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GENERAL INTRODUCTION




ADENOSINE

Adenosine is an ubiquitous purine nucleoside, pigya fundamental role in many biological
processes such as energy generation and proteitadatism, but in the last two decades it has
become clear that adenosine is a mediator involuethe pathogenesis of many inflammatory
disorders. Adenosine is a nucleoside composednodlacule of adenine attached to a ribose sugar

molecule (ribofuranose) viafaN9-glycosidic bondFigure 1).

NH,
N
] Dy
)
N N
HO
o]
H H
|
H | H
OH OH

Figure 1: Adenosine structure

Adenosine is present in every cell of the body #@sdytoplasmic concentration is tightly
regulated. The levels of adenosine are determimedagly from the dephosphorylation of
its immediate precursor, adenosine monophosphatdP§A Precursors of AMP include
cyclic AMP (cAMP), adenosine diphosphate (ADP) ad@nosine triphosphate (ATP). ATP
is co-released with other neurotransmitters froespnaptic vesicles and is also produced by
mast cells, basophiles and endothelial cells anesdt of cellular damage. ADP is derived
from activates platelets, while cyclic AMP servesaasecond messenger in most cells. In
normoxic condition the estimated ratio of ATP: AN#Papproximately 50:1; when the total

ATP levels decrease, for example in ischemic tissubere the oxygen supply is strongly



reduced, there are a large production and so iser@aAMP and adenosine (Linden, 1994).
It is so clear that the important role of adenossé protect the cell when a decrease of
oxygen supply could compromise the physiologicduta function and survival. Adenosine
nucleotide is degraded by a series of ectonuclaséisl One such enzyme, 5’-nucleotidase,
catalyses the conversion of AMP to adenosine dumggeased cellular metabolism. 5'-
nucleotidase is found both extracellularly (attathe the plasma membrane by glycosyl-
phosphatidylinositol anchors) and in the cytos@g®&ation of the activity and/or expression
of this enzyme is critical for regulation of thevéd¢s of adenosine.

Adenosine is also produced from the hydrolysis @d8&nosylhomocysteine (SAH), by S-
adenosylhomocysteine hydrolase. This mechanisrasigonsible of a significant portion of
the adenosine present under resting conditionsle8esylhomocysteine also serves as an
intracellular binding protein for adenosine, thgreprotecting the nucleoside from
degradation. Adenosine is rapidly cleared from thdracellular space through a bi-
directional facilitates transporter that is seresilib the drug dipyridamole. So, the
administration of dipyridamole increases interstitidenosine levels, in accordance to the
pharmacological actions of this drug, which includgonary vasodilatation, sedation and
anticonvulsant action. Under normoxic conditiordgreosine is phosphorylated by adenosine
kinase to AMP and subsequently to ATP to restoee rthcleotide pool. However, under
conditions of increased metabolic stress, the asmd levels of adenosine easily saturate
adenosine kinase and excess adenosine is metabotisenosine and hypoxanthine by

adenosine deamina@éigure 2).
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Adenosine receptors

A large number of hormones, neurotransmitters aadramodulators that regulate the
interactions between cells, exert their effectsifigracting with specific G protein-coupled
receptors (GPCRs). In 1978, Burnstock proposed etkistence of almost two types of
receptors for purines, called P1 and P2. Thisrdistn was based on the order of potency of
various nucleotides and nucleosides: P1 identthiesfamily of receptors more sensitive to
adenosine, whereas P2 receptors are preferengieiyated by ATP and ADP (Burnstock,
1978). A further criterion of differentiation bete P1 and P2 receptors is based on different
sensitivity to antagonists with xanthine structule.particular P1 receptors are inhibited
competitively by drugs such as caffeine, xanththepphylline and theobromine, which are
inactive on P2 receptors. This general divisioon iAfl and P2 receptors has been the basis for
the current classification and nomenclature of éhesceptors. Each of the two families
includes several receptor subtypes identified bgrplacological profile, the mechanism for
translating the signal and the molecular structiredholm et al., 2001). P1 receptors are
divided in 4 subtypes, localized at the cytoplasm@mbrane (A Aza, Azs, Az) and have a
variable distribution in different systems (centrarvous system, cardiovascular, renal,
respiratory, immune and gastrointestinal), wheegy tmodulate normal biological functions
(Ralevic and Burnstock, 1998). Previously, adermsaceptors (ARs) have been classified
according to their molecular structure, their phacological profile and their mechanism of
signal transduction (Fredholm et al., 2001). Eadbtyge is coupled to a particular type of G
protein, which may be stimulatory (Gs) or inhibjtofGi). In some tissues, ;Aand A
receptors are able to modulate the activity of phospase C (PLC) and, in the case af A
receptors, ion channels for €ar K*.Considering the overall protein structure, ARHig
the topology typical of GPCRs. Sequence comparmsiween the different GPCRs revealed
the existence of different receptor families shgqimo sequence similarity even if specific

fingerprints exist in all GPCR classes. Howevdritase receptors have in common a central
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core domain consisting of seven transmembranedse{itM1-7), with each TM composed of
20-27 amino acids, connected by three intracellflad, 1L2, and IL3) and three
extracellular (EL1, EL2, and EL3) loops. Two cystiresidues (one in TM3 and one in
EL2), which are conserved in most GPCRs, form alfiii® link which is possibly crucial for
the packing and for the stabilization of a restgichumber of conformations of these seven
TMs. Aside from sequence variations, GPCRs diffethe length and function of their N-
terminal extracellular domain, their C-terminalradellular domain, and their intracellular
loops. Each of these domains provides very spepifaperties to these receptor proteins.
Particularly, consensus sites for N-linked glycasigih exist on the extracellular regions of
ARs, although the precise location of the sitestliis post-translational modification varies
amongst the AR subtypes. The carboxyl-terminat taflthe AAR, AsAR, and AAR, but
not AnAR, possess a conserved cysteine residue that miayiely serve as a site for
receptor palmitoylation and permit the formationaofourth intracellular loop (Moro et al.,
2005). The AAR, AsAR, and AAR are very similar in regard to the number of anatids
composing their primary structure, and in gendre@se AR subtypes are among the smaller
members of the GPCR family. For example, the huhm@nologs of the AR, A2sAR, and
A3AR consist of 326, 328, and 318 amino acid residresgpectively. Conversely, the human
A2AAR is composed of 409 amino acids. It should beddhat the size of ARs deduced from
their primary amino acid structure frequently is ©onsistent with the mass estimated by
polyacrylamide gel electrophoresis of the expresgedteins. The post-translational
glycosylation of ARs, which may vary in a cell tydependent fashion, likely accounts for
these discrepancies. The humapAR and human AAR display 49% overall sequence
identity at the amino acid level, while the human/AR and human AsAR are 45% identical

(Fredholm et al, 2001).



A, adenosine receptors

A; receptors were purified in several species indgdnan, rat, bovine, rabbit. The human A
receptor gene is localised on the chromosome 1lg8Zades for a 326 amino acid protein with a
molecular weight of ~ 36.7 kDa (Olah and Stiles93;9Townsend-Nicholson et al., 1995). This
receptor subtype has one or two glycosylation siteshe second extracellular domain, a potential
site for acetylation of fatty acids on the carbotajl, several phosphorylation sites and a cluster
serine and threonine residues on the C-terminatigoor(Linden, 1991). Molecular biology
techniques demonstrated that the r&ceptors throught the interaction with Gi or Gmtpins
mediate the inhibition of adenylate cyclase, but e#so inhibit G protein-coupled activation of

voltage dependent achannels and induced PLC activation (Stiles, 198@jure 3).

2
Ca”* channel

K* channel

ACTIVATION

ca’’ mobilization

Figure 3: Adenosine A receptor and its signal transduction pathway
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A; adenosine receptor also determines the activafidhe family of extracellular signal-regulated
kinase 1/2 (ERK 1/2) (Fredholm et al., 200X&jenosine A receptors are widely expressed in both
central nervous system (CNS) and peripheral tis¢gekindler et al., 2005). In the CNS, they are
present in both pre- and post-synaptic regions. highest density was found in the cortex,
cerebellum and hippocampus. In the heart, adendsinmeceptors predominate in the myocardium
and in the sinus and atrioventicular nodes andran@ved in responses that reduce oxygen demand
by directly decreasing heart rate, force of conitobacand conduction of action potential (through
opening of K-channels) as well as by indirect antiadrenerdiect$ (through inhibition of adenylyl
cyclase). High levels of adenosing Aeceptors are observed in adipose tissue wheradthate a
lipolytic action (Linden et al., 1991). Adenosinmgdracting with this receptor subtype posses the
ability to reduce the free fatty acids in the blptus advantageous aspect of adenosine could be
useful for the treatment of type 2 diabetes. Adearmeg\ receptors are expressed in quite high
density on the specialized cells of the thyroidnajpcord, eye, adrenal gland, kidney, lung, paasre

and liver(Table 1).
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Table 1: Effects mediated by A adenosine receptors

SNC Depression of excitotoxic neuronal | Wardas, 2002
damage
Inhibition neurotransmitter release Latini et al., 2001
Neuroprotective effects Liu et al., 2005
HEART Anti-ischemic effects Roscoe et al., 2000
Beneficial effects on cardiac Liao et al., 2003
hypertrophy and heart function
KIDNEY Inhibition of glomerular filtration rate | Ren et al., 2001
Inhibition of renin secretion Schweda et al., 2005
Increase of sodium reabsorbition Gottlieb et al., 2002
PANCREAS Increase of glucose uptake Xu et al., 1998
AIRWAYS Bronchoconstriction Polosa, 2002
ADIPOSE Control of lipolysis Fruhbeck et al., 2001
TISSUE

NEUTROPHILS

Increase of chemotaxis, margination
and endothelium adhesion
Increase of phagocytosis and ROS

release

Gessi et al., 2000; Polosa, 20(

Sullivan et al., 2001
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A, adenosine receptors

A, receptors are more widely distributed thapréceptors, and are found in pre- and post-synaptic
nerve terminals, mast cells, airway smooth musnokk @rculating leukocytes (Polosa, 2002), A
receptors are subdivided into thesAand Ag receptors, based on high and low affinity for
adenosine, respectively.,Aeceptors are coupled to the intracellular tran8do pathway through

Gs proteins and stimulates the activation of ademylayclase resulting in the elevation of
intracellular cAMP (Olah and Stiles, 1995; Moreand a&duber, 1999fFigure 4). Activation of A
receptors also increases mitogen-activated prdtgiase (MAPK) activity. Adenosine agonists
through activation of ERK1/2 using the cAMP-ras-MEKathway, exert mitogenic effects on
human endothelial cells via the adenosing subtype. However, the signaling pathways used by
A receptor seem to vary with the cellular backgroand the signaling machinery of each cell.
The adenosine A& receptor subtype has been shown to activate dgtERK1/2 but also stress-
activated protein kinases (SAPK), such as p38 aneNr-terminal kinase (JNK) (Fredholm et al.,
2001a). In most cell types theAsubtype inhibits intracellular calcium levels wbas the Ag, via

Gq proteins are linked with the stimulation of phosighbase C and induces calcium increase

(Feostikov and Biaggioni, 1997).

MAPK MAPK, SAPK
ACTIVATION ACTIVATION

Figure 4: Adenosine Areceptor and their signal transduction pathways
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A, adenosine receptors

A,a receptor gene has been localised to the chromo2&epkl.2 and codes for a 337 amino acid
protein with a molecular weight of 45 kDa (Le, 1980oreau and Huber, 1999),,Areceptors are
expressed in the central nervous system, vascoiaoth muscle, endothelium and on neutrophils,
platelets, mast cells and T cells (Gessi et alDO20It is well recognized that adenosine can exert
powerful effects on the immune system; this molecbbhs been identified as an important
endogenous immunosuppressing regulator as it exs demonstrated that the lack of the enzyme
adenosine deaminase (ADA) is responsible for seirameunodeficient disease (Hirschhorn R.,
1995; Apasov et al., 1995). A number of effectgiasd to adenosine on lymphocyte function, such
as inhibition of interleukin-2 (IL-2) production,elt proliferation and major histocompatibility
complex-restricted cytotoxicity, appear to be mestighrough Gcoupled A receptors (Polmar et
al., 1990) Moreover A, adenosine receptors are expresses in human neilgraeine they inhibits
the respiratory burst, assayed as superoxide gmaduction (Q) from cells stimulated by the
bacterial peptide N-formylmethionyl-leucyl-phenyalne (FMLP) (Dianzani et al., 1994). Despite
the beneficial aspects of quenching inflammatiosm diescribed A, adenosine receptors-mediated
down-regulation of the immune response is potdgtddngerous on its own. Indeed, the premature
inhibition of immune cell function may allow pathemgs to survive and as a result the overall
damage to the organism will be greater. On therdtlaad, the lack of & adenosine receptors
signaling may result in excessive damage with irtgrrbiological consequences. Thus, a balance
between the need to destroy invading pathogenstlandiesire to protect tissue from excessive
damage may ultimately be dependent on the levétefctivation of Aa receptors. Manipulation

of inflammatory processes may include not only $fao inhibit inflammation, but also the

development of approaches to enhance local inflawmyparocessegrable 2).
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Table 2: Effects mediated by A adenosine receptors

SNC Protection against dopaminergic cell| Simon et al., 2008
loss in Parkinson’s desease
Increase acetylcholine, glutamate, | Riberio et al., 2000
aspartate, dopamine, and
norepinephrine release

HEART Increase coronary flow Pacher et al., 2007
Protection against ischemia-reperfusjdPeart et al., 2007
injury

BLOOD VESSELS | Coronary vasodilatation Glover et al., 2001
Inhibition of IL-6,IL-8, IL-12 Hasko et al., 2000
production

PLATELETS Inhibition of plateletiggregation Gessi et al., 2000

IMMUNE CELLS

Decrease of ROS release and cytotg
activity

Inhibition of neutrophils activation an
O, production stimulated by fMLP
Regulation of several cytokines
production

Inhibition of IL-2 production in

xleierce et al., 2001

dGessi et al., 2000

McColl et al., 2006

Erdmann et al., 2005

lymphocytes
MONOCITES/ Inhibition of TNF, IL-6, IL-8 and Hasko et al., 2000
MACROPHAGES | IL-10 production Ryzhov et al., 2008
LUNGS Ant-inflammatory effects Fozard et al., 2002
LIVER Reduction of hepatic ischemia Lappas et al., 2006

reperfusion injury
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A,p adenosine receptors

The Apg receptor, although structurally closely relatedtiie A receptor and able to activate
adenylate cyclase, is functionally very differdihthas been postulated that this subtype may atilis
signal transduction systems other than adenylatéasy because of these functional differences
(Polosa, 2002). The A receptors, on the contrary with the other ademoseteptor subtypes, are
characterized by a low density and it needs higinasine levels to their activation. (Fredholm et
al., 2001b). The human,Areceptor gene has been localised to the chromo4@piEl.2-p12 and
codes for a 332 amino acid protein with a molecwlaight of ~ 37.0 kDa (Olah and Stiles, 1995;
Townsend-Nicholson et al., 1995).

