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INTRODUCTION



Adenosine

The endogenous nucleoside adenosine, is composed of a molecule of adenine attached to a

ribose sugar molecule (ribofuranose) via a B-N9-glycosidic bond (Figure 1).
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Figure 1. Chemical structure of adenosine

The purine nucleoside adenosine is a ubiquitous molecule whose importance for human
health cannot be overstated. Indeed, it is the backbone of ATP and regulates the functions
of every tissue and organ (Borea et al., 2014), mainly, but not solely, through the activation
of a family of four GPCRs, A, Aza, Asp, and As. Interestingly, the A; and As subtypes
have an inhibitory effect on adenylyl cyclase (AC) activity, while A and A,p stimulate it,
with a consequent modulation of cyclic AMP levels (Fredholm, 2010). Although the
affinity of adenosine for these receptors may vary, depending on the type of test used to
evaluate it (Lane et al., 2011), adenosine seems to present a higher affinity for A;, Aya, and
Az than for the Ajg subtype (Fredholm ef al., 2011a). Adenosine can be produced
intracellularly, through the hydrolysis of AMP or S-adenosyl-homo- cysteine (SAH) by an
intracellular  50-nucleotidase or SAH hydrolase, respectively. However, ATP
dephosphorylation, orchestrated by the ectonucleoside triphosphate diphosphohydrolase
CD39 and the 50-nucleotidase CD73, is the main mechanism behind high extracellular
adenosine levels (Gessi et al., 2011a; Antonioli ef al., 2016) . The bioavailability of
adenosine depends upon its transformation to inosine through adenosine deaminase
(ADA), of which there are intracellular and extracellular forms, and/or intracellular
transport via nucleoside transporters. Once inside the cell, adenosine is phosphorylated to

AMP or degraded to inosine by adenosine kinase (ADK) and ADA, respectively.

The formation of adenosine is strictly dependent on the metabolic state of a cell. Normally,
the extracellular concentration of adenosine spans the low nanomolar range, but its levels
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rise during conditions involving increased metabolic demand and/or lack of oxygen; for
example, pathological states, such as epilepsy, ischemia, pain, inflammation, and cancer.
The physiological actions of adenosine all tend to redress an imbalance between energy
demand and availability, earning it the reputation of a ‘retaliatory metabolite’ (Fredholm et
al., 2011b). Adenosine-mediated tissue protection and, as a consequence, preservation of
organ function, involves four main mechanisms, namely increasing and/or rebalancing the
oxygen supply: demand ratio, preconditioning, anti-inflammatory effects, and stimulation

of angiogenesis (Linden, 2005).

Adenosine Receptors

A;ARs

A;ARs are widely distributed not only in the central nervous system (CNS) but also in
peripheral tissues (Baraldi ef al., 2008). Adenosine by the A;AR activation produces
inhibition of neurotransmitter release and induces neuronal hyperpolarization mediating
sedative, anticonvulsant, ansiolitic and locomotor depressant effects (Gessi, Merighi,
Varani, et al.,, 2011a). Literature evidence indicated the involvement of A;ARs in
controlling pain transmission producing anti-nociceptive effects in various animal models
(Romagnoli et al., 2008; Kiesman et al., 2009; Schmidt et al., 2009; Sowa et al., 2010b).
In the cardiovascular system, A;ARs mediate negative chronotropic, dromotropic and
ionotropic effects suggesting the potential use of A;AR agonists as cardioprotective agents
and for the treatment of arrhythmias and atrial fibrillation (Elzein and Zablocki, 2008). In
the kidney, A;ARs mediate vasoconstriction, decrease glomerular filtration rate, inhibit
renin secretion and their inhibition could represent a novel strategy for the treatment of
hypertension and edema (Vallon and Osswald, 2009). The role of adenosine in regulating
the respiratory system is well known and elevated levels of adenosine have been found in
bronchoalveolar lavage (BAL), blood and exhaled breath condensate of patients with
asthma and chronic obstructive pulmonary disease (COPD). A AR antagonists could be
also used in asthma and in COPD since adenosine induces acute bronchoconstriction via

stimulation of A;ARs (Caruso et al., 2009; Wilson et al., 2009).

Az AARS

It is well known that A;oARs are found ubiquitously in the body, and their expression is
highest in the immune system and the striatopallidal system in the brain (Fredholm et al.,

2001; Jenner et al., 2009). Several studies have suggested the possible involvement of
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As4ARs in the pathogenesis of neuronal disorders, including Huntington’s disease (HD)
and Parkinson’s disease (PD). In particular it was demonstrated an aberrant increase of
AsaAR density in peripheral blood cells of Huntington’s disease and PD patients in
comparison with age-matched healthy subjects (Varani et al., 2007; 2010c). Accordingly,
A antagonists currently constitute an attractive non-dopaminergic option for use in the
treatment of PD (Dalpiaz et al., 2012). Furthermore, it is well established that the selective
block of adenosine A5 receptors is protective in different in vivo models of cerebral
ischemia (Maraula et al., 2013).

Adenosine has important protective effects on the cardiovascular system. Activation of the
AspAR  subtype on coronary smooth muscle cells, endothelial cells, and
monocytes/macrophages results in vasodilation, neoangiogenesis and inhibition of pro-
inflammatory cytokines production (Belardinelli et al., 1998; Gessi et al., 2000). An up-
regulation of A;sAR was found in peripheral circulating cells of end-stage chronic heart
failure patients (Varani et al., 2003b). Literature evidence reports an important role of
AsAARs in chronic airway diseases as suggested by the genetic removal of A;5AR that
leads to enhanced pulmonary inflammation, mucus production and alveolar airway

destruction (Mohsenin et al., 2007).

AzBARS

AAR is expressed in the brain, spleen, lung, colon, heart and kidney, where it is
primarily localized to the vasculature (Grenz et al., 2008). AsAR expression has been
detected in vascular endothelium and smooth muscle cells where it has been implicated in
the regulation of vascular tone through receptor-mediated vasodilatory effects (Feoktistov
and Biaggioni, 2011). Activation of A;gARs prevent cardiac remodeling after myocardial
infarction and exert protective effects from infarction in ischemic post-conditioning
(Methner et al., 2010). Degranulation of mast cells and subsequent mediator release is an
important component of the bronchoconstriction observed in asthma (Bradding et al.,
2006; Ryzhov et al., 2008). Importantly, investigation of ARs on mast cells implicate
AssAR signaling in degranulation and mediator release (Sun ef al., 2006). Identification of
AsAR signaling as potential pathway in the pathogenesis of asthma prompted its
investigation in other chronic conditions affecting the lung, including COPD and idiopathic
pulmonary fibrosis (Zhou et al., 2009). It has been proposed a protective role for A,AR
antagonists in the resolution of pulmonary infiammation and fibrotic processes
(Zaynagetdinov et al., 2010; Zhou et al., 2010). In addition, it has been observed that

AssARs are down-regulated in COPD patients most likely due to oxidative/nitrosative
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stress (Varani et al., 2010a). It has been also reported that A,gARs in intestinal epithelial

cells mediated Cl secretion through an increase in cyclic AMP levels (Gessi et al., 2011).

A3;ARSs

The tissue distribution of A3ARs has been well investigated and suggests that these
receptors are primarily expressed in lung, liver and immune cells. A minor expression of
A3ARs is reported in kidney, heart, brain and gastrointestinal tissues (Fredholm et al.,
2000). The role of A3ARs in several pathophysiological conditions is often controversial
even if they may contribute to neurotransmission (Boison, 2007). A pro-convulsant effect
of A3ARs has been observed in the immature brain suggesting the possibility to facilitate
seizure-induced neuronal damage (Boison, 2008). A nociceptive role for A;ARs involving
both CNS and pro-inflammatory effects in peripheral tissues has been highlighted (Yoon e?
al., 2006). Moreover, prolonged A3AR stimulation is able to transform the effects from
protective to injurious increasing the excitotoxicity (Chen et al., 2007). Glial A3AR
activation by high adenosine levels, caused by a brain injury, may be implicated in
neuroinflammatory tissue responses (Hammarberg et al., 2004). There is also evidence that
A3ARs enhance cellular anti-oxidant capacity that contribute to vasoprotection and reduce
cardiac myocyte death, suggesting a strong support for an As-dependent cardioprotective
response including the reduction in infarct size, inhibition of apoptosis, and improvements
in post-ischemic contractile function (Zhai et al., 2011). Moreover, A3ARs stimulate
vascular growth acting with A;gARs to promote angiogenesis via the expression of
angiogenic factors in mast cells or stimulate HIF-1a and vascular endothelium growth
factor (VEGF) expression (Merighi et al., 2007). Transcript levels for the A3ARs are
elevated in lung biopsies of patients with asthma or COPD where mediated the inhibition
of eosinophil chemotaxis (Reeves et al., 2000; Kay, Phipps and Robinson, 2004). In
contrast, mice treated with selective Az antagonists resulted in a marked attenuation of
pulmonary inflammation, reduced eosinophil infiltration into the airways and decreased
airway mucus production (Young et al., 2004).

