological identification. It wasigmally isolated as an orphan
receptor from rat testis, having 40% sequence hogyolwith canine A and Ana
subtypes (Meyerhof et al., 1991) and was identigtl the AsAR later cloned from rat
striatum (Zhou et al., 1992). Homologs of the tabtal AsAR have been cloned from
sheep and human, revealing large interspeciesraiftes in AAR structure. For
example, the rat /AR presents only 74% sequence homology with sheephaman
A3AR, while there is 85% homology between sheep amdam AAR. This is reflected

in the very different pharmacological profiles dietspecies homologs, especially in
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terms of antagonist binding that has made chatiaatemn of this adenosine subtype
difficult. Recently equine /AR has been cloned and pharmacologically charaetri
Sequencing of the cDNA indicated that it has a lighree of sequence similarity with
that of other mammaliansAR transcripts, including human and sheep (Branetoal.,

2006).

The AAR has been mapped on human chromosome 1p21-pkBh¢an et al., 1997)
and consists of 318 aminoacid residues. Murrisole{1996) determined that the
A3AR gene contains 2 exons separated by a singlenimtr about 2.2 kb. The upstream
sequence does not contain a TATA-like motif, buhéis a CCAAT sequence and
consensus binding sites for SP1, NF-IL6, GATAL1 &WTAS3 transcription factors.
Involvement of the latter in transcriptional comtod this gene would be consistent with
a role of the receptor in immune function. TheAR is a G-protein-coupled receptor
(GPCR) characterized by its C-terminal portion rigcihe intracellular compartment
and 7 transmembrane spanning domains. In contraghér adenosine receptors, the C-
terminal region presents multiple serine and thremesidues, which may serve as
potential sites of phosphorylation that are impatrt@r rapid receptor desensitization
upon agonist application (Palmer & Stiles, 200)o$phorylation leads to a decrease
of the number of receptors in the high-affinitytetand a decrease of agonist potency to
inhibit adenylyl cyclase activity. At the same tintiee receptor is reversibly internalized

in an agonist-dependent fashion (Trincavelli et2002a).

The AsAR has widely distributed its mMRNA being expressedestis, lung, kidneys,
placenta, heart, brain, spleen, liver, uterus, dgadjejunum, proximal colon and eye of
rat, sheep and humans. However, marked differeexiss in expression levels within
and among species. In particular rat testis and o&ls express high concentrations of

A3AR mRNA, while low levels have been detected in taiker rat tissues (Gessi et
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al., 2008). Lung and liver have been found as tlgams expressing high levels of
A3AR mRNA in human, while low levels have been foundaorta and brain. Lung,
spleen, pars tuberalis and pineal gland expressedighest levels of AR MRNA in
sheep.

The presence of AR protein has been evaluated through radioligamtihg,
immunoassay or functional assay in a variety ofmpry cells, tissues and cell lines
(Gessi et al., 2008). In the mouse brain a wideghreelatively low level of AAR
binding sites was found (Jacobson et al., 1993il&i data were obtained in the rat
and in gerbil and rabbit brain. Electrophysiologj@ad biochemical evidence suggested
the presence of AARs in the rat hippocampus and cortex, and funeti@tudies also
indicated its presence in the brain. In cardiomyesythere was no direct evidence of
the presence of ARs but several studies reported that it was nesipte for
cardioprotection in a variety of species and mqdelduding isolated cardiomyocytes
and isolated myocardial muscle preparations (Paad Headrick, 2007). In lung
parenchyma and in human lung type 2 alveolar-lieisc(A549), the AAR was
detected through radioligand binding and immunaleis¢mical assays (Varani et al.,

2006).

The classical pathways associated witlhR activation are the inhibition of adenylyl
cyclase activity, through the coupling with Gi peiots, and the stimulation of
phospholipase C (PLC), inositol triphosphate (I&3) intracellular calcium (9§, via

Gq proteins (Fredholm et al., 2001). However, m@eently additional intracellular
pathways have been described as relevant f#RAsignaling. For example, in the
heart, AAR mediates cardioprotective effects through ATRs#éve potassium
(KATP) channel activation. Moreover, it is coupléa activation of RhoA and a

subsequent stimulation of phospholipase D (PLD)ckvim turn mediates protection of
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cardiac myocytes from ischemia (Mozzicato et a0p4). In addition, in different
recombinant and native cell linesgMR is involved, like the other adenosine subtypes,
in the modulation of mitogen-activated protein lsaagMAPK) activity (Schulte and
Fredholm, 2003). AR signaling in Chinese Hamster Ovary cells tracisfé with
human AAR (CHO-hA3) leads to stimulation of extracellukignal-regulated kinases
(ERK1/2). In particular, AAR signaling to ERK1/2 depends diy release from
pertussis toxin (PTX)-sensitive G proteins, phospbsitide 3-kinase (P13K), Ras and
mitogen-activated protein kinase kinase (Schultd Bredholm, 2003). It has been
reported that AAR activation is able to decrease the levels of PlkAdownstream
effector of cAMP, and of the phosphorylated formP&B/Akt in melanoma cells. This
implies the deregulation of the Wnt signaling padlgw generally active during
embryogenesis and tumorigenesis to increase cetle cyprogression and cell
proliferation (Fishman et al., 2002). Involvemeifittioe PISK/PKB pathway has been
linked with preconditioning effects induced byAR activation in cardiomyocytes from
newborn rats (Germack and Dickenson, 2005). An aglegstudy has recently
documented a role of AR in cell survival signaling in resveratrol precitoning of
the heart. This study provides evidence that regxarpreconditions the heart through
the activation of adenosine;Aand AAR, transmitting a survival signal through both
the PI3K-Akt-Bcl2 and, only in the case obMR, cCAMP response element-binding
protein (CREB)-Bcl2 pathways (Das et al., 2005).bsquently it has been
demonstrated that CREB phosphorylation occurs tiroooth Akt-dependent and -
independent signaling. Activation of PI3K-Akt-pBADBy AzAR has been observed
recently in glioblastoma cells leading to cell sual in hypoxic conditions (Merighi et
al., 2007). Further studies indicate thafAR activation by interfering with PKB/Akt
pathways can decrease interleukin-12 (IL-12) prédodn human monocytes (la Sala

et al., 2005). Collectively, these findings demaosist that several intracellular
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mechanisms are involved followingsAR stimulation, the understanding of which may

be essential and crucial for explaining the diff¢r@spect of its activation.

Therapeutic potential of A; adenosinereceptors

Neur oprotection ver sus neur odegener ation

Considerable interest has been shown in undersigutitie involvement of 4AR in
normal and pathological conditions of the CNS desjts low expression in the brain
(Rivkees et al., 2000). Even though the functionA@AR in the CNS has been
controversial in terms of protective versus toxatians, actually several data point
towards a neuroprotective effect. Firstly, a dwdé rof A;AR was described in a model
of global ischemia in gerbils where acute preisdeeadministration of the agonisi’-
(3-iodobenzyl)-adenosin€g-Bl-methylcarboxamide (IB-MECA) caused a severe
depression of cerebral blood perfusion, worseningearonal damage and postischemic
mortality, while its chronic administration induced significant improvement of
postischemic cerebral flow and neuron protectioanMubitz et al., 1994). In line with
the results obtained after acute treatment, incexebellar granule neurons high
concentrations of CIl-IB-MECA were able to inducetéde dehydrogenase release,
neuronal cell death and augmented glutamate-indoeacbtoxicity through a pathway
involving inhibition of cyclic AMP production (Seat al., 1997). It was then observed
that the effect of IB-MECA depended on the timirfgtreatment as administration of
IB-MECA 20 min prior to transient middle cerebrathemia increased the infarct size,
whereas its addition 20 min after ischemia resultea significant decrease of damage,
leading the authors to define the cerebroprotectitect of AAAR a “right thing at a

wrong time” (Von Lubitz et al., 2001). It has besgpeculated that the deleterious effects

20



caused by acute preischemic treatment with IB-MBE@#%e the consequence of a series
of adverse events triggered immediately prior te titclusion such as release of
inflammatory mediators, breakdown of the blood—izarrier integrity and Gainflux.

In contrast, the neuroprotective effects obtaindterwthe A agonist treatment was
performed following a focal insult were related a@strocyte activation or to a direct
neuroprotective action (Von Lubitz et al., 2001pedf the main factors contributing to
the overall neuroprotective profile of chronic treant with AAR agonists was found
to be the reduction in post-ischemic expressiomitric oxide (NO) synthase, the
enzyme involved in NO generation (Von Lubitz et 4999). Other beneficial effects
associated with chronic ;AR stimulation were the increase of glial fibrijaacidic
protein [(GFAP), astrocyte proliferation and presgion of the ischemia-sensitive
microtubule-associated protein 2 (MAP-2) (Von Labgt al., 1999)]. Destructive and
protective actions of AAR stimulation have also been demonstrated in éxygers in
astroglial cells where CI-IB-MECA at nanomolar desgas responsible for “trophic
effects” related to reorganization of actin cytdsken, while in the micromolar range
was a mediator of apoptosis ([Abbracchio et al.9719 [Abbracchio et al., 2001],
[Appel et al., 2001] and [Di lorio et al., 20028uch apparently opposing effects have
been reconciled by hypothesizing that adenosineeed cell death that occurs during
severe metabolic stress byAR activation might isolate the most damaged ateas
favor those parts of the brain that still retainedchance for functional recovery,
supporting the role of adenosine as a “retaliatnegabolite” (Von Lubitz, 1999). Later
it was speculated that desensitization/down-reguiatf the AAR may be the basis of
cytoprotection, suggesting a role for this recetanduction of cell death (Trincavelli
et al., 2002a). Recently a study performed in prjnzartical cultures demonstrated that
Cl-IB-MECA antagonized the hypoxia-mediated deceess cell viability. Moreover,

when given in vivo before focal cerebral ischentiagduced cerebral infarction while it
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was inactive in A knock-out (AKO) mice. Furthermore &O mice after ischemia
presented an increase in cerebral infarction in pameon to wild-type animals
suggesting that /AR mediate a tonic protective condition during isetia (Chen et al.,
2006b). In contrast, AR activation did not affect neuronal death trigggeby kainate
and cyclothiazide in primary cultures of corticakunons (Rebola et al., 2005).
Contrasting results have been reported also almutAAR activation might influence
neuronal activity in rat brain. Dunwiddie and cokens (1997) demonstrated that in the
CALl region of the rat hippocampusAR has no direct effect on synaptically evoked
excitatory responses, while it induced heterologdesensitization of AR, thus
limiting adenosine-mediated cerebroprotection. @tlseiggested that;AR activation

in cortical neurons mediated a depression of symapansmission by inhibiting
glutamate release additionally to and independefriyn the A receptors, thus
providing neuroprotection ([Brand et al., 2001]efkerenz et al., 2003] and [Lopes et
al., 2003b]). It was also found that activation AAR by endogenous adenosine
inhibited synaptic transmission during hypoxia @ cortical neurons (Hentschel et al.,
2003), and the inhibitory function ofsAR activation was in agreement with an in vivo
report showing that /AR has depressant effects on locomotor activityp@havioral
tests (Jacobson et al., 1993). However, on ther ¢ittued it has been observed that Cl-
IB-MECA facilitates epileptiform discharges in th€A; area of immature rat
hippocampal slices, suggesting that activation AR following a rise in endogenous
adenosine facilitates excitation, thus limiting #r@wn inhibitory and neuroprotective
effects of adenosine in immature brain (LaudadioP&arropoulou, 2004). Genetic
suppression of #4AR enhanced some aspects of motor function, supg@depain
processing at supraspinal levels and showed areaser in neurodegeneration in
response to repeated episodes of hypoxia, suggeakgnpossible use ofzAagonists in

the treatment of ischemic and degenerative comditiof the CNS (Fedorova et al.,
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2003). Different evidences suggest that a part eafroprotection induced by ;AR
derives from its modulation of the brain immunetsgs (Haské et al., 2005). It has
been reported that functionabAR are expressed in mouse microglia cells, whese th
activation is responsible for a biphasic effecttd®K1/2 phosphorylation (Hammarberg
et al., 2003) and in murine astrocytes whegAR stimulation induces the release of the
neuroprotective chemokine CCL2 (Wittendorp et aRpP04). Moreover, in
lipopolysaccharide (LPS)-treated BV2 microglial IseAsAR activation suppresses
tumor necrosis factaw-(TNF-a) production by inhibiting PI3K/Akt and nuclear fac
kB (NF«B) activation, suggesting that selective ligandstlo$ receptor may be of
therapeutic potential for the modulation and pdsstbeatment of brain inflammation
(Lee et al., 2006a). Even though for some aspeetsdle of AAR in the CNS seems
less confusing now than in the past, there are naapgcts yet that need clarification

before a role of Aagonists in therapy can be envisioned.

Cardioprotection versus cardiotoxicity

To date several pieces of evidence support thelesino that activation of 4R is
crucial for cardioprotection during and followingchemia—reperfusion and it has been
suggested that a consistent part of the cardioptreéeeffects exerted by adenosine, once
largely attributed to the Areceptor, may now be in part ascribed AR activation
(Headrick & Peart, 2005). Even though there isvadéapression of AAR in myocardial
tissue, a number of studies have demonstratechthie treatment with agonists induced
protective “anti-ischemic” effects (Auchampach ét 4997a; Tracey et al., 1997,
Thourani et al., 1999a; Ge et al., 2006 and XU.eP@06). The molecular mechanism of
AsAR cardioprotection has been attributed to regoatf mitochondrial (mito) Krp

channels (Thourani et al., 1999b; Shneyvays eR@04 and Peart and Headrick, 2007).
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In addition Shneyvays et al. (2005) demonstrated it cultured rat myocytes CI-IB-
MECA delayed the dissipation of the mitochondriabmbrane potentialAf) and
decreased the elevated intracellular calcium cdana#ons induced by hypoxia. These
effects prevented irreversible cardiomyocyte damagé confirmed previous results
showing that AAR activation protected cardiomyocytes treated vdtxorubicin via
inhibition of calcium overload and prevented candjocyte death during incubation in
high extracellular calcium concentrations (Shnegvayal., 2001 and Shneyvays et al.,
2004). As for the timing of cardioprotection, sostadies have indicated that protection
occurred post-ischemia, through inhibition of nephil-induced reperfusion injury or
inhibition of myocyte apoptotic cell death (Jordaral., 1999 and Maddock et al., 2002),
while others found that preischemigAR activation was effective and necessary for
cardioprotection (Thourani et al., 1999a). Auchadomp@t al. demonstrated that; A
agonism was able to trigger an anti-infarct respowgh either pre- or postischemic
treatment (Auchampach et al.,, 2003). Moreover, as lbeen reported that;AR
activation is able to mimic or induce myocardiat¢gnditioning, meaning that transient
stimulation of the AAR before induction of ischemia leads to both arlyeand a
delayed protection (Peart & Headrick, 2007). Thstfcondition has been shown to
require mito Kyrp channel activation through PKC, 1,2-diacylglycdidAG), PLD and
RhoA, but also reduction of caspase 3 and increafsecell survival through
MEK/ERK1/2 and PI3K pathways (Parsons et al., 208&0 et al., 2000; Lee et al.,
2001; Nakai et al., 2001; Germack and Dickenso42ind Germack and Dickenson,
2005). In addition it has been reported that restvelr preconditions the heart through
AsAR signaling that triggers a survival effect meddby the Akt-Bcl2-Bad signaling
pathway and also by another survival signal mediatga Akt-dependent and
independent CREB phosphorylation (Das et al., 2@0shDas et al., 2005b). In terms of

delayed preconditioning some authors reportedeafool mito Katp channels but not for
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nitric oxide synthase (iNOS), while other acquiredidence of NR<B and INOS
involvement (Takano et al., 2001 and Zhao and Kakr@002). Pharmacological
preconditioning (early and late) obtained aftgAR activation is clinically important,
but cardioprotection is even more relevant wharcdurs at reperfusion (Auchampach et
al.,, 2003 and Xu et al., 2006). This situation,lexhl post-conditioning, has been
demonstrated for IB-MECA through inhibition of thaitochondrial permeability
transition pore (mPTP) opening via PI3K/Akt inaetion of glycogen synthase kinase
(GSK-33; Kin et al.,, 2005 and Park et al., 2006). The wgmbtective effects of A
receptors were also detected ipAMR-overexpressing mice where after in vivo regional
iIschemia and reperfusion, infarct size was lowantim wild-type mice (Black et al.,
2002). In these animals sAR overexpression decreased basal heart rate and
contractility, preserved ischemic ATP and decregsestischemic dysfunction (Cross et
al., 2002). On the other hand, the results obtawmid mice carrying higher transgene
copy numbers suggested that basal signaling wa®ased when the ;AR was
expressed at higher levels, leading to the devedmprof a dilated cardiomyopathy.
Paradoxically, in contrast with pharmacologicaldevice of A-induced cardioprotection
the first studies carried out in mice in which tAgAR was genetically disrupted
demonstrated an improvement of cardiac functioreasaled from a smaller myocardial
infarct size (Guo et al.,, 2001). Cerniway and aiiees (2001) reported similar
beneficial effects in A&KO mice, which they initially ascribed to the absenof a
proinfammatory action of AAR mediated through mast cell degranulation.
Subsequently, it was suggested that this effechirig due to compensatory changes
that developed in the KO mice due to the chroniseabe of AAR (Harrison et al.,
2002). In this respect, recent evidence obtainedidigg pharmacological agents and
genetic methods suggests that CI-IB-MECA protectgairsst myocardial

ischemia/reperfusion injury in mice viasAR activation. These conclusions were
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supported by experiments with a selectivealitagonist and through evaluation of the
A3z agonist effects on KO mice. Interestingly, in this paper by using cenig
(C57BL/6) ABKO mice, deletion of the Agene itself had no effect on ischemic
tolerance, suggesting that previous opposite ®dtdim the same group (Guo et al.,
2001) were probably explained by differences in gleaetic background of the mice
rather than specific deletion of the; ene. Additional studies using wild-type mice
treated with compound 48/80, a condensation prodott p-methoxyphenetyl
methylamine with formaldehyde, to deplete mast cefitents excluded the possibility
that CI-IB-MECA was cardioprotective by releasingdrators from mast cells (Ge et al.,
2006) and supported the idea that therapeuticegfies focusing on AR subtype may
represent a novel and useful approach for proteaifathe ischemic myocardium. The
As-mediated cardioprotection remains a mystery if dneks of its cellular location.
Literature data reported that myocardiaMR expression in the mouse is very low and
below the detection limits of radioligand binding rorthern blot techniques (Black et
al., 2002). It is also surprising that mice ovemegsing the AAR reveal only
12 fmol/mg of protein and that animals with 66 finod) of protein present negative
effects like dilated cardiomyopathy, meaning theg kevel of AAR is very critical for
heart function. Therefore, on the one hand it issgde to hypothesize that given the
strong cardioprotective effects and the low caréigaression, this receptor must be very
efficiently coupled to protective intracellular saging pathways. On the another hand, it
is also conceivable that cardioprotection mighiweeat least in part from activation of

A3AR expressed in other cells (Jacobson & Gao, 2B06;2).
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Anti-inflammatory ver sus proinflammatory effects

The interest in the elucidation oGbAR involvement in inflammation is attested by the
large amount of experimental work carried out itiscef the immune system and in a
variety of inflammatory conditions. However, astire SNC or in the cardiovascular
system the AAR subtype appears to have a complex or “enigmatd®, as both
proinflammatory and antiinflammatory effects haweib demonstrated. One of the first
evidence for a role of AAR in increasing inflammation derived by studiesnast cells
where it was found that its activation was respualesior release of allergic mediators
(Ramkumar et al., 1993 and Fozard et al., 1996aduiition, it has been reported that
A3AR mRNA was higher in lung tissue of patients wdilway inflammation and that
A3AR activation mediates rapid inflammatory cell uXlinto the lungs of sensitized
guinea pigs (Walker et al., 1997 and Spruntulis &ndadley, 2001). It has been
reported that AAR activation in RBL-2H3 mast cells inhibits apogitoand may have a
profound effect on survival of inflammatory cellspeessing AAR in inflamed tissues,
thus contributing to inflammatory cell expansioraCet al., 2001). Moreover, antigen-
dependent degranulation of bone marrow-derived el was found to be mediated
by AsAR (Reeves et al., 1997), and the ability of CINEECA to potentiate antigen-
dependent mast cells degranulation was lost bygusiige lacking AAR, suggesting a
role for antagonists as antiasthmatic agents (8atkat al., 2000). The involvement of
A3AR in mast cells degranulation has been furthefiooed in murine lung mast cells
where it was dependent from Calevations through Gand PI3K coupling (Zhong et
al., 2003). However, in contrast with these findinighas been demonstrated that in the
rat parenchymal strip, where contraction in respdonsadenosine is mast cell mediated,

the receptor involved shows similarities to théAR but CI-IB-MECA is a high affinity
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antagonist and MRS 1523 and MRS 1191 are inactivecamcentrations that
substantially exceed their affinities for the rafAR by adding further twist to 2AR
pharmacology (Wolber & Fozard, 2005). Moreovehas been shown that human and
canine mast cells degranulation was mediated AR instead of AAR (Feoktistov
and Biaggioni, 1995; Auchampach et al.,, 1997b andhBv et al., 2004). This
discrepancy reflects the low human and rat ovextentity at the amino acid level of
A3AR and gquestions the role of theAR as a target for asthma therapy. Nevertheless
the high expression of AR in other cells involved in allergic diseases asthma still
gives reason to suggest a role for antagonisthartreatment of these pathologies. In
particular transcript levels for thesAubtype are elevated in the lungs of asthma and
COPD patients, where expression is localized tanepsilic infiltrates. Interestingly,
similar findings were made in the lungs of adenesiieaminase deficient (ADA)
mice that exhibited adenosine-mediated lung dis€Bsmtment of ADA™ mice with
MRS 1523, a selective sAantagonist, prevented airway eosinophilia and raucu
production. Similar results were obtained in thags of ADA/A;s double KO mice,
suggesting that Asignaling plays an important role in regulatingashic lung disease
and that A antagonism may provide a mechanism for reducirsgnephilia (Young et
al.,, 2004). These results are in contrast with erpnts performed in human
eosinophils ex vivo, where chemotaxis such as dedmtion and superoxide anion
production were reduced bys;AR activation (Ezeamuzie & Philips, 1999). This
discrepancy may be due to differences in mouse lamtian eosinophils or to
differences attributed to the ex vivo nature of dmemotaxis experiments performed.
Additional studies of Armediated effects on mouse eosinophils ex vivoiomed the
results observed in human cells, suggesting tmaingshed airway eosinophilia seen in
the lungs of ADA"™ mice following disruption of AAR is not a cell autonomous effect

of eosinophils. Rather Adisruption in ADA’™ mice is likely to affect the expression
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and activity of key regulatory molecules from otloetls that present AR and that
affect eosinophil migration (Young et al., 2004dr Fexample AAR are expressed on
murine mast cells, airway macrophages and epithetiés, all of which might affect
eosinophil migration. However, levels of key regats cytokines such as IL-5 and IL-
13, or chemokines including eotaxin |, thymus- aufivation-regulated chemokine
(TARC) and monocyte chemotactic protein-3 (MCP3jaeueot affected by Aremoval

in ADA™"™ mice, pointing perhaps to the involvement afsiibtype in the regulation of
other key modulators of eosinophil migration, suat cell adhesion molecules,
extracellular matrix elements and proteases (Yoehgal., 2004). The molecular
mechanisms by which #Asignaling may affect eosinophil chemotaxis are kraawn,
but may involve the regulation of intracellular @am (Khono et al., 1996a). In
addition to influencing chemotaxis, ;Aengagement might also affect eosinophils
survival. It has been reported thag subtype can protect rat mast cells from apoptosis
by a pathway involving PI3K and phosphorylationPK®B. In the same way, activation
of AsAR on eosinophils may promote their survival ag¢siof inflammation. However,
the functional role of the A subtype in the pathogenesis of asthma remains
controversial and differences in the pharmacoloigg psubtype from different species
render it difficult to understand whether apMR agonist or antagonist could be needed
to improve the treatment of asthma. At this regardecent paper by Rimmer and
coworkers reports the effect of a novelAagonist/AAR antagonist in the treatment of
allergic rhinitis through a randomized, double-8liplacebo-controlled study (Rimmer
et al., 2007). Unfortunately, this ligand appeardiave limited clinical benefit in both
the early- and late-phase response to intranasaigah challenge, even though it
reduced the release of some mediators after aflergbkallenge. However, as correctly
pointed out by the authors, the study presenteduraber of shortcomings. As an

example the dose of the drug was limited by theowatherapeutic index, due to side
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effects like tachycardia, raising the possibilitat higher doses of new compounds with
fewer side effects might be more efficacious. Alagively, it is possible that future
studies targeting a different receptor, perhapsfthg or using dual antagonists versus

As/A2sAR will be more successful (Press et al., 2005).