Ag adenosine receptor has been identified in seaeeals including in the brain, human bronchial
epithelium, endothelial cells, muscle cells, nestaglial cells, fibroblasts and mast cells (Gessi e
al., 2006). Ag receptors, predominantly expressed in human mégayar cells, modulate
expression of angiogenic factors (Feoktistov et 2002). The Ag adenosine receptor subtype
appears to mediate the actions of adenosine teasergrowth factor production (VEGF) and cell
proliferation of human retinal endothelial cellsRBC). Adenosine activates theghadenosine
receptor in HRECs, which may lead to neovasculadaaby a mechanism involving increased
angiogenic growth factor expression (Grant et 99). On this light, Az adenosine receptor
inhibition may offer a way to inhibit retinal angjenesis and provide a novel therapeutic approach
to treatment of diseases associated with aberemtascularization, such as diabetic retinopathy
and retinopathy of prematurity (Grant et al., 200Aylenosine causes inhibition of cardiac
fibroblasts growth and of vascular smooth musclés dey activating Ag adenosine receptors
(Dubey et al., 1999, 2000, 2001). Exogenous anagarbus adenosine inhibits both collagen
production and cellular hypertrophy induced by Ifetaf serum, most likely via & receptors
(Dubey et al., 1998). Thus,,Aadenosine receptors may play a critical role gul&ting cardiac
remodeling associated with cardiac fibroblasts if@tion. Pharmacological or molecular
biological activation of Ag adenosine receptors may prevent cardiac remodasegciated with
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hypertension, myocardial infarction, and myocardi@perfusion injury after ischemia. It is
interesting to note that, in contrast to smooth cleusells, Ag receptors induce growth of
endothelial cells (Sexl et al., 1995; Grant et H999). Even if Ag receptor stimulation improves
the cell proliferation of peripheral microvessetslaexerts opposite effect on cardiac tissue and
capillaries, we can hypothesize that, as conseguehthis ability to promote the endothelial cell
proliferation, Ag may contribute to tumor growth and spreading lau@ing neovascularization in
the area surrounding the tumor massésteover AgARS have been implicated in the regulation
of mast cell secretion and, gene expression,tineddunction, neurosecretion, vascular tone and

in particular asthma (Varani et al., 20@%able 3).
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Table 3: Effects mediated by Ag adenosine receptors

SNC IL-6 release from astrocytes and| Hasko et al., 2005
protection during CNS injury

HEART Inhibition of cardiac fibroblasts | Dubey at al., 2000, 2001
growth

BLOOD VESSELS Vasodilatation Yang et al., 2006
Inhibition of ICAM-1 and
E-selectin expression
Prevention endothelial cell- Grant et al., 2001
mediated inflammatory events
Promotion of angiogenesis Feoktistov et al., 2002

INTESTINAL Regulation Cl secretion Kolachala et al., 2008

EPITHELIAL CELLS

Release of IL-6

Sitaraman et al., 2001

MAST CELLS Increase of degranulation, Polosa et al., 2006
histamine release and IL-8
secretion

AIRWAYS Increase of IL-6, 1L-19, TNFe Zhong et al., 2004, 2006
production

MONOCITES/ Down-regulation of IFNg-induced| Xaus et al., 1999

MACROPHAGES/ MHC class Il expression and

NEUTROPHILS/ inducible nitric oxide synthase

LYMPHOCYTES production (iNOS)

Inhibition of monocyte colony
stimulating factor (M-CSF)-

induced macrophage proliferatio

Gessi et al., 2005

-
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As adenosine receptors

The human A receptor gene has been localised to the chromod@ih® 3 and consists of a 337
amino acid protein with a molecular weight of 36.87.0 kDa (Olah and Stiles, 1995; Moreau and
Huber, 1999; Atkinson et al., 1997). In compariseith the other adenosine receptors, the A
receptor exhibits large differences in structurssue distribution and its functional and
pharmacological properties among species (Lind&94)L The various effects of sAreceptor
agonists, in vitro and in vivo, seem to be dual apgosite, depending on the level of receptor
activation (Jacobson et al., 1998). ThegAR mRNA is being expressed in testis, lung, kidneys
placenta, heart, brain, spleen, liver, uterus, dgadjejunum, proximal colon and eye of rat, sheep
and humans. However, marked differences exist pression levels within and among species. In
particular rat testis and mast cells express h@gicentrations of /AR mMRNA, while low levels
have been detected in most other rat tissues (6easi 2008). Lung and liver have been found as
the organs expressing high levels gAR mRNA in human, while low levels have been found
aorta and brain. Lung, spleen, pars tuberalis amebpgland expressed the highest levels g
MRNA in sheep. The presence ofAR protein has been evaluated through radioligandibg,
immunoassay or functional assay in a variety ofnpry cells, tissues and cell lines (Gessi et al.,
2008). In the mouse brain a widespread, relatively level of A;AR binding sites was found
(Jacobson et al., 1993). Similar data were obtaimethe rat and in gerbil and rabbit brain.
Electrophysiological and biochemical evidence sstgge the presence ofs;ARs in the rat
hippocampus and cortex, and functional studies atslicated its presence in the brain. In
cardiomyocytes, there was no direct evidence optksence of ARs but several studies reported
that it was responsible for cardioprotection inaaiety of species and models, including isolated
cardiomyocytes and isolated myocardial muscle pegjwms (Peart and Headrick, 2007). In lung
parenchyma and in human lung type 2 alveolar-ligkés {A549), the AAR was detected through
radioligand binding and immunohistochemical asg&gani et al., 2006). The classical pathways
associated with AR activation are the inhibition of adenylyl cyotaactivity, through the coupling
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with G; proteins, and the stimulation of PLC, inositoplrosphate (IP3) and intracellular calcium,
via Gq proteins (Fredholm et al., 20qEjgure 5). However, more recently additional intracellular
pathways have been described as relevant fRAsignaling. For example, in the hearzAR
mediates cardioprotective effects through ATP-gmmsipotassium (KATP) channel activation.
Moreover, it is coupled to activation of RhoA anduwisequent stimulation of phospholipase D
(PLD), which in turn mediates protection of cardiagocytes from ischemia (Mozzicato et al.,
2004). In addition, in different recombinant andivea cell lines, AAR is involved, like the other
adenosine subtypes, in the modulation of MAPK agtiySchulte and Fredholm, 2003).:AR
signaling in Chinese Hamster Ovary cells transteatgth human AAR (CHO-hA3) leads to
stimulation of extracellular signal-regulated kieagERK1/2). In particular, #/AR signaling to
ERK1/2 depends ofy release from pertussis toxin (PTX)-sensitive Gigans, phosphoinositide 3-
kinase (PI3K), Ras and mitogen-activated proteimage kinase (Schulte and Fredholm, 2003).
Recently, it has been shown thaAR activation leads to an increase in c-Jun N-teahkinase
(INK) phosphorylation in UB7MG glioblastoma cel3essi et al., 2010). It has been reported that
A3AR activation is able to decrease the levels of PEAownstream effector of CAMP, and of the
phosphorylated form of PKB/Akt in melanoma cellisl implies the deregulation of the Wnt
signaling pathway, generally active during embrywges and tumorigenesis to increase cell cycle
progression and cell proliferation (Fishman et 2002). Involvement of the PI3K/PKB pathway
has been linked with preconditioning effects indlibgy AsAR activation in cardiomyocytes from
newborn rats (Germack and Dickenson, 20@&josequently it has been demonstrated that CREB
phosphorylation occurs through both Akt-dependemd andependent signaling. Activation of
PI3K-Akt-pBAD by AsAR has been observed recently in glioblastoma ¢ediding to cell survival

in hypoxic conditions (Merighi et al., 2007). Fuethstudies indicate thatzAR activation by
interfering with PKB/Akt pathways can decrease rietgkin-12 (IL-12) production in human
monocytes (la Sala et al., 2005). Collectivelysthéndings demonstrate that several intracellular

mechanisms are involved followingAR stimulation, the understanding of which may bsestial
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and crucial for explaining the different aspecitsfactivation(Table 4).

l Ca’* channel
DAG P,
| cAMP l l / l
PKC Ca" Ca"" influx
MAPK
ACTIVATION

Figure 5: Schematic representation of intracellular pathways coupled to adenosine A
receptors
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Table 4: Effects mediated by Aadenosine receptors

SNC Reduction in the degree of spontaneouébbracchio et al., 1998
apoptotic cell death
Neuro-protective effect in epilepsy, | Abbracchio et al., 1999
trauma and brain ischemia

HEART Protection of myocytes from ischemia| Mozzicato et al., 2004

MAST CELLS Antigen-mediated mast cell Fredholm et al., 2001

degranulation.

IMMUNE CELLS

Eosinophils: inhibition of degranulatio
Neutrophils: inhibition of oxidative bur
and degranulation

Monocytes: inhibition of superoxide
anion generation; suppression of TNH
and IL-12 release

Mast cells: release of allergic mediatg

hFossetta et al., 2003
Gessi et al., 2002

Broussas et al., 1999
-La Sala et al., 2005

r<&sessi et al., 2004a

LUNG

Inhibition of degranulation and;O

release in eosinophils

Ezeamuzie et al., 1999

TUMOR CELLS

Inhibition of tumour growth

Inhibition of A375 human cell
proliferation
Stimulation of glioblastoma cell surviy

in hypoxic conditions

Gessi et al., 2004b
Merighi et al., 2005

Merighi et al., 2007
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Therapeutic potential

Adenosine and cardiovascular system

A1AR is the most extensively studied and well chanaoed of the adenosine receptor subtypes in
relation to cardiac protection. TheAR is best understood insofar for its effects garypand in
terms of receptor-coupled kinase/protein signali@gginally, adenosine (via AR activation)
was thought to induce myocardial protection throymieservation of ATP (and improved
nucleotide repletion on reperfusion), stimulatidrgtycolysis, and normalization of the hearts so-
called “oxygen supply/demand ratio” (Ely and Berd®92). Subsequent investigations have
identified essential protein kinase signaling cdsesa together with putative end-effectors
(including the mitochondrial KATP channel), in tipeotective and preconditioning actions of
AJARs.

Adenosine enhances tolerance to ischemia via miatahdstrate effects (Headrick et al., 2003).
Adenosinergic cardioprotection in ischemic-repeztlidiearts involves reductions in oncotic and
apoptotic death, and improved functional outconwgléms et al., 2005). Recent work supports
differential effects of acute adenosine vs. tramsaglenosinergic preconditioning, consistent with
multiple pathways of protection (Peart and Headrd03). In terms of cellular targets, adenosine
appears to directly protect cardiomyocytes or mydieh tissue (likely via A and AARs), and
additionally protects via limiting inflammation andjurious interactions between inflammatory
cells and vascular and myocardial tissue. The mdiffe cardioprotective effects of AR agonism
have been verified in animal and human tissue @m# et al., 2005). However, few studies have
addressed the possibility that altered AR-mediag@ebtection might underlie specific
cardiovascular disorders, though there is evidetocesupport this. Hypertrophic hearts, for
example, display abnormal adenosinergic signaliagg dysregulated adenosine formation.
Interestingly, ARs impact on many processes imfeitan cardiovascular "aging”, regulating’Ca

influx and oxidant injury, substrate metabolismgiagenesis, myocardial fibrosis, and apoptotic
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processes (Willems et al., 2005). Given evidenca ofle for ARs in intrinsic cardioprotection,
mediation of preconditioning, and modifying the abenentioned processes, alterations in AR
signalling could contribute both to ischemic intalece and emergence of other features of aged
myocardium. All ARs are considered to be expressétiin cardiovascular cells. Studies in
different species verify endogenous adenosine ibotés to intrinsic ischemic tolerance, and
support cardioprotective roles forARs in vitro and in vivo, and for AARs in vivo (Willems et
al., 2005). Anti-ischemic effects of ;ARs appear direct (at cardiomyocytes), since simila
protection is observed in isolated hearts, cardmsytes, and in vivo (Roscoe et al., 2000).
Protective AAAR effects involve modulation of vascular functiguatelet adhesion and neutrophil
activation. There is currently no direct evidence &cute AsAR mediated cardioprotection,
partially due to lack of selective,4AR agonists/antagonists. In contrast tpakhd A»ARS, there

is little evidence that intrinsically activatedd®Rs mediate protection. ;AR antagonists have no

effect on ischemic outcomes in myocytes or hedtsdfdock et al., 2002).

Adenosine and inflammation

The adenosine receptor system has evolved as bi@pic sensor of tissue injury and the major
‘first-aid’ machinery of tissues and organs (Haskdal., 2008). Adenosine receptor activation thus
preserves tissue function and prevents furtheneigsjury following an acute injurious insult, such
as reperfusion injury, actions in which the immuwystem has a paramount role. This primordial
protective function of the adenosine receptor sysfellowing acute insults can, however, be
overshadowed by its reduced ability to protect mgfachronic insults. In addition, in certain choni
disease states, such as asthma, the adenosintoresegem can even exacerbate tissue dysfunction

(Hasko et al., 2008).

The effect of adenosine on cytokine production lacraphages has attracted considerable attention,
because macrophage-derived cytokines are crudigtors and orchestrators of immune responses.

As tumour necrosis facter (TNF-a) was one of the first cytokines to be discoveredubstantial
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body of information has accumulated regarding thiéta of adenosine receptor activation to limit
TNF-a production following macrophage activation. Recetiidies using adenosine-receptor
knockout mice have painted a detailed but still amanplete picture of the receptors involved.
Several studies agree that thg, Aeceptor is the primary and dominant adenosineptec subtype
that mediates inhibition of TNE-(Hasko et al., 2000; Kreckler et al., 2006; Ryzlebvwal., 2008). A
role for other receptors was postulated based erobservation that adenosine, and the agonists
NECA and IB-MECA (CF-101) can each inhibit, albteita lesser extent, TNé&production even in
Axa-receptor knockout mice (Hasko et al., 2000; Krecldt al., 2006). A study using a combined
approach of using A receptor knockout mice and thegeceptor antagonist MRS 1754 supports a
role for Agg receptors as the other inhibitory receptor (Kreckdt al., 2006). However, it appears
that Acg receptors become operational only when their effemot masked by A receptors,
because both MRS 1754 and genetic deletion gf rAceptors in the presence of functionah A
receptors fails to affect the suppression of TdNproduction (Kreckler et al., 2006; Ryzhov et al.,

2008).

Adenosine is also a potent modulator of neutrofamkttion and it has long been appreciated that
adenosine, by activating its receptors, reguldiesutated production of reactive oxygen species by
these cells and phagocytosis (Cronstein et al.3,19885; Varani et al., 1998). Individual
neutrophils do not produce large quantities of kiytes; however, because of the large numbers of
accumulated neutrophils the cumulative contributmpro-inflammatory cytokine levels at a given
site is large. Adenosine, acting atsAreceptors, regulates the production of a rangeytikines
including TNFea, macrophage inflammatory protein (MIPy-Xalso known as CCL3), MIPBL
(CCL4), MIP-2. (CXCL2) and MIP-& (CCL20) (McCaoll et al., 2006). Neutrophils are mated to
inflammatory sites by the post-capillary venulardetimelium, which alters the expression of
adhesive molecules on its surface to capture nghiteofrom the circulation. Adenosine, viaA
receptors, inhibits the adhesion of neutrophilsh® endothelium by decreasing the expression and

stickiness of the adhesion molecules expressecotmaphils (Cronstein et al., 1992; Sullivan et al.
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2004; Zhao et al., 1996). By contrast, r&ceptors promote neutrophil adhesion to diffeaslitesive
molecules on the endothelium and on other surféCesnstein et al., 1992). Once in the tissue
neutrophils migrate along gradients of chemoatiratst In addition, neutrophils cluster theig A
receptors at the leading edge of the cell and seléa'P, which is converted at the cell surface to
adenosine, which then acts in an autocrine marmetimulate migration (Chen et al., 2006). At
inflamed sites neutrophils undergo apoptosis anehasine, acting at A receptors, prevents
neutrophils from undergoing apoptosis (Mayne et2601; Walker et al., 1997; Yasui et al., 2000).

Thus, virtually every function carried out by neyghils is regulated by adenosine and its receptors.

In addition to regulating lymphocyte function irelttly by stimulating adenosine receptors on
innate immune cells such as dendritic cells, adeeasan also directly affect lymphocyte responses
by binding and activating adenosine receptors omplyocytes. A number of recent studies using
adenosine-receptor-knockout mice have evaluatedetteet of adenosine receptor activation on
various lymphocyte functions. The consensus emgrgirom these studies, as well as
pharmacological studies, is thabsAreceptors are the dominant adenosine receptodiciating
lymphocyte responses. Similar to CD4+ cells, adeomhibits IL2 production by both polarized
type 1 cytotoxic T (TC1) and TC2 CD8+ cells, théeet of which was proposed to proceed through
Aa receptors based on pharmacological evidence (Erdraaal., 2005). However, the production
of neither TC1 (IFNy) nor TC2 (IL4 and IL5) cytokines was influenced Ay, receptor activation.

In addition, pharmacological /A receptor activation failed to reduce TC1 or TCH cgtolytic
function (Erdmann et al., 2005), which suggests dmather subtype, possibly thg feceptor, may
mediate the anti-cytotoxic effect of adenosine dateprior studies (Koshiba et al., 1997; Hoskin et
al., 2002). Indeed the expression of receptors in CD4+ and CD8+ cells is up-regulatieer ar
cells activation with phytohemagglutinin (PHA) (Gegt al., 2004a). In contrast to these results
with CD8+ cytotoxic cells, recent data with-A Azxa- and As-receptor-knockout mice support a
primary role for Aa receptors in preventing the cytolytic activity f2-activated natural killer

(NK) cells (Raskovalova et al., 2005). In concluslgmphocyte function is potently regulated by

- 26 -



A,a receptors, suggesting that the anti-inflammatdfgcés of A receptor agonists in animal

models of autoimmunity and ischaemia are mediategiart, by targeting lymphocytes.