Adenosine is present at high concentrations in cancer tissues and in the interstitial fluid of
several tumors, at concentrations sufficient to interact with ARs (Gessi et al., 2011a).
A3ARs are present in different types of tumor cells and are involved in the tumor growth,
in the regulation of cell cycle and mediate both pro and anti-apoptotic effects closely
associated with the level of receptor activation (Gao et al., 2001; Gessi et al., 2001, 2007).
AsAR density was upregulated in colon carcinoma tissues closely correlated to the disease

severity. In addition the alteration of A3;ARs reflected a similar behavior shown in
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lymphocytes or neutrophils derived from colon cancer patients, suggesting that these
receptors may represent an interesting biological marker (Borea ef al., 2009).

ARs are present in many cell types including platelets, lymphocytes, eosinophils,
neutrophils, mast-cells and macrophages where they mediate pro- and anti-inflammatory
effects (Varani et al., 2003a; Varani et al., 2006, 2010d). Several authors have
demonstrated that human circulating blood cells (platelets, lymphocytes, neutrophils)
reproduce the same receptor alterations known to be at the basis of specific diseases mainly
in the cardiovascular system and CNS (Varani et al., 2003b; Capecchi et al., 2005; Varani
et al., 2007; Gessi et al., 2011). As a consequence, peripheral blood cells could represent
an useful and easily available model to monitor receptor changes during the course of
chronic rheumatic inflammatory diseases and to assess the efficacy of specific

pharmacological treatments (Varani et al., 2009, 2010b, 2011b)

Adenosine in disease states

Adenosine and epilepsy

There is a huge body of evidence showing that adenosine is an inhibitory modulator of
brain activity, and its anticonvulsant effects, mediated by both receptor-dependent and -
independent pathways, have been demonstrated in several experimental models of epilepsy
(Boison, 2016). The ability of adenosine to prevent or ameliorate seizures induced by
pentylenetetrazole, pilocarpine, NMDA, bicuculline, organophosphate treatment, and
electrical stimulation has been attributed essentially to AjAR activation, which inhibits
presynaptic excitatory neurotransmitter release and hyperpolarises the postsynaptic cell
membrane (Masino et al., 2014). Indeed, upregulation of the A;AR has been reported as a
consequence of spontaneous seizures triggered by electrical stimulation (Hargus et al.,
2012). Furthermore, both upregulation of the protective AjAR and downregulation of the
proconvulsant A;4AR subtype have been shown in the cerebral cortex after hyperthermia-
induced seizures, suggesting the existence of a specific neuroprotective mechanism (Ledn-
Navarro et al., 2015). The same study also showed a concomitant reduction of the
adenosine-generating 50-nucleotidase, suggesting that this is the means by which the Asx
receptor effects of adenosine are attenuated, enabling adenosine to fulfil its protective role
in epilepsy. Interestingly, activation of the A; receptor subtype has been linked to the
antiepileptic effects of a ketogenic diet, a low-carbohydrate, high-fat diet protocol
prescribed to treat epilepsy (Masino et al., 2011, 2012). Furthermore, ketogenic diet has

been shown to increase adenosine levels and reduce DNA methylation (Lusardi et al.,
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2015). This follows, because adenosine exerts receptor-independent effects in DNA
methylation homeostasis (Williams-Karnesky et al, 2013). This process, triggered by
DNA methyltransferases and mediated by S-adenosylmethionine (SAM)-dependent
transmethylation of DNA, results in the production of adenosine, whose removal via ADK
increases the transmethylation pathway potentially implicated in epileptogenesis (Kobow
and Bliimcke, 2012). Indeed, ADK is overexpressed in epileptogenic brain areas, where it
induces seizures. This would seem to suggest the use of ADK inhibitors in epilepsy
therapy, but, unfortunately, the chronic systemic use of these agents leads to liver toxicity,
as well as cognitive and sedative adverse effects (Boison, 2013). Therefore, it is vital to
find alternative strategies for increasing adenosine levels in epilepsy. To this end, gene
therapy directed to ADK through an antisense oligonucleotide is being explored as a means
of conserving adenosine by reducing ADK expression (Theofilas et al., 2011; Boison and
Aronica, 2015). Promisingly, adenosine has also been delivered directly to the brain
ventricles of epileptic rats, thereby reducing DNA methylation and slowing disease
progression (Williams-Karnesky et al., 2013). Although there is still much work to be
done, there is every indication that agents able to increase adenosine availability may have

a place in the future treatment of epilepsy.

Adenosine and ischemia

Adenosine appears to have a role as an endogenous mediator of neuroprotection in the
homeostatic response to changes occurring during ischemia and stroke (Pedata et al.,
2016). ARs are important targets for therapeutic implementation in the treatment of stroke
because extracellular adenosine concentrations increase dramatically soon after ischemia
(Melani et al., 2014). Indeed, by activating A;ARs, this nucleoside hinders Ca* influx,
thereby inducing presynaptic inhibition and a reduction in the release of excitatory
neurotransmitters. In addition, it increases the conductance of K™ and CI  ions, mediating a
fall in neuronal excitability and having a key role in ischemic preconditioning (IP) (Boison
and Shen, 2010; Ciruela ef al., 2012). By these means, adenosine is able to reduce cellular
metabolism and energy consumption in ischemia within a few hours. Moreover, during a
later phase of ischemia, (i.e., in the hours and days after the insult), adenosine also exerts
beneficial peripheral effects via activation of the A,oAR. The ability of AyoAR activation
to inhibit platelet aggregation, mediate vasodilation, restrict leukocyte infiltration, and curb
the inflammatory response is crucial for attenuating neuroinflammation after ischemia
(Boison and Shen, 2010). By suppressing neuroinflammation, A sARs may also produce

positive effects on neurogenesis, and those located in the CNS are also known to provide a
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degree of neuroprotection against brain ischemia through the increase of neurotrophic
factors, such as nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF),
which act to restore brain activities (Gomes et al., 2013). Furthermore, adenosine may
limit hypoxia-triggered inflammation and vascular damage in ischemia via stimulation of
Asp and A3;ARs slowing neutrophil infiltration, promoting angiogenesis, and inhibiting
migration of the microglia and monocytes in ischemic areas (Pedata ef al., 2014). Brain IP,
a process by which repeated short, sublethal insults protect the tissue against subsequent
ischemic damage, is an appealing therapeutic approach against stroke. However, the
molecular mechanisms underlying IP, which include NMDA glutamate receptors, nitric
oxide synthase, cytokines, oxidative stress, and inhibition of immune cells, have only been
partially defined. Nevertheless, adenosine is known to be an important mediator of this
phenomenon, acting by triggering A; receptors, which are able to reduce glutamatergic
excitotoxicity induced by overstimulation of NMDA receptors (Constantino et al., 2015).
The protective effect of IP has also been observed in other tissues, particularly the heart, in
which it has been most widely investigated, and where it has been found to act by
stimulating A, A,p, and A3;ARs. The molecular mechanism of cardioprotection induced by
A1ARs has been attributed to the regulation of mitochondrial ATP-dependent K" channels
through activa-tion of protein kinase C (PKC). This prevents the destruction of the
mitochondrion and consequent cell death in myocytes (Iliodromitis et al., 2014). The
protective effects of A,gAR have been attributed to its ability to stabilise the circadian
transcription factor period (Per)2, thereby flicking a HIF-1-dependent metabolic switch
essential for the adaptation of myocytes to ischemia by promoting more oxygen-efficient
utilisation of carbohydrates (Eckle et al., 2012; Eltzschig et al., 2013). Moreover, A;sAR
signalling has recently been ascribed different cardioprotective functions through its
actions in several different tissues. Indeed, its effects in IP are exerted through vascular
endothelial cells and cardiac myocytes, while its actions on inflammatory cells are critical
for attenuating reperfusion injury after ischemia (Seo et al., 2015). However, another
critical cardioprotective effect of adenosine during IP has been observed in cardiac mast
cells, in which both A,g and A3;AR subtypes trigger a signalling cascade of PKC-€ and
aldehyde dehydrogenase type 2. This prevents renin release from mast cells and, therefore,
the dysfunctional consequences of the local renin-angiotensin system activation
responsible for reperfusion arrhythmias (Koda et al., 2010). However, it is difficult to
exploit IP as a therapy because it is not usually possible to anticipate an ischemic event
before it occurs. It is also unfeasible to maintain IP indefinitely as a prophylactic treatment.