Discrepancy between anti- and proinflammatory éfféenduced by AAR have been
observed also in other cell types. For examplgARA are expressed in human
neutrophils where they are involved together with A the reduction of superoxide
anion generation (Bouma et al., 1997 and Gessl.e2@02). However, recently an
elegant study by Chen et al. reported that neuitopdpidly hydrolyze released ATP to
adenosine that then acts vig-gubtype adenosine receptors, which are recruitebet

leading edge, to promote cell migration (Chen gt2fl06a and Linden, 2006).

In addition to a role of 4AR in increasing inflammation, evidence thaAR decrease
inflammation have also been reported in literatd®e.an example, it has been shown
that ABAR suppress TNIFe release induced by endotoxin CD14 receptor signal
transduction pathway from human monocytes and raudin74.1 macrophages (Le
Vraux et al., 1993 and McWhinney et al., 1996). &torer, in a macrophage model the
A3AR was the prominent subtype implicated in the bitton of LPS-induced TNFe:
production (Sajjadi et al., 1996). This effect vessociated with changes in stimulation
of the activator protein-1 (AP-1) transcription t@c whereas it was independent of
MAPK and NF«B, PKA, PKC and PLC. This was not confirmed in B¥fcroglial
cells where A-mediated inhibition of LPS-induced TNEexpression was associated
with the inhibition of LPS-induced activation of3K/Akt and NF«B pathway (Lee et
al., 2006a). The inhibitory effect induced byAR on TNFa production was also
assessed in KO mice where the Aagonist was unable to reduce TMHevels in

contrast with its effect in wild-type animals (Safere et al., 2000). Recently, it has
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been reported that in mouse RAW 264.7 cells thesubtype inhibits LPS-stimulated
TNF-o release by reducing calcium-dependent activatibrNB-«xB and ERK 1/2
(Martin et al., 2006) while in peritoneal macropbsgisolated from KO mice, the
ability of IB-MECA to inhibit TNFa release was not altered in comparison to wild-type
mice (Kreckler et al., 2006). In this study, thaimtory effect was exerted through the
activation of A, and Ag agonists as recently demonstrated also in humaroaytes
(Zhang et al., 2005 and Haské et al., 2007). Tiserdpancy observed among these
papers might not depend on species differencesgleiboth cases mouse cells, but by
other factors including the source of the cellsj/anthe inflammatory stimulus used.
However in spite of these contrasting results, ohd¢he best potential therapeutic
applications of the regulatory role o Activation on TNFe release has been found in
the treatment of arthritis. AR agonists exert significant antirheumatic effeats
different autoimmune arthritis models by supprassb TNF-a production (Baharav et
al., 2005). The molecular mechanism involved inititebitory effect of IB-MECA on
adjuvant-induced arthritis included receptor dowgtdation and deregulation of the
PI3K-NF«B signaling pathway (Fishman et al., 2006 and M#dil., 2007). Previous
studies also demonstrated thatAR activation inhibited macrophage inflammatory
protein (MIP)-Lki, that is a C-C chemokine with potent inflammateffects, in a model
of collagen-induced arthritis, providing the firgptoof of concept of the adenosine

agonists utility in the treatment of arthritis (8»eet al., 1998).

In agreement with an antiinflammatory role for theAR, it has been recently
demonstrated that AR activation decreases mortality and renal andatiepnjury in
murine septic peritonitis (Lee et al., 2006b). Higlevels of endogenous TNFwere
observed in AKO mice after sepsis induction, in comparison ttdwype animals and

IB-MECA significantly reduced mortality in mice lking the A or Axa but not the
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A3AR, demonstrating specificity of the zAagonist in activating A subtype and
mediating protection against sepsis-induced maytdliee et al., 2006b). A similar
mortality reduction associated with a decrease lold and interferon- (IFN-y)
production induced by #AR activation was previously observed by Haskdl.e{18€98)

in endotoxemic mice. In addition other investigatmported reduced inflammation and
increased survival following Aactivation in 2 murine models of colitis (Mablelya.,
2003). Furthermore, a protective role foeAR in lung injury following in vivo
reperfusion has been recently reported (Matot €t28l06). In contrast, it has been
demonstrated that ;AR activation exacerbates renal dysfunction andemaxcking
A3AR have been found to have better renal functiolloiong renal ischemia
reperfusion injury (Lee and Emala, 2000 and Leal €t2003). A receptors have been
found to be up-regulated in ocular ischemic diseas®l in conditions associated with
oxidative stress. Their activation lead to the tagon of chloride channels in
nonpigmented ciliary epithelial cells, suggestirtgatt As agonists would increase
agueous humor secretion and thereby intraoculasspre in vivo, while antagonists
may represent a specific approach for treatingavdwpertension (Mitchell et al., 1999;

Okamura et al., 2004 and Schlotzer-Schrehardt,e2@05).

Antitumor versustumorigen effects

A very interesting area of potential applicationfafligands concerns cancer therapies.
The possibility that Aadenosine receptor plays a role in the developfecdncer has
aroused considerable interest in recent years r(fashet al., 2002 and Merighi et al.,
2003 and Gessi et al., 2008). Thgsibtype has been described in the regulationeof th

cell cycle and both pro- and antiapoptotic effd@se been reported depending on the
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level of receptor activation (Jacobson, 1998; Yiaale 1997; Gao et al., 200Merighi

et al., 2005a; Nakamura et al., 2006 and Gessil.et2807). Starting from the
observation that muscle tissues are resistantnmrtunetastases, it was reported that
one of the active components of muscle cell coon@gd medium was adenosine, that
exerted a differential effect on tumor and normel growth (Fishman et al., 1998); this
inhibition was removed when thesAR was blocked, while it was mimicked following
AzAR agonist stimulation. The mechanism was found irwolve inhibition of
telomerase activity and arrest in thg@& phase of the cell cycle, leading to a cytostatic
effect (Fishman et al., 2000). In addition, it wdesmonstrated that ;AR inhibited
tumor growth by regulation of the WNT pathway (Fsm et al., 2004). The WNT
pathway, active during embryogenesis and tumorigjsnemediates cell cycle
progression and cell proliferation. A key modulatdrthis pathway is represented by
GSK-3 that is crucial for B-catenin phosphorylationf-Catenin induces the
transcription of genes fundamental for cell cyaegpession such asmyc and cyclin
Di. Upon exposure of tumor cells to the @&gonist, a decrease in the protein expression
level of A AR and the downstream effectors PKA and PKB waseniesl.
Consequently, the GSKB3orotein level increased, resulting in the destzdiilon of -
catenin and the subsequent suppression of cyglianD c-myc expression (Fig. 4). I1B-
MECA treatment also induced down-modulation of éxpression of NkeB, known to
regulate the transcription of cyclim@nd c-Myc (Fishman et al., 2003 and Fishman et
al., 2004). Moreover 4R agonist treatment induced inhibition of tumoogth both

in vitro and in vivo, gave a synergistic effectaambination with chemotherapy and
exhibited a myelostimulatory effect by inducing G¥ production by mononuclear
cells, thus leading to the development of Agonists in clinical trials for colon
carcinoma (Jacobson & Gao, 2006). Other authomsdanhibition of cell proliferation

or induction of apoptosis by treating cells witle ths agonist, but the effects generally
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were observed only at micromolar doses and thelvewwent of the A subtype was
guestioned (Wen and Knowles, 2003; Panjehpour am@rKi-Tehrani, 2004; Merighi
et al., 2005a and Nakamura et al., 2006). In thspect several observations may be
underlined: (i) it has been demonstrated that GMIBCA at micromolar doses inhibits
cell proliferation and this effect is reduced bwpdiing the receptor, supporting a role
for the Ag subtype (Merighi et al., 2005a); (ii) it has bg@eviously reported that IB-
MECA, at micromolar doses in breast cancer cefibjbits cell proliferation through
interaction with receptors different from the adgne subtypes such as estrogen
receptora (Lu et al., 2003); (iii) at micromolar doses CI-MBECA loses its selectivity
for Az receptors and the complicating presence of intieracvith other adenosine
subtypes might be involved in the final responsg;the difference between the effects
induced by low and high doses of CI-IB-MECA could bttributed to the receptor
desensitization of Areceptors that has been demonstrated by otheorauth various
cell systems (Trincavelli et al., 2002a). Conversitlhas been demonstrated thaAR

in retinal ganglion cells was obligatory for lif€h{ang et al., 2006), and it has been
recently observed in colon cancer cells that afteatment with ADA, CI-IB-MECA
increased cell proliferation through the activatioinAz subtype and involvement of
ERK1/2 (Gessi et al., 2007). It is important to erithe that all these experiments have
been performed in normoxic conditions. From anoth@nt of view, hypoxia that is
typical of solid tumors (Vaupel et al., 1989), ¢esaconditions that, on one hand, are
conducive to the accumulation of extracellular ageme and, on the other hand,
stabilize hypoxia-inducible factors, such as HtE{[Blay et al., 1997], [Semenza,
2000], [Hockel and Vaupel, 2001], [Linden, 2001Mipchenko et al., 2002],
[Fredholm, 2003] and [Sitkovsky et al., 2004]). HIF the most important factor
involved in the cellular response to hypoxia, isregulated across a broad range of

cancer types and is involved in key aspects of tumology, such as angiogenesis,
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invasion and altered energy metabolism (Semenz@3)2MHIF-1 is a heterodimer
composed of an inducibly expressed Hi--dubunit and a constitutively expressed
HIF-18 subunit (Epstein et al., 2001). Hlf-land HIF-B mRNAs are constantly
expressed under normoxic and hypoxic conditionse(\&fi et al., 1996). The unique
feature of HIF-1 is the regulation of HIFtExpression: it increases as the cellular O
concentration is decreased (Semenza, 2000 and Bhikohet al., 2002). During
normoxia, HIF-1 is rapidly degraded by the ubiquitin proteasomstesy, whereas
exposure to hypoxic conditions prevents its degradaMinchenko et al., 2002). A
growing body of evidence indicates that HIF-1 cimties to tumor progression and
metastasis (Welsh and Powis, 2003 and Hopfl et28l04). Immunohistochemical
analyses have shown that HIk- present in higher levels in human tumors than i
normal tissues (Zhong et al., 1999). Interestinglnas been demonstrated thafAR
are also overexpressed in cancer tissues in cosgpar® normal mucosa (Gessi et al.,
2004a). Furthermore, attention has been paid tporees to chronic hypoxia that
involve adenosine-induced changes in the transenipegulator HIF-1 expression. In
particular, the correlation between adenosine tecegtimulation and HIFd
expression modulation in hypoxia has been investtyaAdenosine increases Hik-1
protein expression in response to hypoxia in humatanoma, glioblastoma and colon
cancer cells (Merighi et al., 2005b; Merighi et, &006 and Merighi et al., 2007b).
These results indicate that the cell surfacAR transduces extracellular hypoxic
signals into the cell interior. Increased HIl&-rotein synthesis through the activation
of the Akt or MAPKinase pathways is a common theaweounting for the up-
regulation. To evaluate how3AR accumulates HIFd in hypoxia, the signaling
pathway generated bysAR stimulation has been investigated and it wasdothat
MAPKinase activity is required for the HIFelexpression increase induced byAR

activation (Fig.3). Furthermore, as Hlk-filays a key role in inducing angiogenesis, we
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have also studied the role of adenosine in medjatie production of VEGF in tumor
cells. Activation of the AAR in glioblastoma and colon cancer cells stimdafEGF
expression (Merighi et al., 2006 and Merighi et &007b), whereas this receptor
subtype promotes VEGF downregulation in PC12 phewobcytoma cells (Olah &
Roudabush, 2000). It has been proposed that tleetedf VEGF on new capillary
formations is facilitated by the concomitant stiatidn of A and A receptors that
induce the expression of angiopoietin-2 (Feoktistowal., 2003). Indeed, the activation
of Az receptors results in increased expression of aogtin-2 in mast and melanoma
cells (Feoktistov et al., 2003 and Merighi et &005b). Although adenosine may
contribute rather little to the increase in VEGHuged by hypoxia, it may contribute as
much as 50% to angiogenesis (Adair, 2005). Thiddcmean that adenosine acts also
independently of VEGF, something that is not urlikgiven the involvement of
multiple cell types and multiple angiogenetic fastoRecent studies indicate that
pharmacological inhibition of HIFdland particularly of HIF-regulated genes, that are
important for cancer cell survival, may be more adageous than therapeutic
approaches based on HIF-gene inactivation. Inrdgard, AAR antagonists are able to
block HIF-1n, angiopoietin-2 and VEGF protein expression acdatimn in hypoxia,
indicating a new approach for the treatment of earizased on the cooperation between

hypoxic and adenosine signals
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I mmunosuppr essive ver susimmunostimulating effects

The ability of immune cells to fight tumor cells fsndamental for successful host
defense against cancer. Adenosine, whose condentratcreases within hypoxic
regions of solid tumors, may interfere with theagwaition of tumor cells by cytolytic
effector cells of the immune system (Blay et aB97 and Merighi et al., 2003).
Adoptive immunotherapy with lymphokine-activatedlddi (LAK) cells has shown
some promise in the treatment of certain cancexsdte unresponsive to conventional
treatment approaches. However, colon adenocarcimoena to respond poorly to LAK
therapy, possibly as a result of tumor-induced imoswppression. It has been
demonstrated that colon adenocarcinoma cells iguibanti-CD3-activated killer cell
induction through the production of a tumor-assieciasoluble factor that was distinct
from transforming growth factor beta or prostagiasd (Hoskin et al., 1994a).
Therefore, adenosine was indicated as a possibibitior of killer T-cell activation in
the microenvironment of solid tumours (Hoskin et 4094b and Hoskin et al., 1994c).
Indeed, evaluating the adhesion of murine spleevete anti-CD3-activated Kkiller
(AK) lymphocytes to syngeneic MCA-38 colon adenagayma cells it was found that
adenosine reduced adhesion by up to 60% (MacKestzed., 1994). The inhibitory
effect of adenosine was exerted on AK cells andamthe MCA-38 targets and the
agonist potency profile indicated that the i&ceptor subtype might be responsible for
the inhibition of adhesion. The authors suggestéet tthis mechanism of
immunosuppression, secondary to tissue hypoxia, meaynportant in the resistance of
colorectal and other solid cancers to immunotherdpyaddition the same authors
demonstrated that adenosine plays a strong inybéffect on the induction of mouse

cytotoxic T cells (Hoskin et al., 2002). Diminishednoricidal activity correlated with
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reduced expression of mMRNAs coding for granzymedsforin, Fas ligand and TNF-
related apoptosis-inducing ligand (TRAIL). IL-2 atEN-y synthesis by AK-T cells
was also inhibited by adenosine. The inhibitoryeeffof adenosine on AK-T cell
proliferation was also blocked by ar feceptor antagonist suggesting that adenosine
acts through Areceptors to prevent AK-T cell induction. Tumos@asiated adenosine
may act through the same mechanism to impair tlvelopment of tumor-reactive T
cells in cancer patients. Therefore, the supprassid-killer cell function suggests that
adenosine may act as a local immunosuppressannwiitd microenvironment of solid
tumors. Subsequently, it was reported that adeagsantially inhibits the interaction of
T lymphocytes with tumor cells by blocking the ftioa of integrino4p7 that is the
major cell adhesion molecule involved in the adhesf T cells to syngeneic MCA-38
adenocarcinoma cells (MacKenzie et al., 2002). €ffect of adenosine has been
investigated on the expression of costimulatory enales by T cells in resting and
activated conditions. One of the most importantioodatory molecules present on the
T cells surface are CD2 and CD28 acting in contegichieve optimal costimulation of
T Ilymphocytes during interaction with antigen prasgg cells. It has been
demonstrated that adenosine interfered with aabwahduced expression of the
costimulatory molecules CD2 and CD28 in a way Idependent but not involving the
accumulation of intracellular cAMP, possibly byigating the A subtype (Butler et al.,
2003). However, recent data obtained from studgisguadenosine receptor KO mice
examined the capability of adenosine and its angsdo inhibit the ability of LAK to
defeat tumor cells. This work demonstrated thahaedme and adenosineAligands
suppress the cytotoxicity of LAK cells in parallglth their ability to increase cAMP
levels. These effects were produced by interfewrty both perforin-mediated and Fas
ligand-mediated killing pathways. Studies with LAKIls generated from fand AAR

KO mice indicated the lack of any involvement oédb adenosine subtypes in the
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inhibitory effect exerted by adenosine, whereas Lédls obtained from AAR KO
mice were resistant to the inhibitory effect of tmecleoside. Only very high
concentrations of the non selective agonist$-&hylcarboxamide adenosine (NECA)
or 2-chloroadenosine (CADO) produced mild inhibitiof LAK cytotoxicity that were
possibly induced through ,A activation, suggesting the predominant role of Ahg
subtype in inhibition of LAK cell toxicity (Raskol@va et al., 2005). Therefore, the
authors indicate the use ob/Aantagonists to increase the efficacy of immunaibgr
(Fredholm, 2007). In contrast to the immunosupjvessole of adenosine in the
environment of solid tumors, it has been reporteat BAR activation stimulates the
proliferation of bone marrow cells in vitro. Thidfext was induced through the
adenosine-mediated G-CSF production by periphdoaldomononuclear cells (PBMC).
In vitro studies were also confirmed by in vivo exments, which revealed an increase
in leukocyte and neutrophil numbers, when adenoswas administered before
chemotherapy (Bar-Yehuda et al., 2002). The mosgaumechanism at the basis of G-
CSF production included the upregulation of PISKBPAkt and NF«B. In addition, it
has been observed that CI-IB-MECA potentiates tiwity of NK cells in naive and
tumor bearing mice through the induction of IL-12oquction; this effect was
dependent on inhibition of cAMP levels and PKA eqgsion. IL-12 is a potent
stimulant of NK cells and is a cytotoxic factor thexerts a potent anti-tumor effect in
vivo. It induces IFNy production by activated T and NK cells and augmeytotoxic
activity of these cells via perforin, Fas and Tdependent mechanisms. Therefore,
A3AR activation enhances NK cell activity and prolyalK cell-mediated destruction
of tumor cells (Harish et al., 2003). This antitunedfect played in immune cells is in
line with other findings of the same group demaatstg a direct inhibitory action of A

receptor activation on tumor cell growth (Fishmaale 2003)
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GLIOBLASTOMA TUMORS

Introduction and Histological Classification

The most common primary brain tumor is the gliorklistologically, gliomas can resemble
astrocytes, oligodendrocytes, or ependymal cdilss,ton the basis of their morphologic appearance
they are classified as astrocytomas, oligodendsogls, or ependymomas, respectively (1-5).
Astrocytomas express glial fibrillary acidic prateian intermediate filament found in astrocytes
that is routinely used as an aid in classifyindianga as an astrocytoma.

Primary brain tumors account for 1.4% of all cascand 2.4% of all cancer deaths in the United
States, and approximately 20,500 newly diagnosesks and 12,500 deaths are attributed to
primary malignant brain tumors each year. The fagkors for the development of a glioma are not
clear, but occupational exposure to organic sob/emt pesticides appears to be a predisposing
factor. It has also been suggested that cytomeigaso(CMV) infection may play a role in the
etiology or progression of some gliomas, basedaiadiion of CMV RNA in glioblastoma (GBM)
tumors (7). There are two peak incidences of glgnoaie in the age group of O to 8 years (8) and
the second in the age group of 50 to 70 yearsa(f there is a slight male predominance (9).

The symptoms of patients presenting with a gliorapethd on the anatomical site of the glioma in
the brain and can include headaches; nausea ottimgmthanges in speech, vision, hearing, or
balance; mood and personality alterations; seizareonvulsions; and memory deficits .The time
frame of the onset of symptoms depends in parhergtade of the glioma; with GBM tumors the
onset of symptoms is typically rapid. Surgical lEgfs necessary to determine whether the tumor is
a primary brain tumor and to diagnose the tumoe t3pd grade.

Glioma tumors are histologically separated intodegsal through 1V according to the World Health
Organization (WHO) criteria. Grade | tumors typigdiave a good prognosis and more frequently

occur in children (5, 8), and Grade Il tumors alaracterized on histologic examination by
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hypercellularity: These Grade Il tumors have a $e8 median survival. Grade Il astrocytoma
tumors (anaplastic astrocytoma tumors) are charaeteon histologic examination according to
hypercellularity, as well as nuclear atypia andotittfigures (see Figure 4). Anaplastic astrocytoma
has a 3-year median survival (10-14). Grade IVngéis, also known as GBMs, are characterized
on histologic examination according to hypercelitya nuclear atypia, mitotic figures, and
evidence of angiogenesis and/or necrosis (see digur The median survival for patients with
GBM tumors is 12-18 months, and older patiert80( years of age) typically have a survival that
is somewhat shorter than the median.

Oligodendroglioma tumors are histologically sepaglahto Grades Il and Ill according to the WHO
criteria. The Grade Il tumors exhibit hypercellitiarand bland nuclei on histologic examination
(see Figure 6), and the Grade Ill tumors (anamasiigodendrogliomas) exhibit the additional

histologic features of prominent mitotic figuresdavidence of angiogenesis.

Figure 4
Anaplastic astrocytoma (World Health Organizatioadz IIl). A mitotic
figure is shown in the bottoanter of the photomicrograph, and tumor nuclei

are pleomorphic. Both are typical of an anaplaasicocytoma
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Figure 5
Glioblastoma tumor (World Héadrganization Grade 1V). Endothelial cell

proliferation (angiogenesisii®wn in the center of this photomicrograph.

o - & 34
[R5 ¥ e W=y -
B=0e' ", e o okt |
& e LR W, ¢ »
8 e .8 T d
5% i 8y ® &~ ®
- -9 - _® . @
3 ‘wg?r:,. 9. Bl T e
ﬂ;’ - be Mg st Neps ‘oﬁ s
- oW . 'z
‘e @ e »ele ? et
. 8 ® e n s o &
) o e ‘289 o
» B, o ®aald
® . & ) o ®
- » et . @
.9 a . - 2.e o o\

Oligodendroglioma (World Heafdnganization Grade Il). The cleared
cytoplasm and bland monomorphic nuglgical of an oligodendroglioma are

shovarthis photomicrograph.

Major Genetic Alteration

The ongoing characterization of the genetic ali@nat in glioma tumor cells is revealing
considerable variability among tumors of the sarygetand grade. This heterogeneity may
contribute to the current limitations in predictipgtient survival on the basis of histologic anlys
of glioma type and grade alone and suggests tlaasification of certain types and grades of
gliomas according to their genetic phenotype vedld to a more accurate prediction of survival and
response to therapy. Grade | tumors, which areuéetly benign, typically do not progress to
Grade 11, 1, or IV tumors, and their genetic afitons are different from those found in the Grade
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[I-IV tumors; thus, they are not discussed heréMigodendroglioma (WHO Grade Il) and
anaplastic oligodendroglioma tumors (WHO Grade filequently exhibit loss of heterozygosity
(LOH) on chromosomes 1p and 199 (observed in 40%-8Dbiopsies, depending on the study)
.This is the most common genetic alteration foumdligodendroglioma tumors and predicts a
favorable response to certain chemotherapeutictagarfavorable response to radiation therapy,
and longer survival even after recurrence. Gliomagpgy tissue can be routinely tested for LOH on
chromosome 1p and 19q by fluorescence in situ digaiion (FISH) or by Southern blotting in the
pathology laboratory. It is not yet known which gerat the 1p and 19q loci are involved in the
promotion of growth of the oligodendroglioma tumois how the loss of these genes contributes
to a more favorable therapeutic response and a fawvoeable prognosis; however, at least one of
these genes may be involved in the initiation ajadendroglial tumorigenesis .Another common
genetic alteration in oligodendroglial tumors isamoegulation of the tumor suppressor and lipid
phosphatas®TEN gene. Downregulation of this gene has been fouriD¥ of these tumors, and
this downregulation appears to be a consequencethfylation of the promoter region.
Amplification of platelet-derived growth factoraeptor alpha (PDGF occurs in approximately
7% of oligodendroglial tumors. Astrocytoma tumardHO Grade Il) frequently (3%—33%) exhibit
amplification of thePDGFRa and/or PDGFRS genes and of the genes encoding their ligands,
PDGF-A and -B or C and -D. The amplification of thePDGFRa gene may result from
amplification of chromosome 4ql12. These genetieralions probably play an important role in
gliomagenesis, given that retroviral expressiorPBIGF-B in neural progenitor cells can initiate
gliomagenesis in newborn mice and in adult rats.