Adenosine and airways

A role for adenosine in pulmonary disease was ftgjgested when it was found that adenosine
and related synthetic analogues were potent entenédgE-dependent mediator release from
isolated rodent mast cells (Holgate et al., 1980few years later, adenosine administered by
inhalation was shown to be a powerful bronchocdaetsir of asthmatic but, importantly, not of
normal airways (Cushley et al., 1983). Further wshiowed that both allergic and non-allergic
asthmatics responded in a similar way and thatetfiect was also seen with adenosine 5
monophosphate (AMP), ADP and ATP (Basoglu et &0%). Elevated levels of adenosine are
present in chronically inflamed airways; they hdwen observed both in the bronchoalveolar
lavage fluid and the exhaled breath condensateatiémis with asthma (Caruso et al., 2006).
Adenosine levels are also increased after allergggmosure and during exercises in atopic
individuals. The observed increase in tissue lewgéladenosine suggests that adenosine signaling
could regulate important features of chronic inflaatory disorders of the airways, including
asthma and chronic obstructive pulmonary diseas@P{@). Consistent with the hypothesis of
adenosine playing an important role in the pathegisnof chronic inflammatory disorders of the
airways, mice deficient in adenosine deaminase (ADévelop severe pulmonary inflammation
and airway remodeling in association with elevagknosine concentrations in the lung
(Blackburn et al., 2000). The pulmonary phenotypeADA-deficient mice consists of airway
accumulation of eosinophils and activated macropbagnast cell degranulation, mucus
metaplasia in the bronchial airways, and emphyskémadevastation of the lung parenchyma.
Although these histological traits do not comphletedsemble those of human asthma, the ADA-
deficient mouse model is a useful tool to studyghthogenic role of adenosine in chronic airway

inflammation. The central role of adenosine inocte lung inflammation is also supported by
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studies carried out in mice that have increaseel$eof interleukin IL-13 in the lung. These mice
develop inflammation, fibrosis and alveolar dedinrc in association with elevated adenosine
concentrations in the lung (Caruso et al., 2006¢aiment with ADA to prevent the increase in
adenosine concentrations resulted in a marked aserén the severity of the pulmonary
phenotype, suggesting that adenosine mediates-ihdied inflammation and tissue remodeling.
Blockade of adenosine re-uptake by administratibdippyridamole has been used in humans to
test the hypothesis that the accumulation of egthadar adenosine functionally modulates
important features of the asthmatic response. diitiad, it has been shown that a rapid increase in
sputum eosinophilia occurs when asthmatics aresegto adenosine by means of a provocation
test with AMP (van der Berge et al.,, 2003). Takegether, these observations indicate that
adenosine is likely to play an important role ithasa and COPD through interaction with specific
cell-surface receptors. Expression of the four tified adenosine receptors has been shown in a
large number of proinflammatory and structural <ednd recently in the peripheral lung
parenchyma of patients with COPD. The affinity of, Aza, and AARsS, studied by means of
saturation binding assays, was substantially deeckan patients with COPD, whereas their level
of expression appears to be increased. Convetbel\affinity of A,gARS was not altered, but the
density was significantly decreased in patienth iOPD (Varani et al., 2006). This suggests that
adenosine signalling play an important but rathemglex role in COPD. Hence, adenosine
responses are not only dictated by the bioavaitglof the nucleoside but also by the pattern of
adenosine receptor expression, which is known tdiredy modulated by physiological and/or
pathological tissue environments. Stimulation @ARs promotes activation of human neutrophils
and enhances neutrophil adhesion to the endothethuritro, suggesting a pro-inflammatory role
for this receptor (Cronstein et al., 1985, 199M2)9 However, in ADA/AARs double knockout
mice, the lack of MRs results in enhanced pulmonary inflammation, msumetaplasia, alveolar
destruction and earlier death from respiratoryrdsst, indicating a protective function. Activation

of A2pARs on activated immune cells by adenosine appgedergely suppress the inflammatory
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response. In human neutrophils, stimulation ghARs reduces neutrophil adherence to the
endothelium, inhibits formyl-Met-Leu-Phe (fMLP)-inded oxidative burst and inhibits superoxide
anion generation (Fredholm et al., 1996). In motexywand macrophages, activation ghARS
inhibits lipopolysaccharide-induced tumour necrof&tora expression. Therefore, ;AR
agonists might have anti-inflammatory effects isedises such as COPD, where neutrophil- and
monocyte-mediated tissue injury is implicated (Garet al., 2006). Initial evidence for the role of
A2sARs in asthma and COPD came from pharmacologicadiet of enprofylline, a
methylxanthine structurally related to theophylli(feeoktistov and Biaggioni, 1995). It was
proposed that the 8AR might be the therapeutic target in the long-tefmical benefit achieved
with relatively low doses of theophylline and engtme. Recently, AsARsS have been shown to
mediate several pro-inflammatory effects of ademsn the large majority of inflammatory and
structural cells of the lung. For example, funcibhuman AsARs have been identified in mast
cells, bronchial smooth muscle cells and lung fitasts. In these cells, adenosine, via activation
of A2gARS, increases the release of various inflammatgtgkines, which induce IgE synthesis
from human B lymphocytes and promote differentiatad lung fibroblasts into myofibroblasts.
Such findings provide support for the view thatiation of AgARs could enhance the
inflammatory response associated with asthma aatl dblective blockade of these receptors
would be potentially beneficial in the treatment afthma and other pulmonary inflammatory
diseases. The functional significance of thgAR in the pathogenesis of chronic inflammatory
airway diseases remains controversial largely ovingnajor species differences (Caruso et al.,

2006).

Adenosine and cancer

One of the difficulties in treating most of the ammn cancers (colon, lung, breast, prostate, etc.) i
that they form solid tumors. The individual cancells, being different from normal cells, form a

tissue mass that behaves in a radically differeay %vom normal tissues in the body. This is
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because the major cell population (the cancer)detls grown in a way that is out of step with all
of the other cells that would normally form a sugtipe network. In particular, the growth of the
cancer is not coordinated with the development pifager blood supply. The vascular network of
a tumor is usually inadequate, the blood vesseadsoften too few in number, the network is
improperly branched, and their calibre is not veslhtrolled. This means that the blood supply is
inadequate. Consequently, most solid tumors dorexgive sufficient oxygen and the cells are
hypoxic. Specifically, hypoxia is conducive to agennucleotide breakdown, which is responsible
for the adenosine release (Vaupel et al., 2001)a Asnsequence, adenosine accumulates to high
levels in hypoxic tissues. In particular, it is egaized that significant levels of adenosine are
found in the extracellular fluid of solid tumorsjggesting a role of adenosine in tumor growth
(Merighi et al., 2003). Adenosine, released fronpdx¥ic tissue, is thought to be an angiogenic
factor that links altered cellular metabolism, @iy oxygen deprivation, to compensatory
angiogenesis. Angiogenesis (or neovascularizabeg)ns with the migration of endothelial cells,
originating from capillaries, into the tissue beimgscularized. Adenosine has been reported to
stimulate or inhibit the release of angiogenic destdepending on the cell type examined
(Burnstock, 2006). On one hand, adenosine is knovaause the synthesis of vascular endothelial
growth factor (VEGF) and increase the proliferatadnendothelial cells obtained from the aorta,
coronary vessels, and retina (human retinal endatteells, HREC). In particular, adenosine has
been shown to induce the DNA synthesis in cultwleluman umbilical vein endothelial cells
(HUVEC) (Burnstock, 2006).

In the human leukemia HL60, human melanoma A378,latman astrocytoma cells, adenosine at
millimolar concentrations caused apoptosis. It sedikely that apoptosis is mediated by the
intracellular actions of adenosine rather thanughosurface receptors (Merighi et al., 2002). & ha
been argued that the effect of high adenosine corat®n might be subsequent to uptake of
adenosine by the cell and intracellular accumutatid AMP, leading to caspase activation

(Merighi et al., 2003).
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In many cases, tumor-induced immune suppressionediated by soluble inhibition factors or
cytokines elaborated by the tumor cells. Extra¢ailufluid of solid carcinomas contains
immunosuppressive concentrations of adenosine, estigg that this autacoid constitutes an
important local immunosuppressant within the mioke@nment of solid tumors.
Antigen-presenting cells such as dendritic celld amacrophages are specialized to activate naive
T-lymphocytes and initiate primary immune respongetenosine inhibits interleukin-12 (IL-12)
and tumor necrosis factorproduction in dendritic cells and in macrophagepairing T-cell
priming and suppressing the anticancer immune respoFurthermore, adenosine impairs the
induction and expansion of cytotoxic T-lymphocytesl the antitumor activity of natural killer
(Hoskin et al., 2002).

Differential effects of adenosine on normal and cesincells have been previously reported,
showing that the proliferation of lymphocytes dedvfrom patients with chronic lymphocytic
leukemia was inhibited by adenosine, whereas tlodifgnation of lymphocytes from healthy
people was inhibited to a lesser extent. In vivad&s have shown that adenosine exerts a
profound inhibitory effect on the induction of meusytotoxic T-cells, without substantially
affecting T-cell viability (Hoskin et al., 2002).d&nosine sustains a complex role in the immune
system activity, because when given to mice pretcewith cyclophosphamide it demonstrated a
myeloprotective effect by restoring the number dhitev blood cells and the percentage of
neutrophils as compared with normal values. Fumloee, it has been demonstrated that the
elevation of the extracellular adenosine conceptmatinduced a radioprotective effect in mice by
the stimulation of hematopoiesis in the bone marramd the spleen. In support of this
myelostimulatory role, it has been demonstratedt thdenosine enhances cycling of the
hematopoietic progenitor cells (Pospisil et alQD0

The ability of adenosine to specifically inhibitmor cell growth in vitro and in vivo suggests that
the activation and/or blockade of the pathways diveam of adenosine receptors may contribute

to tumor development. Furthermore, the extracellaldenosine concentration may be a crucial

-31-



factor in determining the cell progression pathwather in the apoptotic or in the cytostatic state
(Merighi et al., 2003).

Adenosine accumulates at high levels in hypoxigoreg of solid tumours, and several lines of
evidence indicate that thesAeceptor is overexpressed in several solid tursoggesting that it
may be a tumor marker (Gessi et al., 2004b). Furtbee it has been reported that it plays a
pivotal role in the adenosine-mediated inhibitidriunour cell proliferation (Merighi et al., 2005).
Therefore clinical trials have demonstrated thespoly of using As agonists for treatment of

cancer (Fishman et al., 2002).

Adenosine and central nervous system

Adenosine levels in the brain extracellular spagerdase dramaticallguring metabolically
stressful conditions, such as ischensi@izures, or trauma. Adenosine, acting via its p&xs,
modulates excitability in the central nervous sys{(€NS)and has a role imechanisms of seizure
susceptibility,sleep inductionbasalganglia functionpain perceptiongerebral blood flow,and
respiration (Benarroch, 2008).

Adenosine functions as a natural sleep-promotirentagccumulating during periods of sustained
wakefulness and decreasing during sleep. It wagesitgd that adenosine participates in resetting
of the circadian clock by manipulations of behavadstate. Indeed, ARs of the suprachiasmatic
nucleus regulate the response of the circadiankctoclight (Elliott et al., 2001). The sleep
inducing properties of adenosine is in line with A&/AR-mediated inhibitory action and may
involve multiple neuronal populations in the cehtrarvous system; however, the actions upon the
basal forebrain nuclei involved in sleep and arbappear to be particularly important (Ribeiro et
al., 2002).

In healthy humans, caffeine inhibits psychomotgilance deficits from sleep inertia, a ubiquitous
phenomenon of cognitive performance impairment (Wangen et al., 2001). It thus emerges that

there exists a potential role of adenosine-relatechpounds and of AR agonists as sleep
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promoters and adenosine receptor antagonists asakrstimulators. Adenosine; AR agonists
have anxiolytic activity in rodent models of anyietvhereas caffeine and the adenosinAR
selective antagonist, cyclopentyltheophylline, hangiogenic properties. In accordance with the
notion that synaptic plasticity is the basis foarleng and memory in different brain areas,
adenosine correspondingly modulates behaviour fiows learning and memory paradigms, and
adenosine AAR antagonists have been proposed for the treatafenemory disorders (Ribeiro et
al., 2002). Cognitive effects of caffeine are mpstlie to its ability to antagonise;ARs in the
hippocampus and cortex, the brain areas mostlylvedan cognition, positive actions of caffeine
on information processing and performance mighto abe attributed to improvement of
behavioural routines, arousal enhancement and serttor gating (Fredholm et al., 1999).

One of the first pathophysiological roles propoded adenosine was as an endogenous anti-
convulsant (Dragunow et al., 1986). Limitationstlod use of adenosine receptor agonists as anti-
convulsant drugs are due to their pronounced pergblside effects as well as central side effects,
like sedation

Phase 1 clinical safety studies in healthy volurdeshowed that intrathecal adenosine
administration attenuated several types of expematepain without causing significant side
effects. Allosteric modulation of adenosine receptoamely of AARs, has been attempted with
success with the objective of developing drugs thatsinergising with endogenous adenosine
action could have minimal side effects in the abeenf adenosine. A further advantage of
allosteric modulators is that they usually posssm®ie degree of tissue selectivity. Allosteric
modulation of adenosine;ARs reduces allodynia, and, more interesting, tlustaric modulator
T62 was effective not only after intrathecal injentbut also after systemic administration, which
reinforces the interest of adenosine-related comg®was putative drugs for the treatment of
chronic pain associated with hyperalgesia and giiad(Pan et al., 2001). ;AR agonists were
conclusively shown to attenuate ischemic or exaxiot neuronal damage both in vitro (cell

cultures, brain slices) and in vivo in differentaets of ischemia/hypoxia (Wardas, 2002).
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Studies in knockout mice or by using pharmacolddpckade indicate thatAARS in the striatum
modulate locomotor activity (Benarroch 2008). Aation of A»,ARS results in increased GABA
release in the globus pallidus, which would leaddisinhibition of the subthalamic nucleus
(Ribeiro et al.,, 2002). The AARs are also coexpressed withiARs in glutamatergic
corticostriate terminals and antagonize the prgsym@nhibitory effect of the AMRs on glutamate
release in the striatum. Epidemiologic and labayatiata suggest that caffeine may reduce the risk
of Parkinson’s disease by preventing degeneratibnnigrostriatal dopaminergic neurons.
Furthermore, caffeine and selectivgs/AR antagonists protect against dopaminergic cal$ lim

several toxin models of Parkinson’s disease (Sigtal., 2008).
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AIM OF THE THESIS

Adenosine is a potent extracellular messenger ithgiroduced in high concentrations under
metabolically unfavourable conditions, like hyporiaischaemia. Tissue hypoxia, consequent to a
compromised cellular energy status, is followedhs enhanced breakdown of ATP leading to the
release of adenosine. Through the interaction Witband A membrane receptors, adenosine is
devoted to the restoration of tissue homeostasis)gaas a retaliatory metabolite. Several aspects
of the immune response have to be taken into ceraidn and even though in general it is very
important to dampen inflammation, in some circumests, such as the case of cancer, it is also
necessary to increase the activity of immune eglsnst pathogens. Therefore, adenosine receptors
that are defined as “sensors” of metabolic changdse local tissue environment may be very
important targets for modulation of immune respsnsed drugs devoted to regulating the
adenosinergic system are promising in differemticéil situations.

The first studies aimed at elucidating the mechagid®y which the absence of ADA leads to
immunodeficiency first suggested the presence ehasine receptors on lymphocytes to suppress
or dampen the immune response. Therefore, to ulatershe pathophysiological implications of
adenosine-triggered effects in T cells we reviegvrtiain actions attributed to adenosine by receptor
subtype activation. Adenosine through the intecactvith A, and A receptors plays a crucial role

in inflammation and in the regulation of immunelselThe most important therapeutic implication
is that A receptors, proposed as “natural” brakes of inflatiom, appear to represent a promising
pharmacological target to treat a wide variety akedses characterized by a strong
immunoinflammatory component (chapter 1).

Then we moved to discuss the involvement in inflaatiom of A; adenosine receptor, that is evident
from the large amount of experimental work carreed in peripheral blood cells of the immune
system and in a variety of inflammatory conditioRsllowing a detailed analysis of the literature
the A adenosine receptor subtype appears to play a eemple as both pro and anti-inflammatory

effects have been demonstrated depending not onye@ cell types investigated but also on the
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model of inflammation used and the species consterhis chapter will discuss developments in
our understanding of the role of adenosingréceptor activation in the function of the diffete
types of cells of the immune system including napftils, eosinophils, lymphocytes, monocytes,

macrophages and dendritic cells (chapter 2).