Nevertheless, there is significant evidence that A;AR activation exerts a cardioprotective
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effect, both before ischemia and during reperfusion (Gessi et al., 2008; Wan et al., 2011;
Du et al., 2012; McIntosh and Lasley, 2012; Cheong et al., 2013). Postischemic protection
may occur through the inhibition of either neutrophil-induced reperfusion injury or
apoptotic cell death in myocytes (Ge et al, 2010; Hussain et al, 2014). The
cardioprotective effect of one A3;AR agonist, IB-MECA, was recently attributed to A;AR
desensitisation, and the indirect activation of A,4ARs on bone marrow-derived cells. This
suggests that blockade of reperfusion injury by A,oAR agonists added at reperfusion is a
promising strategy (Tian et al., 2015). Indeed, the beneficial role of A;5ARs has been well
described. Treatment with A;oAR agonists has been reported to reduce tissue injury during
reperfusion in different organs, including the liver, kidney, lung, heart, skin, and spinal
cord, by reducing the neutrophil accumulation, proinflammatory cytokine/oxygen free
radical release, endothelial cell activation, microvascular occlusion, and platelet
aggregation that can exacerbate tissue injury during reperfusion of previously ischemic
tissues (Patel et al., 2009; Johnston-Cox and Ravid, 2011; Chhabra ef al., 2012). Therefore,
adenosine or compounds modulating adenosine signalling represent a promising
therapeutic means of both protecting the myocardium and enhancing its recovery after
reperfusion (Fordyce et al., 2015). In fact, encouraging results, in the form of a lower rate
of microvascular obstruction, have been already obtained in a randomised, placebo-
controlled trial entitled ‘Intracoronary Nitroprusside Versus Adenosine in Acute
Myocardial Infarction’ (REOPEN-AMI) (Niccoli ef al., 2013; Nazir et al., 2014; Niccoli et
al., 2014). In light of this, a clinical trial to assess the cardioprotective effects of adenosine
administration, in terms of reducing infarct size in patients with acute myocardial
infarction (MI), is currently underway. An attenuation of ischemic reperfusion injury has
been reported in the lung, in which treatment with A, Az, or A3AR agonists significantly
improved organ function, reducing neutrophil infiltration, oedema, and the production of
tumour necrosis factor alpha (TNF-a) (Gazoni et al, 2010). These findings were
corroborated by various recent studies showing that activation of A, Aza, Azp, or A3ARS
improved lung function and decreased inflammation, oedema, and neutrophil chemotaxis
after ischemia and reperfusion (LaPar ef al., 2011; Fernandez et al., 2013; Hoegl et al.,
2015). Likewise, beneficial effects have been attributed to the activation of A, and
A,ARs in mouse models of kidney and hepatic reperfusion injury, through mechanisms
involving the inhibition of natural killer T cell activation and nuclear factor kB (NF-«xB),
respectively (Grenz et al., 2011; Li et al., 2012; Zimmerman et al., 2013). Interestingly,
AAAR activation has also been found to trigger an increase in ATP production in

hepatocytes and sinusoidal endothelial cells, thereby redressing the metabolic alteration
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induced by ischemic reperfusion injury and increasing the availability of enzymes
necessary for energy production (Mandili et al., 2015). Furthermore, inhibitors of
nucleoside transporters have been ascribed a protective function in a model of renal
ischemia, enrolling A;gARs in vascular endothelia and thereby increasing adenosine
signalling (Grenz et al., 2012a). More recently, an increase in VEGF induced by A;gAR
activation has also been associated with the reversal of renal dysfunction (Patel and
Thaker, 2014). As a whole, these results present a compelling case for adenosine agonists
as potential therapeutic agents in strategies for the prevention of reperfusion injury after
organ transplant, a planned insult to the body that allows for an anticipatory care and/or
immediate after-care strategy that is not feasible with injuries of sudden onset, such as

stroke or ML

Adenosine and neurodegenerative diseases

There is a well-established allosteric relationship between striatal A;oARs and dopamine
D, receptors, supported by evidence that A;sARs activation is responsible for the
decreased affinity of agonist binding to D, receptors (Ferre et al., 1991). This represented
the first proof of concept for the therapeutic utility of A,s receptor antagonists in PD
(Armentero et al., 2011; Preti et al., 2015; Ferré et al., 2016). Interestingly, the well-known
epidemiological consideration that caffeine protects against PD has been confirmed in an
animal model of PD and attributed to AysARs antagonism (Ross et al., 2000; Ascherio et
al., 2001, 2004; Xu et al., 2016). A;pARs and D, receptor heteroceptor complexes have
been detected in cellular models and in the striatum (Borroto-Escuela ef al., 2010, 2011,
2013; Varani et al., 2010c; Trifilieff et al., 2011; Bonaventura et al., 2015). As the
receptors show antagonistic interactions at bothmembrane and intracellular signalling
levels, dopamine depletion may be responsible for an overactivation of A;4ARs and the
consequent symptoms of PD (Peterson et al., 2012). Therefore, antagonists of A,oARs are
beneficial for the improvement in motor function in different animal models of PD, as they
attenuate the inhibition exerted via AsARs on the effects of D, receptors in the gabaergic
striato-pallidal neurons (Fuxe et al., 2015). Recently, pharmacological data have suggested
a new model that indicates A;ARs and D, receptor heteromers form heterotetramers, which
consist of AxaARs and D, receptor homodimers. This model supports the evidence that, at
high concentrations, A,aARs antagonists exert the same effects as A,aARs agonists, thus
reducing D, receptor-mediated activity in neurons; these findings could be important from
a clinical point of view, when the use of A;sARs antagonists is being considered for

therapy (Bonaventura et al., 2015). Even though the development of A;4,ARs antagonists
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as new drugs for PD treatment has encountered several obstacles in the clinic,
istradefylline has recently been registered in Japan, as it has been found to decrease the
“off time” when used in combination with levodopa (L-DOPA). However, it has not
receive approval by the American Food and Drug Administration, due to the lack of
significant improvement in the phenomenon of “wearing off” in comparison with L-
DOPA. Other potential new drugs like preladenant and vipadenant have failed in phase III
clinical studies for PD (Navarro et al., 2016; Oertel and Schulz, 2016). The reasons for
which these drugs failed were the lack of significant benefits of preladenant combined with
L-DOPA when compared to L-DOPA alone, while vipadenant was found to have toxic
effects. It has been hypothesized that administration of this class of compounds should start
as early as possible to avoid a structural change in the A;oARs—D; receptor heteroceptor
complexes that may induce dyskinesias and the onset of “off time” caused by L-DOPA
(Fuxe et al., 2015). Another pharmacological approach for PD treatment is suggested from
the results obtained with bivalent drugs acting at A,nARs—D; receptor complex (Soriano et
al., 2009), with integrated dual acting ligands having an improved efficacy in preliminary
BBB permeability tests (Jorg et al., 2015). Recently, a novel protective effect of A,oARs
antagonists has been attributed to the modulation of a-synuclein (aSyn) effects, as o-
synuclein-induced damage to striatal neurons was clearly reduced in A;yARs KO mice and
AsaARs antagonists prevented the neurotoxicity related to a-synuclein aggregation. These
results provide additional evidence in support of antagonists as effective drugs for the
treatment of PD and related synucleinopathies (Kachroo and Schwarzschild, 2012). The
use of A,sARs antagonists has been found useful in other pathologies involving neuronal
dysfunction including HD and Alzheimer’s disease (AD) as well as major depression and
schizophrenia, epilepsy, acute and chronic stress, restless legs syndrome (RLS) and
memory fear (Canas ef al., 2009; Batalha et al., 2013; Cunha, 2016; Kriigel, 2016; Quiroz
et al., 2016). Different studies have reported an up-regulation of A;AARs in animal models
of HD, and recently, it has been shown that A;4sARs antagonists block working memory
deficits at early stages of HD models (Li et al., 2015). Hyperactivation of both D; and
AsaARs has been found in HD striatum where D; plus A;sARs antagonists reduced PKA
activity, which is involved in hippocampal-dependent cognitive dysfunction in HD, further
supporting a therapy based on A;ARs blockade. Nevertheless, evidence in favour of
AsaARs activation as a strategy for HD treatment has also been reported (Gomes et al.,
2011; Martire et al., 2013; Tyebji et al., 2015). In addition, a positive action of ApARs in
the early phases of neurodegeneration has been attributed to the presynaptic facilitation of