In astrocytomas that do not express high leveBRGF-A and -B, expression of PDGF-C and -D
may be increased and is thought to substitutenptotumorigenic role of PDGF-B. Losspi3 is
also a common genetic event in astrocytoma tumfitd@ Grade 11). In the more malignant form
of astrocytoma, anaplastic astrocytoma (WHO Grdfelbss of the gene that encodes the cell-

cycle progression regulator Rb, which occurs a®m@sequence of the deletion of chromosome
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13913, is detected in approximately 30% of tum&@ewnregulation or mutation of the tumor-
suppressor gengl6INK4A/CDKN2A occurs in approximately 50% of these tumors. The
downregulation can occur as a result of either hypéhylation of the promoter region or loss of
the chromosome 9p region. Th&6INK4A and ARF genes are encoded by a single genetic locus
known asINK4a/ARF, which is located at chromosome 9p21 and encodesptbeursor of
p1l6INK4A and ARF. Approximately 50% of anaplastgtracytoma tumors have a mutation of the
p53 gene. In addition, the gene encoding the endogepb8snhibitor, MDM2 (on chromosome
12q), is amplified in 13% to 43% of these tumors & consequence of the alterations in the
Rb1/CDK4/p16INK4A and p53/pl4ARF genes, signals that negatively regulate the cellecgre
interrupted, resulting in deregulated cell probfieon. Loss of chromosome 22g and gain of
chromosome 7q are also found in approximately 20%naplastic astrocytoma tumor samples, but
the identity of the gene(s) or loci that contribute anaplastic astrocytoma tumorigenesis or
progression is not yet known. GBMtumors (WHO Gr&dg can be subdivided into primary and
secondary tumors on the basis of the patient’'sadgeesentation and the genetic alterations in the
tumor. Primary GBM tumors present de novo in olplgients (typically>60 years of age) without

a preexisting lower-grade glioma, and they accdantapproximately 90% of all GBM tumors.
SecondaryGBMtumors arise from a preexisting Graade Il astrocytoma or from a mixed glioma
(oligoastrocytoma). In primary GBM tumors, ampl#ton and/or mutation of the gene encoding
epidermal growth factor receptor (EGFR), found bromosome7, occurs in up to 60% of tumors.
The most common mutation is a gain-of-function miatadue to an in-frame deletion of exons 2—
7; this mutation results in the constitutive adiima of EGFR, which can promote glioma cell
proliferation and invasion. Deletion of the lipichgsphatase gené?TEN, due to LOH of
chromosome 10qg or mutation, is also a common geweturrence in the primary GBM tumors;
this deletion results in increased AKT/mTOR acyivivhich promotes cell survival, proliferation,
and invasion. Both amplification of tHeGFR gene and LOH of th€TEN gene can be readily

detected by FISH or Southern blotting in the paibgl laboratory. Several other potential
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tumorsuppressor gene candidates on chromosomesi€ly,adDMBT1 (deleted in malignant brain
tumors 1) and the Myc antagonMkil, have been proposed. Also, MM®M2 gene (an inhibitor of
p53 on chromosome 12q) is amplified in approximated% to 15% of GBM tumor samples.
Hypermethylation of the promoter of the gene encgdhe DNA-repair enzyme, MGMT, occurs in
both primary GBM(36%) and secondary GBM (75%) tusnand indicates a better response to
temozolomide therapy. Heterogeneity in glioma tusneralso found within individual tumors. For
example, certain areas of a glioma tumor may egpeé hypoxic conditions. Hypoxia results in the
activation of proangiogenic genes and a focallyaased angiogenic response. Also, breakdown of
the blood-brain barrier can occur focally withingkoma tumor, resulting in leakage of serum-
derived extracellular matrix proteins into certaireas of the tumor. Focal expression of serum-
derived extracellular matrix proteins can alteegrin signaling and the motility of the glioma eell

Molecular M echanisms Contributing to the Proliferative and I nvasive
Phenotype

Like other malignant tumors, glioma tumors prokfier rapidly. This highly proliferative phenotype

is due to the loss of multiple cell cycle inhibgoas well as to increased signaling from multiple
growth factor receptors that act through downstredfactors to exert positive effects on the
regulation of the cell cycle. The growth factoreptors that initiate a proliferative signal in thes

tumors include EGFR and PDGFR. Frequently, expoassi both the ligand and the receptor is
increased in glioma tumors, suggesting that theistsean autocrine or paracrine loop that amplifies
signaling. Importantly, the EGFR and the PDGFR dlofactor receptors cooperate or coordinate
with cell adhesion receptors, such as integrinsEpid kinases, resulting in an amplification of the
growth factor receptor signal. Growth factor receptand cell-adhesion receptors typically rapidly
activate focal adhesion kinase (FAK), a cytoplasnmoareceptor tyrosine kinase. FAK is a major
positive regulator of cell-cycle progression andisday increasing extracellular signal-regulated

kinase (ERK) activity and cyclin D1 transcripticas well as by inhibiting expression of p27Kip1.
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Gliomas are invasive tumors. For the malignant ngés, the invasive phenotype is a highly
characteristic feature; others have referred te ffienotype as a signature feature. As with the
proliferative phenotype, growth factor receptornsing plays a major role in promoting the
invasive phenotype in cooperation with, or in caeation with, cell-adhesion receptors and
proteases. Multiple growth factor receptors havenbghown to promote glioma cell migration and
invasion, including c-Met, EGFR, and PDGFR. Typigalhere is increased expression of both the
growth factor receptor and ligand in the tumor,iagaiggesting that an autocrine or paracrine loop
that promotes signaling is in place. Members oesawdifferent families of celladhesion receptors,
including members of the integrin family, the EpplEn family, and the CD44 family, have been
shown to promote glioma cell migration and invasiédm some instances, expression of cell-
adhesion receptors, such as integrins alpha vdaeatad alpha v beta 5, is increased in malignant
glioma tumors. The integrin receptors provide thenaction with the cytoskeleton of the cell that
generates the traction that enables the cell thigself forward. Regarding the Eph/Ephrin family,
current data indicate that the Ephrin-B3 ligand d@he Eph-B3 receptor promote glioma cell
invasion. Cell-surface receptors from differentsskes or families probably cooperate or coordinate
signaling events in a context dependent manner ihalso regulated temporally. Signaling
molecules in the glioma cells act downstream of dék-surface growth factor receptor and cell-
adhesion receptor to amplify and propagate thenpasion signal. These signaling molecules
include cytoplasmic tyrosine kinases, adaptor moés; and cytoskeletal proteins. For example,
both the tyrosine kinase FAK (72, 86, 98, 99) amdtlker member of this family, Pyk2, can
promote glioma cell migration and invasion in atestdependent manner. The Src family tyrosine
kinases also are necessary for glioma cell invasf@aptor molecules from the Crk-associated
substrate (CAS) family, such as HEF1 and p130CA&npte glioma invasion, and members of the
Crk family of adaptor molecules act downstream &Hd or CAS proteins in this process. Two
signaling molecules that regulate glioma cell sealviand proliferation, phosphatidylinositol-3-

kinase (PI3K) and PTEN, also regulate glioma celgration and invasion. PI3K positively

46



regulates glioma cell migration and invasion (10BJT.EN appears to negatively regulate these
processes; thus, the loss of PTEN function in malng gliomas can promote glioma cell invasion.
Glioma cell invasion most likely requires proteasgradation of the extracellular matrix. Several
families of proteases, including the serine prasasathepsins, matrix metalloproteinases (MMPS),
and the ADAMTS family of metalloproteases, haverbesbown to play a role in glioma cell
migration and invasion. Protease activity can bgulaged by multiple factors in a tumor. One
important aspect of this regulation is the locdl@a of protease function in specific regions o th
tumor cell membrane. An example of this processhes localization of the serine protease,
urokinase. Urokinase expression is increased inG@wbrs in vivo, and downregulation either of
urokinase or of its receptor (the urokinase reagptunibits glioma cell invasion. The binding of
urokinase to its receptor localizes this proteasspecific areas of the cell membrane and promotes
its activity in these areas because the bindingrokinase to its receptor is necessary for optimal
protease activity. Also, the receptor colocalizeghwspecific integrin receptors on the cell
membrane, further specifying the membrane regiat #xhibits protease activity. A second
example is the binding of MMP-2 to integrin alphbeta 3 on the cell surface, which both localizes
and enhances the activity of this protease. Thudeases act in concert with cell-surface receptors

and downstream signaling molecules to promote gligedl invasion.

Treatmen of Glioblastoma tumor

Treating glioblastoma is a complex process, reqgida variety of techniques and procedures. The
initial treatment often includesteroid medicationgo reduce swelling and inflammation of brain

tissue, as well asnticonvulsant medicationsto prevent and control seizures if you have

47



experienced them. If fluid has built up in the hra physician may insertshunt-a long, thin tube
that draws excess fluid from the brain. Commontineats to remove or reduce the size of
glioblastoma include a combination efirgery, radiation therapyand chemotherapy.For all
operable tumors, surgery followed by radiation &lpgr and chemotherapy is recommended to
improve patients’ survival. Surgeons work to remaganuch of the glioblastoma as possible while
trying to minimize damage to healthy tissue. Soamedrs can be removed completely while others
only partially or not at all. To gain access to thmor, surgeons may cut bone from the skull in a
procedure calleccraniotomy and replace the bone after the procedure. Somee@sguse a
highpowered microscope (microsurgery) or computegfams that create 3-D maps of the tumor’s
location; these maps help surgeons to remove tumibinsminimal damage to healthy tissue and
can reduce your pain and recovery time. In som&sitns, ultrasonic waves can be used to break
apart the tumor, with the fragments removed byisagcin a procedure calladtrasonicaspiration
Sometimes, to prevent cancer from coming back,esmung place chemotherapy coated wafers in the
space where a tumor has been removed. Radiatioapthreinpointed high-energy beams—can
shrink tumors or destroy cancer cells remainingragurgery. This treatment is also an option if
surgery is not possible. Radiation therapists sonest use 3-D maps similar to what surgeons use
to deliver radiation in the exact size and shapd@®tumor.

A common treatment regimen involves seven weekargeted radiation treatment combined with
a chemotherapy drug calléemozolomide (Temodar®which makes the tumor more sensitive to
the radiation therapy. Because of the difficulty todating glioblastoma, you should consider
enrolling in aclinical trial testing new treatments. These treatments are higkyerimental in
nature but may be an option, especially for advarazancers. Some trials may involve biologic

therapy, which uses the natural defenses of theumensystem to fight cancer.

48



References

Abbracchio et al., 200M.P. Abbracchio, A. Cimurri, S. Ceruti, F. Cattabd.. Falzano and A.M.
Giammarioli et al., The A adenosine receptor induces cytoskeleton rearragigiem human
astrocytoma cells via a specific action on Rhogirst Ann N'Y Acad Sci 939 (2001), pp. 63-73.

Abbracchio et al., 199%1.P. Abbracchio, G. Rainaldi, A.M. Giammarioli, Seruti, R. Brambilla
and F. Cattabert al., The A; adenosine receptor mediates cell spreading, reajgon of actin

cytoskeleton, and distribution of Bcl-XL: studigs human astroglioma cell8jochem Biophys
Res Communun 241 (1997), pp. 297-304.

Ad

air, 2005T.H. Adair, Growth regulation of the vascular €yst an emerging role for adenosine,
Am J Physiol Regul Integr Comp Physiol 289 (2005), pp. R283—-R296.

Appel et al., 200E. Appel, G. Kazimirsky, E. Ashkenazi, S.G. KimA Jacobson and C. Brodie,

Roles of BCL-2 and caspase 3 in the adenosg@éeptor-induced apoptosisMol Neurosci 17
(2001), pp. 285-292.

Atkinson et al., 199M.R. Atkinson, A. Townsend-Nicholson, J.K. Nicho.R. Sutherland and

P.R. Schofield, Cloning, characterisation and closomal assignment of the human adenosine
Aj receptor (ADORA3) genéJeurosci Res 29 (1997), pp. 73-79

Auchampach et al., 1997BA. Auchampach, A. Rizvi, Y. Qiu, X.L. Tang, C.aMonado and S.
Teschnert al., Selective activation of Aadenosine receptors wilf-(3-iodobenzyl)adenosine-

5'-N-methyluronamide protects against myocardial stugaind infarction without hemodynamic
changes in conscious rabbi@rc Res 80 (1997), pp. 800-809.

Auchampach et al., 1997A. Auchampach, X. Jin, T.C. Wan, G.H. Caugheay &rLinden, Canine

mast cell adenosine receptors: cloning and exmnessf the A receptor and evidence that
degranulation is mediated by thegAeceptorMol Pharmacol 52 (1997), pp. 846—860.

Auchampach et al., 2003.A. Auchampach, Z.-D. Ge, T.C. Wan, J. Moore &d. Gross, A

adenosine receptor agonist IB-MECA reduces myoahidchemia—reperfusion injury in dogs,
AmJ Physiol Heart Circ Physiol 285 (2003), pp. H607—H613.

Baharav et al., 200&. Baharav, S. Bar-Yehuda, L. Madi, D. SilbermanRath-Wolfson and M.

Halprenet al., Antiinflammatory effect of A adenosine receptor agonists in murine autoimmune
arthritis models) Rheumatol 32 (2005), pp. 469-476.

49



Baraldi et al., 200®G. Baraldi, MA. Tabrizi, PA. Borea, Adenosineaptor antagonist:translating
medicinal chemistry and pharmacology into clinigtility. Chem Rev.2008;108(1):238-63

Bar-Yehuda et al., 2003. Bar-Yehuda, L. Madi, D. Barak, M. Mittelman,Adon and A. Ochaion
et al., Agonists to the Aadenosine receptor induce G-CSF production viakBFactivation: a
new class of nyeloprotective ageriigp Hematol 30 (2002), pp. 1390-1398.

Black et al., 200R.G. Black, Y. Guo, Z.-D. Ge, S.S. Murphree, S?babhu and W.K. Jonesal.,
Gene dosage-dependent effects of cardiac-speciéicerpression of the Aadenosine receptor,
Circ Res 91 (2002), pp. 165-172.

Blay et al., 1997. Blay, T.D. White and D.W. Hoskin, The extragkl fluid of solid carcinomas
contains immunosuppressive concentrations of ades@ancer Res 57 (1997), pp. 2602—-2605.

Bouma et al., 199%.G. Bouma, T.M.M.A. Jeuhomme, D.L. Boyle, M.A. tener, N.N. Voitenok
and F.A.J.M. van den Wildenbeegal., Adenosine inhibits neutrophil degranulation iti\sted
human whole blood] Immunol 158 (1997), pp. 5400-5408.

Brand et al., 200JA. Brand, Z. Vissiennon, D. Eschke and K. Nieb&denosine A and A
receptors mediate inhibition of synaptic transnaissin rat cortical neuron$yeuropharmacology
40 (2001), pp. 85-95.

Brandon et al., 200€.I. Brandon, M. Vandenplas, H. Dookwah and T.Ruridy, Cloning and
pharmacological characterization of the equine asiee A receptorJ Vet Pharmacol Ther 29
(2006), pp. 255263

Butler et al., 20031.J. Butler, J.S. Mader, C.L. Watson, H. ZhangBldy and D.W. Hoskin,
Adenosine inhibits activation-induced T cell exmgies of CD2 and CD28 co-stimulatory
molecules: role of interleukin-2 and cyclic AMP s&jing pathways) Cell Biochem 89 (2003),
pp. 975-991.

Cerniway et al., 200R.J. Cerniway, Z. Yang, M.A. Jacobson, J. Linden &.P. Matherne,
Targeted deletion of Aadenosine receptors improves tolerance to ischeaparfusion injury in
mouse myocardiunAm J Physiol Heart Circ Physiol 281 (2001), pp. H1751-H1758.

Cheng et al.,200HC. Cheng, HM. Shih, Y. Chern. Essential role &M#®-response
element-binding protein activation by A2A adenosieeeptors in rescuing the nerve

50



growth factor-induced neurite outgrowth impaired ilgckage of the MAPK cascade. J
Biol Chem. 2002;277(37):33930-42.

Chen et al., 2006%. Chen, R. Corriden, Y. Inoue, L. Yip, N. Hashifpuand A. Zinkernagedt al.,
ATP release guides neutrophil chemotaxis via P2N@ & receptorsScience 314 (2006), pp.
1792-1795.

Chen et al., 200665.J. Chen, B.K. Harvey, H. Shen, J. Chou, A. \fieiod Y. Wang, Activation of
adenosine Areceptors reduces ischemic brain injury in rodehtSleurosci Res 84 (2006), pp.
1848-1855.

Ciruela et al., 200F. Ciruela, C. Saura, El. Canela, J. Mallol, Qiig} R. Franco, Ligand-induced
phosphorylation, clustering, and desensitizationA@f adenosione receptors. Mol Pharmacol.
1997;52(5):788-97.

Ciruela et al., 2010F. Ciruela, C. Albergaria, A. Soriano, L. Cuffi, Carbonelli, S. Sanchez, J.
Gandia, V. Fernandez-Duenas, Adenosine receptoesacting proteins (ARIPs): Behind the
biology of adenosine signaling. Biochim Biophys &&010;1798(1):9-20.

Corvol et al., 2001C. Corvol, JM. Studler, JS. Schonn, JA. GirdbltHervé. Galpha(olf) is
necessary for coupling D1 and A2a receptors to Wderyclase in the striatum. J
Neurochem. 2001;76(5):1585-8.

Cross et al., 200H.R. Cross, E. Murphy, R.G. Black, J. Auchampachl &£. Steenbergen,
Overexpression of Aadenosine receptors decreases heart rate, presg@rgetics, and protects
ischemic heart$Am J Physiol Heart Circ Physiol 283 (2002), pp. H1562—H1568.

Das et al., 2005&. Das, G.A. Cordis, N. Maulik and K.D. Das, Phacaiogical preconditioning
with resveratrol: role of CREB-dependent Bcl-2 silgmg via adenosine Areceptor activation,
Am J Physiol Heart Circ Physiol 288 (2005), pp. H328-H335.

Das et al., 200515. Das, A. Tosaki, D. Bagchi, N. Maulik and D.Ka$) Resveratrol-mediated
activation of cCAMP response element-binding prot#irough adenosine Areceptor by Akt-
dependent and independent pathwiaharmacol Exp Ther 314 (2005), pp. 762—769.

51



Di lorio et al., 2002P. Di lorio, S. Kleywegt, R. Ciccarelli, U. Trawa, C.M. Andrew and C.E.
Crockeret al., Mechanisms of apoptosis induced by purine nualessin astrocytesGlia 38
(2002), pp. 179-190.

Dixon et al.,1996AK. Dixon, AK. Gubitz, DJ. Sirinathsinghji, PJ. éhardson, TC. Freeman.
Tissue distribution of adenosine receptor mRNAs tie rat. Br J Pharmacol.
1996;118(6):1461-8.

Dunwiddie et al., 1997T.V. Dunwiddie, L. Diao, H.O. Kim, J.-L. Jiang an€.A. Jacobson,
Activation of hippocampal adenosine; Aeceptors produces a desensitization @fréceptor-
mediated responses in rat hippocampudgurosci 17 (1997), pp. 607—-614.

Dunwiddie et al.,200TV. Dunwiddie, SA. Masino. The role and regulatiminadenosine in
the central nervous system. Annu Rev Neurosci. 22031-55.

Elzein et al.,200&. Elzein, J. Zablocki. A1 adenosine receptor agjsnand their potential
therapeutic applications. Expert Opin Investig Bruz008;17(12):1901-10.

Epstein et al., 200A.C. Epstein, J.M. Gleadle, L.A. McNeill, K.S. Héson, J. O'Rourke and D.R.
Mole et al., C. elegans EGL-9 and mammalian homologs define a family afxggenases that
regulate HIF by prolyl hydroxylatiorGell 107 (2001), pp. 43-54.

Ezeamuzie and Philips, 1998.1. Ezeamuzie and E. Philips, Adenosing rAceptors on human
eosinophils mediate inhibition of degranulation awgeroxide anion releasB; J Pharmacol
127 (1999), pp. 188-194.

Fedorova et al., 2008M. Fedorova, M.A. Jacobson, A. Basile and K.Acdbson, Behavioral
characterization of mice lacking the ;Aadenosine receptor: sensitivity to hypoxic
neurodegeneratiogell Mol Neurobiol 23 (2003), pp. 431-447.

Feoktistov_and Biaggioni, 1995 Feoktistov and I. Biaggioni, Adenosine;gAreceptors evoke
interleukin-8 secretion in human mast cells. An refgline-sensitive mechanism with
implications for asthmal Clin Invest 96 (1995), pp. 1979-1986.

Feoktistov et al., 200B Feoktistov, S. Ryzhov, A.E. Goldstein and laggioni, Mast cell-mediated
stimulation of angiogenesis: cooperative interactoetween Ag and A adenosine receptors,
Circ Res 92 (2003), pp. 485—-492.

52



Ferré et al.,2008. Ferré, C. Quiroz, AS. Woods, R. Cunha, P. RppoCiruela, C. Lluis, R.
Franco, K. Azdad, SN. Schiffmann. An update on adare A2A-dopamine D2 receptor
interactions: implications for the function of Gopgin-coupled receptors. Curr Pharm Des.
2008;14(15):1468-74.

Fiebich et al.,199@L.Fiebich, K. Biber, K. Gyufko, M. Berger, J. Bauy D. van Calker.
Adenosine A2b receptors mediate an increase ineuntan (IL)-6 mRNA and IL-6 protein
synthesis in human astroglioma cells. J Neuroci€96;66(4):1426-31.

Fishman et al., 200®. Fishman, S. Bar-Yehuda, E. Ardon, L. Rath-WaifsF. Barrer and A.
Ochaionet al., Targeting the A adenosine receptor for cancer therapy: inhibitbrprostate
carcinoma cell growth by /AR agonist Anticancer Res 23 (2003), pp. 2077-2083.

Fishman et al., 200P. Fishman, S. Bar-Yehuda, L. Madi and I. Cohgadenosine receptor as a
target for cancer therapinticancer Drugs 13 (2002), pp. 1-8.

Fishman et al., 200@. Fishman, S. Bar-Yehuda, L. Madi, L. Rath-Waifsé. Ochaion and S.
Cohenet al., The PI3K-NF«B signal transduction pathway is involved in medgtthe anti-
inflammatory effect of IB-MECA in adjuvant-induceatthritis, Arthritis Res Ther 8 (2006), p.
R33.

Fishman et al., 200R. Fishman, S. Bar-Yehuda, G. Ohana, F. BareQchaion and A. Erlanget
al., An agonist to the A adenosine receptor inhibits colon carcinoma growthmice via
modulation of GSK-B and NF«B, Oncogene 23 (2004), pp. 2465-2471.

Fishman et al., 200B. Fishman, S. Bar-Yehuda, G. Ohana, S. Pathakadsserman and F. Bareir
al., Adenosine acts as an inhibitor of lymphoma cediwgh: a major role for the Aadenosine
receptor Eur J Cancer 36 (2000), pp. 1452-1458.

Fishman et al., 199B. Fishman, S. Bar-Yehuda and L. Vagman, Adenpsitieer low molecular
wheight factors released by muscle cells inhibibadu cell growth: possible explanation for the
rarity of metastases in musc{éancer Res 58 (1998), pp. 3181-3187.

Fozard et al., 1996.R. Fozard, H.-J. Pfannkuche and H.-J. Schuuriuiast cell degranulation
following adenosine Areceptor activation in rat&ur J Pharmacol 298 (1996), pp. 293-297.

53



Franco et al.,199R.Franco, V.Casado, F.Ciruela, J. Mallol, C. L|ig$ Canela. The cluster-
arranged cooperative model: a model that accowntshie kinetics of binding to Al
adenosine receptors. Biochemistry. 1996;35(9):30R7-

Fredholm et al.,2001BB.Fredholm, AP.IJzerman, KA.Jacobson, KN.KlotzLidden.
International Union of Pharmacology. XXV. Nomenal& and classification of adenosine
receptors. Pharmacol Rev. 2001;53(4):527-52.

Fredholm, 20038.B. Fredholm, Adenosine receptors as targetsifog developmentDrug News
Perspect 16 (2003), pp. 283—-289.

Fredholm, 200B.B. Fredholm, Adenosine, an endogenous distigasls modulates tissue damage
and repairCell Death Differ 14 (2007), pp. 1315-1323.