Finally we have characterized the role of adenosmatherosclerosis, a chronic inflammatory
desease, in large part due to the accumulationaarephage white blood cells and promoted by
low-density lipoproteins (LDL). Adenosine releasiedm ischemic and hypoxic tissues interacts
with four extracellulaiG protein-coupled receptors,;,AAza, Az, and A. All the four adenosine
subtypes have been recently associated to the atamiubf angiogenesis. Therefore due to the link
between ado, inflammation and angiogenesis andntiteasing evidence that these factors play a
role in atherogenesis we thought to investigate-HFVEGF, IL-8 and FC formation by ado

receptors in human macrophages and ifiramitro” model of human FC (chapter 3).
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CHAPTER 1:

Adenosine and lymphocyte regulation
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Introduction

Adenosine is an endogenous purine nucleosidedlwanistitutively present at low levels outside the
cells but might dramatically increase its concdidres following metabolic stress conditions like
those induced by hypoxia or ischaemia. After itease adenosine induces its biological effects
through the interaction with four cell surface ngtoes classified by molecular, biochemical and
pharmacological data into four subtypes; Aza, Azg and A (Fredholm et al., 2001). Each of these
receptors, with the exception of the ubtype, are expressed on human and mouse T yyigso
and it appears that their activation representstanp endogenous immunosuppressive pathway that
regulates the excessive immune response againshtpekternal insults. The interest in the
immunomodulatory effects of adenosine arose dfterdiscovery that hereditary deficiency of the
enzyme adenosine deaminase (ADA) was associatéd seitere combined immune deficiency
disease (SCID) (Hershfield, 2005). ADA converts ramf#ne to inosine and deoxyadenosine to
deoxyinosine and its activity is greater in T céliscomparison with B cells or erythrocytes. ADA
deficiency is one of the most severe immunodefm®n due to the sensitivity of T cells to the
accumulation of the ADA substrates adenosine ahde@xyadenosine. SCID is a disease
characterized by severe lymphocytopenia, affediimitp B and cells, and a marked susceptibility to
infection. The accumulation of adenosine and thevaon of adenosine receptors in T cells may
lead to the depletion of lymphocytes and impairnantheir function (Buckley 2004; Hershfield,
2004). Moreover, ADA deficiency in mice causes impant of intrathymic T cell development
and enhanced thymocyte apoptosis supporting thethgpis that adenosine is responsible for
depletion of T cells occurring in ADA SCID (Apasey al., 2001). Indeed, the studies aimed at
elucidating the mechanisms by which the absencDA leads to immunodeficiency first
suggested the presence of adenosine receptorsmumdgytes to suppress or dampen the immune
response (Wolberg et al., 1975). Therefore, to tstded the pathophysiological implications of
adenosine-triggered effects in T cells we intendetoew the main actions attributed to adenosine
by receptor subtype activation.
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Adenosine metabolism and adenosine receptor activah under physiological

and pathological conditions

Adenosine has several physiological effects throtigh interaction with four known adenosine
receptors, Aand A that through the interaction with Gi/0 inhibit aéyl cyclase activity, and £
and Ay that increase cAMP production (a strong immunoseggive agent) via Gs. In addition,
they can modulate the activity of phospholipaseDC,A;, cGMP, K and C&" channels and
mitogenactivated protein kinases (MAPKS) regulangariety of cellular effects (Fredholm et al.,
2001). It has been suggested that adenosine reseptd as “sensors” and that extracellular
adenosine acts as a “reporter” of metabolic chamyeise local tissue environment (Sitkovsky et
al., 2005) Adenosine concentrations are normalgulesed through its catabolism by ADA and
through phosphorylation by adenosine kinase. In Ad@ficiency the capacity of adenosine kinase
is saturated and adenosine levels increase from3000NM to 10uM (Hershfield 2005), which
could excessively stepwise activate all adenoségeptors. Moreover, an increase of intracellular
adenosine inhibits the hydrolysis of S adenosylhoysteine that is a potent inhibitor of
transmethylation reactions. The lack of ADA leatsdo the accumulation of deoxyadenosine, a
product of DNA degradation, that in contrast to remne does not play a regulatory role in
physiological conditions but determines an increasedeoxyATP that in turn inhibits DNA
synthesis and activates apoptosis suggesting thsihility that deoxyadenosine itself may also
have pathological effects (Hershfield 2005). Inflaatory tissue conditions are often associated
with a low oxygen tension, or hypoxia, that is taeise of an associated production of adenosine in
this environment. Therefore, the prevalent activfy5’nucleotidase over activity of adenosine
kinase (Decking 1997; Ledoux 2003) occurring in dwip conditions is responsible for a
significant adenosine accumulation in sites ofuegsmjury (Lukashev et al., 2004)Naicleotidase
represents the major enzyme responsible for theeeitular production of adenosine from AMP
and has a critical role in the functional activatiof T cells. Deficiency of 'Bucleotidase activity

has been associated with a number of immunodefigietiseases, such as lymphoproliferative
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disorders and systemic lupus erythematosus. Abridewels of these enzymes may be associated
with an autoimmune pathology (Vivekanandhan et20Q5). Therefore, under normal conditions
adenosine, which is continuously produced intradally and extracellularly and maintained at low
intracellular levels (about 100 nM) through the abetlic activity exerted by adenosine kinase and
adenosine deaminase, interacts with the high-&ffidi; and Aa receptor subtypes. In ADA
deficiency or in hypoxic, ischaemic or inflamed ddions, the intracellular production of
adenosine is increased at very high micromolar ewoinations and transported across cell
membranes by specific agents finally leading todtepwise activation of all adenosine receptors,
including the lowaffinity Ag and A subtypes. Adenosine has been classified as aliatety
metabolite” as a consequence of its ability to ratan autoregulatory loop, the function of which
is to protect organs from injury following the iaiing stressful stimuli (Newby 1984; Hasko et al.,
2004). There are different mechanisms by which asi@e receptor activation protects organs.
First, it decreases the energy demand of the tissemond it can augment oxygen and nutrient
supply through vasodilation, and finally, it regels the exuberant immune response to harmful
external agents. As basal adenosine levels hayeaomarginal influence on the immune response,
ischaemic and inflammatory conditions representacdes in which adenosine levels become high
enough to have significant immunomodulatory anccsigally immunosuppressive effects (Gessi

et al., 1999).

Adenosine inhibits lymphocyte activation through A receptor activation

A body of literature concerning in vitro and in wistudies clearly shows the beneficial role of
adenosine as an immune modulator. Activation ofyfighocytes starts from the recognition of
antigen by T cell antigen receptor and CD4 or CD&ceptors that initiates a cascade of signalling
events resulting in cytokine secretion, cellulartotyxicity and T cell proliferation. The
immunosuppressive effects of adenosine on cytotdxitymphocyte (CTL) actions may be

explained by activation of A receptors followed by sustained increases in cARR, in turn,
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antagonize T cell receptor (TCR)-triggered signalliIn particular, adenosine modulates TCR-
mediated interleukin (IL)-2 production, expressionCD25 and CD69, granule exocytosis, Fas
ligand up-regulation and cell proliferation throuthfe interaction with A, receptors (Huang et al.,

1997; Koshiba et al., 1997).
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Figure 1: Role of adenosine receptors in the reguian of immune responses

The predominant expression of&eceptors, which has been established in fundtessays using
selective agonists and antagonists gf Aeceptors, was confirmed by Northern blot studiisang

et al., 1997; Koshiba et al., 1997). The role ok Adenosine receptors in the regulation of the
immune response has been investigated by detemgnthi: expression levels of this receptor in
different subsets of functional lymphocytes (Koshdi al., 1999). The levels of expression ef A

receptors have been found to be much higher amahgB cells. T cell subsets are distinguished
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by the expression of TCR coreceptor molecules Ca&3 CD4+ involved in recognition of class |
and class Il major histocompatibility complex, restively. More CD4+ than CD8+ T cells express
A,a adenosine receptors. CD8+ T cells are mostly oytoteffector cells, whereas CD4+ cells have
been implicated in T-helper cell activities. Stdad T-helper cell subsets (TH1 and TH2) reveal
that lymphokine-producing cells are much more kil express A receptors than are cells that
do not produce lymphokines. A possible explanati@as that inhibitory Aa receptors are induced
selectively in cells that produce cytokines, aseans of limiting cytokine release (Koshiba et al.,
1999). In agreement with these results, it has lveparted that activation of CD4+ lymphocytes
induced Aa receptor mRNA expression and resulted in a dopestent inhibition of TCR-
mediated interferon gamma (IFN-production, which is the most important effectapblecule
synthesized by Th1l cells (Lappas et al., 2005) eRidg, the effect of adenosine on IL-2 receptor-
associated signalling pathways was explored inniplyocytes by Zhang and co-workers (Zhang et
al., 2004). IL-2 is an immunomodulatory moleculaasal for the proliferation of activated T cells,
and its receptor consists of three subunits indetas alpha, beta and gamma. Signalling through
this receptor for the transduction of a proliferatsignal includes Jak1, Jak3 and STAT5. Jakl1 and
Jak3 activation leads to phosphorylation of tyresiasidues on IL-2 receptors. Primed by these
events the IL-2 complex generates two major pndtfee signals. One of these signals is mediated
by the adaptor protein Shc and activates p42/p4PKiand phosphatidylinositol 3-kinase (PI3K)
signalling pathways. The second proliferative sigmansduced by the IL-2 receptor complex
involves the transcription factor STAT5 that affgrosphorylation translocates to the nucleus to
control gene expression. Adenosine, by activating #&d Ag receptors, inhibits IL-2-dependent
proliferation through inhibition of STAT5 phosphdtation. Because T cells play a major role in
antitumour immunity and considering that adenossnkighly increased on the microenvironment
of solid carcinomas, the adenosine-induced defedt-R-stimulated proliferative signalling would
be expected to result in a defective T lymphocgsponse in cancer patients and generally in

impaired antitumour immunity(Figure 1). Impairment of proliferation has been recently
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investigated also in anergic B lymphocytes (Mingaetl., 2005). In B cells adenosine inhibits
activation of NF-kappa B in response to B cell geni receptor (BCR) triggering (Fig. 1). Stimuli
known to enhance '3'-cyclic adenosine monophosphate (cCAMP) are capalbleselectively
suppressing the activation both of NF-kB downstreainthe BCR and Toll-like receptor 4 in
splenic B lymphocytes. This suppression is readhedtblocking phosphorylation and subsequent
degradation of the inhibitor of NF-kappa B. Thiggests that adenosinemediated signals represent
an important step in the molecular decision processtrolling inflammation versus anergic
immune responses. In this way adenosine might taBexell dysfunction in ADA deficiency and
may explain defective B cell proliferation and aation found in ADA-deficient mice (Aldrich et
al., 2003). Convincing evidence of a link betwedsaraosine receptors and NF-kB activation comes
also from in vivo studies performed in ;A adenosine receptor knockout (KO) mice.
Lipopolysaccharide (LPS), given to these animailduced a greater inflammatory response and a
higher binding of NF-kB to nuclear DNA and consetlyea higher cytokine gene transcription in

macrophages (Lukashev et al., 2004).

In vivo evidence of the immunosuppressive effectdgyed by adenosine through

A, receptors

Although it has been demonstrated that adenosinérim acted as an immunosuppressing agent it
was not clear, until genetically modified mice wesailable, whether its effects were present also
under pathophysiological conditions in vivo. Theme many G protein-coupled receptors that
increase cAMP levels showing immunosuppressive mheological effects and that have been
considered as potential anti-inflammatory agentg, eatecholamines, prostaglandins, dopamine
and histamine. However, although pharmacologicatlesce underlines their importance as
potential immunosuppressive molecules, there ieabproof whether their recruitment does occur
during physiological control of inflammation in wy Such evidence has been obtained for

adenosine A receptors. In wildtype mice, activation of,JAreceptors blocked tissue damage
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induced by inflammation demonstrating its role mucteracting inflammation (Cronstein 1994;
Hasko et al., 1996). More recently, the availapibf A, receptor-deficient mice in models of
acute liver inflammation and sepsis provided tist itonclusive in vivo evidence of;Areceptors
playing a critical role in the suppression of adaftammation. Evaluation of T cell-, macrophage-
and cytokine-dependent tissue injury ipsAadenosine receptor-deficient mice revealed a diama
increase of local tissue damage and an increagwaififlammatory cytokines such as tumour
necrosis factoa (TNF-a), IFN-y and IL-12 in these mice, but not in wild-type aalm(Ohta et al.,
2001; Sitkovsky 2003). Moreover, low doses of inflaatory stimuli, which were not damaging in
wild-type animals, were detrimental in terms ofelisstatus and cytokine levels in knockout mice.
These data furnished the first indisputable denmatish of an in vivo role played by,A adenosine
receptor in the regulation of inflammation and utided a non-redundant role in the down-
regulation of inflammation in vivo. Importantly,,Areceptors seem to be essential as demonstrated
by the failure of all other anti-inflammatory meadsmns, e.g.p-adrenergic and prostaglandin
receptors, to overcome the lack ofsAreceptors in preventing severe tissue injury. Exrpents
performed in thymocytes and T cells from heteromgyé,a receptor mice showed that there was a
correlation between reduction obAreceptors and reduction of CAMP response of this efter
activation with adenosine and suggesting the ldcka spare receptors in T cells and a lack of
compensation by the A receptors (Armstrong et al., 2001). Also the lewélapoptosis of
thymocytes from these animals was less pronouraaiving A,A activation in comparison to that
obtained in wild-type mice. The expression of otagenosine subtypes like;,AAs or Ag did not
compensate for the lack of,Ain lymphoid organ of deficient mice as suggestgdrdmal-time
reverse transcription polymerase chain reaction-PRR) experiments indicating again that in
acute models of inflammation, the,Areceptors play a crucial and non-redundant rolehan
protection of tissue from damage derived by exgessifammation (Lukashev et al., 2003). It has
been also suggested that in non-exacerbated inf&omynconditions different anti-inflammatory

stimuli, such as other adenosine receptor subtgpdsother anti-inflammatory mediators, may act
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in concert to reduce the extent of damage. Thezetomsed on the evidences reported above, the
treatment of a series of diseases such as sepsis)dwhealing and rheumatoid arthritis, might
improve following Aa receptor stimulation. Indeed, methotrexate (MTXhich is used for
treatment of rheumatoid arthritis, may mediate affects through the release of endogenous
adenosine (Khan et al., 2002). Even though its lem@sim of action remains unclear, it has been
shown that MTX caused a dose-dependent supprestibreell activation and adhesion molecule
expression, and this was not due to lymphocyte g The suppression of intercellular adhesion
molecule (ICAM)-1 was adenosine and folate dependemgesting that the suppression of T cell
activation and T cell adhesion molecule expressiather than apoptosis, mediated in part by
adenosine or polyglutamated MTX or both, are imgratrtmechanisms in the anti-inflammatory
action of MTX (Johnston et al., 2005). Besides rogtxate, there is evidence that other
therapeutic agents, such as sulfasalazine and BKes@ild exert their anti-inflammatory effects by

promoting adenosine release (Gadangi et al., 19@8@ng et al., 2001).