GABA transmission exerted by A;sARs agonists, involving brain-derived neurotrophic
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factor—tropomyosin receptor kinase B in the hippocampus (Colino-Oliveira et al., 2016). A
change in the pattern of adenosine receptors with a decrease in A; and an increase in
AsAARs has been also detected in AD. As a consequence A;aARs antagonists have been
found to prevent neuronal death and the decrease in astrocytic glutamate uptake, caused by
an amyloid-B (AB) fragment, that may be responsible for excitotoxicity in AD (Canas et
al., 2009; Matos et al., 2012). Importantly, it has been shown that humans with AD have
increased levels of A;4ARs in astrocytes. Also, in young and aging mice, their genetic
removal increased long-term memory and increased the levels of an immediate-early gene
necessary for memory (Orr ef al., 2015). Furthermore, deletion of Ay4ARs has been shown
to have a protective effect from spatial memory and hippocampal long-term depression
caused by Tau pathology (Laurent et al., 2016). In addition, A;pARs are up-regulated in
CA3 synapses at early stages of AD and their antagonism reversed the block of long-term
synaptic potentiation in a mouse model of AD amyloidosis (Viana da Silva et al., 2016).
Caffeine has been found to have a protective effect against cognitive impairment in both
human and animal studies (Maia and de Mendonga, 2002; Smith, 2009; Santos et al.,
2010). Furthermore, caffeine reduced plasma and brain AP levels in an animal model of
AD and prevented memory deficits caused by AP administration (Dall’Igna et al., 2007;
Cao et al., 2009). Interestingly, the initial findings of a case—control study were the first to
demonstrate that caffeine/coffee consumption is associated with a reduced risk, or delayed
onset, of dementia (Cao et al., 2012). Therefore, it seems that caffeine, the most popular
and widely used drug in the world, by antagonizing the effects of adenosine, retains a big
potential to counteract different neurodegenerative diseases (Woods et al., 2016). Due to
their modulation of glutamatergic and monoaminergic transmission in the striatum,
A»aARs may also be involved in depression (Kriigel, 2016). In behavioural animal models,
A aARs antagonists produced antidepressant effects (El Yacoubi ef al., 2003; Hodgson et
al., 2009). However, istradefylline was found to exert them independently from
monoaminergic transmission (Yamada et al., 2014a,b). Furthermore, caffeine or selective
AaARs antagonists reversed the performance deficits in reserpine-treated rats and
prevented mood and memory dysfunctions induced by chronic stress (Batalha et al., 2013;
Kaster et al., 2015; Minor and Hanff, 2015). In addition, in a broad-based model of
depression mediated by an increase in hippocampal A;sARs, which control synaptic
glutamatergic function, caffeine was able to prevent memory, but not mood, deficits
(Machado et al., 2017). Overall, based on the progress obtained in clarifying the molecular
mechanisms underlying CNS diseases, adenosine reveals its bad side essentially through

the activation of A;AARs, which may be considered as targets of therapeutic strategies and
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may represent a promising future in the battle against a wide spectrum of unmet central

diseases.

Adenosine and pain

Adenosine has been recognised as a potent antinociceptive agent in several different
preclinical models of chronic pain and, therefore, is undergoing clinical trials for chronic
regional pain syndrome, as well as perioperative and neuropathic pain (Zylka, 2011; Rauck
et al., 2015). Indeed, in the spinal cord and periphery, adenosine has been shown to reduce
neuronal activity and, therefore, pain, through its activation of the A;ARs. These results
are consistent across several experimental pain models, including formalin-induced
inflammation, carrageenan-triggered arthritis, hyperalgesia following surgical incision,
neuropathic pain caused by spinal nerve ligation and chronic constriction injury, pain after
spinal cord injury, and diabetic neuropathy provoked by streptozotocin (Zylka, 2011;
Sawynok and Reid, 2012; Sawynok et al., 2013; Sawynok, 2016). Antinociceptive effects
have been demonstrated for several different AjARs activator types, specifically agonists
in microglial cells, partial agonists and allosteric enhancers in acute and neuropathic pain
models, and ADK inhibitors in chronic pain (Romagnoli et al., 2010; Sowa et al., 2010a;
Luongo ef al., 2014; Vincenzi et al., 2014; Imlach et al., 2015; Otsuguro et al., 2015).
Moreover, a recent study on A;ARs-knockout (KO) mice, previously reported as mice with
an increased nociceptive response, indicated that inosine behaves as an agonist for AjARs,
furnishing antinociceptive effects at a potency similar to adenosine itself (Nascimento et
al., 2015), even though inosine may also act by competing with adenosine for nucleoside
transport, thereby increasing its extracellular levels. The molecular mechanisms triggered
by A1ARs that lead to antinociception include inhibition of cyclic AMP, PKA and Ca*"
channels, activation of K’ currents, and interactions with phospholipase C, inositol
triphosphate, diacylglycerol, and B-arrestin pathways (Chen et al., 2014). Interestingly,
recent studies demonstrated a role for A;ARs in the mediation of the antinociceptive effect
of acupuncture, whose analgesic effect has been replicated by direct injection of an A;ARs
agonist (Goldman et al., 2010; Ren ef al., 2012). In particular, A;AR activation has been
shown to mimic the effect of acupuncture on miRNA profiling and protein levels (Wang et
al., 2014). Adenosine may also provide beneficial effects against inflammatory pain by
acting through A;4ARs and A;gARs located in inflammatory immune cells (Loram et al.,
2013), and the latest evidence suggests that A;AR activation will be useful in the treatment
of chronic neuropathic pain (Borea et al., 2014; Janes et al., 2016). Indeed, A3;AR
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activation has been shown to inhibit neuropathic pain, induced mechanically or by
chemotherapy, by enhancing the effects of available analgesics (Chen et al., 2012). In
particularr, A;AR agonists were able to attenuate neuropathic pain induced by paclitaxel,
by modulating glial-restricted spinal signalling pathways (Janes et al., 2014). This
mechanism has also been confirmed in an oxaliplatin-induced peripheral neuropathy
model, in which its beneficial effects were attributed to the inhibition of an astrocyte-
associated neuroinflammatory response (Janes et al., 2015). A;AR agonists have also been
shown to reverse neuropathic pain via an increase in GABA inhibitory neurotransmission
(Ford et al., 2015). Furthermore, A;AR stimulation has been found to reduce pain in an in
vivo model of bone cancer (Varani et al.,, 2013). This latter finding is particularly
interesting given that A;AR agonists also display anticancer activity (Borea ef al., 2014). It
is also important to note that, unlike A; and A;sARs stimulation, the administration of
potent, selective, and orally bioavailable Aj; agonists in humans induces no cardiac or
hemodynamic adverse effects, making the A;AR a particularly appealing therapeutic target
in chronic pain of various aetiologies (Fishman et al., 2012; Little et al., 2015; Tosh et al.,

2015).

Inflammatory bone loss

Adenosine is known to have a role in the suppression of inflammatory bone resorption.
Indeed, the drug methotrexate (MTX), used to inhibit bone erosion in patients with RA,
exerts its anti-inflammatory effects via A;pARs (Chan and Cronstein, 2010; Mediero ef al.,
2012; Mediero and Cronstein, 2013), activation of which inhibits osteoclast differentiation
and regulates bone turnover via PKA-dependent inhibition of NF-xB nuclear translocation.
This suggests a mechanism by which adenosine could target bone destruction in
inflammatory diseases, such as RA (Mediero ef al., 2013; Mediero et al., 2015). A;aARs
also promote the proliferation of mouse bone marrow-derived mesenchymal stem cells,
thereby having a critical role in osteoblast differentiation. By contrast, osteoblast formation
is heavily regulated by A,gARs (Gharibi et al., 2011; Carroll et al., 2012; Takedachi et al.,
2012; Mediero et al., 2013). Accordingly, osteoclast development in bone marrow cells
from healthy controls and patients with multiple myeloma is inhibited by activation of Ay
and A,gARs, but with only A,pARs being implicated in human osteoblast formation (He et
al., 2013). The upregulation of A, and A3;ARs in joint diseases and following pulsed
electromagnetic fields has also been shown to modulate chondrocyte biology and cartilage

matrix, with beneficial effects on the pathology (Vincenzi et al., 2013d).
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Adenosine and wound healing-remodelling