Fredholm, 2007BB.Fredholm, Y.Chern, R.Franco, M.Sitkovsky. Aggeof the general
biology of adenosine A2A signaling. Prog Neurob2§)07;83(5):263-76.

Fresco et al.,200R.Fresco, C.Diniz C, J.Goncalves. Facilitatiomofadrenaline release by
activation of adenosine A(2A) receptors triggemthbphospholipase C and adenylate
cyclase pathways in rat tail artery. Cardiovasc. R664;63(4):739-46.

Gao et al., 200F. Gao, B.S. Li, Y.J. Day and J. Linden; Adenosine receptor activation triggers
phosphorylation of protein kinase B and protectsbasophilic leukemia 2H3 mast cells from
apoptosisMol Pharmacol 59 (2001), pp. 76-82.

Ge et al., 200&.-D. Ge, J.N. Peart, L.M. Kreckler, T.C. Wan, M.facobson and G.J. Gragsal .,
Cl-IB-MECA [2-ChloroN°-(3-iodobenzyl)adenosine-Bl-methylcarboxamide] reduces
ischemia/reperfusion injury in mice by activatinge tA; adenosine receptod, Pharmacol Exp
Ther 319 (2006), pp. 1200-1210.

Germack and Dickenson, 200®. Germack and J.M. Dickenson, CharacterizatiorEBK 1/2
signaling pathways induced by adenosine receptatyga in newborn rat cardiomyocytdy, J
Pharmacol 141 (2004), pp. 329-339.

Germack and Dickenson, 2085 Germack and J.M. Dickenson, Adenosine triggeesonditioning
through MEK/ERK1/2 signaling pathway during hypdréxygenation in neonatal rat
cardiomyocytes) Mol Cell Cardiol 39 (2005), pp. 429-442.

54



Gessi et al., 2003. Gessi, K. Varani, S. Merighi, E. Cattabriga,JAhnotta and E. Leung al., A3
adenosine receptors in human neutrophils and proaytec HL60 cells: a pharmacological and
biochemical studyiviol Pharmacol 61 (2002), pp. 415-424.

Gessi et al., 20043. Gessi, E. Cattabriga, A. Avitabile, R. Gafa',L@nza and L. Cavazziet al.,
Elevated expression of ;Aadenosine receptors in human colorectal cancereflsected in
peripheral blood cellClin Cancer Res 10 (2004), pp. 5895-5901.

Gessi et al., 2005. Gessi, K. Varani, S. Merighi, E. CattabrigaP#&hcaldi, Y.Szabadkali,
R.Rizzuto, KN. Klotz, E.Leung, S.Mac Lennan, PG&dr, PA.Borea. Expression,
pharmacological profile, and functional couplingfgk receptors in a recombinant system
and in peripheral blood cells using a novel selecantagonist radioligand, [SHIMRE
2029-F20. Mol Pharmacol. 2005;67(6):2137-47.

Gessi et al., 200%. Gessi, S. Merighi, K. Varani, E. Cattabriga,Benini and P. Mirandolat al.,
Adenosine receptors in colon carcinoma tissuescatah tumoral cell lines: focus on the; A
adenosine subtypé Cell Physiol 211 (2007), pp. 826—836

Gessi et al., 20085. Gessi, S. Merighi, K. Varani, E.Leung, S.Mamnhan, PA.Borea, The A3
adenosine receptor: an enigmatic player in celbigyp Pharmacol Ther. 2008; 117(1):123-40.

Guo et al., 200¥. Guo, R. Bolli, W. Bao, W.J. Wu, R.G. Black aB8d5. Murphreet al., Targeted
deletion of the A adenosine receptor confers resistance to myoc¢asdl@mic injury and does
not prevent early preconditioninggMol Cell Cardiol 33 (2001), pp. 825-830.

Hammarberg et al., 2003. Hammarberg, G. Schulte and B.B. Fredholm, Ewdefor functional
adenosine Areceptors in microglia cells,Neurochem 86 (2003), pp. 1051-1054.

Harish et al., 200\. Harish, G. Hohana, P. Fishman, O. Arnon an8&-Yehuda, A adenosine
receptor agonist potentiates natural killer cefivéty, Int J Oncol 23 (2003), pp. 1245-1249.

Harrison et al., 20085.J. Harrison, R.J. Cerniway, J. Peart, S.S. BerAshton and S. Regast al.,
Effects of A adenosine receptor activation and gene knocksousahemic-reperfused mouse
heart,Cardiovasc Res 53 (2002), pp. 147-155.

55



Hasko et al., 199&. Hasko, Z.H. Nemeth, E.S. Vizi, A.L. Salzman &dSzabo, An agonist of
adenosine Areceptors decreases interleukin-12 and interfgaonma production and prevents
lethality in endotoxemic micd&ur J Pharmacol 358 (1998), pp. 261-268.

Hasko et al., 200%. Hasko, P. Pacher, E.S. Vizi and P. llles, Adém® receptor signaling in the
brain immune systenrends Pharmacol Sci 26 (2005), pp. 511-516.

Haskoé et al.,, 200%G. Hasko, P. Pacher, E.A. Deitch and E.S. Viziaghg of monocyte and
macrophage function by adenosine receptarmacol Ther 113 (2007), pp. 264-275.

Headrick and Peart, 20QbP. Headrick and J. Peart; &denosine receptor-mediated protection of
the ischemic hearY/ascul Pharmacol 42 (2005), pp. 271-279.

Hentschel et al., 2008. Hentschel, A. Lewerenz and K. Nieber, Activatiof Az receptors by
endogenous adenosine inhibits synaptic transmisdioing hypoxia in rat cortical neurons,
Restor Neurol Neurosci 21 (2003), pp. 55-63.

Hockel and Vaupel, 200M. Hockel and P. Vaupel, Tumor hypoxia: definitsoaind current clinical,
biologic, and molecular aspecfdNatl Cancer Inst 93 (2001), pp. 266—-276.

Hopfl et al., 2004G. Hopfl, O. Ogunshola and M. Gassmann, HIFs amdots-causes and
consequenceg&m J Physiol Regul Integr Comp Physiol 286 (2004), pp. R608—R623.

Hoskin et al., 1994®.W. Hoskin, T. Reynolds and J. Blay, Colon ademoinoma cells inhibit
anti-CD3-activated killer cell inductioGancer Immunol Immunother 38 (1994), pp. 201-207

Hoskin et al., 1994iD.W. Hoskin, T. Reynolds and J. Blay, Adenosineagsossible inhibitor of
killer T-cell activation in the microenvironment gblid tumours)nt J Cancer 59 (1994), pp.
854-855.

Hoskin et al., 1994®.W. Hoskin, T. Reynolds and J. Blay, 2-Chloroaune inhibits the MHC-
unrestricted cytolytic activity of anti-CD3-actiwt killer cells: evidence for the involvement of a
non-Adi/A; cell-surface adenosine recept@el Immunol 159 (1994), pp. 85-93.

Hoskin et al., 200D.W. Hoskin, J.J. Buttler, D. Drapeau, S.M. Haaryand J. Blay, Adenosine
acts through an Areceptor to prevent the induction of murine arfidzactivated killer T cells,
Int J Cancer 99 (2002), pp. 386—-395.

56



Jacobson, 199&.A. Jacobson, AdenosinezAeceptors: novel ligands and paradoxical effects,
Trends Pharmacol ci 19 (1998), pp. 184-191.

Jacobson and Gao, 2086A. Jacobson and Z.-G. Gao, Adenosine recep®itherapeutic targets,
Nat Rev Drug Discov 5 (2006), pp. 247-264.

Jacobson et al., 199.A. Jacobson, O. Nikodijevic, D. Shi, C. Gallo-dRiguez, M.E. Olah and
G.L. Stileset al., A role for central A-adenosine receptors: mediation of behavioural etegant
effects,FEBS Lett 336 (1993), pp. 57-60.

Jordan et al., 1999.E. Jordan, V.H. Thourani, J.A. Auchampach, Rébinson, N.-P. Wang and J.
Vinten-Johansen, Aadenosine receptor activation attenuates neutrapigtion and neutrophil-
mediated reperfusion injunAm J Physiol 277 (1999), pp. H1895-H1905.

Josselyn et al., 2005A. Josselyn, PV.Nguyen. CREB, synapses and medisoyders: past
progress and future challenges. Curr Drug TarghtS Neurol Disord. 2005;4(5):481-97.

Khoa et al., 2006ND.Khoa, M.Postow, . Danielsson, BN.Cronstein. Dumecrosis factor-
alpha prevents desensitization of Galphas-coupledeptors by regulating GRK2
association with the plasma membrane. Mol Pharma66i6;69(4):1311-9.

Khono et al., 1996ky. Khono, Y. Sei, M. Koshiba, H.O. Kim and K.A.ctdbson, Induction of
apoptosis in HL-60 human promyelocytic leukemialscély adenosine Areceptor agonists,
Biochem Biophys Res Commun 219 (1996), pp. 904-910.

Kin et al., 2005H. Kin, A.J. Zatta, M.T. Lofye, B.S. Amerson, M.Balkos and F. Kerendt al.,
Postconditionning reduces infarct size via adereosiaceptor activation by endogenous
adenosineCardiovasc Res 67 (2005), pp. 124-133.

Kreckler et al., 200&..M. Kreckler, T.C. Wan, Z.-D. Ge and J.A. Auchaacp, Adenosine inhibits
tumor necrosis factox-release from mouse peritoneal macrophages yigaAd Ag but not the
A3 adenosine receptal Pharmacol Exp Ther 317 (2006), pp. 172-180

La Sala et al., 2008.La Sala, M.Gadina, BL. Kelsall. G(i)-protein-daqdent inhibition of
IL-12 production is mediated by activation of theopphatidylinositol 3-kinase-protein 3
kinase B/Akt pathway and JNK. J Immunol. 2005;172®94-9.

57



Laudadio and Psarropoulou, 200M¥A. Laudadio and C. Psarropoulou, The @denosine receptor
agonist 2-CL-IB-MECA facilitates epileptiform disatges in the CA3 area of immature rat
hippocampal slicegpilepsy Res 59 (2004), pp. 83-94.

Lee et al, 2000H.T. Lee and C.W. Emala, Protective effects ofiteschemic preconditioning and
adenosine pre-treatment: role of @&d A receptorsAm J Physiol Renal Physiol 278 (2000), pp.
F380-F387.

Lee et al., 2001.E. Lee, G. Bokoch and B. Liang, A novel cardiective role of RhoA: new
signaling mechanism for adenosifr&SEB J 15 (2001), pp. 1886—1894.

Lee et al., 200#.T. Lee, A. Ota-Setlik, H. Xu, V.D. D'Agati, M.Alacobson and C.W. Emalag A
adenosine receptor knockout mice are protectechsig@chemia- and myoglobinuria-induced
renal failure Am J Physiol Renal Physiol 284 (2003), pp. F267-F273.

Lee et al., 2003rC.Lee, CL.Chien, CN.Sun, CL.Huang, NK.Huang, M@iahg, HL.Lai,
YS.Lin, SY.Chou, CK.Wang, MH .Tai, W. Liao, TN.Lin,FC.Liu, Y.Chern.
Characterization of the rat A2A adenosine recepiemne: a 4.8-kb promoter-proximal
DNA fragment confers selective expression in thereg nervous system. Eur J Neurosci.
2003;18(7):1786-96.

Lee et al., 2006d.Y. Lee, B.S. Jhun, Y.T. Oh, J.H. lee, W. Chod &hH. Baik, Activation of
adenosine A receptor suppresses lipopolysaccaride-induced dNproduction through
inhibition of PI-3-kinase/Akt and NkB activation in murine BV2 microglial cell®Jeurosci Lett
396 (2006), pp. 1-6.

Lee et al., 2006l1.T. Lee, M. Kim, J.D. Joo, G. Gallos, J.-F. Clesmd C.W. Emala, Aadenosine
receptor activation decreases mortality and rendl feepatic injury in murine septic peritonitis,
Am J Physiol Regul Integr Comp Physiol 291 (2006), pp. R959-R969

Le Vraux et al., 1993%/. Le Vraux, Y. Chen, I. Masson, M. DeSousa, JoGd and I. Florentin,
Inhibition of human monocyte TNF production by adgne receptor agonistgjfe Sci 52
(1993), p. 1971.

58



Lewerenz et al., 2003. Lewerenz, S. Hentschel, Z. Vissiennon, S. Mahand K. Nieber, A
receptors in cortical neurons: pharmacological etspand neuroprotection during hypoxXtaug
Dev Res 58 (2003), pp. 420-427.

Linden, 2001J. Linden, Molecular approach to adenosine recepteceptor-mediated mechanisms
of tissue protectiorinnu Rev Pharmacol Toxicol 41 (2001), pp. 775-787.

Linden, 2006J. Linden, Purinergic chemotaxigience 314 (2006), pp. 1689-1690.

Lopes et al., 2003h.V. Lopes, N. Rebola, A.R. Costenla, L. Halldnkt,A. Jacobson and C.R.
Oliveira et al., Adenosine A receptors in the rat hippocampus: lack of intéoactvith A;
receptorsPrug Dev Res 58 (2003), pp. 428-438.

Lu et al., 2003]. Lu, A. Pierron and K. Ravid, An adenosine agaéy IB-MECA, down-regulates
estrogen receptar and suppresses human breast cancer cell pralifier&ancer Res 63 (2003),
pp. 6413-6423.

Mabley et al., 2003. Mabley, F. Soriano, P. Pacher, G. Hasko, A.tdaand R. Wallacet al.,
The adenosine A receptor agonist,N°-(3-iodobenzyl)-adenosine-5l-methyluronamide, is
protective in two murine models of colitiSur J Pharmacol 466 (2003), pp. 323—-329.

MacKenzie et al., 1994V.M. MacKenzie, D.W. Hoskin and J. Blay, Adenosimhibits the
adhesion of anti-CD3-activated killer lymphocytes adenocarcinoma cells through an A
receptorCancer Res 54 (1994), pp. 3521-3526.

MacKenzie et al., 200®V.M. MacKenzie, D.W. Hoskin and J. Blay, Adenossugppressesaf;
integrin-mediated adhesion of T lymphocytes to nadolenocarcinoma cellExp Cell Res 276
(2002), pp. 90-100.

Maddock et al., 200H.L. Maddock, M.M. Mocanu and D.M. Yellon, Adennsi As receptor
activation protects the myocardium from reperfusieoxygenation injuryAm J Physiol Heart
Circ Physiol 283 (2002), pp. H1307-H1313.

Madi et al., 2007L. Madi, S. Cohen, A. Ochaion, S. Bar-Yehuda, FreB and P. Fishman,
Overexpression of Aadenosine receptor in peripheral blood mononuateis in rheumatoid
arthritis: involvement of nuclear factor-kappaB nmediating receptor level] Rheumatol 34
(2007), pp. 20-26.

59



Martin et al., 2004.. Martin, S.C. Pingle, D.M. Hallam, L.P. Rybakdaw. Ramkumar, Activation
of the adenosine Areceptor in RAW 264.7 cells inhibits lipopolysaade-stimulated tumor
necrosis factorr release by reducing calcium-dependent activatibmuelear factor-kB and
extracellular signal-regulated kinase 1JPharmacol Exp Ther 316 (2006), pp. 71-78.

Marvanova et al., 200M.Marvanova, G. Wong. Adenosine A2A receptor mRékpression
is increased in rat striatum and nucleus accumbéas memantine administration. Brain
Res Mol Brain Res. 2004;120(2):193-6.

Matot et al., 2006. Matot, C.F. Weiniger, E. Zeira, E. Galun, BJboshi and K.A. Jacobson;A
adenosine receptors and mitogen-activated protgiasks in lung injury following in vivo
reperfusionCrit Care 10 (2006), p. R65.

McWhinney et al., 199€&.D. McWhinney, M.W. Dudley, T.L. Bowlin, N.P. Re&. Schook and
M. Bradshawet al., Activation of adenosine £receptors on macrophages inhibits tumor necrosis
factor-, Eur J Pharmacol 310 (1996), pp. 209-216.

Merighi et al., 2003. Merighi, P. Mirandola, K. Varani, S. Gessi,lLleung and P.G. Baralét al.,
A glance at adenosine receptors: novel targetrittuanor therapyPharmacol Ther 100 (2003),
pp. 31-48.

Merighi et al., 2005&. Merighi, A. Benini, P. Mirandola, S. Gessi, Yarani and E. Leungt al.,
A3z adenosine receptor activation inhibits cell peohition via phosphatidylinositol 3-kinase/Akt-
dependent inhibition of the extracellular signajukated kinase 1/2 phosphorylation in A375
human melanoma celld Biol Chem 280 (2005), pp. 19516-19526.

Merighi et al., 2005I5. Merighi, A. Benini, P. Mirandola, S. Gessi, Yarani and E. Leungt al.,
A3 adenosine receptors modulate hypoxia-inducibléofakalpha expression in human A375
melanoma celld\eoplasia 10 (2005), pp. 894-903.

Merighi et al., 20065. Merighi, A. Benini, P. Mirandola, S. Gessi, arani and E. Leungt al.,
Adenosine modulates vascular endothelial growtlofaexpression via hypoxia-inducible factor-
1 in human glioblastoma cellBjochem Pharmacol 72 (2006), pp. 19-31

Merighi et al., 2007&. Merighi, A. Benini, P. Mirandola, S. Gessi, Yarani and E. Leungt al.,
Hypoxia inhibits paclitaxel-induced apoptosis thgbhuadenosine-mediated phosphorylation of
BAD in glioblastoma cellsMol Pharmacol 72 (2007), pp. 162-172

60



Merighi et al., 2007I5. Merighi, A. Benini, P. Mirandola, S. Gessi,\arani and C. Simiorgt al.,
Caffeine inhibits adenosine-induced accumulation hgpoxia-inducible factord, vascular
endothelial growth factor and interleukin-8 expressn hypoxic human colon cancer ceh4ol
Pharmacol 72 (2007), pp. 395-406

Meyerhof et al., 199MW. Meyerhof, R. Miller-Brechlin and D. Richter, Moular cloning of a
novel putative G-protein coupled receptor expreshatihg rat spermiogenesiBEBS Lett 284
(1991), pp. 155-160.

Minchenko et al., 200A. Minchenko, I. Leshchinsky, I. Opentanova, Nn§aV. Srinivas and V.
Armstead et al., Hypoxia-inducible factor-1-mediated expression tbé 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase-3 (PFKFB3) gisqossible role in the Warburg effedt,
Biol Chem 277 (2002), pp. 6183-6187.

Mitchell et al., 1999C.H. Mitchell, K. Peterson-Yantorno, D.A. Carre,MA McGlinn, M. Coca-
Prados and R.A. Stonet al., A; adenosine receptors regulatec@annels of nonpigmented
ciliary epithelial cell Am J Physiol 276 (1999), pp. C659-C666.

Moore et al., 200XA.Moore, R. Nicoll, D. Schmitz. Adenosine gategaptic plasticity at
hippocampal mossy fiber synapses. Proc Natl Acatl A. 2003;100(24):14397-402.

Moro et al., 2006S.Moro, ZG.Gao, KA. Jacobson, G.Spalluto. Progiasthe pursuit of
therapeutic adenosine receptor antagonists. MedRBes2006;26(2):131-59.

Mozzicato et al., 200%.Mozzicato, BV.Joshi, KA.Jacobson, BT.Liang. Rofalirect RhoA-
phospholipase D1 interaction in mediating adenesidaced protection from cardiac
ischemia. FASEB J. 2004;18(2):406-8.

Murrison et al., 1996.M. Murrison, S.J. Goodson, M.R. Edbrooke and.CHarris, Cloning and
characterisation of the human adenosipeekeptor gendsEBSLett 384 (1996), pp. 243-246.

Nakai et al., 2001Y. Nakai, H. Horimoto, S. Mieno and S. Sasaki, dditondrial ATP-sensitive
potassium channel plays a dominant role in ischgreconditionning of rabbit healEur Surg
Res 33 (2001), pp. 57-63.

Nakamura et al., 2008. Nakamura, N. Yoshikawa, Y. Yamaguchi, S. Kag#taShinozuka and
M. Kunitomo, Antitumor effect of cordycepin’@eoxyadenosine) on mouse melanoma and lung
carcinoma cells involves adenosingrAceptor stimulationinticancer Res 26 (2006), pp. 43—-47.

61



Okamura et al., 200F. Okamura, Y. Kurogi, K. Hashimoto, H. Nishikawad Y. Nagao, Facile
synthesis of fused 1,2,4-triazolo[1,5-c]pyrimididerivatives as human adenosing &ceptor
ligands,Bioorg Med Chem Lett 14 (2004), pp. 3775-3779.

Olah and Roudabush, 2080E. Olah and F.L. Roudabush, Down-regulationagcular endothelial
growth factor expression after,A adenosine receptor activation in PC12 pheochrotoowy
cells,J Pharmacol Exp Ther 293 (2000), pp. 779-787

Palmer and Stiles, 2000M. Palmer and G.L. Stiles, Identification ofelonine residues controlling
the agonist-dependent phosphorylation and deszstsitn of the rat Aadenosine receptadyvjol
Pharmacol 57 (2000), pp. 539-545.

Panjehpour and Karami-Tehrani, 2004 Panjehpour and F. Karami-Tehrani, An adenoaim&og
(IB-MECA) inhibits anchorage-dependent cell growfhvarious human breast cancer cell lines,
Int J Biochem Céll Biol 36 (2004), pp. 1502-15009.

Park et al., 2006S.-S. Park, H. Zhao, Y. Jang, R.A. Mueller andXZ, N°(3-iodobenzyl)-
adenosine-8N-methylcarboxamide confers cardioprotection at megeon by inhibiting
mitochondrial permeability transition pore opening glycogen synthase kinasg, 3 Pharmacol
Exp Ther 318 (2006), pp. 124-131.

Parkinson et al., 200FE.Parkinson, CJ.Sinclair, T.Othman, NJ. Haugh&y,Geiger.
Differences between rat primary cortical neurond astrocytes in purine release evoked
by ischemic conditions. Neuropharmacology. 2005%836-46.

Parsons et al., 200M. Parsons, L. Young, J.E. Lee, K.A. Jacobson Bufll Liang, Distinct
cardioprotective effects of adenosine mediated iffgrdntial coupling of receptor subtypes to
phospholipases C and BASEB J 14 (2000), pp. 1423-1431

Peart and Headrick, 20Q¥.N. Peart and J.P. Headrick, Adenosinergic cprdtection: multiple
receptors, multiple pathwayBharmacol Ther 114 (2007), pp. 208-221.

Pinto-Duarte et al., 200B.Pinto-Duarte, JE.Coelho, RA.Cunha, JA.Ribeird].8ebastido.
Adenosine A2A receptors control the extracelluéasels of adenosine through modulation
of nucleoside transporters activity in the rat lnipgmpus. J Neurochem. 2005;93(3):595-
604.

62



Press et al., 200§.J. Press, R.J. Taylor, J.D. Fullerton, P. Tnar@e McCarthy and T.H. Kellest
al., A new orally bioavailable dual adenosinggi\3; receptor antagonist with therapeutic
potential,Bioorg Med Chem Lett 15 (2005), pp. 3081-3085.

Ramkumar et al., 199R.V. Ramkumar, G.L. Stiles, M.A. Beaven and H.,Alhe A; adenosine
receptors is the unique adenosine receptor whichtédes release of allergic mediators in mast
cells,J Biol Chem 268 (1993), pp. 16887-16890.

Raskovalova et al., 200b. Raskovalova, X. Huang, M. Sitkovsky, L.C. ZacaaE.K. Jackson and
E. Gorelik, Gs protein-coupled adenosine receptmating and lytic function of activated NK
cells,J Immunol 175 (2005), pp. 4383-4391.

Rebola et al., 200Bl. Rebola, R.J. Rodrigues, C.R. Oliveira and RCAnha, Different roles of
adenosine A Aa and A receptors in controlling kainite-induced toxicity cortical cultured
neuronsNeurochem Int 47 (2005), pp. 317-325.

Reeves et al., 1997.J. Reeves, C.A. Jones, M.J. Sheehan, C.J. Varae€.J. Whelan, Adenosine
A3 receptors promote degranulation of rat mast dsth in vitro and in vivoJnflamm Res 46
(1997), pp. 180-184.

Rimmer et al., 2003. Rimmer, H.L. Peake, C.M.C. Santos, M. LearB&din and R. Robsoet
al., Targeting adenosine receptors in the treatmerdllefgic rhinitis: a randomized, double-
blind, placebo-controlled studglin Exp Allergy 37 (2007), pp. 8-14.

Rivkees et al.,, 200(B.A. Rivkees, S. Thevananther and H. Hao, Arcallenosine receptors
expressed in the brainNeuroreport 11 (2000), pp. 1025-1030.