Adenosine inhibits killer T cell activation via A; and Asx Stimulation:

implications in cancer

The ability of immune cells to recognize and eliaigntumour cells is fundamental for successful
host defence against cancer. It has been sugg#staedadenosine, the concentration of which
increases within hypoxic regions of solid tumourgy interfere with the recognition of tumour
cells by cytolytic effector cells of the immune &® (Blay et al.,, 1997; Merighi et al., 2003).
Adoptive immunotherapy with lymphokine-activatetiéd (LAK) cells has shown some promise in
the treatment of certain cancers that are unregsgort® conventional treatment approaches.
However, colon adenocarcinomas tend to respondyptmi_AK therapy, possibly as a result of
tumour-induced immunosuppression. In 1994 Hoskid ao-workers demonstrated that colon
adenocarcinoma cells inhibited anti-CD3-activatéiegkcell induction through the production of a

tumour-associated soluble factor that was distiinom transforming growth factor beta or
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prostaglandins (Hoskin et al., 1994a,b). In the sgariod these authors indicated adenosine as a
possible inhibitor of killer T cell activation imé microenvironment of solid tumours (Hoskin ef al.
1994b) and showed that 2-chloroadenosine (2CAdalsles analogue of adenosine, reduced MHC-
unrestricted killing of P815 tumour target cells agti-CD3-activated killer (AK) lymphocytes.
2CA exerted this effect by interfering with the egaition/adhesion phase of cytolysis. Treatment
with dipyridamole to block cellular uptake of 2CAcreased the inhibition of cytolysis, suggesting
the involvement of a cell surface receptor. Howeweither DPCPX nor DMPX, the;fand A
receptor antagonists, respectively, were able ttuae the inhibitory effect of 2CA on AK
lymphocyte function. Similarly, the nonselective &nd A receptor blockers, theophylline and 8-
phenyltheophylline, had no effect on 2CA-mediatatibition of AK cell activity. These data
clearly demonstrated that 2CA inhibited the cytiglyactivity of AK lymphocytes by interacting
with a novel non-A/A;, cell surface receptor (Hoskin et al., 1994c). TheglacKenzie and co-
workers (MacKenzie et al., 1994) evaluated the sidineof murine spleen-derived anti- CD3-
activated killer (AK) lymphocytes to syngeneic MG38- colon adenocarcinoma cells. Adenosine,
in the presence of the adenosine deaminase inhitmformycin, reduced adhesion by up to 60%.
The inhibitory effect of adenosine was exerted ¢hcglls and not on the MCA-38 targets and was
mediated by cell surface receptors as adenosing@uinhibition of adhesion was not abrogated
following treatment with dipyridamole, a blocker aflenosine uptake. The agonist potency profile
indicated that the Areceptor subtype might be responsible for thebitibn of adhesion. The
authors suggested that this mechanism of immunaossgipn, secondary to tissue hypoxia, may be
important in the resistance of colorectal and owid cancers to immunotherapy. In addition, the
same authors demonstrated that adenosine exetterag snhibitory effect on the induction of
mouse cytotoxic T cells (Hoskin et a., 2002). Diisired tumouricidal activity correlated with
reduced expression of mMRNAs coding for granzymep&;jorin, Fas ligand and TNF-related
apoptosis-inducing ligand (TRAIL)Figure 1). IL-2 and IFNy synthesis by AK-T cells was also

inhibited by adenosine. Also in this case the iibry effect of adenosine on AK-T cell
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proliferation was blocked by ansA&eceptor antagonist, suggesting that adenosirsetlaciugh A
receptors to prevent AK-T cell induction. Tumous@siated adenosine may act through the same
mechanism to impair the development of tumour-react cells in cancer patients. Therefore, the
suppression of T Killer cell function suggests thaénosine may act as a local immunosuppressant
within the microenvironment of solid tumours. Trere authors reported that adenosine partially
inhibits the interaction of T lymphocytes with tuorocells by blocking the function of integrin
a4p7, which is the major cell adhesion molecule inedlvn the adhesion of T cells to syngeneic
MCA-38 adenocarcinoma cells (MacKenzie et al., 200@portantly, involvement of4p7 has
also been postulated in leukocyte localizationnifeimmatory disorders such as asthma, intestinal
inflammation and rheumatic disorders and may belledégd by adenosine (Walsh et al., 1996;
Michetti et al., 2000; Elewaut et al., 1998). A®adsine is known also for its anti-inflammatory
effects in addition to its immunosuppressive adjadhis possible to hypothesize that adenosine-
mediated inhibition of adhesion throughp7 found in T cells may be important in a variety of
other inflammatory diseases. Tumour microenvironmean suppress the function of tumour-
infiltrating T cells. Therefore, the effect of admme has been investigated on the expression of
costimulatory molecules by T cells in resting activated conditions. One of the most important
costimulatory molecules present on the T cellsfasie are CD2 and CD28 acting in concert to
achieve optimal costimulation of T lymphocytes dgrinteraction with antigen-presenting cells. It
has been demonstrated that adenosine interfereld agtivation-induced expression of the
costimulatory molecules CD2 and CD28 and that thHregulation was IL-2 dependent. This
effect could not be attributed to cyclic AMP (cCAM&)cumulation resulting from the stimulation of
adenylyl cyclase-coupled adenosine receptors, dwamgh cAMP at concentrations much higher
than those generated following adenosine stimulati@s inhibitory for both CD2 and CD28
expression. Therefore, it has been proposed tretasihe interferes with IL-2-dependent T cell
expression of costimulatory molecules via a med@rarthat does not involve the accumulation of

intracellular cAMP and through a cell surface rdoeghat is coupled to signalling pathways
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different from those involving adenylyl cyclase iwity, possibly the A subtype (Butler et al.,
2003). However, the relevance of adenosine-medipgtiways in tumour-infiltrating T cells,
considering the expression on T cells of adenod@sninase in association with CD26 (dipeptidyl
aminopeptidase), remains to be elucidated (Dorg.etl996). CD26 is a multifunctional type Il
cell surface glycoprotein widely expressed on Taml natural killer (NK) cells. One of its
functions is that of an adenosine deaminase binsiiteg Binding of ADA to CD26 is capable of
reducing the local concentration of adenosine aagldn enzymatic role in protecting T cells from
an adenosine-mediated inhibition of proliferati@opg et al., 1996; Gorrell et al., 2001). Indeed, i
has been reported that adenosine deaminase acisvigignificantly lower in the peripheral
lymphocytes of cancer patients, suggesting increagsceptibility of T cells to adenosine-mediated
inhibition within the tumour microenvironment (Dashapatra et al., 1986). Moreover, cytotoxic T
cells show very low levels of adenosine deaminasgity, leaving us to hypothesize that cytotoxic
cells would be quite sensitive to the immune irtioityi effect of adenosine accumulated within
tumours. In this regard, it is relevant to undexlthat the presence of thg Adenosine receptor has
been demonstrated in Jurkat cells, a human leukaeefiiline, where its level is very high, and in
human lymphocytes in which an up-regulation ocafter T cell activation (Gessi et al., 2001,
2004). In addition to the Areceptors, antigen activation has been shownt¢o tle expression of
other adenosine subtypes. For example it has legemted that Ag receptors are also up-regulated
by phytohemagglutinin (PHA) and/or anti-CD3 in bdilb4+ and CD8+ cells (Mirabet et al.,
1999), and as for A subtypes there are contrasting reports suggebitntly that the activation
process increases their expression predominantyDB8+ and/or CD4+ T cells (Koshiba et al.,
1999; Lappas et al.,, 2005). These data suggestatthe@hosine may stepwise recruit different
adenosine receptors following antigen activatiom. Human lymphocytes, e.g..A and Asg
receptors are coexpressed, leading to synergy MRcAroduction (Gessi et al., 2005); in addition,
adenosine may mediate different signals if eaclthe$e receptors is linked to different effector

molecules, as is the case of thgsiibtype. In contrast to the immunosuppressiveabbdenosine
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in the environment of solid tumours, recent findirigpm in vivo studies of Fishmans’ group report
a stimulatory effect of Aagonists in the synthesis of IL-12 that is depenhdem inhibition of
CAMP levels and protein kinase A expression. Thi®kine is a potent stimulatory agent of NK
cells and is a cytotoxic factor that exerts a pbtmtitumour effect in vivo. It induces IFN-+
production by activated T and NK cells and augmemtstoxic activity of these cells via perforin,
Fas and TRAIL-dependent mechanisms. Thereforahaieces NK cell activity and probably NK
cell-mediated destruction of tumour cells (Harighak, 2003). This antitumour effect played in
immune cells is in line with other findings of tlsame group demonstrating a direct inhibitory
action of Agreceptor activation on tumour cell growth (Fishnedral., 2001). However, in general,
it has to be remarked that contrasting results iodda from pharmacological studies may be
explained by the limitations due to the poor séldgt of agonists and antagonists for adenosine
receptors. Recent data obtained from studies uadenosine receptor KO mice examined the
capability of adenosine and its analogues to imhi® ability of lymphokine-activated killer cells
(LAK) to kill tumour cells. This work demonstratddat adenosine and adenosing, Aigands
suppress the cytotoxicity of LAK cells in paraligith their ability to increase cAMP levels. These
effects were produced by interfering with both parf-mediated and Fas ligand-mediated killing
pathways. Studies with LAK cells generated fromafnd A adenosine receptor KO mice indicated
the lack of any involvement of these adenosine yfdst in the inhibitory effect exerted by
adenosine, whereas LAK cells obtained fromaflenosine receptor KO mice were resistant to the
inhibitory effect of this nucleoside. Only very higoncentrations of the nonselective agonists
NECA or CADO produced mild inhibition of LAK cytoxacity that were possibly induced through
Ap activation, suggesting a predominant role ok Aubtype in inhibition of LAK cell toxicity
(Raskovalova et al., 2005). Therefore, adenosirseble@n indicated as an important intra-tumour
factor that inhibits the effector function of NK & cells and protects tumours from immune
destruction. Being that these effects are medidtgdA,a receptors, the authors suggest the

introduction of Aa antagonists to increase the efficacy of immuneatber
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Conclusion and perspectives

The evidences summarized in this review indicate #uenosine through the interaction with A
and A receptors plays a crucial role in the regulatidnimmune cells. The most important
therapeutic implication arising from the data sumpgal above is that A receptors, proposed as
“natural” brakes of inflammation, appear to représe promising pharmacological target to treat a
wide variety of diseases characterized by a stiomgunoinflammatory component. On the other
hand, it may be advantageous in some circumstancashance certain aspects of inflammation in
order to eliminate the causative agent, as in #se ©f cancer. In fact, it has to be remarked that
tumour defence mechanisms are akin to inflammagoocesses. Solid tumours, due to their
abnormal vasculature, are often hypoxic and shaweased levels of adenosine that may be an
important mediator of tumour-associated immunoseggon. It is likely that killer T cells that may
be recruited against cancer cells fail to act iretiective manner due to the high level of ader®sin
in the tumour microenvironment. Because sever#thege immunosuppressive functions have been
attributed to the stimulation ofzfand Aa receptors, expressed on the surface of T celenagine

antagonists of these subtypes may be potentiadifuls the immunotherapy of cancer.
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CHAPTER 2:

A3 adenosine receptor regulation of cells of the

Immune system and modulation of inflammation
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Introduction

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.

A3z 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 tleutrophil 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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19964, b; Jacobson, 1998; Reeves et al., 2000kRReshal., 2000; Shneyvays et al., 2000; Gessi et
al., 2001; Suh et al., 2001; Merighi et al., 200@)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 d¢fiPEeatment was too short. The upregulation of
A3 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 vadalthy 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 termsiofedeptor 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 humeutrophils 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 promotero@ration. 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 hypertosaédine 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 wasaulby CLP using wild type mice, homozygous
Aj receptor KO mice, and P2Y2 receptor KO mice. Tam duggest thatfand P2Y?2 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 adenoswmecentrations 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 havenlseported 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 demonstratedrigure 1). Therefore caution should be used before propo&iggonists as

anti or proinflammatory agents until a more deémole of this receptor has been defined.
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Figure 1: Effects of A; adenosine receptors in neutrophils
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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 vivg where chemotaxis, degranulation and superoxidenan
production were reduced bysAeceptor activation (Knight et al.,, 1997; Walker adt, 1997;
Ezeamuzie and Philips, 1999). This discrepancy hates attributed to thex vivonature 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

-74 -



(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 araisnproduction are summarizedrigure 2.
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Figure 2: Effects of A3 adenosine receptors in eosinophils
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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 {merapossibly 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 cealisvivo (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 ademosline finding was confirmeih 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 effact
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 effectivenegsmiune-based cancer therapies (Ohta et al.,
2006; Lukashev et al., 2007; Sitkovsky et al., 2008). 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@tegure 3). The identification of adenosine
receptor subtypes and/or signal transduction patbvwtarough which adenosine exerts its
inhibitory effects on cell-mediated anti-tumor imneu responses may allow for the
development of novel “anti-adenosinergic” approachikat increase the effectiveness of

therapeutic cancer vaccines and other immune-bzsezkr therapies.
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Figure 3: Effects of A; adenosine receptors in lymphocytes
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Az adenosine receptor effects on monocyte-macrophafienction

In vivo andin vitro studies in animal systems léa 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 ngaddo conceptsof
macrophage differentiation, activation, secretiand therelationship of macrophages to antigen

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

Adenosine has been investigated as an endogengukaita 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, feemhran 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@skler 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;s 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., 2008yigure 4).
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Figure 4: Effects of A; adenosine receptors in monocytes-macrophages
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Az adenosine receptor effects on dendritic cell funicin

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 conditiathesndritic 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-proteinlyc
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 thesfand 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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Figure 5: Effects of A3 adenosine receptors in dendritic cells
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Conclusions

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 fronn vitro andin vivo studies in experimental animals suggest activatiotine

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

- the cell type examined e.g. neutrophil, eosinbphacrophage, T cell, dendritic cell;

- the cellular model used e.g. in vitro or ex vitt@nsgenic animals;

- the response investigated e.g. degranulationdatixe burst, migration, maturation, cytokine
production;

- the species considered e.g. human or animal;

- the presence and functional roles of other adeaasceptor subtypes.

Even though it seems that in each cell type exagngontrasting 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 bickddgesting 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 3:

Adenosine modulates HIF-&x, VEGF, IL-8 and foam
cells formation in a human model of hypoxic foam dks
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Main features of atherosclerotic lesions

Atherosclerotic lesions are asymmetric focal thickgs of the innermost layer of the artery, the
intima (Figure 1). They consist of cells, connective-tissue elemdigtisls, and debris (Stary et al.,
1995). Blood-borne inflammatory and immune cellsstdute an important part of an atheroma, the
remainder being vascular endothelial and smoothetawlls. The atheroma is preceded by a fatty
streak, an accumulation of lipid-laden cells behghe endothelium (Stary et al., 1994). Most of
these cells in the fatty streak are macrophagegther with some T cells. Fatty streaks are
prevalent in young people, never cause symptonts,naay progress to atheromata or eventually
disappear. In the center of an atheroma, foam eglts extracellular lipid droplets form a core
region, which is surrounded by a cap of smooth-heusells and a collagen-rich matrix. T cells,
macrophages, and mast cells infiltrate the lesiod are particularly abundant in the shoulder
region where the atheroma grows (Stary et al., 196basson et al., 1986; Kovanen et al., 1995).
Many of the immune cells exhibit signs of activati@and produce inflammatory cytokines
(Kovanen et al., 1995; Hansson et al., 1989; vanWal et al., 1994; Frostegard et al., 1999).
Myocardial infarction occurs when the atheromatpuscess prevents blood flow through the
coronary artery. It was previously thought thatguessive luminal narrowing from continued
growth of smooth-muscle cells in the plague wasntlagn cause of infarction. Angiographic studies
have, however, identified culprit lesions that di nause marked stenosis, (Hackett et al., 1995)
and it is now evident that the activation of plagaéher than stenosis precipitates ischemia and
infarction. Coronary spasm may be involved to sextent, but most cases of infarction are due to
the formation of an occluding thrombus on the siegfaf the plaque (Davies et al., 1995). Plaque
rupture is the major cause of coronary thrombosisabse it exposes prothrombotic material from
the core of the plaque — phospholipids, tissueofaeind platelet-adhesive matrix molecules — to
the blood (Figure 1). Ruptures preferentially occur where the fibrowp d¢s thin and partly
destroyed. At these sites, activated immune ce#isabundant (van der Wal et al., 1994). They
produce numerous inflammatory molecules and prgtieoknzymes that can weaken the cap and
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activate cells in the core, transforming the stgiddgue into a vulnerable, unstable structure that

can rupture, induce a thrombus, and elicit an acotenary syndrome.

Proteases,
prathrambotic
" Factors

Microbes, autoantigans,
inflammatory molacules

Figure 1: Consequences of the activation of immuneells in a coronary plaque

-101 -



Role of endothelial activation, adhesion moleculesd chemokines

Studies in animals and humans have shown that tlypkesterolemia causes focal activation of
endothelium in large and medium-sized arteries. imfigration and retention of LDL in the arterial
intima initiate an inflammatory response in theegrtwall (Skalen et al., 2002figure 2). LDL is a
globular molecule with an highly-hydrophobic corensisting of polyunsaturated fatty acid and
esterified cholesterol molecules. This core is@umded by a shell of phospholipids, unesterified
cholesterol and a single copy of apolipoprotein -Imolecule.Cholesterol can move in the
bloodstream only by being transported by lipopratei Modification of LDL, through oxidation or
enzymatic attack in the intima, leads to the raealsphospholipids that can activate endothelial
cells, (Leitinger, 2003) preferentially at sites lmémodynamic strain (Nakashima et al., 1998).
Patterns of hemodynamic flow typical for atherosmdeés-prone segments (low average shear but
high oscillatory shear stress) cause increasedesgion of adhesion molecules and inflammatory
genes by endothelial cells (Dai et al., 2004). €hf@e, hemodynamic strain and the accumulation
of lipids may initiate an inflammatory process hetartery. The platelet is the first blood cell to
arrive at the scene of endothelial activation (Ndasg et al., 2003). Its glycoproteins Ib and ikl
engage surface molecules on the endothelial chlichwmay contribute to endothelial activation.
Inhibition of platelet adhesion reduces leukocytefiltration and atherosclerosis in
hypercholesterolemic mice (Massber et al., 2008}ivated endothelial cells express several types
of leukocyte adhesion molecules, which cause bloglts rolling along the vascular surface to
adhere at the site of activation (Eriksson et 2002). Since vascular-cell adhesion molecule 1
(VCAM-1) is typically up-regulated in response toypkrcholesterolemia, cells carrying
counterreceptors for VCAM-1 (monocytes and lymphesy preferentially adhere to these sites
(Cybulsky et al., 1991). Once the blood cells hattached, chemokines produced in the underlying
intima stimulate them to migrate through the imelehelial junctions and into the subendothelial

space. Genetic abrogation or pharmacologic blockaflecertain chemokines and adhesion
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molecules for mononuclear cells inhibits atherasdis in mice (Boring et al., 1998; Gu et al.,

1998; Lesnik et al., 2003; Lutters et al., 2004).