Adenosine has a key role in the inflammatory response involved in wound healing and
remodelling (Ferrari et al., 2016). In particular, the A;AAR subtype promotes several early
events in these processes, including vasodilatation, angiogenesis, matrix production, and
inflammation (Hask6é and Cronstein, 2013). As a consequence, topical application of
selective A;AAR agonists accelerates the healing of dermal wounds in both normal and
impaired-wound-healing animals, by a mechanism involving tissue plasminogen activator
(tPA) (Arasa et al., 2014; Gessi et al., 2014; Montesinos et al., 2015). Even though a
clinical trial of an A;5AR agonist for wound healing failed, a more recent clinical study
reported that intramuscular and perilesional administration of an A;oAR agonist improved
the healing of foot ulcers in patients with diabetes (Mantell et al., 2010; Squadrito et al.,
2014). AgARs are also involved in wound healing and remodelling. Indeed, their
expression in cardiac mesenchymal stromal cells after myocardial injury has been found to
promote these processes in the myocardium, by inducing the transition of these cells into
myofibroblasts (Ryzhov ef al., 2014). Furthermore, the A,gAR is behind the increase in the
production of proangiogenic factors, such as IL-6, IL-8 and VEGF, by cardiac stromal
cells, revealing its role in the stimulation of angiogenesis in an injured heart (Ryzhov et al.,
2012, 2013). In fact, A,gARs have long been known to stimulate VEGF production and
angiogenesis in various cell types, including cardiac mesenchymal stem-like cells (Ryzhov
et al., 2012; Merighi et al., 2015b), as well as retinal and skin endothelial cells, mast cells,
tumour-infiltrating hematopoietic cells, and certain types of cancer cell. Although the main
transcription factor involved in this response has been identified as HIF-1, the JUN-B
transcription factor has also recently been implicated (Gessi ef al., 2010, 2012; Gessi ef al.,
2011b; S. Ryzhov et al., 2013; Du et al., 2015). Moreover, A3AR activation also appears to
be involved in tissue remodelling activity in human lung mast cells, increasing the
expression of genes, such as IL8, IL6, and VEGF, all mediators of tissue remodelling and

angiogenesis (Rudich et al., 2015).

Adenosine and diabetes

It is well recognized that adenosine regulates insulin secretion, glucose homeostasis and
lipid metabolism, by stimulation its receptors. The stimulation of A; and A;AAR subtypes
seems to promote an antidiabetic phenotype even though recently it has been shown that
blockade of A;AR activation offers protection from age-related oxidative stress and

secretion of proinflammatory cytokines, thus improving insulin release and effect (Yang et
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al., 2015). As for the AgAR, its role is still controversial with a number of studies
supporting a role for its agonists as a therapy for diabetes (Johnston-Cox et al., 2012, 2014;
Peleli et al., 2015). However, this protective effect is challenged by a series of studies
reporting the beneficial effects of A;gAR antagonists. It was firstly reported that A,sAR
antagonists behave as hypoglycaemic agents in rat models of hepatic glucose production
induced by adenosine (Harada et al, 2001). Furthermore, it was found that A;gAR
activation increases glucose production by affecting glycogenolysis and gluconeogenesis
in the rat liver (Yasuda et al., 2003). Following this line, A,gAR antagonists were shown to
counteract the reduction in insulin levels induced by a non-selective adenosine receptor
agonist in pancreatic cells and plasma from rats, even though this effect is not mediated
through A,gAR activation (Riising et al., 2006). A,gAR antagonists were also
demonstrated to reduce the levels of IL-6 and other cytokines affecting glucose and fat
metabolism in a diabetic mouse model, thus improving insulin resistance (Figler et al.,
2011). Furthermore, A,gAR blockade reduced the activation of the pro-inflammatory
caspase-1 in rat retinal cells incubated in hyperglycaemic conditions (Trueblood et al.,
2011; Vindeirinho et al., 2016). Interestingly, it has been found that high glucose levels
and experimental diabetes increase the concentrations of adenosine in plasma by reducing
the equilibrative NT in proximal tubule cells. This increase correlated with a marker of
renal fibrosis in diabetic rats. Furthermore, the expression of profibrotic cell activation
markers a-smooth muscle actin and fibronectin was increased by stimulation of A3ARs
(Kretschmar et al., 2016). Therefore, before establishing a role for A,AR agonists or
Asp/A3AR antagonists in diabetic therapy, when looking at the evidence it is important to
accurately examine the experimental conditions associated with glucose and insulin
regulation including the method used for inhibiting the receptors (pharmacological vs.
genetic) and the cell types or model system used (Antonioli et al., 2015; Merighi et al.,
2015a).

Adenosine and lung injury

An important function of the A;aAR subtype has been observed in models of lung
inflammation and, based on encouraging in vitro studies, several A;aAR agonists have
been developed for treating the asthmatic response. Unfortunately, however, these
presented limited efficacy in clinical settings (Antonioli et al., 2014), although scientific

interest in the role of A;aARs in this context persists. Indeed, the A;oAR has been
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associated with lung-protective properties of propentofylline in a murine model of

lipopolysaccharide (LPS)-induced acute pulmonary inflam-mation (Konrad et al., 2013).

Adenosine and intestinal inflammation

Likewise, A;gAR signalling has been shown to protect against inflammation in the
intestine; A,p-KO mice showed significantly more severe colitis of more acute onset,
associated with a loss of intestinal epithelial barrier function (Aherne et al., 2015).
Accordingly, A;AR signalling in epithelial cells has been shown to attenuate colonic
inflammation through a specific barrier-repair response, namely phosphorylation of
vasodilator-stimulated phosphoprotein (Schingnitz et al., 2010; Hart et al., 2011).
However, it has been previously reported that A,p-KO mice had an attenuated colitis and
that A,gARs on nonimmune cells had an important role in the induction of colitis
(Kolachala et al., 2008; Ingersoll ef al., 2012). Overall, these conflicting data suggest that
AAR signalling has opposing effects on different elements of gut inflammation.
Recently, it has been found that A,gAR, modulating the activity of excitatory
tachykininergic nerves, participate to the enteric dysmotility associated with obesity

(Antonioli et al., 2017).

Adenosine and eye diseases

A3ARs have been widely implicated in many ocular diseases, including dry eyes,
glaucoma, and uveitis. A3AR agonists have proven efficacy in glaucoma therapy, ascribed
to their preventing the activation of the P2X7/NMDA receptors responsible for the increase
in Ca®" and apoptosis in retinal ganglion cells (Borea ef al., 2014). A3AR activation is also
demonstrably useful in patients with moderate-to-severe dry-eye syndrome, in which
CF101 has shown good tolerance and a statistically significant improvement in a Phase II
clinical trial (Avni et al., 2010). Interestingly, in the same clinical trial, CF101 also
demonstrated its efficacy as an agent able to lower intraocular pressure (Fishman et al.,
2013). This followed findings that oral treatment with CF101, initiated upon disease onset,
improved clinical fundoscopy scores, and ameliorated the pathological manifestations of
uveitis (Fishman et al., 2011). Hence, daily oral CF101 is currently the subject of a Phase
II, randomised, double-blind, placebo-controlled safety and efficacy trial in subjects with
active, sight-threatening, non-infectious intermediate or posterior uveitis (NCT01905124

clinicaltrials.gov).
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Adenosine and cancer

Adenosine does have a protective role in cancer, but this risks partial disturbance by its
concomitant effects on the immune system. Indeed, high levels of CD39 and CD73 lead to
increased adenosine concentration, which, through A4 and A,gAR-mediated effects on
immune cells, creates an immune-tolerant tumour microenvironment (Ohta and Sitkovsky,
2014). This effect of adenosine may be considered a natural consequence of its attempting
to avoid excessive inflammation during tissue injury, but suggests both inhibitors of
enzyme-generating adenosine and A;, and A;gAR antagonists as potential anticancer
targets (Antonioli ef al., 2013). In addition, there are in vitro and in vivo studies reporting
the prosurvival and prometastatic effects of A,gAR activation (Ntantie et al., 2013).
However, as for the specific effects of adenosine in neoplastic cells, a large amount of data
points to adenosine having the role of a protective guardian in cancer. A3AR expression is
high in various tumour cells, including HL60 and K562 human leukaemia, Jurkat and
U937 human lymphoma, Nb2 rat lymphoma, A375 human melanoma, PGT-beta mouse
pineal gland tumour, human glioblastoma, and human prostatic and mesothelioma cells.
What is more, A3;AR overexpression has also been reported in surgical colon, breast,
hepatocellular, and mesothelioma cancer tissues, compared with their healthy counterparts.
Given that peripheral blood cells mirror upregulation of A3ARs in tissues, this adenosine
subtype could be a novel marker for cancer (Gessi et al., 2011a). Indeed, several in vitro
and in vivo studies have demonstrated that A;AR activation is responsible for inhibiting
tumour cell proliferation, increasing apoptosis, and reducing tumour development and
metastasis. These studies, including syngeneic, xenograft, orthotopic, and metastatic
experimental animal models utilising CF-101 and CI-IB-MECA (CF-102) in melanoma,
colon, prostate, and hepatocellular carcinomas, thereby suggest A;AR upregulation as a
potential mechanism by which adenosine may reduce tumour development (Fishman et al.,
2009). The molecular pathway activated by A3;ARs involves deregulation of the Wnt
signal, which generally actively stimulates cell cycle progression and cell proliferation
during embryogenesis and tumorigenesis. In particular, downregulation of PKA and
PKB/Akt leads to an increase in glycogen synthase kinase 3b (GSK-3b) activity, in turn
resulting in phosphorylation and ubiquitination of b-catenin and suppression of cyclin D1
and c-myc expression. Reduced NF-kB, by inducing apoptosis, has also been implicated in
the antitumor effects of A3AR agonists, in particular IB-MECA, which provokes this effect
in melanoma and hepatocellular carcinoma (Fishman ef al., 2012). As a consequence of the
above, which opens new therapeutic perspectives against cancer, the safety and efficacy