Ryzhov et al., 2004S. Ryzhov, A.E. Goldstein, A. Matafonov, D. Zerig,Biaggioni and I.
Feoktistov, Adenosine-activated mast cells induglé synthesis by B lymphocytes: angA
mediated process involving Th2 cytokines IL-4 arndl8 with implications for asthma)
Immunol 172 (2004), pp. 7726—7733.

Sajjadi et al., 1996-.G. Sajjadi, K. Takabayashi, A.C. Foster, R.Cnibdggo and G.S. Firestein,
Inhibition of TNF-a expression by adenosine. Role of ikceptors,) Immunol 156 (1996), pp.
3435-3442.

63



Salvatore et al., 2000.A. Salvatore, S.L. Tilley, A.M. Latour, D.S. kd&er, B.H. Koller and M.A.
Jacobson, Disruption of theszAadenosine receptor gene in mice and its effecstonulated
inflammatory cells,) Biol Chem 275 (2000), pp. 4429-4434.

Sato et al., 2000. Sato, N. Sasaki, B. O'Rourke and E. Marban,nadme primes the opening of
mitochondrial ATP-sensitive potassium channels: ey ktep in ischemic preconditioning?,
Circulation 102 (2000), pp. 800-805.

Schlotzer-Schrehardt et al., 2006 Schlotzer-Schrehardt, M. Zenkel, U. Decking,Haubs, F.E.
Kruse and A. Junemarat al., Selective upregulation of the;Adenosine receptor in eyes with
pseudoexfoliation syndrome and glaucohmagst Ophthalmol Vis Sci 46 (2005), pp. 2023-2034.

Schulte et al., 2006.Schulte, BB.Fredholm. Signalling from adenoseeeptors to mitogen-
activated protein kinases. Cell Signal. 2003;18(3:27.

Sei et al., 1997Y. Sei, D.K.J.E. Von Lubitz, M.P. Abbracchio, X.-3i and KA. Jacobson,
Adenosine A receptor agonist-induced neurotoxicity in rat betkar granule neuronfrug Dev
Res 40 (1997), pp. 267-273.

Semenza, 200G.L. Semenza, HIF-1: mediator of physiological gradhophysiological responses
to hypoxia,J Appl Physiol 88 (2000), pp. 1474-1480.

Semenza, 200&.L. Semenza, Targeting HIF-1 for cancer therdat, Rev Cancer 3 (2003), pp.
721-732.

Shneyvays et al., 2008. Shneyvays, D. Leshem, T. Zinman, L.K. Mamedd{(a. Jacobson and
A. Shainberg, Role of adenosing &nd A receptors in regulation of cardiomyocyte homeadstas
after mitochondrial respiratory chain injuriym J Physiol Heart Circ Physiol 200 (2005), pp.
H2792—-H2801.

Shneyvays et al., 200Y. Shneyvays, L.K. Mamedova, T. Zinman, K.A. Jamb and A.
Shainberg, Activation of A adenosine receptor protects against doxorubicdoded
cardiotoxicity,J Mol Cell Cardiol 33 (2001), pp. 1249-1261.

Shneyvays et al., 2004. Shneyvays, T. Zinman and A. Shainberg, Analgdisalcium responses
mediated by the Aadenosine receptor in cultured newborn rat camigocytes,Cell Calcium
36 (2004), pp. 387-396.

64



Sitkovsky et al., 200MM.V. Sitkovsky, D. Lukashev, S. Apasov, H. Kojimd, Koshiba and C.
Caldwell et al., Physiological control of immune response andamiinatory tissue damage by
hypoxia-inducible factors and adenosingy AeceptorsAnnu Rev Immunol 22 (2004), pp. 657—
682.

Spruntulis and Broadley, 2001.M. Spruntulis and K.J. Broadley, sAreceptors mediate rapid
inflammatory cell influx into the lungs of sensét guinea-pigsClin Exp Allergy 31 (2001), pp.
943-951.

Szabo et al., 1998. Szabo, G.S. Scott, L. Virag, G. Egnaczyk, /ASalzman and T.P. Shanley
al., Suppression of macrophage inflammatory proteitP{M.a production and collagen-induced
arthritis by adenosine receptor agonisis) Pharmacol 125 (1998), pp. 379-387.

Takano et al., 200H. Takano, R. Bolli, R.G. Black, E. Modani, X.-Tang and Z. Yangt al., A;
or Az adenosine receptors induce late preconditioniragnag infarction in conscious rabbits by
different mechanismgirc Res 88 (2001), pp. 520-528.

Thourani et al., 1999&.H. Thourani, R.S. Ronson, J.E. Jordan, R.A. Gayand J. Vinten-
Johansen, Adenosines pretreatment before cardioplegic arrest attenyadstischemic cardiac
dysfunction,Ann Thorac Surg 67 (1999), pp. 1732-1737

Thourani et al., 1999k .H. Thourani, M. Nakamura, R.S. Ronson, J.E. dor&.-Q. Zhao and J.H.
Levy et al., Adenosine A receptor stimulation attenuates postischemic agion through Krp
channelsAm J Physiol 46 (1999), pp. H228—-H235.

Tomiyama et al.,200M.Tomiyama, T.Kimura, T.Maeda, H.Tanaka, K.Kannai.Baba.
Upregulation of striatal adenosine A2A receptor RN 6-hydroxydopamine-lesioned
rats intermittently treated with L-DOPA. Synaps@02;52(3):218-22.

Tracey et al., 199W.R. Tracey, W. Magee, H. Masamune, S.P. KennBdy, Knight and R.A.
Bucholzet al., Selective Adenosine #Aeceptor stimulation reduces ischemic myocardipiry
in the rabbit hearCardiovasc Res 33 (1997), pp. 410-415.

Trincavelli et al., 2002381.L. Trincavelli, D. Tuscano, M. Marroni, A. Fafie V. Gremigni and S.
Ceruti et al., Az adenosine receptors in human astrocytoma cellonistgmediated
desensitization, internalization, and down-regalatMol Pharmacol 62 (2002), pp. 1373-1384.

65



Varani et al., 2005K.Varani, S.Gessi, S.Merighi, F.Vincenzi, E.Catigd, A.Benini,
KN.Klotz, PG.Baraldi, MA.Tabrizi, SM.Lennan, E.Legin PA.Borea. Pharmacological
characterization of novel adenosine ligands in mdwoant and native human ;A
receptors. Biochem Pharmacol. 2005;70(11):1601-12.

Varani et al., 2006K.Varani, G.Caramori, F.Vincenzi, I.Adcock, P.Clasp E.Leung,
S.Maclennan, S.Gessi, S.Morello, PJ.Barnes, KHteChung, G.Cavallesco, G.Azzena,
A.Papi, PA.Borea. Alteration of adenosine receptorpatients with chronic obstructive
pulmonary disease. Am J Respir Crit Care Med. 20084):398-406.

Vaupel et al., 198%. Vaupel, F. Kallinowski and P. Okunieff, BlooldW, oxygen and nutrient
supply, and metabolic microenvironment of humandrsna reviewCancer Res 49 (1989), pp.
6449-6465.

Von Lubitz, 1999D.K.J.E. Von Lubitz, Adenosine and cerebral iscleentherapeutic future or
death of a brave concep&yr J Pharmacol 371 (1999), pp. 85-102.

Von Lubitz et al., 1994D.K.J.E. Von Lubitz, R.C.-S. Lin, P. Popik, M.Fa@er and K.A. Jacobson,
Adenosine A receptor stimulation and cerebral ischerida;, J Pharmacol 263 (1994), pp. 59—
67.

Von Lubitz et al.,, 200D.K.J.E. Von Lubitz, K. Simpson and R.C.S. LingRi thing at a wrong
time ? Adenosine Areceptors and cerebroprotection in stroken N Y Acad Sci 939 (11)
(2001), pp. 85-96.

Walker et al., 199°B.A.M. Walker, M.A. Jacobson, D.A. Knight, C.A. I8atore, T. Weir and D.
Zhouet al., Adenosine A receptor expression and function in eosinoplite,J Respir Cell Mol
Biol 16 (1997), pp. 531-537.

Welsh and Powis, 2008.J. Welsh and G. Powis, Hypoxia inducible faet®ra cancer drug target,
Curr Cancer Drug Targets 3 (2003), pp. 391-405.

Wen and Knowles, 200B.T. Wen and A.F. Knowles, Extracellular ATP ardkaosine induce cell
apoptosis of human hepatoma Li-7A cells via theaflenosine receptoBr J Pharmacol 140
(2003), pp. 1009-1018.

66



Wiener et al., 199€.M. Wiener, G. Booth and G.L. Semenza, In vivpression of mMRNAs

encoding hypoxia-inducible factor Biochem Biophys Res Commun 225 (1996), pp. 485-488.

Wittendorp et al., 200M.C. Wittendorp, H.W.G.M. Boddeke and K. Biber, &ubsine A receptor-
induced CCI2 synthesis in cultured mouse astroc@ka 46 (2004), pp. 410-418.

Wolber and Fozard, 200&. Wolber and J.R. Fozard, The receptor mechamsediating the
contractile response to adenosine on lung parenahgtrips from actively sensitised, allergen-
challenged Brown Norway ratdlaunyn Schmiedebergs Arch Pharmacol 371 (2005), pp. 158-
168.

Xu et al., 2006Z. Xu, Y. Jang, R.A. Mueller and E.A. Norfleet,-MECA and cardioprotection,
Cardiovasc Drug Rev 24 (2006), pp. 227-238.

Yao et al., 1997Y. Yao, Y. Sei, M.P. Abbracchio, J.L. Jiang, Y.EKim and K.A. Jacobson,
Adenosine A receptor agonists protect HL60 and U937 cells frapoptosis induced by A
antagonistsBiochem Biophys Res Commun 232 (1997), pp. 317-322.

Young et al., 2004H.W.J. Young, J.G. Molina, D. Dimina, H. Zhong, Macobson and L.-N.L.
Chanet al., A3 adenosine receptor signaling contributes to ainwdlammation and mucus
production in adenosine deaminase-deficient ndi¢eynunol 173 (2004), pp. 1380-1389.

Zhang et al., 2009.G. Zhang, L. Hepburn, G. Cruz, R.A. Borman and. kClark, The role of
adenosine A, and Ag receptors in the regulation of TNFproduction by human monocytes,
Biochem Pharmacol 69 (2005), pp. 883—-889.

Zhang et al., 200&. Zhang, M. Zhang, A.M. Laties and C.H. Mitchdlalance of purines may
determine life or death of retinal ganglion cesAg adenosine receptors prevent loss following
P2X7 receptor stimulatiord,Neurochem 98 (2006), pp. 566-575.

Zhao and Kukreja, 2002.C. Zhao and R.C. Kukreja, Late preconditionifigited by activation of
adenosine Areceptor in heart: role of NEB, INOS and mitochondrial k&p channelJ Mol Cell
Cardiol 34 (2002), pp. 263-277.

Zhong et al., 199¥. Zhong, A.M. De Marzo, E. Laughner, M. Lim, D.Ailton and D. Zagzagt
al., Overexpression of hypoxia-inducible factor lalphacommon human cancers and their
metastaseg;ancer Res 59 (1999), pp. 5830-5835.

67



Zhong et al., 200#H. Zhong, S.G. Shlykov, J.G. Molina, B.M. SanbadkhA. Jacobson and S.L.
Tilley et al., Activation of murine lung mast cells by the adene A; receptorJ Immunol 170
(2003), pp. 338—345.

Zhou et al., 1992).-Y. Zhou, C. Li, M.E. Olah, R.A. Johnson, G.lil& and O. Civelli, Molecular
cloning and characterization of an adenosine recefite A, adenosine receptdPyoc Natl Acad
Sci U SA 89 (1992), pp. 7432-7436.

Zimmermann et al., 200H.Zimmermann. Extracellular metabolism of ATP aather
nucleotides. Naunyn Schmiedebergs Arch Pharma06D;262(4-5):299-309.

68



AIM OF THE THESIS

Adenosine is an endogenous and ubiquitous nuclkeodidt exerts many biological functions
through interaction with 4 distinct subtypes of €tgin-coupled receptors divided into,AAza,
Ag, and A. This nucleoside plays an important role in motingpinflammation and tumorigenesis.
In the past most of the anti-inflammatory effesfghis nucleoside were thought to be due to the
activation of the A subtype, however more recently, the involvementhef A; subtype has been

also considered relevant for the outcome of inflatom.

Cells involved in inflammation are important substs on which adenosine plays multiple
physiological functions. In the chapter 1 we wilhsmarize the status of the art on the role of the A
receptor in different types of immune cells inchugli neutrophils, eosinophils, lymphocytes,

monocytes, macrophages and dendritic cells.

Several studies in literature and obtained in @botatory have shown that adenosine exert
important modulatory function in the growth of turepgiving an essential role in this to the A
receptor. In particular local invasive growth iseoof the key features of primary brain tumors.
Glioma is the most common primary adult brain tunwath poor prognosis because of the
aggressive invasion of the surrounding normal bra@itthough our understanding of glioma
oncogenesis has steadily improved, the molecul@ham@sms that mediate glioma invasion are still
poorly understood. The degradation of extracellmatrix (ECM) which exerts biochemical and
mechanical barriers to cell movement has been shiowe an important biological process in tumor
invasion and metastasis [1The metalloproteinases (MMPs) are a family of yemes able to
degrade and remodel the extracellular matrix. Theg involved in many physiological and
pathological processes, including inflammation &ndor growth. In particular, the degradation of
extracellular matrix (ECM), which exerts a mechahiand biochemical barrier to cell movement,
was demonstrated to be an important biological ggeadn the invasion and the tumor metastatic

process. In particular, it was demonstrated thtR@ facilitates in vitro invasion of glioblastoma
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cells and the up-regulation of this metalloprotes& associated with the progression of malignant

glioma in vivo.

Therefore the aim of chapter 2 will be to evaluaginvolvement of adenosine on the regulation of

metalloproteinases and in particular of MMP9 in U&7 glioblastoma cells.

In chapter 2, we showed that adenosine is ablad@ase both MMP9 mRNA and protein levels

through the activation of thesAdenosine receptor using real time RT-PCR and \Webtetting.

We noted that the Areceptor stimulation led to increased levels of RBMprotein in cellular
extracts of UB7MG cells, through phoshorylationERtK1/2, JNK, Akt/PKB and the transcription

factor AP-1.

The Ag receptor activation also led an increase in egthalar levels of MMP9 in the supernatants
of glioblastoma cells as evaluated by ELISA andchgyeé zymography assays. Finally, as for the
physiological relevance of thesAeceptor-mediated stimulation of MMP9 we foundtttiee Ag

agonist was responsible for an increase of the simea ability of U87MG cells.
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CHAPTER 1:

Az adenosine receptor regulation of cells of theimmune system and modulation

of inflammation
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Abstract

The interest in the elucidation ogAdenosine receptor involvement in inflammatioaviglent from
the large amount of experimental work carried oupéripheral blood cells of the immune system
and in a variety of inflammatory conditions. Foliogy a detailed analysis of the literature the A
adenosine receptor subtype appears to play a cemgdeas both pro and anti-inflammatory effects
have been demonstrated depending not only on thgypes investigated but also on the model of
inflammation used and the species considered (Gaissil., 2008). This chapter will discuss
developments in our understanding of the role eihadine A receptor activation in the function of
the different types of cells of the immune systeriuding neutrophils, eosinophils, lymphocytes,

monocytes, macrophages and dendritic cells.

Az adenosine receptor effects on neutrophil function

Neutrophils represent a larger percentage of @tmg leukocytes than any other cell type. They are
the first white blood cells to arrive at an injured infected site. Neutrophils arise in the bone
marrow and then must traverse the vasculature rigeaat the sites of injury. They leave the
circulation at the level of the postcapillary vesaifollowing specific interaction with endothelium.
Once in the extravascular space, neutrophils fobogradient set up by chemoattractants, such as
activated complement components, cytokines, lipidbacterial products by means of specific cell
surface receptors. Although the primary role of tieutrophil is to rid the body of injurious
organisms and clean up the debris after tissueyinjbe extracellular release of any of the corgent
of the phagolysosome or the generation of toxiogexymetabolites into the extracellular space can
lead to destruction of normal, uninjured cells surding the infected site. It is the destructiomhaf
surrounding tissue by overactive neutrophils #uids so greatly to tissue destruction in the ggttin
of reperfusion injury. Adenosine, acting through d¢ell surface receptors, is a potent regulator of
neutrophil function.
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The first report implicating a role forsAreceptors in human neutrophils came in 1997 fahgw
investigations into the effect of adenosine and risre selective analogues on neutrophil
degranulation in human whole blood (Bouma et a97). Adenosine inhibited concentration-
dependently the LPS- and TNF-alpha-induced reledgbe azurophilic granule proteins with an
ICs0 in the pmolar range. The inhibitory effects of molene were partially blocked by the, A
receptor antagonist  3,7-dimethyl-1-propargylxarghin the  A/A, antagonist  8(p-
sulfophenyl)theophyline, and thei/A; antagonist xanthine amine congener, but not byAhe
antagonist 1,3-dipropyl-8-cyclopentylxanthine. Tighly selective A agonist N6-(3-iodobenzyl)-
adenosine-5'-N-methyluronamide and the nonselectagonist 2-chloroadenosine reduced
degranulation more potently than the #gonist N6-cyclopentyladenosine. The inhibitorfeets of
N6-(3-iodobenzyl)-adenosine-5'-N-methyluronamide &chloroadenosine were strongly reversed
by xanthine amine congener, but were not affectgedB(p-sulfophenyl)theophyline. These data
suggest that adenosine acted viaas well as A receptors to inhibit neutrophil degranulation.
However, activation of A receptors in canine neutrophils did not attenuatperoxide anion
production but reduced platelet-activating factomalated neutrophil adherence to coronary
endothelium suggesting that it might be a novejetarfor treatment of myocardial ischemia and

reperfusion (Jordan et al., 1999).

Subsequent binding and functional studies showat ltbman neutrophils expressed kceptors
which were coupled to the inhibition of adenylyctase and calcium signalling (Gessi et al., 2002).
However in the case of calcium the high micromalases of the & agonist 2-chlord\®(3-
iodobenzyl)adenosine-Bl-methylcarboxamide (CI-IB-MECA) and the sAantagonist N-(4-
methoxyphenyl-carbamoyl)amino-8-propyl-2(2furyl)rpyolo-[4,3e]-1,2,4-triazolo[1,5-C]

pyrimidine (MRE 3008F20) needed to stimulate orckl€&" mobilization respectively, were not
completely consistent with the involvement of agrAceptor. Similar effects of CI-IB-MECA in
mobilizing C&" have been found in several cell systems a finttiag is difficult to reconcile with

the high affinity of this selective Aagonist in binding and cAMP inhibition assays (Kohet al.,
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1996a,b; Jacobson, 1998; Reeves et al., 2000; Reshhl., 2000; Shneyvays et al., 2000; Gessi et
al., 2001; Suh et al., 2001; Merighi et al., 2000)e reason why high, nonselective doses of CI-IB-
MECA are needed to stimulate Lamobilization remains unknown. A contribution ofhet
mechanisms other thans Aeceptor stimulation cannot be excludidportantly, for the first time it
was suggested that boths And A, receptors contribute to the inhibition of oxidatiburst, an
indication of anti-inflammatory activity (Gessi ak, 2002). Using this readout, alterations af A
adenosine receptors in human neutrophils exposedowo frequency, low energy pulsing
electromagnetic fields (PEMFs) has been reportdwrd is considerable interest in the use of
PEMFs in clinical practice since the date correlatdl with inflammatory conditions. Saturation
experiments after treatment with PEMFs revealetttteaA; receptor density in human neutrophils
was increased. Consistent with this in functionabsays CI-IB-MECA and N°(3-
iodobenzyl)adenosine-Bl-methyluronamide (IB-MECA) were able to inhibit cyclic AMP
accumulation and their potencies were increasext akposure to PEMFs. These results indicated
that in human neutrophils treated with PEMFs theree significant alterations in thes;Adenosine
receptor density and functionality (Varani et @D03). The upregulation cannot be ascribed to the
synthesis of new receptors since the duration dfiPEeatment was too short. The upregulation of
A adenosine receptors is most likely due to a tomasion of this receptor subtype to the membrane
surface. It is of interest that PEMFs treatmenb atsodified the binding parameters of thgaA
adenosine receptors but not thoseogf B> adrenergic and [, k opioid receptors suggesting a
relationship between adenosine receptor-mediatéeirdlammatory effects and PEMF exposure

(Varani et al., 2002).

An up-regulation of the Aadenosine receptor has also been observed inopaus obtained from
patients with colorectal cancer in comparison vadlalthy subjects. This overexpression was found
to reflect at peripheral level the same up-regotafound in the tumoral tissue from the colon in
comparison to healthy mucosa, suggesting that Ipergh As adenosine receptors in neutrophils

might represent potential marker for revealing oedtal cancer (Gessi et al., 2004a). It was also
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found that in a small cohort of subjects ®eceptor expression of circulating blood cellsmalizes
after surgical treatment, consistent with the nggatresults of follow-up evaluation with
carcinoembryonic antigen (CEA), computed tomogratan, and colonoscopy. Hence, the
improved health of patients after surgical resecseems to be associated with restoration of a
normal adenosinergic system, at least in termsiafedeptor expression. These findings might be
used for clinical applications. In particular, exaation of neutrophil A expression (for example, in
addition to CEA determination) could play a roletle screening of high-risk individuals or in the

follow-up of patients after surgical resection.

Recently Chen et al., reported that migrating humentrophils secrete ATP at the leading edge,
which signals via P2Y2 receptors to amplify chertraatant signals (Chen et al.,, 2006a).
Neutrophils rapidly hydrolyze released ATP to ademe which then acts viasAeceptors, which
are recruited to the leading edge, to promoterogration. In resting cells, Areceptors appear to
be located primarily in intracellular compartmeatssociated with granules (Chen et al., 2006a).
Upon cell stimulation with chemoattractang receptors are rapidly mobilized at the leadingeetiy
promote chemotaxis. Thus, ATP release and autodeedback through P2Y2 and; Aeceptors
provides signal amplification and controls gradiesgnsing and migration of neutrophils.
Interestingly, chemotaxis of neutrophils obtainednf As receptor knockout (KO) animals is
inhibited. In contrast, # receptors are uniformly distributed across thd safface and cell
polarization does not seem to change this disiohutattern (Chen et al., 2006a). This suggests tha
the inhibitory A, receptors may function to globally suppress pspadoformation across the
entire cell surface of neutrophils, except at treling edge, wheresAadenosine receptor counteract
the suppressive action ohbAreceptors (Chen et al., 2006a; Linden, 2006; Jur§®8). However,
these findings were questioned recently by Hoeverale (2008) who demonstrated thag A
adenosine receptor activation is responsible foibition of superoxide production and chemotaxis
of mouse bone marrow neutrophils, suggesting thatA; receptor may contribute to the anti-

inflammatory actions of adenosine. Although thereraany differences between this study and the
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earlier work, including the species difference (s®us human), the pharmacological agents used to
stimulate the A adenosine receptor (CP-532,903 versus IB-MECAg thethods used to
isolate/culture murine neutrophils, the stimulatiprotocols (including the time and duration of
pretreatment of cells with agonists), and the stdteell priming, a definite explanation for the

differences in results obtained in these studiemnes unclear.

Consistent with a pro-inflammatory role o Adenosine receptors in human neutrophils it has be
demonstrated that ;Areceptors together with P2Y subtypes mediate ophir elastase release
induced by hypertonic saline (Chen et al., 200&bjpertonic saline holds promise as a novel
resuscitation fluid for the treatment of traumaigras because it inhibits polymorphonuclear
neutrophil activation and thereby prevents hossuits damage and associated post-trauma
complications. However, under certain conditiongelf activation, hypertonic saline can increase
neutrophil degranulation, which could exacerbassue damage in trauma victim (Chen et al.,
2006b). The cellular mechanism by which hypertosaine increases degranulation involves
elastase release and ERK and p38 MAPK activatioenwhypertonic saline is added after
submaximal activation of neutrophils with formylgtele (fMLP) or phorbol ester (PMA). Agonists
of P2 nucleotide and f2adenosine receptors mimicked these enhancingteféédypertonic saline,
whereas antagonists of; Aeceptors or removal of extracellular ATP with egse diminished the
response to hypertonic saline suggesting that hypersaline upregulates degranulation via ATP
release and positive feedback through P2 apdegeptors. It has been hypothesized that these
feedback mechanisms can serve as potential phalogézl targets to fine-tune the clinical
effectiveness of hypertonic saline resuscitatiohegf€C et al., 2006b). In this context, it has been
shown that A receptor activatiomay diminish the efficacy of hypertonic saline imause model

of acute lung injury after sepsis (Inoue et al.0&4). Acute lung injury in wild-type mice treated
with hypertonic saline 60 min after sepsis induttithhrough cecal ligation and puncture (CLP), was
significantly greater than in wild-type mice pretred for 5 and 15 min with hypertonic saline.