Endathelium

— Accumulation of
chalestara|

Figure 2: Effect of LDL infiltration on inflammatio n in the artery
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Macrophages in the Developing Plague

A cytokine or growth factor produced in the inflagnatima, macrophage colony-stimulating factor
(MCS-F), induces monocytes entering the plaquefferdntiate into macrophagé€Bigure 3). This
step is critical for the development of atherosudes (Smith et al., 1995) and is associated with up
regulation of pattern-recognition receptors foratemimmunity, including scavenger receptors and
toll-like receptors (Peiser et al., 2002; Janewagl.e 2002). Scavenger receptors internalize adro
range of molecules and particles bearing moleoul#s pathogen-like molecular patterns (Peiser et
al., 2002). Bacterial endotoxins, apoptotic cediginents, and oxidized LDL particles are all taken
up and destroyed through this pathway. If cholestderived from the uptake of oxidized LDL
particles cannot be mobilized from the cell to dfisient extent, it accumulates as cytosolic
droplets. Ultimately, the cell is transformed imtdoam cell, the prototypical cell in atherosclésos
Toll-like receptors also bind molecules with patbidike molecular patterns, but in contrast to
scavenger receptors, they can initiate a signalackesthat leads to cell activation (Janeway et al.,
2002). The activated macrophage produces inflammpatgtokines, proteases, and cytotoxic

oxygen and nitrogen radical molecules.
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Figure 3: Role of macrophage inflammation of the aery
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T-Cell activation and vascular inflammation

Immune cells, including T cells, antigen-presenttendritic cells, monocytes, macrophages, and
mast cells, patrol various tissues, including aikelerotic arteries, in search of antigen (Hansson,
2001). A T-cell infiltrate is always present in atbsclerotic lesion@-igure 4). Such infiltrates are
predominantly CD4+T cells, which recognize protaintigens presented to them as fragments
bound to major-histocompatibility- complex (MHC)ask 1l molecules. CD4+ T cells reactive to
the disease-related antigens oxidized LDL, heatishprotein (Caligiuri et al., 2001), and
chlamydia proteins have been cloned from humanhssiXu, 2002; de Boer et al., 2000). A minor
T-cell subpopulation, natural killer T cells, isepalent in early lesions. CD8+ T cells restricted b
MHC class | antigens are also present in athemugt@ielesions (Hansson, 2001). These cells
typically recognize viral antigens, which may begant in the lesions. When the antigen receptor
of the T cell is ligated by antigen, an activatioascade results in the expression of a set of
cytokines, cell-surface molecules, and enzymes. atherosclerotic lesion contains cytokines that
promote a Thl response (rather than a Th2 resp¢hReagtegard et al., 1999). Activated T cells
therefore differentiate into Thl effector cells abdgin producing the macrophage-activating
cytokine interferony (Figure 4). Interferony improves the efficiency of antigen presentatiod an
augments synthesis of the inflammatory cytokinesaiunecrosis factor (TNF) and interleukin-1
(IL-1) (Szabo et al., 2003). Acting synergisticalligese cytokines instigate the production of many
inflammatory and cytotoxic molecules in macrophaged vascular cells (Hansson, 2001). All
these actions tend to promote atherosclerosis. ke of the Th2 pathway can promote
antiatherosclerotic immune reactions (Binder et28l04). However, they may also contribute to the
formation of aneurysms by inducing elastolytic eneg (Shimizu et al.,, 2004). Therefore,
switching the immune response of atherosclerosis1ffThl to Th2 may not necessarily lead to
reduced vascular disease. T-cell cytokines causeptbduction of large amounts of molecules
downstream in the cytokine cascade. As a reswudyagdd levels of interleukin- 6 (IL-6) and C-
reactive protein may be detected in the periphralilation. In this way, the activation of a limdt
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number of immune cells can initiate a potent inftaatory cascade, both in the forming lesion and

systemically.

e,

T = / :
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Figure 4: Effects of T-Cell activation on plaque iflammation

- 107 -



Mechanisms of plaque rupture

What causes a silent atherosclerotic lesion taureft

Activated macrophages, T cells, and mast cellged of plague rupture (Kovanen et al., 1995; van
der Wal et al., 1994; Moreno et al.,, 1994) prodeeeeral types of molecules — inflammatory
cytokines, proteases, coagulation factors, radieald vasoactive molecules — that can destabilize
lesions. They inhibit the formation of stable fibsocaps, attack collagen in the cap, and initiate
thrombus formation (Hansson et al., 1989; Sarexh. £1996; Mach et al., 1997). All these reactions
can conceivably induce the activation and ruptdrplaque, thrombosis, and ischemia. Two types
of proteases have been implicated as key playepaiue activation: matrix metalloproteinases
(MMPs) and cysteine proteases (Jons et al., 200B;et_al., 2004). Several members of these
families of enzymes occur in the plaque and mayatbgyits matrix. MMP activity is controlled at
several levels: inflammatory cytokines induce thx@ression of MMP genes, plasmin activates
proforms of these enzymes, and inhibitor protetissije inhibitor of metalloproteinase) suppress
their action. Similarly, cysteine proteases areugatl by certain cytokines and checked by
inhibitors termed “cystatins” (Liu et al., 2004)e\&ral of these molecules play decisive roles @n th
formation of aneurysms, as shown by experimentgeime-targeted mice. However, mechanistic
studies in models of atherosclerosis have yield@dptex results, with certain MMPs reducing
rather than increasing the size of the lesionsth&tsame time, these enzymes clearly affect the
composition of plaque. Therefore, they may represainre therapeutic targets. Study of plaque
rupture in animal models should be helpful in deiamng the role of these proteases in the

activation of plaque and myocardial infarction.
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Risk Factors

Reducing risk factors is the primary clinical apgeb for the prevention of cardiovascular disease
(Kavey et al., 2006). Risk factors of cardiovasculeésease are divided in modifiable and non
modifiable. Modifiable risk factors for atherosasis include tobacco use, high cholesterol levels,
high blood pressure, diabetes, obesity, physicattinity, and diet. One of the most important
modifiable risk factors is smoking. A smoker's riskdeveloping coronary artery disease is directly
related to the amount of tobacco smoked daily. fi$ie of a heart attack is increased threefold in
men and sixfold in women who smoked (Stemme el@B5) or more cigarettes per day compared
with nonsmokers. Tobacco use decreases the leveigbtdensity lipoprotein (HDL) cholesterol
and increases the level of low-density lipoprotéitDL) cholesterol. An high level of LDL
cholesterol is another important modifiable risktfa, so diet become very important. Cholesterol
levels also increase with age and are normally drigh men than in women, although levels
increase in women after menopause. Diabetes isayether risk factor for atherosclerosis of
growing importance. The hyperglycemia associateth wiabetes can lead to modification of
macromolecules, for example, by forming advanceaigpn end products (AGE)(Schmidt et al.,
1999) that can augment the production of proinflatory cytokines and other inflammatory
pathways in vascular endothelial cells. Beyond higperglycemia, the diabetic state promotes
oxidative stress mediated by reactive oxygen speai@ carbonyl groups (Baynes et al., 1999).
Obesity not only predisposes to insulin resistaarog diabetes, but also contributes to atherogenic
dyslipidemia. High levels of free fatty acids onigting from visceral fat reach the liver througk th
portal circulation and stimulate synthesis of thglyceride-rich lipoprotein VLDL by hepatocytes.
Adipose tissue can also synthesize cytokines ssiciN&-o and IL-6 (Yudkin et al., 1999). In this
way obesity itself promotes inflammation and pateets atherogenesis independently of effects on
insulin resistance or lipoproteins. Risk factorattikannot be modified include having a family

history of early atherosclerosis, advancing agd, rmale sex. Men have a higher risk than women,
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although women who have coronary artery diseasenare likely to die than men who have the

disease (Rosamond et al., 2007).
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INTRODUCTION

Macrophage foam cell formation is an important psscin atherosclerotic plaque development
(Pennings et al., 2006Atherosclerosis is initiated by dysfunction of etidwial cells at lesion-prone
sites in the walls of arteries, which results innmoyte infiltration into the arterial intima. These
cells differentiated into macrophages, which th&ernalize large amounts of oxidized low-density
lipoprotein forming cholesterol-laden macrophagated “foam cells” (FC), which in turn give rise
to fatty streaks in the arterial wall (Lusis, 2008% the atherosclerotic lesion develops, the iafter
wall tickness increases and oxygen diffusion irte intima is markedly reduced. These hypoxic
regions contain large number of FC revealing thegsé cells experience hypoxia during the
development of atherosclerotic lesions (Bjornhederl., 1999; Murdoch et al., 2005). Hypoxia-
inducible factor-1 (HIF-1), the most important faicinvolved in the cellular response to hypoxia, is
an heterodimeric transcription factor composed mofiralucibly-expressed HIFelsubunit and a
constitutively-expressed HIF31subunit (Semenza, 2001). It is well establisheat tHIF plays a
major role in vascular endothelial growth factore(8F) expression and angiogenesis, mediating
important alterations associated with atherogerasisangiogenic activity of macrophages (Paul et
al., 2004; Sluimer et al., 2008). Moreover, undéesgenic conditions, the high expression of HIF-

1 in macrophages promotes FC formation and athierosts (Jiang et al., 2007).

Recently, it has been shown that another angiogehemokine, Interleukin-8 (IL-8) is up-

regulated by FC located in hypoxic areas in rabbd human atherosclerotic plaques (Murdoch et
al., 2005). Hypoxia-induced secretion of IL-8 frdA€ may lead to the recruitment of smooth
muscle, vascular endothelial and T cells into thieesclerotic plaques and thus to plaque
progression (Wang et al., 1996). It has been atsoomstrated that in vascular endothelium, under
hypoxia, IL-8 expression is increased by HIF (CagwEM., 2003/2004; Kim et al., 2006).

However, the relationships between HIF and IL-8 be@sn questioned by other authors (Loboda et

al., 2006).
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Adenosine (Ado) is a proangiogenic purine nuclemseleased from ischemic and hypoxic tissues.
Under these conditions, ig released into the extracellular space and sghabugh the stimulation
of four extracellularG protein-coupled receptors nameg A,a, Azs, and A (ARs) (Jacobson et
al., 2006). All the four adenosine subtypes havenbeecently associated to the modulation of
angiogenesis. Therefore due to the link between adtammation and angiogenesis and the
increasing evidence that these factors play ainod¢herogenesis we thought to investigate Hif--1
VEGF, IL-8 and FC formation by ado receptors in lannmacrophages and in an vitro” model

of human FC (Yu et al., 2003).
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EXPERIMENTAL PROCEDURES

Materials
5-N-(4-methoxyphenyl-carbamoyl)amino-8-propyl-2(2fyrglyrazolo-[4,3e]-1,2,4-triazolo [1,5-C]
pyrimidine ([3H]JMRE 3008F20, specific activity 67i @mol-1), N-benzo[1,3]dioxol-5-yI-2-[5-
(1,3-dipropyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-puBryl)-1-methyl-1H-pyrazol-3-yl-oxy]
acetamide] ([BH]JMRE 2029F20, specific activity 1€8 mmol-1) were obtained from Amersham
International (Buckinghamshire, UK), (4-(2-[7-amiBe(2-furyl)-[1,2,4]triazolo-
[2,32][1,3,6]triazinyl-amino] ethyl)-phenol) ([3HM 241385, specific activity 20 Ci mmol-1) was
purchased from Tocris (Boston, Mass; USA) and 1pBegyl-8-cyclopentyl-xanthine
([3H]DPCPX, specific activity 120 Ci mmol-1) wasrdeed from NEN Research Products (Boston,
Mass; USA). 7-(2-phenylethyl)-2- (2-furyl)-pyrazpio3-€]-1,2,4-triazolo[1,5€¢]-pyrimidine (SCH
58261), 1-Deoxy-1-[6-{4- [(phenylcarbamoyl)-methdplgenylamino}-9H-purin-9-yl]-N-ethyl-b-
D-ribofuranuronamide (Compound 24) were synthesiagdProf. P.G. Baraldi (Department of
Pharmaceutical Sciences, University of Ferrardy)lit®horbol myristate acetate (PMA), erythro-9-
(2-hydroxy-3- nonyl)adenine (EHNA), cyclohexyl-adsime (CHA), 2-[p-(carboxyethyl)-
phenethylamino]- NECA (CGS 21680), N6 {3iodobenzyl)-2-chloroadenosine-5'N-
methyluronamide (CI-IB-MECA), rapamycin were pursid by Sigma Aldrich (Milano, Italy).
The antibodies for Al, A2A, A2B adenosine recepsoibtypes were purchased from Alpha
Diagnostic (S. Antonio, Texas, USA) and the antipfat A3 was from AVIVA System Biology
(Milano, ltaly). Human anti-HIF-1a and HIF-1b amdtes were obtained from BD Transduction
Laboratories (Milano, Italy). The Anti- ACTIVE_ nuigen-activated protein kinase anti-ERK1/2
(pAb) was from Promega (Milano, Italy). Phospho-ARer473) and phospho-p38 (Thr180/Tyr182)
were purchased from Cell Signaling Technology (Kdaltaly). Ficoll-Hypaque was obtained by
Amersham Pharmacia Biotech AB. The assays-on-demdndsene expression Products NM

000674, NM 000675, NM 000676 and NM 000677 for ARA, A2B and A3 adenosine subtypes
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and the assays-on-demandTM Gene expression Protisfi8936368 m1l, Hs00173626_m1,
Hs00174103_m1, Hs00765620 m1, Hs99999906 m1l, férlH| VEGF, IL-8, Aldolase A and
Phosphoglycerate kinase (PGK) were purchased frapleda (Milano, Italy). Al, A2A, A2B,
A3AR, HIF-1_ small interfering RNAZSIRNAs) and HIF-2_ antibody were from Santa Cruz
Biotechnology (Santa Cruz, CA). Nuclear Extract Kiid HIF-1_ binding activities were from
Active Motif (Belgium). All other reagents were ahalytical grade and obtained from commercial

sources.

Methods

Cell culture
The human myelomonocytic cell line U937 was obtdifiem ATCC and maintained in RPMI
1640 medium supplemented with 10% fetal calf seriwglutamine (2 mM), 100 U/ml penicillin,

100 pg/ml streptomycin, at 37C° in 5% &€€5% air.

Preparation of human macrophages (HM) from periphegrl blood

Peripheral blood mononuclear cells were isolatethfbuffy coats by the Ficoll-Hypaque gradient
(Amersham Pharmacia Biotech AB) and centrifuge@28t0 rpm for 15 min. (Gessi et al., 2004).
The human peripheral blood mononuclear cells wsskaied and removed from the Ficoll-Hypaque
gradients. Subsequently, they were washed in 0.0hdsphate-buffered saline at pH 7.2
containing 5 mM MgCl and 0.15 mM CagGl Finally, they were decanted into a culture flask
RPMI 1640 medium containing 2 mM glutamine, 5% hansB serum (Sigma), 100 U/ml
penicillin and 100 pg/ml streptomycin and placedihumidified incubator (5% C{ Monocytes

were selected by adhesion and differentiated if¥bdder 5-7 days.
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Hypoxic treatment
Hypoxic exposures were done in a modular incubabt@mber and flushed with a gas mixture

containing 1% @ 5% CQ and balance N(MiniGalaxy, RSBiotech, Irvine, Scotland).