profile of A3AR agonist CF102 has been clinically tested, further to the treatment of
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hepatocellular carcinoma (Stemmer et al., 2013). In light of the favourable results of this
trial, more extensive Phase II liver cancer studies are ongoing (NCT02128958

clinicaltrials.gov).

Role of adenosine in the control of inflammation

By activating the Aja, Az, and A3AR subtypes, adenosine has a crucial role in the
regulation of tissue homeostasis, affecting the immune system. It typically inhibits
endothelial cell adhesion and superoxide anion production by neutrophils, and reduces
proinflammatory cytokine release from macrophages, dendritic cells, and lymphocytes
(Barletta et al., 2012; Hasko and Pacher, 2012; Linden and Cekic, 2012; Vincenzi et al.,
2013b; Antonioli et al., 2014; Perretti et al., 2015). In 2001, a seminal paper by Ohta et al.
reported increased inflammation, tissue damage, TNF-o/interferon (IFN)-y levels, and
mortality in A;5-KO mice treated with subthreshold doses of inflammatory stimuli, thereby
suggesting a role for A»aARs in inflammation (Ohta and Sitkovsky, 2001). Furthermore,
several studies indicate that the A,gAR subtype is selectively induced in inflamed vascular
and intestinal epithelia, as well as the kidneys, heart and lung, making it a direct target in
the treatment of inflammation, which is typically characterised by a hypoxic environment
(Aherne et al., 2011; Grenz et al., 2011; Koeppen, Eckle and Eltzschig, 2011; Poth et al.,
2013). The A3AR subtype may also prove useful in hypoxia, because its upregulation has
been demonstrated in a variety of inflammatory conditions and immune pathologies (Borea
et al., 2014). Substantial line of evidence suggest that A;4ARs are able to mediate the
majority of anti-inflammatory effects of endogenous adenosine (Blackburn et al., 2009;
Ohta and Sitkovsky, 2009). In particular, the ability of A>oAR activation to suppress
cytokine and chemokine expression by immune cells is likely the dominant mechanism
involved. Expression of A;sARs has been found on most inflammatory cells, where it
exert various anti-inflammatory actions (Blackburn ef al., 2009). In neutrophils, adenosine,
acting at A,aARs, regulates the production of different cytokines including TNF-a,
macrophage inflammatory protein (MIP)-1a, MIP-13, MIP-20 and MIP-3a (McColl et al.,
2006). Studies using A,-knockout models have shown that A;4AR activation inhibits 1L-2
secretion by naive CD4" T cells thereby reducing their proliferation, confirming the
immunosuppressive effects of AysAR stimulation (Naganuma et al., 2006; Sevigny et al.,
2007). It has been also demonstrated that A,AARs play an important role in the promotion
of wound healing and angiogenesis (Montesinos et al., 2003). Adenosine has been reported
to reduce inflammation in several in vivo models suggesting a potential value of this purine

nucleoside as a therapeutic mediator of inflammatory joint disease able to limit articular
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cartilage degeneration. In synoviocytes obtained from osteoarthritis patients, the activation
of A,aARs inhibited p38 MAPK and NF-kB pathways as well as the production of TNF-a
and IL-8 (Varani et al, 2010d). These results indicate that A,nARs may represent a
potential target in therapeutic modulation of joint inflammation. Activation of the A;AARs
during reperfusion of various tissues has been found to markedly reduce ischemia-
reperfusion injury. In particular, in a model of ischemia-reperfusion liver injury, A;sAR
stimulation with the selective agonist ATL146e was associated with decreased
inflammation and profoundly protects mouse liver from injury when administered at the
time of reperfusion (Day et al., 2004). Adenosine, acting at A;aARs, plays an important
role in the pathogenesis of hepatic fibrosis in response to hepatotoxins. In particular it has
been demonstrated that A,nARs are expressed on human hepatic stellate cell lines and
A2aAR occupancy promotes collagen production by these cells. Furthermore, mice lacking
AsaARs are protected from developing hepatic fibrosis in two different hepatic fibrosis
models (Chan et al., 2006). It is well reported that hypoxia-induced accumulation of
adenosine may represent one of the most fundamental and immediate tissue-protecting
mechanisms, with A;5ARs triggering off signals in activated immune cells. In these
regulatory mechanisms, oxygen deprivation and extracellular adenosine accumulation
serve as 'reporters," while A;pARs serve as "sensors" of excessive tissue damage
(Sitkovsky et al., 2004). The hypoxia-adenosinergic tissue-protecting mechanism is
triggered by inflammatory damage to blood vessels, interruption in oxygen supply, low
oxygen tension (i.e. hypoxia) and by the hypoxia-driven accumulation of extracellular
adenosine acting via immunosuppressive, cAMP-elevating A;5ARs (Sitkovsky, 2009).
Another area where A;pARs signalling has received attention as potential therapeutic
target is the gastrointestinal tract. Studies have highlighted the protective effects of AssAR
activation in various animal models of colitis, and these protective effects can be ascribed
to two major mechanisms: decrease of inflammatory-cell infiltration and function in the
mucosa, and increased activity of Treg cells (Odashima et al., 2005; Naganuma et al.,
2006; Hasko et al., 2008). A,aAR stimulation was found to attenuate gastric mucosal
inflammation induced by indomethacin, blocking secondary injury due to stomach
inflammation through a reduction of myeloperoxidase and proinflammatory cytokines
(Koizumi et al., 2009). Adenosine levels are increased in the lungs of individuals with
asthma or COPD, and ARs are known to be expressed on most if not all inflammatory and
stromal cell types involved in the pathogenesis of these diseases (Polosa and Blackburn,
2009). In addition, pharmacological treatment of allergic rats with an A;4,AR agonist

resulted in diminished pulmonary inflammation (Fozard ef al., 2002). A recent study in
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ADA-deficient model demonstrated that genetic removal of A;sARs leads to enhanced
pulmonary inflammation, mucus production and alveolar airway destruction (Mohsenin et
al., 2007). Furthermore, A;sARs induced on iNKT and NK cells reduced pulmonary
inflammation and injury in mice with sickle cell disease, improving baseline pulmonary
function and prevent hypoxia-reoxygenation-induced exacerbation of pulmonary injury
(Wallace and Linden, 2010). These data further confirm the involvement of A;4ARs in the
anti-inflammatory networks in the lung. A study performed in peripheral lung parenchyma
demonstrated that affinity and/or density of adenosine receptors are altered in patients with
COPD compared with control smokers with normal lung function. Moreover, there was a
significant correlation between the density and affinity of adenosine receptors and the
FEV,/FVC ratio, an established index of airflow obstruction. In particular A,,, as well as
A3ARs, was found to be upregulated in COPD patients (Varani et al., 2006). This
alteration may represent a compensatory response mechanism and may contribute to the
anti-inflammatory effects mediated by the stimulation of these receptors. Given the central
role of inflammation in asthma and COPD, a substantial preclinical research activity
targeted at understanding the function of A;oARs in models of airway inflammation has
been performed. The use in phase II trials for COPD of an A;sAR agonist named
UK432,097 that was identified as inhaled anti-inflammatory drug without effects on blood
pressure was reported with the aim to highlight the impressive pedigree of A;oARs as a
potential anti-inflammatory agent (Trevethick ef al., 2008). It is well known that the anti-
inflammatory effect of adenosine is also mediated by the activation of A3;ARs that are
present in immune cells and involved in the physiopathologic regulation of inflammatory
and immune processes. Several results from in vitro and in vivo studies suggest that the
activation of the A3ARs can be both pro or anti-inflammatory depending on the cell type
examined or on the animal species considered (Harish ef al., 2003). Binding and functional
studies have shown that human neutrophils expressed A3ARs primarily coupled to the
inhibition of adenylate cyclase and calcium signaling, mediating the inhibition of oxidative
burst, representative of anti-inflammatory activity (Gessi et al., 2002). A3;ARs are also
responsible for inhibition of superoxide production and chemiotaxis of mouse bone
marrow neutrophils (van der Hoeven et al., 2008). It has been reported that A3ARs are
present on human eosinophils, coupled to signaling pathways linked to cell activation and
are able to protect eosinophils from apoptosis and to inhibit the chemotaxis process (Gao et
al., 2001). The effects produced by A3AR activation of macrophages seem to indicate an
anti-inflammatory effect of this receptor subtype. In particular, AsARs suppressed TNF-a