Parallel experiments aimed at evaluating the esprasof A receptors in human neutrophils treated
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with hypertonic saline either 10 min before or afgtimulation with formyl methionylleucyl-
phenylalanine (fMLP) reveal that in the first caimah Az receptor expression was reduced whilst in
the second one it was markedly increased. Thesinfia show that the opposing effects of
hypertonic salinen vivo correlate with differences in the cell surface resgion of A receptors,
suggesting that the enhancing effects of hypertsallme are a result of increased Weceptor
expression of stimulated neutrophils. The aggragagiffect of delayed hypertonic saline treatment
was absent in Areceptor knockout (KO) mice. Similarly, mortality wild-type mice with delayed
hypertonic saline treatment was significantly higtten in animals treated with hypertonic saline
before CLP. Mortality in A receptor KO mice remained at only 50% regardldssinoing of
hypertonic saline administration. These findingggast that A antagonists could improve the
efficacy of hypertonic saline resuscitation by redg side effects in patients whose
polymorphonuclear neutrophils are activated befyggertonic saline treatmenthe role of A and
P2Y2 receptors in neutrophil sequestration in theg$ in a mouse model of sepsis has also been
demonstrated (Inoue et al., 2008b). Sepsis wascawlby CLP using wild type mice, homozygous
Aj receptor KO mice, and P2Y2 receptor KO mice. Tam duggest thatfand P2Y2 receptors are
involved in the influx of neutrophils into the lusi@fter sepsis. Neutrophil sequestration in thgsun
reached a maximum 2 h after CLP and remained segnify higher in wild type mice compared
with Az KO and P2Y2 KO mice. Survival after 24 h was digantly lower in WT mice than in A
KO or P2Y2 KO mice. Thus, pharmaceutical approathastarget these receptors might be useful

to control acute lung tissue injury in sepsis.

It has been recognized that the inflammatory respaio infection depends on the coordinated
interaction of the adenine nucleotides, ATP, ADRI adenosine released by damaged tissue
(Linden, 2006). Therefore the contribution of Peceptors expressed in neutrophils, must be in
concert with the other purinergic receptors to wallmeutrophil adhesion, extravasation and
chemotaxis. Neutrophils express predominantly and A receptors which have opposite effects

on these cells. In this chapter we have descrilwed meutrophils following gradients of ATP and
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adenosine initiate and increase the speed of claemsotia P2Y and Areceptors, respectively and
that the Aa may amplify gradient signals by inhibiting chemasaat membrane region distant from
the leading edge where theg Peceptor predominates and increases chemotaxs s&éams possible
given that the affinity of adenosine for theseceptor is several orders of magnitude highem tha
its affinity for the A receptors. Thus, differences in external adenosmcentrations in the
environment surrounding migrating neutrophils mantabute to the regulation of chemotaxis
(Chen et al., 2006a). A coordinated activity ohAand A receptors has also been found with respect
to degranulation and superoxide anion productiorhiman neutrophils where both receptors
cooperate to fine-tune the inflammatory responsmifBa et al., 1997; Gessi et al., 2002). However,
it is important that the inhibitory effect exertéy A, and Ag receptors on chemotaxis and
adhesion to endothelial cells, respectively carra@wee the stimulatory effect exerted by hen
excessive influx of neutrophils damages host tisqiZdang et al., 2006). After activation og A
receptors opposite effects on inflammation havenlveported depending essentially on the response
considered, the experimental conditions and theigpeused. It is relevant to underline that by
comparing the studies performed in human neutregdoth anti and proinflammatory effects have
been demonstrated (Figure 1). Therefore cautionldhze used before proposing Agonists as anti

or proinflammatory agents until a more definiteerof this receptor has been defined.
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Fig. 1-Effects of A; adenosine receptorsin neutrophils.

Human Neutrophils

l Degranulation
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I Chemotaxis
(Chen et al. 2006a)

I Degranulation: elastase
release, after hypertonic

salinetreatment
(Chen et al. 2006b)

79



Az adenosine receptor effects on eosinophil function

Eosinophils are one of the immune system comporresfonsible for combating infection. Along
with mast cells, they also control mechanisms aatet with allergy and asthma. Eosinophils
develop and mature in the bone marrow. They diffigage from myeloid precursor cells in response
to the cytokines interleukin 3 (IL-3), interleuki (IL-5), and granulocyte macrophage colony-
stimulating factor (GM-CSF). Eosinophils producel aore many secondary granule proteins prior
to their exit from the bone marrow. After maturati@osinophils circulate in blood and migrate to
inflammatory sites in tissues, in response to chénes such as CCL11 (eotaxin-1), CCL24
(eotaxin-2), CCL5 (RANTES), and leukotriene B4 (LA)BAt these infectious sites, eosinophils are
activated by Type 2 cytokines released from a $ipestibset of helper T cells {2); thus IL-5, GM-
CSF, and IL-3 are important for eosinophil actiwatias well as maturation. Following activation,
eosinophils release the contents of small grarwi#sn the cellular cytoplasm, which contain many
chemical mediators, such as histamine and proseiok as eosinophil peroxidase, RNase, DNases,
lipase, plasminogen, and major basic protein thata@xic to both parasite and host tissues (Gleich

and Adolphson, 1986).

A3 receptors are present on human eosinophils anplecén signalling pathways that lead to cell
activation ( Kohno et al., 1996a; Reeves et alQ020 Despite this it has not proven easy to
demonstrate the functional consequences of adaivatif these sites (Reeves et al., 2000).
Nevertheless, the chronic inflammation in asthmaharacterised by extensive infiltration of the
airways by activated eosinophils (Holgate, 199arftnan, 1999) and it remains possible that the
elevated adenosine concentrations associated stiima would contribute to eosinophil activation
through stimulation of A receptors. In addition, it has been speculated #Hctivation of A
receptors may protect eosinophils from apoptoseo(€t al., 2001). Thus, blockade of receptors
may reduce the numbers of eosinophils and theivaiwin thereby reducing the pro-inflammatory

burden in the lung. Consistent with this, follogi® weeks treatment of mild asthmatics with
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theophylline there was a significant reduction le humber of activated eosinophils beneath the
epithelial basement membrane (Sullivan et al., 19%gnificantly, the average blood levels in this
study (37 uM) were within the range of the affindf theophylline for the human sAreceptor.
Moreover, it has been reported that activation efréceptors mediates inhibition of eosinophil
chemotaxis (Knight et al., 1997). The authors arthat since adenosine levels are highest at the
site of inflammation, A receptor activation would be pro-inflammatory lmhibiting eosinophil
migration away from the sites of inflammation. &lg, however, inhibition of chemotaxis could
be pro- or anti-inflammatory. In line with a prolBammatory role, a high expression of #eceptor
transcripts has been found in eosinophilic infiksaof the lungs of patients with asthma and cleroni
obstructive pulmonary disease (COPD) (Walker et197). Interestingly, similar findings were
seen in the lungs of adenosine deaminase defipdd® ) mice that showed adenosine-mediated
lung disease. Treatment of ADAmice with MRS 1523, a selectivesAeceptor antagonist,
prevented airway eosinophilia and mucus product®milar results were obtained in the lungs of
ADA/ A zreceptor double KO mice, suggesting thgtéceptor signalling plays an important role in
regulating chronic lung disease and thaf rAceptor antagonism may be useful for reducing
eosinophilia (Young et al., 2004). However thessults contrast with those from experiments
performed in human eosinophiéx vivo, where chemotaxis, degranulation and superoxidenan
production were reduced bysAeceptor activation (Knight et al.,, 1997; Walker adt, 1997;
Ezeamuzie and Philips, 1999). This discrepancy lates attributed to thex vivo nature of the
chemotaxis experiments and implied that diminishiediay eosinophilia seen in the lungs of ADA
mice following disruption of Areceptor is not a direct effect on the eosinopbius be due to the
modulation of key regulatory molecules from othellthat express freceptors and that affect
eosinophil migration (Young et al., 2004). For ex¢aenAs receptors are expressed on murine mast
cells, airway macrophages and epithelial cells,oéliwhich might affect eosinophil migration.
However levels of key regulatory cytokines suchllad and IL-13, or chemokines including

eotaxin |, thymus- and activation-regulated chemeKiTARC) and monocyte chemotactic protein-3
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(MCP3) were not affected by sAreceptor deletion in ADA mice, pointing perhaps to the
involvement of A receptor in the regulation of other key modulatafreosinophil migration such as
cell adhesion molecules, extracellular matrix elet®eand proteases (Young et al., 2004). In
contrast to a pro-inflammatory role of thg gubtype implied by the work of Young and colleague
cited above, the involvement of the; Adenosine receptor in a bleomycin model of pulmpnar
inflammation and fibrosis seems to indicate an-mftammatory effect (Morschl et al., 2008).
Analysis of A, adenosine receptor KO mice revealed enhanced palyonflammation including
an increase in eosinophils and a selective up-atigul of eosinophil related chemokines and
cytokines in the lungs of fadenosine receptor KO mice exposed to bleomycirs ifitrease in
eosinophil numbers was accompanied by a decreabe ieosinophil peroxidase activity in lavage
fluid from Az adenosine receptor KO mice exposed to bleomycimbaervation suggesting the A
adenosine receptor is necessary for eosinophiladetation in this model. Together these results
suggest that the Aadenosine receptor mediates anti-inflammatory fanstin the bleomycin
model, and is also involved in regulating the pithn of mediators that can impact fibrosis
(Morschl et al., 2008). The effects obtained in haneosinophils after Areceptor activation
including inhibition of chemotaxis, degranulatiaxidative burst and the effects obtained from

vivo models of lung disease such as eosinophilia araisproduction are summarized in Figure 2.
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Fig. 2-Effects of Az adenosinereceptorsin eosinophils

Given the important species differences in thetiooaand functional response tg Peceptors, only

the effects obtained in human are in bold.
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Az adenosine receptor effects on lymphocyte function

The ability of immune cells to fight tumor cells isndamental for successful host defence
against cancer. Adenosine, whose concentratioreases within hypoxic regions of solid
tumors, may interfere with the recognition of tunemlls by cytolytic effector cells of the
immune system (Blay et al., 1997; Merighi et alQ02). Adoptive immunotherapy with
lymphokine-activated killer (LAK) cells has shownrnse promise in the treatment of certain
cancers that are unresponsive to conventional ntiesdt approaches. However, colon
adenocarcinomas tend to respond poorly to LAK {meraossibly as a result of tumor-induced
immunosuppression. It has been demonstratedctilah adenocarcinoma cells inhibited anti-
CD3-activated killer cell induction through the guztion of a tumor-associated soluble factor
that was distinct from transforming growth fact@tdo or prostaglandins (Hoskin et al., 1994a).
As a result, adenosine was suggested as a posdiibitor of killer T-cell activation in the
microenvironment of solid tumours (Hoskin et al9Q94b; Hoskin et al., 1994c). Indeed,
evaluating the adhesion of murine spleen-derivad@Dn3-activated killer (AK) lymphocytes
to syngeneic MCA-38 colon adenocarcinoma cells #swound that adenosine reduced
adhesion by up to 60% (MacKenzie et al., 1994). inhiitory effect of adenosine was exerted
on AK cells and not on the MCA-38 targets and tgerast potency profile indicated that the
Asreceptor subtype might be responsible for the itibilb of adhesion. The authors suggested
that this mechanism of immunosuppression, seconmatigsue hypoxia, may be important in
the resistance of colorectal and other solid cant@rimmunotherapy. In addition the same
authors demonstrated that adenosine plays a simbiigtory effect on the induction of mouse
cytotoxic T cells (Hoskin et al., 2002). Diminishednoricidal activity correlated with reduced
expression of mMRNAs coding for granzyme B, perfoRas ligand and TNF-related apoptosis-
inducing ligand (TRAIL). Interleukin-2 (IL-2) anchierferony (IFN-y) synthesis by AK-T cells

was also inhibited by adenosine. The inhibitoryeefffof adenosine on AK-T cell proliferation
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was also blocked by ansAeceptor antagonist suggesting that adenosine tactsigh A
receptors to prevent AK-T cell induction. Tumor@sated adenosine may act through the
same mechanism to impair the development of tumactive T cells in cancer patients.
Therefore the suppression of T-killer cell functismggests that adenosine may act as a local
immunosuppressant within the microenvironment diflgsomors. Subsequently it was reported
that adenosine partially inhibits the interactidnfdymphocytes with tumor cells by blocking
the function of integrina4p7 which is the major cell adhesion molecule invdiea the
adhesion of T cells to syngeneic MCA-38 adenocaroia cells (MacKenzie et al., 2002). The
effect of adenosine has been investigated on tpeession of costimulatory molecules by T
cells in resting and activated conditions. The mgiortant costimulatory molecules present
on the T cells surface are CD2 and CD28 actingoimcert to achieve optimal costimulation of
T lymphocytes during interaction with antigen prasgg cells. It has also been demonstrated
that adenosine interferes with activation-induca&gression of the co-stimulatory molecules
CD2 and CD28 by an IL-2 dependent mechanism butimatlving the accumulation of
intracellular cAMP and possibly by activating the Aibtype (Butler et al., 2003). Subsequently
the inhibitory effect mediated by adenosine ondhdity of LAK cells tokill tumor cells was
attributed essentially to the cAMP-elevatingaAeceptor whilst no evidence of the involvement
of CAMP inhibitory A, or A; subtypes in the regulation of the cytotoxic atyivaf LAK cells
was found (Raskovalova et al., 2005). Indeed, & haen suggested that hypoxic cancerous
tissues may be protected by the same hypea@denosine>A, receptor pathway that was
recently shown to be critical and nonredundant rieventing excessive damage of normal

tissues by overactive immune caltsvivo (Ohta et al., 2001).

In contrast to the immunosuppressive role of adeeos the environment of solid tumors, it
has been reported thag Beceptor activation stimulates the proliferatiomairine bone marrow
cells in vitro. This effect was induced through the G-CSF prddacby human peripheral

blood mononuclear cells (PBMC) mediated by ademosiihe finding was confirmed im vivo
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experiments, which revealed an increase in leuleayd neutrophil numbers when adenosine
was administered before chemotherapy (Fishman.et2@00). The molecular mechanisms
underlying G-CSF production included the upregalatof the PI3K, PKB/Akt and NF-kB
pathways (Bar-Yehuda et al.,, 2002). In additionh#@s been observed that CI-IB-MECA
increases the activity of NK cells in naive and durbearing mice through the induction of IL-
12; this effect was dependent on inhibition of cAMels and PKA expression. IL-12 is a
potent stimulant of NK cells and is a cytotoxicttacthat exerts a potent anti-tumor effect
vivo. It induces IFNy production by activated T and NK cells and augmentotoxic activity

of these cells via perforin, Fas and Trail-depehd@mechanisms. Therefore, 3 Aeceptor
activation enhances NK cell activity and probablg bell-mediated destruction of tumor cells
(Harish et al., 2003). The expression of Aeceptor was also investigated in resting and
activated lymphocytes (Gessi et al., 2004b). Attigsahuman lymphocytes undergorapid
induction of both transcript and protein of Aeceptors. The kinetics of this up-regulation
revealedhat even at earlier time points, the increase pvasent onlyn CD4' cells, whereas it
was not changed in CD&sells.Therefore, it is possible that in humans, as inertftoskin et

al., 2002), A receptors play an immunosuppressole in CD8 T cells, but their up-regulation
in CD4" cellsstrongly suggests that they might also be implitate T helpercell activities.
One method of increasing the number @frédceptors on the cell membrane is to increase the
accumulatiorf MRNA encoding the Asubtypes. As evaluated by means of real-RnePCR
experiments, activation of T cells with PHA rapidhcreasedhe level of A message in the
CD4" subset, but not in the CD8ells. This increase in#receptor mRNA, which could occur
as a result of an increase in transcription andfomcreasén mRNA stability, is likely to be
responsible for the increassyghthesis of receptor proteins as detected by mafanisdingand
Western blot studie.he rapid up-regulation of Areceptorgunctionally coupled to adenylyl
cyclase in activated T celtsay indicate another potential example of biololgsignificancefor

adenosine-mediated responses in T cells.
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An overexpression of Areceptors has also been detected in lymphocytgsaténts with
colorectal cancer. Interestingly, the existencégfeceptors was previously demonstrated on
Jurkat cells, a human leukemic cell line, wherey thvere associated with inhibition of adenylyl
cyclase activity and calcium modulation (Gessilgt2901). Blood lymphocytesbtained from
30 colorectal cancer patierdeowed a >3-fold overexpression of Aeceptors comparesith
blood cells from healthy donors, in line with thetafound in tissues. No association was found
with stage of the disease, tumor site, patient aggender. Even though the mechanadrthis
up-regulation are not known it is interestithgt binding data from tissues, as in circulating
blood cellsdiscriminate between small-sized adenomas and gaswggestinghat Ag receptor
may be a requirement for colorectal tunppogression. These receptors may represent, like
those in neutrophils, tumoral markers due to tigher expression in comparison to that
observed in healthy subjects. This suggests thgthmral blood cells mirror at the peripheral
level the higher levels of thesAeceptor found in colorectal cancer. However #lecivity of
the Ag receptor as a tumoral marker may be of only lichialue because a similar
phenomenon has been confirmed in patients withmiagoid arthritis. Thus the #receptor was
overexpressed in PBMC of patients with rheumatoidriis compared to healthy subjects and
was directly correlated to an increase in NF-kBhe same cells (Madi et al., 2007). Similar
data were found in phytohemagglutinin and lipopatgharide-stimulated PBMC from healthy
subjects suggesting that receptor upregulationdadged by inflammatory cytokines controlling
the expression of thesfadenosine receptor transcription factor NF-kB (Metdal., 2007). It
seems that the Fadenosine subtype found in PBMC obtained from perigl blood may not

represent a specific tumoral marker but more gdigexanarker for inflammation.

In conclusion, it is well established that extrhdal adenosine has the potential to be an
important inhibitor of tumor cell destruction by Nkand LAK cells within the
microenvironment of solid tumors by signaling prihathrough A, and A adenosine

receptors on the surface of T cells (Hoskin et2008). However after the demonstration that
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genetic deletion of immunosuppressiveaAand Ag receptors or their pharmacological
inactivation can prevent the inhibition of anti-tamTl cells by the hypoxic tumor and facilitate
full tumor rejection, several reviews focused oa thlevance of £ and in minor part of 4
adenosine subtypes to improve the effectivenesmmiine-based cancer therapies (Ohta et al.,
2006; Lukashev et al., 2007; Sitkovsky et al., Z0B8 In contrast to the well described
mechanisms by which ;A adenosine receptor signaling blocks T cell aagtwvatind effector
function, little is known about the mechanism of Adenosine receptor-mediated T cell
inhibition. Moreover, while the importance of, Aadenosine receptor signaling in adenosine-
mediated suppression of T cell responses has bam#irnced using A, adenosine receptor-
deficient mice (Lukashev et al., 2003), similar foonatory studies have not yet been
performed with A adenosine receptor deficient mice. Additional Esicheed to be performed
in human lymphocytes as almost all the functioritdats attributed to Areceptor activation
are derived from studies carried out in mice spe(iegure 3). The identification of adenosine
receptor subtypes and/or signal transduction patbvtarough which adenosine exerts its
inhibitory effects on cell-mediated anti-tumor imneu responses may allow for the
development of novel “anti-adenosinergic” approaclirat increase the effectiveness of

therapeutic cancer vaccines and other immune-bzsezkr therapies.
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Fig. 3-Effects of Az adenosinereceptorsin lymphocytes

Given the important species differences in thetlooaand functional response ta Feceptors, only

the effects obtained in human are in bold.
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Az adenosine receptor effects on monocyte-macrophage function

In vivo andin vitro studies in animal systems léal the concept of the mononuclear-phagocyte
system as a cell systemvolved in host defenses, phagocytosis, and amtijgesentatiorand
processing (Douglas, 1999). Following Metchnikoifflevelopment ophagocyte theory, Wright
described opsonins as factors in sertimat facilitated phagocytosis. Aschoff defined the
reticuloendotheliabystem as a cellular system in which tissue ma@ggh and monocytehare
important functional characteristics, namely, plagic ability and adhesiveness to glass.
Subsequently, the histologaevelopment of silver stains by Del Rio-Hortegaimed a typeof
macrophage-related cell in the brain, the microghathemid-1960s, the late Zanvil Cohn and his
collaborators carriedut seminal studies of mononuclear phagocytes ngadd conceptsof
macrophage differentiation, activation, secretiand therelationship of macrophages to antigen

presentation and processing (for further deta#sDeuglas, 1999).

Adenosine has been investigated as an endogenguksita of monocyte-macrophage functions.
The effects produced bys;AR activation of macrophages seem to indicate anriffammatory
effect of this adenosine subtype. For example Ab&Rs suppress TNE- release induced by the
endotoxin CD14 receptor signal transduction pathivagn human monocytes and murine J774.1
macrophages (Le Vraux et al., 1993; McWhinney gt1#96). Moreover in a macrophage model
the AsAR was the prominent subtype implicated in thehition of LPS-induced TNF+ production
(Sajjadi et al. 1996). This effect was associatétd shanges in stimulation of the activator protgin
(AP-1) transcription factor, whereas it was indegent of MAPKs, NF-kB, PKA, PKC and PLC.
The inhibitory effect induced by thesAR on TNF@ production was also assessed K@ mice
where the A agonist was unable to reduce TNHRevels in contrast to its effect in wild type amil®
(Salvatore et al., 2000). In contrast, in BV2 mgiral cells the A-mediated inhibition of LPS-
induced TNFa expression was associated with the inhibition BSLinduced activation of the PI3-

kinase/Akt and NF-kB pathways (Lee et al., 20063céntly it has been reported that in mouse
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RAW 264.7 cells the A subtype inhibits LPS-stimulated TNF-+elease by reducing calcium-
dependent activation of NF-kB and ERK 1/2 (Martin a., 2006). In contrast, in peritoneal
macrophages, isolated frony KO mice, the ability of IB-MECA to inhibit TNF release was not
altered in comparison to wild type mice (Kreckl¢érag, 2006). In this study, the inhibitory effect
was exerted through the activation ofpfand Ag agonists as has been recently demonstrated in
human monocytes (Zhang et al., 2005; Haskd eR@Q7). The discrepancy observed among these
papers cannot be the consequence of species difessesince in both cases mouse cells were used.
Other factors, including the source of the cellsl/an the inflammatory stimulus used, may be
responsible. However in spite of these contrastesults, one of the most likely therapeutic
applications of the regulatory role ot Activation on TNFa release is in the treatment of arthritis.
More recent studies show thagAMR agonists exert significant effects in differesmitoimmune
arthritis models by suppression of TNFproduction (Baharav et al., 2005). The molecular
mechanisms involved in the inhibitory effect of MB=ECA on adjuvant-induced arthritis include
receptor downregulation and de-regulation of thekKPNF-kB signalling pathway (Fishman et al.,
2006; Madi et al., 2007). ThuszAR activation by IB-MECA inhibited macrophage infianatory
protein (MIP)-In, a C-C chemokine with potent inflammatory effedts,a model of collagen-
induced arthritis, providing the first proof of ampt of the adenosine agonists utility in the
treatment of arthritis (Szabo et al., 1998). Otaeti-inflammatory effects involving Areceptors
activation include inhibition of fMLP-triggered ngsatory burst and tissue factor expression by
human monocytes (Broussas et al., 1999, 2002).rilgcé has been reported that, adenosine may
be involved in ventricular remodeling by stimulatinMatrix metalloproteinase-9 (MMP-9)
production in human macrophages following #eceptor activation (Velot et al., 2008). MMP-9
plays an important role in ventricular remodelleiter acute myocardial infarction (Ml). Adenosine
enhanced MMP-9 production when macrophages weneated by hypoxia or Toll-like receptor-4
ligands such as lipopolysaccharide, hyaluronan, leemhran sulfate. The effect of adenosine was

replicated by the Aagonist IB-MECA and inhibited by silencing theAR through the use of RNA
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interference. Interestingly, it was found that MMPRexpression was higher in blood cells from
patients with acute MI compared with healthy vo&ers with important implications for therapeutic

strategies targeting adenosine receptors in thiegef Ml (Velot et al., 2008).