FC formation

U937 cells were induced to differentiate into HM trgatment with 40 nM phorbol myristate

acetate (PMA) for 72 hours. Before use oxLDL (logia Frederick, MD) were dialyzed against 1
liter of 0.15 M sodium chloride and 0.3 mM EDTA (pH4) for 12 h at 4°C, then against RPMI
1640 medium (two changes, 1 liter/each change24oh at 4°C. All dialysis was carried out with

Pierce Slide-A-Lyzer cassettes (10,000 moleculagiglt cut-off). After dialysis, lipoproteins were

sterilized by passing them through a 0.45 um (sore) filter and added (50 or 100 pg/ml) to
PMA-treated U937 cells for 48 h in serum-free RRKHuth et al., 2002). Then all treatments to the
cells with ado were carried out in the presenceahef adenosine deaminase (ADA) inhibitor,

erythro-9-(2- hydroxy-3-nonyl)adenine (EHNA) 5 uMdathose with ado agonists were performed

in the presence of ADA

Real-time RT-PCR

Total cytoplasmic RNA was extracted by the acid mydiaium thiocyanate phenol method.
Quantitative real-time RT-PCR assay was perfornsegraviously described (Higuchi et al., 1993).
The assays-on-demandTM Gene expression Product®00d74, NM 000675, NM 000676 and
NM 000677 for A, Aza, Azs and A3 ARs were used, respectively. Quantification of ARsssages
was made by interpolation from standard curve o&@ties generated from the plasmid dilution
series (Gessi et al., 2007). Analogue results wbtained when the expression level of ARs was
normalized to that of-actin. For the real-time RT-PCR of HIFf;1VEGF, IL-8, Aldolase A and
PGK the assays-on-demdid Gene expression Products Hs00936368 m1, Hs0017B626
Hs00174103 _m1, Hs00765620 m1, Hs99999906 ml weye, uespectively. For the real-time
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RT-PCR of the reference gene the endogenous cdnirobnp-actin kit was used, and the probe

was fluorescent labeled with VI® (Applera).

Binding experiments

Binding assays were carried out as reported puslyo(Gessi et al., 2007). In saturation
experiments, membranes (70 ug of protein/assayg weubated with 50 mM Tris HCI buffer (10
mM MgCl; for Aza; 10 mM MgCh, 1 mM EDTA, 0.1 mM benzamidine for,A and 10 mM
MgCl,, 1 mM EDTA for A) pH 7.4 and increasing concentrations of 1,3-gipk®-
cyclopentylxanthine ([SH]DPCPX) (0.4-40 nM); (4-[2-amino-2-(2-furyl)-[1,2,4]triazolo-[2,32]-
[1,3,6]- triazinyl-amino] ethyl)-phenol) ([3H]ZM 24385) (0.3-30 nM); N-benzo[1,3]dioxol-5-yl-2-
[5-(2,3- dipropyl-2,6-dioxo-2,3,6,7-tetrahydro-1km-8-yl)-1-methyl-1H-pyrazol-3-yl-oxy]-
acetamide] ([SHJIMRE 2029F20) (0.4-40 nM);Nsf4-methoxyphenyl-carbamoyl)amino-8-propyl-
2-(2furyl)- pyrazolo-[4,3e]-1,2,4-triazolo [1,5-@dyrimidine ([3H]MRE 3008F20) (0.4-40 nM) to
label A, Axa, Aog and A ARs, respectively. The filter bound radioactivityasvcounted on Top

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

Western Blot Analysis

Cells were harvested and washed with ice-cold RiBfaming 1 mM sodium orthovanadate. Cells
were then lyzed in Triton lysis buffer. Equivalearhounts of protein (4Qg) were subjected to
electrophoresis on 10% sodium dodecyl sulfate—anrigle gel. The gel was then electroblotted on
to a nitrocellulose membrane. Then the membranes p®bed with specific antibodies (Merighi
et al., 2005). ARs were evaluated by using speaifitbodies towards human A, Azs (Alpha
Diagnostic) and A ARs (Aviva) (1:1000 dilution). In experiments aich& detect HIF, western
blot analyses were performed using antibody agditiBtla (1:250 dilution) (BD Biosciences),
HIF-2a. (1:1000) (Novus Biologicals) and HIFF11:1000 dilution) (BD Biosciences) in 5% non-fat

dry milk in PBS/0.1% Tween-20 overnight at 4°C. Faetection of phosphorylated proteins
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antibodies specific for phosphorylated (Thr183/Bp)l p44/p42 MAPK (1:5000 dilution),

phosphorylated (Thr180/Tyr182) p38 MAPK (1:1000utidn) and phosphorylated Akt (Ser473)
(1:1000 dilution) were used. The protein concerratvas determined using BCA protein assay kit
(Pierce, Rockford, IL). Tubulin (1:250) was usecktssure equal protein loading. Immunoreactivity

was assessed and quantified by using a VersaDagingn&ystem (Bio-Rad).

HIF-1 DNA binding activity

Nuclear extracts from U937, FC and HM were prepdngdising the Nuclear Extract Kit (Active
Motif) and HIF-1o binding activities in the nuclear extracts weréedted by using an ELISA-based
HIF binding kit (TransAM™ HIF-1, Active Motif) aceding to the manufacturer’s

recommendations.

Enzyme-Linked Immunosorbent Assay (ELISA)
The levels of VEGF and IL-8 protein secreted by tiedls in the medium were determined by
VEGF and IL-8 ELISA kits (R&D Systems) accordingttee manufacturer’s instructions. The data

were presented as mean = SD from four independcetienents.

Knockdown of ARs and HIF-1a by small interfering RNA (SiRNA)

FC were plated in six-well plates and grown to 37 confluence before transfection.
Transfection of siRNA was performed at a conceimmabf 100 nM using Lipofection 2000 in
Opti-MEM (Invitrogen). A non-specific random conltrdoonucleotide sense strand (5’-ACU CUA
UCU GCA CGC UGA CdTdT-3’) and antisense stranddbdT UGA GAU AGA CGU GCG
ACU G-3’) were used under identical conditions Bealy reported (Merighi et al., 200%);, Aza,

Azg, AsAR and HIF-Tr siRNAs were from Santa Cruz Biotechnology (SamazCCA).
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Oil red O-stain analysis

Treatment of PMA-differentiated U937 cells with adod ado ligands was performed before
addition of oxLDL. After exposition to oxLDL unddrypoxia for 24 h cells were fixed in saline-
buffered 4% paraformaldehyde solution for 15 mird ghen air dried. Oil red O (in 60%

isopropanol) staining was done for 15 min essdntad described before (Kalayoglu et al., 1998).
Cells were viewed under a bright-field microscopel00 X fields using a Nikon’s Eclipse E800
microscope. FC were defined as macrophages in weytbplasm was filled with Oil Red O-

stainable lipid droplets.

MTS Assay

The MTS assay was performed to determine foam g@lsility according to the manufacturer's
protocol from the CellTiter 96 AQueous One Solutidtromega) cell proliferation assay. Cells
(10°) were plated in 24-multiwell plates; 500 pl of quiete medium was added to each with ado.
The cells were then incubated for 24 h. At the ehdhe incubation period, MTS solution was
added to each well. The optical density of eacH wak read on a spectrophotometer at 570 nm.

Experiment was repeated three times.

Statistical analysis
All values in the figures and text are expressednhaan * standard error (S.E.) of N observation
(with N 2 3). Data sets were examined by analysiaoance (ANOVA) and Dunnett’s test (when

required). A P-value less than 0.05 was considstaistically significant.
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RESULTS

Expression of ARs mRNA in U937, HM and FC

MRNA expression of ARs was evaluated in U937, HM B in normoxia and hypoxia. Hypoxia
induced a significant increase o§gARSs in all the three cellular models investigatetjlst did not

change the level of the other ARBigure 5 A-D).

Expression of ARs protein in U937 cells, HM and FC

The protein evaluation of all ARs was examinedotigh immunoblots, in U937, HM and FC in
normoxia and hypoxia. We observed the presencd éfRs in the cells investigated according to
mRNA data, as reported iRigure 5 E-H. These results were also confirmed By]PPCPX,

[*H]ZM 241385, PH]MRE 2029F20 and®H]MRE 3008F20 radioligands, used in receptor bigdin

studies to evaluate affinity and density values pfA,a Az and A ARS, respectivelyTable 1).

Ado induces HIF-1a protein accumulation

To evaluate the effect of ado on HIB-EC, HM and U937 cell§Figure 6) were incubated with
ado 100umol/L in normoxia and hypoxia. In hypoxia ado stlated HIF-Ix accumulation, time-
dependently, in all cells investigated. As for nowia, ado effect slightly appears after 24 hours in
FC, whilst HIF-In protein was undetectable in HM and in U937 caélis=C the effect was similar
with 50 or 100ug/mL of oxLDL (data not shown), therefore the camtcation of 50ug/mL was
used in all experiments. No changes in cell viabiere observed after treatment of cells with ado
100 umol/L for 24 h of hypoxia (data not shown). Furtinere, treatment of ado stimulated, in a
time-dependent way, HIFed DNA binding activity in hypoxia and also inducednainor but
statistically significant effect in normoxia in FEIM and U937 cell{Figure 7). Ado did not

affected HIF-ir mRNA levels in normoxia and after 2 hours hypowihilst it induced a slight
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increase of 1.6+£0.1, 1.9+0.1 and 1.5+0.1 fold a#teB, 24 hours of hypoxia, respectively (P<O/85
control); following addition of actinomycin D (acjPado did not increase HIFeInRNA excluding

a role in mRNA stabilityFigure 8A). The lack of mMRNA modulation after 2 h, time atigthado
start to affect protein increase, suggests that damks not affect transcription. Furthermore, we
evaluated the ado-induced regulation of HiF4B hypoxia. Figure 8B shows that ado slightly
increased HIF-2 and this effect was blocked by actD suggestingdhaariance with HIF-d, HIF-

20 was transcriptionally regulated by ado.

Then we investigated the ado modulation of HiFgtotein stability in hypoxia and normoxia. Ado
in normoxia, at variance with hypoxia, increases-tid stability; furthermore rapamycin, inhibitor
of mTOR pathway, reduced ado effect suggesting afsincrease in translatidifrigure 9A-C).
However as the ado effect on HIF-1 was most evideritypoxia all the other experiments were

carried out in this condition for 4 hours.

Involvement of ARs in ado-induced HIF-Jn expression

To evaluate which AR was involved in the ado-indlé¢#iF-1a expression we treated FC with
antagonists of ARs before addition of ado in hypoftigure 10A). Ado effect was partially
antagonized by 100 nmol/L DPCPX, SCH 58261, MRESE2® and MRE 3008F20 suggesting the
involvement of A, Asa, Azs and A ARS, respectively. Therefore we evaluated theceftd high
affinity agonists, CHA, CGS 21680, Compound(Béraldi et al., 2007) and CI-IB-MECA on HIF-
la accumulation. Probes selectivity is providedahle 2 All the agonists were able to induce HIF-
la in FC(Figure 10B). Analogous results were obtained in U937 cellsiartdM (data not shown).

Therefore in the second part of the work we focumadattention on FC.

To further ascertain the involvement of the différAdRs in the ado-induced HIFalaccumulation

we knocked-down ARs. After 48 and 72 hours possfieation with siRNA targeting each AR,
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MRNA and protein levels were significantly reductte specificity of a given siRNA to the other
AR subtypes is also shown figure 11. Treatment of cells with siRNAs for;AAza, Azs and A

subtypes reduced the effect of ado on HéF+hodulation supporting again a role for all ado
subtypes in this effect; silencing of all ARs tdgatabrogated the ado-mediated increase of HIF-1

protein(Figure 10C).

Involvement of MAPK and Akt pathways in ARs-inducedmodulation of HIF-1a

To investigate the role of MAPK and Akt kinases AiRs-induced HIF-&t accumulation, we
performed experiments with U0126, SB202190 and Shiibitors of MEK1/2, p38 MAPK, and
Akt respectively, in FC. All the blockers were aliteabrogate the effect induced by, A,, and
A agonists, whilst the Amediated HIF-& accumulation was antagonized only by UO{2§ure
12A). Addition of CHA, CGS 21680 and Compound 24 induaeconcentration-dependent increase
of pPERK1/2, pp38 and pAkt, whilst CI-IB-MECA wasviolved only in ERK1/2 phosphorylation

(Figure 12B).

ARs induce VEGF increase in Hypoxia

We tested VEGF production by FC after ado treatnfent24 h of hypoxia. Ado 10@umol/L
increased VEGF levels of 165+10% and the effect stasngly reduced by MRE 2029F20 and
MRE 3008F20 100 nmol/L suggesting the involvemdnA g and AARs and inhibited to a lesser
extent by the Ay antagonisiFigure 13A). DPCPX 100 nmol/L produces a moderate blunting of
ado-induced VEGF release, but at this concentratiman have antagonistic actions againgg A
receptors see supplemental Table 2. Indeed a Ides of DPCPX 10 nmol/L did not reduce ado
effect (161+10%). U0126 and SB202190 followed by-Ssere able to block the ado increase on

VEGF levels. Treatment of the cells with siRNA ofF-La. abrogated the VEGF increase induced
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by ado suggesting that the nucleoside was actirgugin HIF-x modulation(Figure 13B). The
increase induced by ado 1Qfnol/L on VEGF was also observed at mRNA level (B.2+fold of
increase, P<0.0%s control). Other HIF-&-responsive genes, aldolase and PGK were incressed
MRNA level after ado treatment for 24 hours of 4.2+tand 1.8+0.2 fold, respectively and the effect
was abrogated in the presence of HFsIRNA, 1.1+0.1 and 1.0+0.1 fold, respectively QFB5vs

control).

A2sAR induces IL-8 increase in Hypoxia

We tested IL-8 production by FC after ado treatnien24 h in hypoxia. Ado 10@mol/L increased
IL-8 levels of 158+10 % and the effect was blockgdMRE 2029F20 or £g silencing, but not by
DPCPX, SCH 58261 and MRE 3008Fdagure 13C-D). A dose-response curve of Compound 24
revealed an E& value of 58+6 nmol/L for stimulation of IL-8 seti@n. The effect of Compound
24 1 pmol/L (142+8% of IL-8 secretion) was completdocked by MRE 2029F20 (102+6% of IL-
8 secretion). All these data suggest the involventénA,s subtype in this response. U0126,
SB202190 and SH5 were able to revert the ado iserea IL-8 levels suggesting a role for ERK
1/2, p38 and Akt pathway$igure 13D). Finally, treatment of cells with siRNA of HIFalfor 72
hours before stimulation with ado shows that IL-8dulation was not affected by HIFxIsilencing

(Figure 13D). IL-8 was not altered by ado at mRNA level (1.14+®ld of increase versus control).

Oil red O staining in FC

U937 cells without oxLDL did not contain high lesef neutral lipids and were not stained with Oil
red O, a dye specific for neutral lipifSigure 14). After treatment of U937 cells with 50 pg/mL ox-
LDL for 24 h, we observed FC formation charactetiby large cytoplasmic lipid droplets. This

effect was increased after incubation with ado LO®I/L, not significantly affected by DPCPX and
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SCH 58261 and strongly blocked by MRE 2029F20 arREMBO08F20 antagonists and HI&-1
silencing, suggesting the involvement of HI&-And Ag and A ARs in the ado-induced FC
formation. Also the high affinity A and A agonists were able to increase FC formagiéigure

14).
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Figure 5 - mRNA and protein expression of ARs in U937 cells, M and FC in normoxia (N)
and hypoxia (H): Bargraph showing pg mRNA/ug total RNA of human Aza, A2s and A ARs
(A-D, respectively). ARs detection by western oglysis (E-H). Cellular extracts were prepared
and subjected to immunoblot assay using antida, A2s and A antibodies. Tubulin shows equal
loading protein. Values are the means and vertiogls S.E. of the mean of four separate
experiments performed in triplicate. *P<0.05 congglawith normoxia.
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Table 1- Affinity (KD, nM) and density (Bmax, fmol/mg of ptein) values of A Aza, Aog and As.
ARs evaluated through [3H]DPCPX, [3H]ZM 241385, |BHRE 2029F20 and [3H]MRE 3008F20
radioligands, respectively, in PMA-treated U937, Hiid FC cells in normoxia (N) and hypoxia
(H).