release induced by endotoxin CD14 receptor signal transduction pathway from human
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monocytes and murine macrophages (Gessi et al., 2011b). A3ARs directly control
histamine release by antigen-stimulated mouse mast cells, because the stimulatory effect of
exogenous adenosine noted in wild-type mast cells is not observed in A3AR-knockout mast
cells (Salvatore et al., 2000). Literature data support a role for adenosine in dictating
dendritic cell function, promoting the recruitment of immature dendritic cells to sites of
inflammation and injury via A3AR (Panther et al., 2001; Schnurr et al., 2004) It has been
proposed that the anti-inflammatory effect elicited by A3AR activation could involve the
inhibition of the PI3K/Akt and NF-kB signaling pathways proapoptotic effect on malignat
mesothelioma cells and on human healthy mesothelial cells exposed to asbestos through
the deregulation of Akt/NF-«kB cell survival pathway (Varani et al., 2011). The possibility
that A3ARs plays a role in the development of cancer has aroused considerable interest in
recent years. In particular, AsARs were found to be highly expressed in tumor cells and
tissues but not in normal cells or adjacent tissue. Interestingly, high A3;AR expression
levels were found in peripheral blood mononuclear cells derived from tumor-bearing
animals and cancer patients, reflecting receptor status in the tumors (Gessi et al., 2008).

Several studies have shown the relationship between adenosine pathway and joint
inflammation in rheumatoid arthritis (RA) in vitro and in vivo (Varani et al., 2010b). A;,
Asa, Asp and A3ARs have been characterized, by using binding and functional assays, in
human synoviocytes that represent key cells closely associated to articular pathologies
(Varani et al., 2010d). In vitro stimulation of A4 and A3;ARs has been shown to alter the
cytokine network by decreasing inflammatory cytokine secretion by macrophages.
Recently, a phosphorylated A;aAR agonist was demonstrated to be a potent
immunosuppressant in a model of arthritis acting by an up-regulation of CD73 and A;4AR
expression (Flogel et al., 2012). In animal models of acute and chronic inflammation, non
selective AR antagonists reversed the anti-inflammatory effects of MTX. Furthermore, in
Asa and Aj;ARs-deficient mice, MTX failed to suppress inflammation in the air-pouch
model, thus suggesting the pivotal role of these AR subtypes in triggering an anti-
inflammatory pathway in RA (Montesinos et al., 2003; Flogel et al., 2012). Studies on
knockout animals have shown evidence that adenosine acting on A4 and A;ARs mediates
the anti-inflammatory effects of low-dose MTX. In adjuvant induced arthritis in rats and in
peripheral blood mononuclear cells from RA patients, MTX treatment has been shown to
enhance the anti-inflammatory effects of typical A3AR agonists via an up-regulation of
A3AR expression. In RA patients the overexpression of A3;ARs has been directly correlated
with high levels of pro-inflammatory cytokines acting via up-regulation of NF-kB, the

DNA binding site of which are present in the promoter of A3;AR gene (Montesinos et al.,
25



2000; Ochaion et al., 2006; Bar-Yehuda et al., 2007; Silverman et al., 2008) Recently, it
has been proposed that synovial tissue expresses ARs and there is a relationship between
MTX exposure and adenosine receptor expression within the synovium (Stamp et al.,
2012). Besides, among the theories about mechanism of action of MTX, the primary anti-
inflammatory action is attributable to adenosine release. MTX increases levels of
adenosine, via inhibition of amino-imidazolo-carbossi-adenosine-ribonucleoside (AICAR)
trasformylase enzyme. The net effect of AICAR accumulation is a rise in intracellular
AMP and adenosine levels (Fishman et al., 2006).

Atherosclerosis is another interesting issue about relationship between RA and adenosine.
RA patient have an increased mortality secondary to an increased atherosclerosis due to
chronic inflammation and chronic steroid therapy. Adenosine pathway and MTX are
involved in the atherogenesis. MTX, via adenosine, acting upon the A;4ARs and A3ARs
produces an increased expression of important molecules of the reverse cholesterol
transport system, a basic cholesterol homeostatic mechanism (Stamp et al., 2012). There
are interesting data about A;gARs and the regulation of atherosclerosis in a mice model
(Chan and Cronstein, 2010). The overexpression of A;ARs in RA was directly correlated
to high levels of pro-inflammatory cytokines acting via an upregulation of NF-xB which is
a key player in the pathogenesis of arthritis diseases (Ochaion et al., 2006). In RA patients
adenosine suppressed the elevated levels of pro-inflammatory cytokines such as TNF-a
and IL-1B (Coomes ef al., 2011). Recently it has been shown that A, and A;ARs are
upregulated in untreated RA patients and in MTX-treated RA patients. Treatment with
anti-TNF-a normalized A;4 and A3ARs expression and functionality (Varani ef al., 2009).
It has been reported that A3AR agonists prevented cartilage damage, osteoclast/osteophyte
formation, bone destruction and markedly reduced pannus formation and lymphocyte
formation (Koupenova et al., 2012). The A3ARs was also identified as a novel anti-
inflammatory target that upregulated in RA, psoriasis and Crohn’disease if compared with
healthy subjects associated with an altered PI3K-PKB/Akt signaling pathway and NF-kB
activation (Forrest et al., 2005). The findings showing A,AARs and A3;ARs upregulation in
RA patients suggest the utilization of these receptors as therapeutic target, modulating
them with specific and well-known agonists. Clinical evidences in RA patients show that
A3AR agonists pharmacological treatment modulate an improvement in signs and
symptoms (Bar-Yehuda et al., 2007). About A3;ARs, there are data from animal models,
healthy subjects (Phase I studies) and RA patients (Phase II studies). Upon oral treatment
with the selective A3AR agonist named CF101 the disease was ameliorated and a marked

decrease in clinical manifestations was recorded. CF101 treatment reduced inflammation,
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pannus formation, cartilage destruction and bone resorption and lyses (Bar-Yehuda et al.,
2009). In a Phase I study in healthy subjects, CF 101 was found to be safe and well
tolerated with a linear pharmacokinetic activity (Ochaion et al., 2009). In a Phase Ila study
in RA patients, CF101 oral administration twice daily for 12 weeks resulted to be safe,
well tolerated and able to mediate an improvement of disease signs and symptoms
suggesting the development of these type of drugs as anti-rheumatic agents. Interesting, the
expression level of A;ARs at baseline was directly correlate with major responsiveness,
high grading of efficacy, suggesting its use as a biomarker for the pharmacodynamic and
therapeutic effects of this novel agent (Bar-Yehuda et al., 2007; Silverman et al., 2008).
The anti-inflammatory effect of A;AR was also proved in fibroblast-like synoviocytes
derived from synovial fluid of RA patients (Ochaion et al., 2008). In particular, the effect
of a novel A3AR agonist, CF502, with high human A3AR affinity and selectivity is now
under investigation. CF502 induce a dose dependent inhibitory effect on the proliferation
of fibroblast-like synoviocytes via deregulation of NF-«kB signaling pathway. Furthermore,
CF502 markedly suppress the clinical and pathological manifestations of adjuvant induced
arthritis in a rat experimental model. Other data shown that the use of A and A3AR
agonists significantly reduces NF-«kB levels and inhibits IL-1 beta, IL-6 and TNF alpha
release in mononuclear cell from peripheral blood sample of RA patients (Varani et al.,
2011b) suggesting the involvement of these ARs in the modulation of inflammatory
response. It has been also found that the production of metalloproteinase (MMP) 1 and 3
was inhibited by A;a or A3AR agonists in RA patients more than in healthy controls
demonstrating the direct involvement of the adenosine receptors subtypes in the
mechanism regulating joint damage in RA (Varani ef al., 2011b). An inverse correlation
between DAS and A;aARs and A3;ARs density was recently found suggesting that an
endogeneous activation of these ARs could attenuate the disease (Varani et al., 2011b).
Thus, Ay and A3ARs up-regulation in RA can be seen as a compensatory mechanism to
better counteract the inflammatory status. The A;5sARs modulation was investigated in an
animal model where the administration of an home-made agonist significantly attenuate

the development of arthritis and reduced the signs of the disease (Bitto ef al., 2011).