In conclusion as for the role ofs&eceptors in the inhibition of TN&-production in macrophages
discrepant results have been obtained and not dudyto the different species considered. For
example some studies attributed reduction of TNFe Az receptors either in human and mouse
species (Sajjadi et al., 1996; McWhinney et al9&)9whilst other found this effect to be mediated
essentially by Ay and in minor part by £ without the involvement of the #Areceptors again in
both human and mouse species (Zhong et al., 20@skier et al., 2006). Therefore it is difficult in
this case to verify the relevance of the r&ceptor-induced cellular response when other egiea
subtypes like Ax and Ag are also activated. As for the effects exertedhieyA; subtype in human
monocytes and macrophages it is possible to filmpau for an anti-inflammatory role for this
receptor as attested by reduction of tissue fackidative burst and perhaps TNF+elease. Also
the recent discovery of an increase in MMP9 sugpartrole for A agonists in the therapy of

myocardial infarction (Velot et al., 2008) (Figute
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Fig. 4-Effects of Az adenosinereceptorsin monocytes-macrophages
Given the important species differences in thetiooaand functional response tg feceptors, only

the effects obtained in human are in bold.
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Az adenosinereceptor effectson dendritic cell function

Dendritic cells are antigen-presenting cells spgizad to activate naive T lymphocytes and initiate
primary immune responses (Steinman, 1991; Hart71Banchereau,et al., 1998). Dendritic cells
originate from hemopoietic stem cells and migrate peripheral tissues. Dendritic cells residenn a
immature form in unperturbed tissue, where they amgable of taking up antigens but weak at
stimulating T cells. Under the influence of a varief so-called danger signals including pathogens;
dying cells; soluble CD40 ligand; cytokines suchwamor necrosis factar-(TNF-a), interleukin 1
(IL-1), and interleukin 6 (IL-6), or bacterial prodts such as LPS dendritic cells undergo a process
of differentiation known as maturation. Thereaftdrey migrate to the T-cell areas of secondary
lymphoid organs. This maturation process is assatiavith reduced phagocytic and endocytic
activity, increased membrane expression of majstohompatibility complex and co-stimulatory
molecules, production of cytokines such as intéited 2 (IL-12), and acquisition of potent T-cell-
stimulating functions. Depending on the conditiashesndritic cells can stimulate growth of a variety
of T-cell subsets. In the presence of IL-12, thegport the growth of Thl cells, whereas with IL-4
dendritic cells induce Th2-cell differentiation. Hacent years it has become clear thaadenosine

receptors play a role in regulation of various\atés of dendritic cells.

The expression and function of adenosine recemtogiman dendritic cells has been investigated
by using reverse transcriptase-polymerase chattiogaand functional experiments (Panther et al.,
2001). mRNA expression of thesAeceptor has been detected in immature dendetls together
with A; and A receptors. Adenosine, IB-MECA and also the agonist CHA, induced Ga
transients as well as actin polymerization and attaris but only in immature dendritic cells. These
findings suggest that adenosine may control pramfhatory activities of dendritic cells and
regulate their accumulation at target sites. Matomaof dendritic cells is accompanied by a loss of
the adenosine responses such & €ansients, actin polymerization, and migratibmequivocal

evidence of cell surface expression of therdceptor in immature dendritic cells was obtaifrech
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[**IJABMECA binding experiments. Saturation isotheringdicated a Bmax of approximately 300
fmol/mg membrane protein, and competition for thdisligand of a variety of adenosine receptor
ligands categorically identified the binding sitethe A receptor (Fossetta et al., 2003). Moreover
through fluorometric imaging plate reader (FLIPR)}bd analysis of calcium mobilization it was
shown that the A adenosine receptor is coupled to calcium mobibmain a pertussis toxin-
dependent way. Interestingly these authors denatestthat adenosine is much more potent at the
A3 receptor than had been appreciated, being activehe low nanomolar range. Generally,
adenosine has been regarded as a low potency agbriiee A receptor, with apparent affinities
ranging from 300 nM to 1 uM (Fredholm et al., 2Q0Mhe presence of functionakAeceptors has
been observed in XS-106, a mouse dendritic ced, liwhere they were coupled negatively to
adenylyl cyclase and to stimulation of p42/p44 wmto-activated protein kinase phosphorylation.
Adenosine A receptor activation also inhibits lipopolysaccharinduced TNFe: release from XS-
106 cells as already reported in macrophages (MoWdyi et al., 1996; Dickenson et al., 2003). At
present, the signal transduction pathway involve@denosine Areceptor-mediated inhibition of
TNF-a release from XS-106 cells (and see above macrashag unclear. Inhibition of TNE-
release is usually associated with Gs-protein-adipeceptor-mediated cyclic AMP production.
Interestingly, adenosinesAeceptors have been shown to induce an increasgacellular calcium
and potentiate Ga currents via protein kinase A activation in A6 aknells (Reshkin et al., 2000)
and hippocampal CApyramidal neuronal cells (Fleming and Mogul, 199i@)addition, activation
of the adenosine Areceptor stimulates cyclic AMP production in huneosinophils (Ezeamuzie
and Philips, 2003). However, in XS-106 cells, CIMECA did not stimulate cyclic AMP
accumulation indicating that the adenosingréceptor is not directly coupled to Gs-proteinliyc
AMP accumulation in XS-106 cells. Finally, the tsanpt for the A adenosine receptor was
elevated more than 100-fold in immature dendrieisccompared with monocyte precursors. A
receptor transcript was substantially diminishedLB\5-induced maturation of immature dendritic

cells. The strict dependence of Aeceptor expression on the immature cells sugdbatsthe A
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receptor could also be involved in the maintenaot¢he immature phenotype, and its abrupt

disappearance may be crucial for transition tdlg activated dendritic cell (Fossetta et al., 2003

The relevance of the sAreceptor over the other adenosine subtypes in tomeduman dendritic
cells is attested to by different studies demotisyaa role for this receptor in the increase of
intracellular calcium, actin polymerization and ciwaxis (Panther et al.,, 2001; Fossetta et al.,
2003) (Figure 5). However a loss of thg akd an increase of the,Areceptor has been reported
during maturation of dendritic cells. This switclashbeen interpreted as a protective effect of
adenosine in the context of tissue injury ag Activation plays an inhibitory role on dendritiells
migration. In this way adenosine could counterbagainflammatory stimuli by delaying the arrival
of mature dendritic cells to lymph nodes, therefypairing the initiation of immune responses and
reducing the potentially detrimental effects ofastic cell activation responsible for tissue damage

and disease.
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Fig. 5-Effects of Az adenosinereceptorsin dendritic cells

Given the important species differences in thetiooaand functional response tg feceptors, only

the effects obtained in human are in bold.
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Conclusion

The data summarized in this chapter show thatekeptors are present in immune cells and are
indeed involved in the physiopathologic regulatioh inflammatory and immune processes.
However results fronin vitro andin vivo studies in experimental animals suggest activatiotine

A3 subtype can be both pro or anti-inflammatory dep@non:

i) the cell type examined e.g. neutrophil, eosinophédcrophage, T cell, dendritic cell;

i) the cellular model used e.g. in vitro or ex viv@nisgenic animals;

iii) the response investigated e.g. degranulation, bxelburst, migration, maturation, cytokine

production;

iv) the species considered e.g. human or animal;

V) the presence and functional roles of other aderasiceptor subtypes.
Even though it seems that in each cell type exagnogontrasting effects have been reported, the
results reviewed here offer the background for jpssiew therapeutic strategies for a number of
inflammatory conditions such as sepsis, asthmaaatdimmune disorders including rheumatoid
arthritis, Crohn’s disease and psoriasis. Indeeth@tmoment there aresAR agonists in clinical
development for rheumatoid arthritis. Unfortunatéhere are no #R antagonists in clinical
development but a number of molecules are in bicdddgesting as therapeutic agents for asthma
and COPD, glaucoma, and stroke, waiting to enterctnical arena (Baraldi et al. 2008). Future
studies aimed at elucidating new effects of the shibtype in the modulation of important
inflammatory responses in the different periphdialod cells are likely to reveal exciting new

potential therapeutic applications of Agonists and/or antagonists.
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CHAPTER 2:

Modulation of MMP-9in U87M G glioblastoma cells by As;adenosine receptors
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INTRODUCTION

Local invasive growth is one of the key featurespamary brain tumors. Glioma is the most
common primary adult brain tumor with poor progsosecause of the aggressive invasion of the
surrounding normal brain. Although our understagdiof glioma oncogenesis has steadily
improved, the molecular mechanisms that mediatargliinvasion are still poorly understood. The
degradation of extracellular matrix (ECM) which ggebiochemical and mechanical barriers to cell
movement has been shown to be an important bi@bgiocess in tumor invasion and metastasis
[1]. ECM degradation and remodelling require the actibextracellular proteinases, among which
the matrix metalloproteinases (MMPs) have been shiovwplay an essential role. Indeed MMPs are
cation-dependent endopeptidases which have bedicatga in the malignancy of gliomas [dh
particular it has been shown that MMP-9 facilitaties invasion of glioblastoma cells vitro and
MMP-9 overexpression correlates with the maligranfgression of gliomais vivo [3], [4], [5] and

[6]. On the basis of reports from several differebblatories, it has been generally concluded that
the basal levels of MMP-9 in most cancer cell liaes usually low and that its expression can be
induced by treatment of growth factors, cytokingsnor promoters and oncogenes, through the
activation of its gene promoter [7Heveral studies have identified signal transdacpathways
involved in the regulation of MMP-9 expression umior cells_[8] A major mechanism through
which signals from extracellular stimuli are trantded to the nucleus involves activation of
extracellular signal-regulated kinases (ERKS), mr-N-terminal kinase/stress-activated protein
kinase (JNK/SAPK) and p38 mitogen-activated protemase (MAPK) _[7] [9], [10] and [11]
Furthermore a critical role for PI3K/Akt signallimg the MMP-9 modulation has been described [9]
and [12] The human MMP-9 promoter contains several cisigcregulatory elements that
participate in the regulation of the MMP-9 gene resgion, including sites that bind the
transcription factors activator protein 1 (AP-1)clear factor-kappa B (NF-kB) and Spl. In
particular the AP-1 transcription complex appeass play an essential role in stimulating

transcriptional activation of MMP-9 [10]11] and _[13]
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Adenosine (Ado) is a purine nucleoside which isasked from metabolically active cells or is
generated extracellularly by degradation of reldagelP. It regulates a wide variety of
physiological processes interacting with one or enaofr four known cell surface receptors named
A1, Aoa, Azs and A [14]. The development of potengAgonists and selective antagonists revealed
that the A subtype plays a pivotal role in inflammation, Iretado-induced modulation of tumor

cells biology [15] [16] and [17]and the A subtype has been found up-regulated in colorectal

cancer_[18] Recently, we have demonstrated that ado stinaufataiferation of colon cancer cells
and up-regulates under hypoxia the transcripti@tofahypoxia-inducible factorel (HIF-1a); this
led to an increase in vascular endothelial grovetttdr (VEGF) and angiogenesis in melanoma,

glioblastoma and colon carcinoma cells throughréceptor activation [19][20], [21] and [22]

This effect was also observed in pro-inflammatond goro-atherosclerotic foam cells [23]
However, the involvement of ado in the regulatidnMMP-9 in tumor cells have not been
investigated by now. In this study we will use U8GMhuman glioblastoma cells as amvitro

model to evaluate the role of ado in the modulandriVMP-9 and the intracellular pathways
involved. The main finding of this work is that adareases MMP-9 protein levels in cellular
extracts of US7MG cells throughsAeceptors activation and phosphorylation of ERKIRK, Akt

and AP-1. Furthermore it also increases extraalIMMP-9 levels in supernatants from U87MG

cells; this effect is responsible for an increalsglioblastoma cell invasion.

MATERIAL AND METHODS

Materials

U87MG glioblastoma cancer cells were purchased frAmerican Type Culture Collection
(Manassas, VA, USA).3H]DPCPX (specific activity 120 Ci/mmol), was purciea by NEN

Research Products, (Boston, MA, USAJHJZM 241385 (specific activity 20 Ci/mmol), was
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furnished by Tocris, (Boston, MA, USAH]MRE 2029F20 (specific activity 123 Ci/mmol) and
[*HIMRE 3008F20 (specific activity 67 Ci/mmol), wesynthesized at Amersham International
(Buckinghamshire, UK). MRE 2029F20, MRE 3008F20,A2B were synthesized by Prof. P.G.
Baraldi (Department of Pharmaceutical Sciences,véisity of Ferrara, Italy). U0126 and SB
202190 were from Promega (Milan, Italy). SH-5 waenf Vinci-Biochem (Florence, Italy).

Adenosine A receptors and MMP-9 small interfering RNA (siRNMAere from Santa Cruz

Biotechnology, D.B.A. ITALIA s.r.l., (Milan, Italy) RNAiFect Transfection Kit was from Qiagen
(Milan, Italy). NDGA was obtained from Calbiochemalco S.p.A. (Milan, Italy). Unless otherwise

noted, all other reagents were purchased from S{gfian, Italy).

Cell cultures

U87MG glioblastoma cancer cells were maintaine®ulbecco’'s modified Eagle's medium/Ham's
F12 medium (DMEM/F12 medium) with 20% fetal calfre®, 2 mM I-glutamine, 100 U/mi
penicillin, 100pug/ml streptomycin, at 37 °C in 5% GO5% air. All treatments to the cells with ado
were carried out in the presence of the adenogaeohase (ADA) inhibitor, erythro-9-(2-hydroxy-
3-nonyl)adenine (EHNA) M and those with ado agonists were performed inptresence of
ADA. Cells viability was assessed through trypamebhssays and was not modified after treatments

with ado or drugs.

Real-time RT-PCR

Total cytoplasmic RNA was extracted by the acid mygdiaium thiocyanate phenol method.
Quantitative real-time RT-PCR assay [I]MMP-9 mRNA was carried out using gene-specific
fluorescently labelled TagMan MGB probe (minor gredinder) in a ABI Prism 7700 Sequence

Detection System (Applied Biosystems, Warringtorestire, UK). For the real-time RT-PCR of
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A1, Asa A and A ado subtypes the assays-on- demand™ Gene expreSsmducts
Hs00181231 m1, Hs00169123 m1l, Hs00386497 m1l, H4@328m1, were used, respectively
(Applied Biosystems, Monza, Italy). Moreover cun@sado receptors cDNA plasmid standards
with a range spanning at least six orders of maggit(10**-10"° g/ul) were generated. These
standard curves displayed a linear relationshipvéen Ct values and the logarithm of plasmid
amount_[19] Quantification of ado receptor messages in canekts was made by interpolation
from standard curve of Ct values generated frompthemid dilution series. For the real-time RT-
PCR of MMP-9 and TIMP-1 the assay-on-demand™ Gempeession Products Hs00234579 m1,
Hs00171558 m1 were used, respectively. For thetiraal RT-PCR of the reference gene the
endogenous control hum@ractin kits was used, and the probe was fluorededeied with VIC™

(Applied Biosystems, Monza, Italy).

Binding studies

Binding assays were carried out according to Getsal. [19] Saturation experiments of antagonist
radioligands H]DPCPX (0.2—20 nM), 3H]ZM 241385 (0.2—20 nM), *HIMRE 2029F20 (0.4—
40 nM) and {HJMRE 3008F20 (0.3-30 nM) to label 1A Ass, Ass and A ado receptors,
respectively, were carried out in US7TMG cells. 10®f membrane homogenate (80-1ap of
protein assay) were incubated in duplicate, in a final volume2&0pul in test tubes containing
50 mM Tris—HCI buffer (10 mM MgGl for Aza, 10 MM MgCh, 1 mM EDTA, 0.1 mM
benzamidine for A and 10 mM MgCGl, 1 mM EDTA for Ag) pH 7.4, with 10-12 different
concentrations of each selective radioligand. Nmee#ic binding, defined as binding in the
presence of 1M DPCPX, 1uM SCH 58261, /M MRE 2029F20, 1'M MRE 3008F20 for A,
Aza, Az and A ado receptors, respectively, at #g value for each radioligand wa80-35% of
total binding. Bound and free radioactivity wer@a@ted, after an incubation time of 120 min at

4 °C, by filtering the assay mixture through Whatn@F/B glass-fiber filters using a cell harvester
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(Packard Instrument Company, CT, USA). The filtewuibd radioactivity was counted on Top

Count Microplate Scintillation Counter (efficien8y%) with Micro-Scint 20.

Western blotting analysis

Whole cell lysates, prepared as described prewddl], were resolved on a 10% SDS gel and
transferred onto the nitrocellulose membrane. Wediot analyses were performed as described
previously using antibody against MMP-9 (Calbiochiealco, Milan, Italy) (1:200 dilution) in 5%
non-fat dry milk in PBS 0.1% Tween-20 overnighéaB °C. Recombinant active MMP-9 (83 kDa)
was used as positive control (Calbiochem InalcdaMiltaly). Aliquots of total protein sample
(50ug) were analyzed using antibodies specific for phosylated (Thrl83/Tyr185) p44/p42
MAPK (1:5000 dilution) (Promega, Milan, lItaly), pshorylated (Thr180/Tyr1l82) p38 MAPK
(2:2000 dilution) (Cell Signaling Technology, Milaftaly), phosphorylated (Ser473) Akt/PKB
(protein kinase B) (1:1000 dilution), phosphoryth{@hr183/Tyr185) SAPK/JNK, phosphorylated
(Ser73) c-Jun (Cell Signaling Technology, Milaraly), and for A receptor (Aviva Antibody
Corporation, Milan, Italy) (1 mg/ml dilution). Fdts were washed and incubated for 1 h at room
temperature with peroxidase-conjugated seconddilyaalies against mouse and rabbit IgG (1:2000
dilution). Specific reactions were revealed wite tBnhanced Chemiluminescence Western blotting
detection reagent (Amersham Corp., Arlington Hesgtit.). Tubulin (1:250) was used to ensure

equal protein loading.

Densitometry analysis
The intensity of each band in immunoblot assay quemntified using a VersaDoc Imaging System
(Bio-Rad, Milan, Italy). Mean densitometry datarfrandependent experiments were normalized to

the results in control cells. The data were preskas the mean + S.E.
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Treatment of cellswith small interfering RNA (SSRNA)

U87MG cells were plated in six-well plates and gnote 50-70% confluence before transfection.
Transfection of ado Areceptor or MMP-9 siRNA, was performed at a cotregion of 100 nM
using RNAIiFectTM Transfection Kit for 72 h [21A non-specific control ribonucleotide sense
strand (5ACU CUA UCU GCA CGC UGA CdTdT-3 and antisense strandbrdT UGA GAU

AGA CGU GCG ACU G-3 were used under identical conditions.

Enzyme-linked immunosor bent assay (ELISA)

The levels of MMP-9 protein secreted by the cellthe medium were determined by an ELISA kit
(RayBio Elisa Kit, Tebu-bio, Milan, Italy). In briesubconfluent cells were changed into fresh
serum-free medium in the presence of solvent aouwarconcentrations of ado and ado ligands for
24 h. The medium was collected, centrifuged forib @t 900 g to remove floating cells and

assayed for MMP-9 content by ELISA according to tienufacturer's instructions. The data were

presented as mean + SE from three independentisgés.

Gelatin zimogr aphy

Cells were incubated in serum-free medium for 2ht the respective supernatants were used for
the experiments. Twenty micrograms were mixed wample buffer (0.5 M Tris—HCI pH 6.8, 10%
glycerol, 2% SDS, 0.1% bromophenol blue) and seépdran 10% SDS-polyacrylamide gels
containing either gelatine from porcin skin (1 mb/mfter electrophoresis, gels were washed for
1 h in renaturing buffer (2.5% Triton X-100) andbsaquently incubated overnight at 37 °C in
50 mM Tris—HCI, 0.2 M NaCl, 5 mM Cag10.02% Brij 35 pH 7.5). Gels were stained with%0.3

Coomassie Brilliant blue and destained with 7%ia@atid methanol, 1% methanol and 7%

I nvasion assay
Invasion was measured by assessment of the U87M&romration rate by using Cell Invasion

Assay kit (Chemicon International, Milan, Italy)x21G> US87MG cells were plated into the upper
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well of the chamber in serum-free medium for 7&vhijle the lower well was filled up to the top
with MEM plus 10% FBS as chemoattractant. Treatnuérihe cells with ado, CI-IB-MECA and
inhibitors was carried out for 48 h. After inculmati stained invasive cells were quantitated by
dissolving them in 10% acetic acid and reading Q&0 nm according to the manufacturer's

instructions.

Protein inhibitors

U0126, SB202190, SH-5 specific inhibitors of ERR, 1638 and Akt were used at a concentration
of 1 uM according to previous experiments showing thpécHicity carried out in cancer cells [22]
SP600125, the JNK inhibitor was used at a dose d¥l laccording to its affinity and selectivity
data _[24] Nordihydroguaiaretic acid (NDGA), the AP-1 inhdm was used at a dose of (1B

according to literature data [293YIMP-9 inhibitor | was used at a dose of 50 nM][26

Data analysis
Binding studies were analyzed with the program LNEA[27]. Statistical analysis was performed
by means of analysis of variance (ANOVA) and thenbeit's testP < 0.05 was considered

significant.
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RESULTS

Expression of ado receptors mRNA and protein in human U87M G glioblastoma

cells

First of all we examined the pattern of expressibmado receptors in UB7MG glioblastoma cells.
The mRNA level of ado receptors was examined thHnaegl-time RT-PCR experiments. As shown
in Fig. 1A U87MG cells expressed all ado subtypes with thadloWwing rank order
Aoa>Azg > A1 > As. At a protein level saturation assays with the weceptor antagonist
[*H]DPCPX revealed the presence afréceptors with &p value of 2.5 + 0.3 nM andByax value

of 28 + 1 fmol/mg of protein; saturation studiestwihe A, antagonist H]ZM 241385 showed
Aoa receptors with &p value of 2.0 £ 0.1 nM and Bnax value of 110 £ 13 fmol/mg of protein;
saturation experiments with thegantagonistH{]MRE2029F20 detected A receptors with &p
value of 3.8 £ 0.5 nM and B value of 85 + 9 fmol/mg of protein; saturation agswith the A
antagonist HIMRE3008F20 revealed Areceptors with &p value of 2.2 + 0.40 nM and Bax

value of 102 + 10 fmol/mg of protein (FigBL
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Figure.l
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Fig. 1. mRNA and protein expression of ado recepitohuman U87MG glioblastoma cells. (A) Bar graph
showingug RNA/ug total RNA of human A Aza, As and A ado receptors evaluated through real-time RT-
PCR experiments. (B) Bar graph showBg, (fmol/mg of protein) of human AA.a, Asz and A ado
receptors measured by means of binding experimeErferiments were performed as described in Segtion

Values are the means and vertical lines S.E. ofrthan of three separate experiments performedplitate.
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Ado effect on MM P-9 mRNA in U87MG glioblastoma cells

Initial experiments were carried out to evaluate #ffect of ado on MMP-9 transcript levels in
U87MG cells. After treatment of 6, 12, 24 and 4®ikth the nucleoside (100M) we observed a
time-dependent increase in MMP-9 mRNA of 1.5+ A&8 +£0.2, 25+0.3 and 3.5+ 0.4 fold,
respectively (Fig. &). In order to identify which receptor subtype wiasolved in the ado-
mediated MMP-9 increase we incubated U87MG glidblas cells with high affinity A Aza, Az
and A; ado analogues. The;AAa and Ag agonists, CHA, CGS 21680 and DPA23 respectively,
did not affect MMP-9 increase whilst the; Agonist CI-IB-MECA 100 nM was able to induce a
raise of 2.0 £ 0.3 fold of MMP-9 mRNA level, aftéd h of treatment, in U87MG glioblastoma
cells. These results indicated that ado may inerdé&lgP-9 mRNA through the involvement oA
receptors (Fig. B). Furthermore ado 10&M and the A agonist CI-IB-MECA 100 nM induced a
modest stimulation of 1.6 +0.2 and 1.4 £ 0.2 foldincrease, respectively, of tissue inhibitor
metalloproteinase-1 (TIMP-1) (Fig.C3. The relative affinities of adenosine agonistsweell as

antagonists used in this study for the differerrasine receptor subtypes are provided in Table 1

119



Figure.2
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Fig. 2. Modulation of MMP-9 mRNA by ado in U87MGigpblastoma cells. (A) Time course of MMP-9
MRNA expression in U87MG cells after treatment vatto 10QuM. (B) Effect of ado receptor agonists,
100 nM CHA, 100 nM CGS 21680, 100 nM DPA23, 100 6MB-MECA on MMP-9 mRNA induction
in US7MG cells. (C) Effect of ado and CI-IB-MECA oRIMP-1 mRNA expression in U87MG
glioblastoma cells. Experiments were performed escidbed in Section.2/alues are the means and
vertical lines S.E. of the mean of three separaper@ments performed in triplicat®. < 0.05 compared
with the control (cells incubated in the absencéredtment). MMP-9 mRNA control values at 6, 12, 24

and 48 h were arbitrarily defined as 1.
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Table 1.