Aj Aa Am Az
Kp Bmax Kp Bmax Kp Bmax Kp Bmax
(M) | (fmol/mg | (nM) | (fmol/mg | (nM) [ (fmol/mg [ (nM) | (fmol/mg
prot) prot) prot) prot)
U937 N 4.0+0.3 5216 2.840.3 6249 4.3+0.4 3343 1.5+0.1 | 235426
U937 H 44204 | 80£I10 | 2.540.2 5748 4.1£0.5 7346 2040.1 | 267+£28
HM N 2.840.3 8549 22403 | 10912 | 49403 | 173+15 | 4.520.5 | 254424
HM H 2.840.4 | 8310 | 23203 | 90x10 | 48+0.6 | 240+18 | 4.8+0.6 | 360+33
FC N 3.3+0.5 | 78«10 | 2.1£0.1 84+9 2.0+0.2 9018 1.740.1 | 250+30
FC H 3.7£0.6 | 102+12 | 2.240.1 7547 1.98£02 [ 140£12 | 2.320.1 | 275432
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Figure 6 - Time course of HIF-lo modulation induced by ado Effect of 100 umol/L Ado on
HIF-1a protein expression (panel A-C) in FC, HM and U%®Ts, respectively, in normoxia (N)
and hypoxia (H). HIF-f shows equal loading protein. Densitometric quanatiion of HIF-lu
western blots is the mean £ S.E. values (N=3); *Bs@ompared with 24 h normoxia in FC or with
2 h hypoxia in HM and U937 cells in the absenceAdb; #P<0.05 compared with cells in the

absence of Ado at each time.
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Figure 7 - HIF-1la DNA binding activity (panel A-C) in FC, HM and 39 cells, respectively, in
normoxia (N) and hypoxia (H). DNA binding activityata are means + S.E (N=3); *P<0.05
compared with 24 h normoxia in FC and U937 cellsvith 4 h normoxia in HM in the absence of
Ado; #P<0.05 compared with cells in the absenckdaf at each time.
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Figure 8 - Effect of actinomycin D (ActD) on HIF-In and HIF-2a in foam cells. Real-time
RTPCR analysis of HIFELmRNA level. Total RNA was extracted from cellsatred in the absence
or in the presence of Ado for 2, 4, 8, 24 h hypdedore and after addition of ActD (10 pg/ml).
Data were expressed as fold of increase vs coathotrarily fixed as 1 (cells in the absence of
Ado). *P<0.05 compared with control (A). Westermtbanalysis of HIF-& and HIF-2 protein
level after treatment with 100 pumol/L Ado in thesahce and in the presence of ActD.
Densitometric quantification of western blots ige timean + S.E. values (N=3); *P<0.05 compared
with control (cells in the absence of Ado) (B).
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Figure 9 - Effect of cycloheximide (CHX) on inducton of HIF-1a in foam cells.Western blot
analysis of HIF-& protein level. Cells were treated in hypoxia withor with 100 pmol/L ado for

4 hours, 1 pmol/L CHX was added to inhibit new Hikprotein synthesis, and incubation was
continued for 0.25, 0.5, 1, 2 and 4 h (A). Densigtme quantification of HIF-& western blots is the
mean + S.E. values (N=3); *P<0.05 compared withtradricells in the absence of Ado and CHX
treated in hypoxia for 4 h), # P<0.05 compared wihtrol (cells in the absence of CHX treated in
hypoxia plus Ado for 4 h) (B). Effect of CHX and@@mol/L rapamycin on HIF«. DNA binding
activity induced by ado in normoxia (C). Cells wdreated in normoxia without or with 100
pmol/L ado for 8 hours, 1 pmol/L CHX was added rthilbit new HIF-Lu protein synthesis, and
incubation was continued for 0.25, 0.5 and 1 hlsGeeére treated in normoxia without or with 100
pmol/L ado for 8 hours in the presence of rapamyunclear extracts were isolated and subjected
to a colorimetric assay. Means + S.E (N=3); *P<Ov@Bsus control (cells in the absence of CHX

treated in normoxia plus Ado for 8 h).
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Figure 10— Effect of AR ligands and ARs silencing on HIF-& protein increase. Effect of Ado

on HIF-1o protein accumulation and antagonism by 100 nm&#MRE 3008F20 (selective A
antagonist), SCH 58261 (selectivesAantagonist), DPCPX (Aantagonist) and MRE 2029F20
(selective Ag antagonist) (A). HIF-& accumulation in the absence (line 1, control) andhe
presence of AR agonists (nmol/L ) 10, 100 CHA @&onist, lines 2, 3); 500, 1000 CGS 21680
(A2a agonist, lines 4, 5); 10, 100 Compound 24g(Agonist, lines 6,7); 10, 100 CI-IB-MECA {A
agonist, lines 8, 9) (B). Ado effect on Hlfk-1in the absence (line 2) and in the presence of AiIRN
of A1, Aza, A2, Az ARs (lines 3, 4, 5, 6, respectively). Ado effettihe presence of siRNA ofiA
Aza, Asg, Az ARs together (siAdoRs) (line 7); cells transfelcteith control (C) ribonucleotides for
72 h (line 1) (C). Densitometric quantification western blots is the mean = S.E. values (N=3);

*P<0.05 compared with the control; **P<0.05 compuhvath Ado.
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Table 2-Affinity (Ki, nM) of selected adenosine recept@oaists and antagonists tqQ,Mza, Azs
and A; adenosine receptors.

Ay A A Aj Ref.
Agonists
CHA 3.5 812 = 1,000 83 7
CGS 21680 289 27 = 10,000 67 8
DPAZ23 8.5 | =1,000 7.3 iR4 9
Cl-IB-MECA | 220 | 5,360 | =100,000 1.4 8
A ntagonists
DPCPX 309 129 31 1,100 10
SCH 58261 a0 .1 =>10,000 | =10,000 [ 10
MRE 2020F20 | 200 | =1.000 5.5 =1.000 [ 10
MRE 3008F20 | 1.200 141 2,100 .82 10
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Figure 11 - ARs silencing by siRNA transfection in FC. Relative ARs mRNA
guantification,related t@-actin mRNA, by real-time RT-PCR; FC were transéelctvith SIRNA of
A1, Aoa, Az and A ARs (A-D, respectively) and cultured for 24, 4&af? h. Plots are mean +
S.E. values (N = 3); *P < 0.05 compared with thatad (time = 0). Western blot analysis using
anti A;, Ao, Azg and A receptor polyclonal antibodies (E-H, respectivebf)protein extracts from
FC treated with siRNA of each AR subtype and celtiufor 24, 48 and 72 h. Tubulin shows equal
loading protein. Specificity of adenosine recepRNAS (I). Western blot analysis using anti, A
Aa, Az and A receptor polyclonal antibodies of protein extrdoten FC transfected with control
ribonucleotides (ctr.) or with siRNA of each AR $yfiie and cultured for 72 h. Tubulin shows equal

loading protein.
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Figure 12 - Role of intracellular kinases in HIF-1o. modulation induced by AR activation FC
were treated with nmol/L 100 CHA , 500 CGS 216800 Compound 24, 100 CI-IB-MECA in the
absence (lines 5, 9, 13, 17, respectively) anthenpresence of (1 umol/L) U0126 (lines 6, 10, 14,
18, respectively), SB202190 (lines 7, 11, 15, E&pectively), SH-5 (lines 8, 12, 16, 20). Line
1(control), line 2 (U0126), line 3 (SB202190), lidg(SH-5) (A). Effect of ado agonists (nmol/L)
10, 100 CHA (lines 2, 3); 500, 1000 CGS 21680edi 4, 5); 10, 100 Compound 24 (lines 6, 7);
10, 100 CI-IB-MECA (lines 8, 9) on ERK1/2, p38daAkt phosphorylation (B). Densitometric
guantification of western blots is the mean + S&tues (N=4); *P<0.05 compared with the control.
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Figure 13- Effect of ado on VEGF and IL-8 secretionVEGF and IL-8 levels in FC treated with
100 umol/L Ado in the absence and in the preserick06 nmol/L DPCPX, SCH 58261, MRE
3008F20 and MRE 2029F20 (A, C). Role of 1 pmol/LKER, p38, Akt inhibitors and siRNA of
HIF-1a in VEGF secretion induced by Ado (B); siRNA of FHlo was compared with cells
transfected with control ribonucleotides for 72$iRNA). Role of 1 umol/L ERK1/2, p38, Akt and
siRNA of HIF-1lo and Ag receptors in IL-8 secretion induced by Ado (D)rddaphs are the means
and vertical lines S.E. of the mean of four segamtperiments performed in triplicate. *P<0.05
compared with control; #P<0.05 compared with ado.
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Figure 14 — Induction of FC formation by the U937 cells.Cells were stained for lipids with Oil
red O in parallel cultures by incubation in theeafise (A) or in the presence (B) of ox-LDL (50
pg/ml) followed by paraformaldehyde fixation. Effex 100 umol/L Ado on FC formation (C) and
effect of 100 nmol/L ARs blockers (D-G) and HIF4{lescing (H). Effect of Ag and A3 agonists on
FC formation (I-L). Cells were viewed under a btifleld microscope in 100 X fields using a
Nikon’s Eclipse E800 microscope. Bargraph data esged as the percentage of foam cells/total
number of cells plated, are the mean + S.E. vdNe8); *P<0.05 vs cells in the absence of oxLDL
(A); #P<0.05 vs cells in the presence of oxLDL (Bigure shows one representative experiment.

Cont-LDL (A) Cont+LDL (B) Ado 100 uM (C)
)
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DISCUSSION

Hypoxia, HIF-1 and macrophages in human atherastoteplaques are correlated with intraplaque
angiogenesis (Sluimer et al., 2008; Herrmann et28I06; Vink et al., 2007). Furthermore hypoxia
stabilizes HIFs and leads to the accumulation of @kmenza 2001; Paul et al., 2004; Sluimer et al
2008; Jiang et al., 2007; Wang et al., 1996; Con2@93/2004; Kim et al., 2006; Loboda et al.,
2006; Jacobson et al., 2006; Yu et al., 2003; Getsal., 2004,2007; Kruth et al., 2002; Higuchi et
al., 1993; Merighi et al., 2005; Kalayoglu et dl998; Baraldi et al., 2007; Herrmann et al., 2006;
Vink et al., 2007; Blay et al., 1997). This stuayports, for the first time, that ado increases HiF-
protein levels in U937, HM and FC in hypoxia asalty observed in cancer cells (Merighi et al.,
2005, 2006, 2007). A and A subtypes play a major role in the VEGF increase B@dormation
and only the Ag is responsible for IL-8 stimulation induced by adgine. The normoxic
modulation of HIF-& by ado was only barely appreciated by means ofeneslotting experiments.
However, by evaluating the HIF-1 DNA binding adyithrough an ELISA assay, ado was able to
induce a significant increase of this response ypokia and a lower but significant effect in
normoxia, according to the elegant study by De iPeinal. (De Ponti et al., 2007). This result also
suggests that, in the case of low signals, ELISAr@gch on nuclear extract is more sensitive than
western blot on whole cell extracts. The possipiiitat the nucleoside could increase HiE¢gene
expression in normoxia was rejected due to the tdakRNA modulation induced by ado, whilst
addition of the protein translation inhibitor CHEwvealed an effect on protein stability that was not
detectable under hypoxic conditions. Furthermodgliteon of rapamycin, reduced the nucleoside
effect on HIF-1 DNA binding activity in normoxiayggesting that adenosine may play a role also in
protein translation (De Ponti et al., 2007). In &xya, our results with inhibitors of transcriptiand
translation suggest that ado stimulates Hifptotein levels essentially by increasing transtatias
transcription and stability did not appear to kerad by the nucleoside, according to what reported
in cancer cells (Merighi et al., 2005, 2006, 200iMe role of ARs in the nucleoside regulation of

HIF-1a was investigated by using ARs blockers. DPCPX, 8261, MRE 2029F20 and MRE
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3008F20, used at 100 nmol/L, a dose that may bsidered selective for AAza, Azg and A ARS,
(Baraldi et al., 2008) respectively, were ableaduce HIF-& protein accumulation induced by ado.
The involvement of all ARs was also confirmed bg thcrease of HIF-d protein levels induced by
high affinity AR agonists like CHA, CGS 21680, Coound 24 and CI-IB-MECA for A Az, Azs
and A3 ARs, respectively. Furthermore, we found that sileg of Ay or Axa or Azg or A ARS was
able to reduce HIFdl modulation induced by ado and that the simultasdawcking down of all
four ARs abrogated the ado effect. Addition of oXLBid not modify the responses of FC versus
macrophages and U937 cells but we concentratedCobdeause the effects of ado modulation of
HIF-1a in this cellular type, crucial in atherosclerosiaye not been addressed before. However ox-
LDL are recognized by different receptors than maly-oxidized LDL (mm-LDL) and it is likely
that alternative LDL ligands such as mm-LDL mighawh different effects, with greater relevance to
atherosclerosis (Boullier et al., 2006). Differeateptor subtypes have been reported to play a role
in the ado-induced HIFelaccumulation depending on the cellular model itigated (Merighi et
al., 2005, 2006, 2007; De Ponti et al., 2007; Raatrean et al., 2007; Alchera et al., 2008; Wendler
et al., 2007). The results of this study suggest ItHF-1o. accumulation may be triggered by all ARs
in FC analogously to their effect in activating ethntracellular signalling factors like ERK1/2
(Schulte et al., 2000). For example the ado-indwasttvation of myocardial ERK1/2 by statins has
been found to involve A Aza and Ag ARs in mice (Merla et al., 2007). It is well knowmat HIF-1
expression and activity, in addition to, @oncentration, are also regulated by importanhadig
transduction pathways including those involving ERIKPK and Akt (Semenza 2002). As these
pathways are also modulated by ado, our aim was/estigate the intracellular signalling triggered
by this nucleoside in HIFel modulation. Our results show the involvement BKE/2, p38 MAPK
and Akt phosphorylation, whilst the CI-IB-MECA effewas abrogated only by U0126. Indeed A
Aza and Ag receptors activate ERK1/2, p38 MAPK and Akt, while As subtype was involved in
the modulation of ERK1/2. Several studies demotesira link between ado and HIF-1 at first in

human cancer cell lines and then also in murineropd@ges and in liver cells (Merighi et al., 2005,
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2006, 2007; Ramanathan et al., 2007; Alchera ¢2@08). In most of these cases its accumulation
was related to an increase of VEGF, which regulateportant functions associated with
angiogenesis. According to these results we fotadl ado increased VEGF levels throughaAd
A,g receptors and to a lesser extent by thg gubtype and was dependent by HiE-pERK1/2,
pp38 MAPK and pAkt. Recently, it has been repottead HIF-1 is also linked to IL-8 expression in
human endothelial cells, (Kim et al., 2006) whdsiter authors point to different mechanisms of IL-
8 regulation (Loboda et al., 2006) IL-8 is anotbrrcial angiogenic factor found to be expressed by
FC in human atheroma (Murdoch et al., 2005; Wangl.et1996) and is also modulated by ado in
different cellular models by activation of,#ARs (Feokistov et al., 2003). In this study we fdun
that ado increased IL-8 secretion in hypoxic FCotigh activation of the only A subtype.
However, in agreement with other authors, its matioh was not dependent by Hik-1
accumulation suggesting that other transcriptianois, possibly AP-1, may be involved (Loboda et
al., 2006). Finally, as HIF-1 has been demonstraig@tomote FC formation (Jiang et al., 2007), we
evaluated the involvement of ado in FC developmé@nr results clearly demonstrate that ado
increases FC formation and that this effect isngfiy reduced by Aand Ag antagonists and by
silencing HIF-Li; this suggests that under hypoxic conditions, bgoncreasing HIF-d, through
activation of A and Ag ARs, promotes FC formation. The marginal rolenaf A4 antagonist in the
modulation of this effect may be in line with reteelevant studies carried out by Reiss and
Cronstein. These authors demonstrated thatagonists in normoxic conditions inhibited foamlgel
formation in stimulated THP-1 macrophages by insireg expression of cholesterol 27-hydroxylase
and adenosine 5'-triphosphate-binding cassettesjpater Al, that are proteins involved in reverse
cholesterol transport (Reiss et al., 2004). Theesanthors demonstrated thagaAeceptors were
responsible for the atheroprotective effects indumg methotrexate (Reiss et al., 2008). Therefore i
seems that adenosine by regulating FC may play &atihor pro-atherogenic effects depending on

the receptors activated and the oxygen conditioasant.
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Altogether, these data suggest that in hypoxic itimmd ado, through Aand Ag ARs activation,
induces HIF-& protein accumulation thus leading to an increas&BGF secretion and of FC
formation; in addition the 4 subtype is responsible for IL-8 accumulation. Ef@re AR
antagonists and in particulas And Ag or mixed A/A,g blockers may be useful in order to block

important steps in the atherosclerotic plaque agrakent mediated by ado.
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