Affinity (Ki, nM) of selected adenosine receptoroagsts and antagonists tq,M,a, Az and A adenosine
receptors.

A, Asa Asg As Ref.
Agonists
CHA 3.5 812 =1000 83 [60]
CGS 21680 289 27 =10,000 67 [61]
DPA23 8.5 =1000 7.3 384 [62]
Cl-1IB-MECA 220 5360 =100,000 1.4 [61]
Antagonists
DPCPX 3.9 129 51 1100 [15]
SCH 58261 549 1.1 =10,000 =10,000 [15]
MRE 2029F20 200 =1000 5.5 =1000 [15]
MRE 3008F20 1200 141 2100 0.82 [15]
ZIM 241385 774 1.6 75 0.82 [61]
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Ado effect on MM P-9 protein levelsin U87M G glioblastoma cells

Using an anti-MMP-9 antibody, that recognizsath the pro and active forms of MMP-9 as
bands migrating at 92 kDa ar@8 kDa respectively, we found that Ado 104 induced a time-
dependent increase of both pro and active MMP-8l¢estarting from 6 h and reaching a peak
after 12—-24 h of incubation (Fig.A3and B). U87MG glioblastoma cells showed constreit
expression of the<78 kDa form of MMP-9, that was the active MMP-9 tein, as further
verified by comparison with the recombinant actMMP-9, used as positive control (FigCB
As the effect induced by ado on active MMP-9 wasihavident we focused our attention on it.
Treatment of the cells with ado in the range 0.@D+IM for 24 h resulted in a dose-dependent
increase of active MMP-9 with an £of 3.5 + 0.2uM (Fig. 4A and B). By using a series of
selective antagonists ofiAAza, Azg and A ado receptors we observed that the nucleosideteffe
was abrogated in the presence of thdlcker MRE 3008F20, whilst was unaffected by hG0
DPCPX, SCH 58261 and MRE 2029F2Q, A,a, and Ag antagonists, respectively (FigC4nd
D). To further verify the involvement of Areceptors in the modulation of MMP-9 protein
expression, we treated U87MG glioblastoma cell$ whie high affinity A receptor agonist CI-
IB-MECA, in western blotting experiments (FigApb A3 receptor activation by CI-IB-MECA, in
the range of concentration 1-500 nM, produced rauséitory effect on MMP-9 protein levels,
with an EGo of 10 £ 1 nM (Fig. B). Furthermore increasing concentrations of MRE&#20
(0.05-100 nM) were able to inhibit MMP-9 proteinciease, induced by a maximal dose
(100 nM) of CI-IB-MECA, with an IGy of 1.3 +0.1 nM (Fig. €). To demonstrate more
conclusively a role for Areceptor in the adenosine-induced MMP-9 proteicuamilation, we
tried to knockdown Areceptor expression using small interfering-(dyAJleading to a transient
knockdown of the Areceptor gene (SIRNAA U87MG glioblastoma cells were transfected with

non-specific random control ribonucleotides or wigiRNAA;. As expected 72 h post
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transfection, A receptor mRNA and protein levels of U87MG glioltasa cells were
significantly reduced (Fig. 3 and E, respectively). Therefore, at 72 h from ®EBNA
transfection we found that the stimulatory effeaduced by a maximal dose of thg Agonist
was strongly reduced, suggesting that inhibitiorAgfreceptor expression is responsible for the

block of CI-IB-MECA-mediated MMP-9 increase (Fid- and G)
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Figure.3
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Fig. 3. Modulation of pro and active MMP-9 proté@ivels by ado in U87MG glioblastoma cells. (A) Time
course of MMP-9 protein levels in U87MG cells afteratment with ado 10oM. On the left the 75 and
100 kDa bands of the molecular weight marker amvsh (B) Densitometric quantification of MMP-9
western blot is the mean = S.E. valués=(3); P < 0.05 compared with the control. MMP-9 protein
control values at 6, 12, 24 and 48 h were arbiyraéfined as 1. (C) Increasing concentrations, (0.25,
0.5ug) of recombinant active MMP-9 (83 kDa) and endagenpro and active MMP-9 in U87MG cells

in the absence or presence of ado.
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Figure.4
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Fig. 4. Effect of ado and ado antagonists on MM@r&ein levels in U87MG glioblastoma cells. (A ay
Immunoblot and relative dose-response curve of &i61-10uM) on MMP-9 protein levels,
respectively. (C) Effect of ado 1M on MMP-9 protein levels and antagonism by 100 BRCPX,
SCH 58261, MRE 3008F20 and MRE 2029F20. (D) Denwtoic quantification of MMP-9 western blot
is the mean + S.E. valuehl € 3); P < 0.05 compared with the control (cells incubatedhe absence of

treatment).
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Figure.5
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Fig. 5. Involvement of A receptor on ado-induced MMP-9 protein levels matioh in U87MG

glioblastoma cells. (A and B) Immunoblot and relatdose-response curve of Cl-IB-MECA (1-500 nM) on

MMP-9 protein levels, respectively. (C) Dose-resgmrcurve of antagonism by MRE 3008F20 (0.05—-
100 nM) on 100 nM CI-IB-MECA effect. Values are theeans and vertical lines SE of the mean of three

separate experiments performed in triplicate. (BlaRve A; ado receptor mRNA quantification, relatedto
actin mRNA, and (E) Areceptor protein level in US7MG cells after traatdfon with A SiRNA for 72 h. (F)
Effect of As receptors siRNA treatment on CI-IB-MECA (100 nMyluction of MMP-9 in U87MG cells. (G)

Densitometric quantification of MMP-9 western bistthe mean + S.E. valuebl € 3); P < 0.05 compared

with the control.
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Intracellular pathways activated by ado Az receptor to increase MM P-9 levels
in US7M G glioblastoma cells

To establish the intracellular pathways triggergd Ay receptors to stimulate MMP-9 protein
increase in U87MG cells the effect of thg eceptor agonist on MAPK and Akt activation was
investigated. To this aim glioblastoma cells wemetqgated for 30 min with @M UO0126,
SB202190, SP600125, SH-5, specific inhibitors olKER, p38, JNK and Akt, respectively and
subsequently stimulated with CI-IB-MECA. As repait@ Fig. 6A and B, U0126, SP600125 and
SH-5 inhibitors at a concentration ofilM were able to inhibit the effect induced by thgagonist
Cl-IB-MECA on MMP-9 protein levels whilst SB20219d not, suggesting that ERK1/2, JNK and
Akt but not p38 pathway were required for MMP-9 teio increase induced bysAreceptor
activation. Furthermore, we observed that treatméglioblastoma cells with CI-IB-MECA for 6,
12 and 24 h induced a time-dependent increase BLER JNK and Akt phosphorylation (FigCé
E). Similar results were obtained with ado (Fid—C) and its effect was antagonized by MRE

3008F20 and siRNAAsupporting a role for Areceptors in kinases phosphorylation (FiD-F).
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Figure.6
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Fig. 6. Involvement of MAPK and Akt kinases in; Aeceptor-induced MMP-9 protein levels in US7TMG
cells. (A) Role of p38, Akt, ERK 1/2 and JNK inHixis in MMP-9 modulation induced by CI-IB-MECA
50-100 nM. (B) Densitometric quantification of MMPwestern blot is the mean + S.E. valubs=(3);
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the control (cells incubated in the absence otrneat).
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Figure.7
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Fig. 7. Time course of ado 1081 on ERK1/2 (A), JNK (B) and Akt (C) phosphorylati@nd antagonism by
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AP-1involvement in the A; receptor-mediated increase of MM P-9 levelsin
U87M G glioblastoma cells.

The activator protein-1 (AP-1) transcription compéppears to play an essential role in stimulating
transcriptional activation of MMP-9. In order torifg the involvement of AP-1 in the Aado
receptor-induced MMP-9 protein increase, we peréatnwestern blotting experiments in the
presence of ado 1M and the A agonist CI-IB-MECA 500 nM, in combination with theP-1
antagonist NDGA 1@M. As reported in Fig. 8 and B the AP-1 inhibitor was able to reduce the
ado A receptor-mediated effect on MMP-9 levels. Furthamn to evaluate in more detail the
effect of Ag receptor activation on the phosphorylation of n;Ja major subunit of AP-1,
glioblastoma cells were treated with increasingcemtrations of ado and CI-IB-MECA. As shown
in Fig. 8-F both ado and CI-IB-MECA were able to raise {dc- protein levels in a dose-
dependent way with an E§€of 4.5 + 0.3uM and 9.0 + 0.8 nM, respectively. When the r&ceptor
subtype was blocked with the; Aantagonist MRE 3008F20, the stimulatory effectuiretl by CI-
IB-MECA on p-c-Jun was reverted, suggesting agaéninvolvement of Areceptors in this effect

(Fig. 8G and H).
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Figure.8

iay Ado 10OpM - 0 4 ; - (B)
Cl-IB-MECA - - -+ - +
NDGAIOpM -+ - - B ok

e S S e s o NMP-D

(% of contral)

MMPS protein levels

A S W WS WS @ 4 Tubulin

(Cy Ado 001 pM - - + - - - - (I Cl-IB-MECA | nM - + - - - -
0.1 pM - - + - - - 10aM - - + - = -
lpM - - -+ - - S0nM - - . i - -
WM - - - - o+ - 00nM - - - . + -
wpM - - - - -+ s00nM - - - . -+
- —— g A [C-]un - - - e e 4 p-c-Jun
48 kDa 48 kDa
W <Tubulin P——— e R AT
iE) w 0 Fy , 200
® ®
>
o — 0 =
-0 23 150
c L c £
‘_E T 1501 s E
T8 1o
i £ ECs= 9 + 0.8 nM
g;g 100 ECsy= 4.5 +0.3uM f_.‘g "
=J A
I = W
a 0 1 0
100 45 -50 25 -10.5 a5 -85 T8 65 55
log [Adenosine] (M) lag [CIHB-MECA] (M)
. (Hy 200 .
Gy Cl-IB-MECA 100nM - + - - b %
CI-IB-MECA 500 nM - - 4+ - -+ E s
MRE 3008F20 100nM - - - + + + = g 200
oA e o as
48kDa E é
=
I 2 3 4 5 6 =
a4 | ubulin 0

Fig. 8. Involvement of AP-1 in Areceptor-induced MMP-9 protein levels in U87MGIge{A) Detection of
MMP-9 protein by western blotting experiment in {hesence of ado (1QOM) or the A agonist Cl-IB-
MECA (500 nM) in combination with the AP-1 antagetnNDGA 10uM. (B) Densitometric quantification

of western blots is the mean + S.E. valuds=(3); P < 0.05 compared with the control. (C—F) Immunablot
and relative dose-response curves of ado (0.01¢¥)Cand CI-IB-MECA (1-500 nM) on p-c-Jun protein
levels, respectively. (G) Effect of CI-IB-MECA 1@hd 500 nM on p-c-Jun levels and antagonism by MRE
3008F20 100 nM on CI-IB-MECA effect. (H) Densitometquantification of MMP-9 western blot is the

mean + S.E. valued(= 3); P < 0.05 compared with the control.
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MM P-9 levelsin super natants from U87M G glioblastoma cells by EL I SA and
gelatin zimography assays

In order to investigate whether;Aeceptor activation was also able to increase MMgptotein
levels in the supernatants from human U87MG glistiolaa cells, ELISA assays, recognizing both
the latent and active MMP-9 forms, were perfornfsiter 24 h of treatment ado and the @gonist
Cl-IB-MECA, were able to induce a stimulatory effef 162 + 14% and 175 + 15% on MMP-9
levels in cancer cells that was antagonized by Batlntagonist and siRNA treatment (Figh)9
The Ay, Aza and Ag adenosine analogues did not modulate MMP-9 levelgthermore, MMP-9
activity was evaluated in the conditioned mediunmggzymography. A band corresponding to the
active 82 kDa MMP-9 form was detected and was asxd after exposure of U87MG glioblastoma

cells to the A agonist CI-IB-MECA 100-500 nM and Ado 10-10®i for 24 h (Fig. 8 and C).
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Figure.9
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Fig. 9. A receptor-mediated increase of MMP-9 in supernatahtU87MG cells. (A) Effect of ado, CI-IB-
MECA, A; antagonists and Asilencing on MMP-9 levels by ELISA assay. Valuge the mean + S.E.
values N = 3); P < 0.05 compared with the control. (B) Effect 0016800 nM CI-IB-MECA and 10, 100M
ado on MMP-9 activity by gelatin zymography. Expeents were performed as described in Sedidi)
Densitometric quantification of gelatine zimograpkialues are the means and vertical lines S.Eheofiean

of three separate experiments performed in trifgida< 0.05 compared with the control.

133



Az receptor effect on invasiveness of US7M G glioblastoma cells

To assess whether increased production of MMpiRegein by A receptor activation resulted also
in increased invasion of tumor cells, anvitro cell invasion assay was done. We cultured
U87MG glioblastoma cells on invasion chambers ia #ibsence and in the presence of Ado
100uM and the A agonist CI-IB-MECA 100 nM. After 48 h of cultur@s the presence of Ado
and the A agonist, the invasive capacity of U7MG cells waghly increased (160 + 20% and
180 + 30% of control, respectively) and the effers reduced by the addition of the; A
antagonist MRE 3008F20,3Ailencing, MMP-9 inhibitor | and MMP-9 silencinghis suggests
that Ag receptors and MMP-9 play a role in modulating lgistoma invasiveness (Fig. A0
The stimulatory effect induced by both Ado and BIMIECA was also antagonized by U0126,
SH-5 and SP600125 indicating the involvement of ERK Akt and JNK in the invasion of

U87MG cells (Fig. 18).
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Figure.10
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Fig. 10. Modulation of U87MG cell invasion. (A) Efft of 100uM ado and 100 nM CI-IB-MECA on
U87MG cell invasion and antagonism by 100 nM MRB&E20, A receptor silencing, MMP-9 silencing
and 50 nM MMP-9 inhibitor I. (B) Effect of ERK 1/Akt and JNK inhibitors in Areceptor-mediated cell
invasion. Experiments were performed as describ&kction2. Values are the means and vertical lines S.E.

of the mean of three separate experiments performiegblicate.P < 0.05 compared with the control.
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Discussion

MMPs play a major role in promoting tumor metastabi particular overexpression of MMP-9 has
been shown to be associated with the progressidnnaasion of several tumors including gliomas
[3]. Although malignant gliomas rarely metastasizesiolet of the central nervous system, they are
extremely invasive tumors. Several works have repothat glioblastomas produce significantly

higher levels of MMP-9 than do lower-grade tumard aormal brain tissue [4nd_[28]

Ado depending on the extracellular concentratioth éxpression of different ado receptor subtypes
is known as a modulator of cell proliferation, afmgis and angiogenesis (for review see Ref.)[16]
Only few experimental works have focused on thea# of ado in MMP modulation and have
been performed in cells of the immune system. kt fa has been reported that ado inhibits
neutrophil-produced MMP-9 via A receptors, it increases MMP-9 in macrophages tirog
subtypes [29]and [30]and it suppresses MMP-9 production under hypogritd@ions in human
monocyte-derived dendritic cells viay@ receptors_[31] In the current study, we sought to
determine the involvement of ado in the regulandbMMP-9 production in U87MG glioblastoma
cells. The main finding of this work is that ad@rieases MMP-9 levels through activation af A
receptors, ERK 1/2, JNK, Akt, AP-1 and is respolesfor an increase in cell invasion. First of all
we evaluated mRNA and protein levels of ado reasptoU87MG cells. Our results from real-time
RT-PCR experiments showed that all ado receptors eepressed in glioblastoma cells with the
following order Aa > Axg > A1 > As. This mMRNA order of expression did not match elyattte
protein order found by binding assays that wag AA; > Azg > A;. This was due to the low
MRNA level of A receptors in comparison to its high protein ampalmeady observed in different
cell systems [19&nd_[32] This supports the emerging evidence that mMRNAesgion patterns are
necessary but are by themselves insufficient ferghantitative description of biological systems.
This evidence includes discoveries of post-trapsiomal mechanisms controlling the protein
translation rate or the half-lives of specific @ios or mMRNAs [33Jand [34] However it is also
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known that the gene promoter region afr&ceptors is rich in putative binding sites forquitous
transcription factors including AP-1, SP-1, EF-TARese ubiquitous factors may be responsible for
the widespread, low level ofsANRNA expression observed [353h this particular case it could be
speculated that c-Jun, stimulated by r&ceptors in U87MG cells, may be involved in negat
feedback mechanisms to regulatg MRNA expression in response to high MMP-9 and cell
invasion levels. Other transcription factors susiN&-kB and CREB interacting with the; ene
promoter have been demonstrated to be involveldamverexpression ofs;Aeceptors in peripheral

blood cells of patients with rheumatoid artriti€]3

As uncontrolled activation of MMP-9 is potentialiangerous in a cellular environmgehzyme
expression is tightly regulated at the transcripicand/or translational level. Therefore we sthrte
to evaluate the effect of ado on MMP-9 transcripiio U87MG cells. We found that the nucleoside
was able to increase in a time-dependent manneexpeession of MMP-9 mRNA starting from
6 h, with the maximal effect observed after 12—-24he effect of ado was replicated by the A
ligand CI-IB-MECA, but not by A Aza and Ag agonists suggesting the involvement of A
receptors. Furthermore we found that both ado aerdA§ agonist induced a modest increase of
TIMP-1 expression levels, suggesting the existaiaeregulatory loop to compensate for MMP-9
production. This was observed also in THP-1 macgpk by Velot et al. [30However like in
THP-1 cells also in U87MG cells its low increasepr®bably insufficient to counterbalance the
raised expression of MMP-9, induced byr&ceptor activation [30]A reduced level of both MMP-

9 and TIMP-1 levels have been detected also indamgl in the bronchoalveolar lavage fluid of A
receptors deficient mice suggesting that thglays a regulatory role in their production [3Iike
most MMPs, MMP-9 is secreted as a latent zymogsyyiring activation in the extracellular milieu
or on the cell surfaces to be catalytically compef@8] and [39] However it has been also
reported that some cellular types e.g. microvasaaothelial cells or tumor cells are capable of

accumulating active gelatinase B in the cytoplasnmanembrane vesicles [40W1] and [42]or
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that specific cell-MMP interactions may occur s@shbinding of MMP-9 to CD44 [43Evidence

of constitutive activation of MMP-9 in UB87MG celisas suggested by expression of the active
form of MMP-9 in cellular extracts of glioblastone&lls. Similar results have been obtained in
different types of cancer cell lines including DB1grostate androgen-independent carcinoma),
SK-NEP-1 (adult-derived anaplastic Wilms’ tumor)434 (squamous cell carcinoma), Wit 49
(Wilms’ tumor cell line), A549 (non-small cell lungarcinoma) and LNCaP (prostate androgen-
dependent carcinoma) [42Ado increased, in glioblastoma cells, the intHatz levels of both
latent and active MMP-9 with a major effect on #ezond one. The conclusion that the effects of
ado on MMP-9 protein were mediated throughréceptors was supported by the observation that
the stimulatory effects of this nucleoside on MMP@tein were mimicked by thesAeceptor
agonist CI-IB-MECA, and inhibited by thesAeceptor antagonist MRE 3008F20. In particulae, th
potencies of these drugs were in agreement with ithf@bitory equilibrium binding constant{)
observed in binding experiments for the adadceptor [44] Furthermore, the Areceptor-induced
MMP-9 protein increase was blocked following théibition of Az receptor expression at the

MRNA and protein levels, by the RNA interferenceraach.

MMP-9 gene expression can be activated via a numbsignal transduction pathways including
those involving ERK1/2, p38, JNK and PKB/Akt [@hd_ [9] Ado has been demonstrate to activate
some of these signalling molecules in differentesys and cellular models through the activation
of Az receptors (for review see Ref. [35]n particular an increase in ERK1/2 phosphorglahas
been reported initially by Schulte and Fredholm] [#6transfected CHO cells and then it has been
confirmed in other systems like microglial and eot@arcinoma cells [199nd _[47] Several studies
have also indicated the ability of;Aeceptors to activate PKB/Akt. This has been olexkin rat
basophilic leukemia 2H3 mast cells, in cardiomyesytin melanoma and colon carcinoma cells

[20], [22], [48] and_[49] As for p38 a link with ado Areceptors has been observed in rat basophilic

leukemia 2H3 cells, colon carcinoma cells and eatrts [22] [50] and [51] In contrast the effect of
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A3 receptor activation on JNK has not been invegtjaOur results show that stimulation of
MMP-9 by Ag receptor activation was abrogated by inhibitor&BK1/2, JNK and Akt but not of

p38, suggesting that more than one signalling payhw involved in the MMP-9 modulation

induced by A receptor activation. Indeed, CI-IB-MECA and adodma¢ed an increase in the

phosphorylation of ERK1/2, JNK and Akt kinases @oning that they belong to the signaling
pathways utilized by the nucleoside following Aeceptor stimulation. In particular it has been
reported that JNK is necessary to phosphorylatencpdoteins and it is well known that the AP-1
transcription complex appears to play an esserdlal in stimulating transcriptional activation of
MMP-9 [7] and [13] In its active form AP-1 complex may comprise halneers of c-Jun or

heterodimers between c-Fos, c-Jun and ATF2.[bRJthermore activation of ERK1/2 has been
shown to induce c-Jun expression and phosphorglaithaicating cross-talk between ERK1/2 and
JNK pathways in the regulation of c-Jun activity §d_[53] We found that MMP-9 regulation by

A3 ado receptor activation was blocked after treatm@th the AP-1 inhibitor; c-Jun, was also
increased by ado and CI-IB-MECA and this effect wasagonized by MRE 3008F20 suggesting
the involvement of A ado receptor. We demonstrated that rAceptor activation induced an
increase of active MMP-9 as shown by ELISA and tysazymography experiments carried out on
the supernatants obtained from U87MG cells, acogrdo data showed by Velot et al. in

macrophages [30]

Finally, as for the physiological relevance of thereceptor-mediated stimulation of MMP-9 we
found that CI-IB-MECA was responsible for an in@eadf the invasive ability of U87MG cells.
This effect was dependent by modulation of MMP8reed through Areceptors activation and
ERK1/2, JNK, Akt and AP-1 phosphorylation. Intenegly it was reported that MMP-9 inhibition
might be useful for treating the invasiveness d@irbitumors. Furthermore the antisense MMP-9

vector or adenovirus expressing antisense MMP-3edsed the PMA-induced migration and
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invasion of glioblastoma cells [S4Interestingly the increase induced by adenosineeil invasion

has been previously reported also in breast caiatisr[55]and [56]

It is well known that the Areceptor plays an important role in regulatingnmair and tumor cell
growth [16] Elegantin vivo studies by Fishman's group showed the efficacAphgonists in
various tumor-bearing animals, supporting the zdtion of A agonists to treat cancer [57h
particular melanoma, colon, prostate and hepatdeeltarcinomas were reducedimvivo animal
models by IB-MECA or CI-IB-MECA_[17] [57] and [58] Importantly in these studies, the
combined treatment of IB-MECA with the specific atgecyclophosphamide, 5-fluorouracil and
taxol respectively, resulted in an enhanced antitueffect. On the other hand, it has been reported
that in U87MG glioblastoma cells under hypoxic ctiods, CI-IB-MECA induced up-regulation
of hypoxia-inducible factor 1 (HIF-1) alpha and VEGupporting a role for Aantagonists as a
novel approach for the treatment of glioblastonfd.[A possible explanation for these different
results may be that cell response to a givgnagonist is determined by a plethora of factors,
including agonist concentration and affinity, retwepdensity, interaction between different
adenosine receptors expressed on the cell surtade,type and the cell microenvironment.
Furthermore ado effects on MMP-9 and cell invasit necessarily shall to occur during
carcinogenesis. For example, it has been demoedtithiat thein vivo administration of Ado
reversed cirrhosis and liver dysfunction and threg of the mechanisms involved in this effect was
through an increase in collagenolytic activity [58fcordingly the results of this work, revealing a
role of Ag receptor in the increase of glioblastoma cell gioa by stimulation of MMP-9, adds a
new function to the complex role oiAeceptors in tumor biology and need to be veriireih vivo

experiments.
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