Adenosine and autoimmune diseases

An enormous body of literature points towards A,a and A3AR agonists potentially having
a relevant role in the treatment of RA. In particular, the gold standard therapy for RA is
MTX, which is related to adenosine production, and recent evidence indicates that the

capacity to generate adenosine by regulatory T cells (Tregs) is an excellent predictor of
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MTX response (Chan and Cronstein, 2010, 2013; Hask6 and Cronstein, 2013; Peres et al.,
2015). Furthermore, in an in vivo model of collagen-induced arthritis, A5 receptor
stimulation slowed its progression by preventing nitrosative and oxidative injury and
reducing TNF-a, interleukin (IL)1-B, and IL-6 levels (Mazzon et al., 2011). Interestingly,
an increase in A receptors in neutrophils and monocytes in the arthritic knee joint has
been shown to mirror the upregulation of CD73 in the neutrophils, monocytes, and
macrophages of the synovial fluid of mice affected by RA, leading to its pioneering
exploitation as an Aja agonist prodrug (Flogel et al., 2012). Indeed, a CD73-dependent
prodrug transformation has been shown to inhibit joint inflammation by provoking the
selective activation of A, receptors on immune cells, an approach that avoids the
cardiovascular adverse effects previously encountered upon administration of A, agonists.
Multiple lines of evidence also point to the upregulation of Aj receptors in RA, as well as
psoriasis and Crohn's disease (Borea et al., 2014). Interestingly, administration of anti-
TNF-a drugs normalises the overexpression of both A, and A; receptors in RA.
Moreover, the endogenous activation of these receptors may have a direct role in the
control of RA inflammation, as suggested by the inverse correlation between their levels
and the Disease Activity Score (Varani ef al, 2011b). Indeed, the upregulation of Ajp
receptors by TNF-a and IL-1 is well known, and TNF-a has also been reported to increase
Aja receptor activity (Khoa et al., 2001; Ferrante et al., 2013; Perez-Aso et al., 2013).
Overexpression of A3;ARs in RA has been directly linked to an increase in NF-kB, a
transcription factor regulating Az gene expression and a key player in the pathogenesis of
arthritic diseases and osteoarthritis (OA) (Fishman et al., 2012). Activation of As receptors
downregulated the NF-kB and Wnt pathways, resulting in a marked improvement in
disease parameters. In this regard, the A3AR agonist IB-MECA (CF101) has already
completed Phase I clinical trials, in which it proved to be safe and well tolerated, and Phase
IT studies in patients with RA or OA, which confirmed that it ameliorated their signs and
symptoms (Fishman ef al., 2012). This indicates that CF101 may represent a powerful
weapon against rheumatic diseases, as do the results of another Phase II trial in patients
affected by moderate-to-severe chronic plaque-type psoriasis. This multicenter,
randomised, double-blind, dose-ranging, and placebo-controlled trial confirmed the safety
and good tolerance of the A3;AR agonist, which brought about a progressive linear
improvement in symptoms (David et al., 2012). Therefore, it is no surprise that CF101 has
already embarked on a Phase II/IIl randomised, double-blind, placebo-controlled, dose-
finding study to evaluate the efficacy and safety of daily oral administration in patients

with moderate-to-severe plaque psoriasis (NCT01265667 Clinicaltrials.gov).
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Rheumatoid arthritis

RA is a chronic, progressive and disabling inflammatory disease characterized by joint
destructive process associated with synovial proliferation and secretion of high levels of
pro-inflammatory mediators including cytokines, metalloproteases and growth factors.

RA is wusually characterized by symmetric inflammatory polyartrhitis and affects
approximately 0.5 - 1% of the general population worldwide. There is a relative lower
prevalence in China (0.3%) and higher in the Pima Indians in North America (5%). Women
are affected about three times more often than men (Gabriel, 2001). The pathophysiology is
not yet fully understood, as for others rheumatic inflammatory disorders and systemic
autoimmune diseases. One potential synthesis of the data available on pathogenesis
suggests that an induction phase, initiated by innate immunity, on a favourable genetic
background, get ready the joint for subsequent coming of inflammatory and immune cells
(MclInnes and Schett, 2011; Grenz et al., 2012b). Infections, toxins and drugs have been
implicated as well as an interplay among genetic and hormonal background, environmental
and immunologic factors. Cigarette smoke, bacterial products, viral components, and other
environmental stimuli can contribute to these responses. This process, self-limited in
normal individuals, in others individuals might lead to a different outcome, due to a
predetermined propensity for immune hyperreactivity or autoreactivity. The pro-
inflammatory mediators released act on different cell populations including lymphocytes,
neutrophils, endothelial cells, synoviocytes, osteoclasts and chondrocytes by inducing the
maintenance of inflammation, angiogenesis and chemotaxis (Joseph et al., 2010). The
relative abundance of Th1 cells and cytokines suggests that the synovium resembles a Thl-
like delayed-type hypersensitivity reaction. Th2 cytokines and cellular responses that
normally suppress Thl activation are nearly absent, raising the possibility that the lack of T
cell activation along the Th2 pathway in RA contributes to disease perpetuation. Several
studies indicate that a particular type of T cell, Treg cells (thymus-derived natural
regulatory T cells) and in particular the subset characterized by the production of 1L-17
called Th17 cells, may play an important role in the pathogenesis of RA. The circulating
Th17 and Th17/Th1 cell frequencies are different in patients with early or established RA,
and active or inactive disease (Sarkar and Fox, 2010). Among the released inflammatory
mediators IL-13, TNF-a and IL-6 are the pivotal cytokines in the physiopathology of the
synovial inflammation which activate several cell types including lymphocytes, neutrophils,
endothelial cells, osteoclasts, chondrocytes, synoviocytes and up-regulate a number of

pathways linked to the inflammation. Bone erosions are subsequently caused by osteoclasts,
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whereas cartilage dissolution results from proteolytic enzymes produced by synoviocytes in
the pannus or synovial fluid neutrophils (McInnes and Schett, 2011).

It is well reported that immunoreactivity can be identified before clinical disease and
manifested by the production of rheumatoid factor (RF) and anticitrullinated peptide
antibodies (ACPA) that contributes to erosiveness and severity (Suzuki ef al., 2003; Kuhn
et al., 2006; van der Helm-van Mil et al., 2006). Genes play a key role in susceptibility to
RA and disease severity. Class II MHC genes, especially genes containing a specific five-
amino acid sequence in the hypervariable region of HLA-DR4, are the most prominent
genetic association. Newly defined genetic associations, including polymorphism in the
PTPN22 and PADI 4 genes, and many cytokines promoter polymorphisms, population-
specific genes and other undefined genes are reported as genetic markers of diagnosis and
prognosis (Begovich et al., 2004; van der Helm-van Mil et al., 2006; McInnes and Schett,
2011). It has been recognized that early therapeutic intervention improves clinical outcomes
and reduces the accrual of joint damage and disability. The optimized use of old therapies
and the availability of new drugs have dramatically enhanced the success of RA
managements (Senolt ef al., 2009). Recently, a joint working group from the ACR and the
European League Against Rheumatism (EULAR) developed and published a new approach
to classifying RA (Arnett ef al., 1988; Aletaha et al., 2010). The work, which was among
patients newly presenting with undifferentiated inflammatory synovitis, focused on
identifying factors that best discriminated between those who were and those who were not
at high risk for persistent and/or erosive disease, that is to say RA. In the new criteria set,
classification as “definite RA” is based on the confirmed presence of synovitis in at least
one joint, absence of an alternative diagnosis that better explains the synovitis, and
achievement of a total score of 6 or greater (of a possible 10) from the individual scores in
four domains: number and site of involved joints (score range 0-5), serologic abnormality
(score range 0-3), elevated acute-phase response (score range 0—1), and symptom duration
(2 levels; range 0-1). These new criteria focus on finding which facilitates earlier
recognition of RA and outcome prediction.

Currently, optimal management of RA is needed, within 3— 6 months after the onset of
disease, since a narrow “window of opportunity” is considered to be suitable to achieve
remission (Quinn and Emery, 2003). Early prognostic assessment in order to establish the
risk of aggressive disease is crucial to guide the therapeutic approach. A good early
response to treatment predicts better long-term response in the following 5 years (Bakker
et al., 2011). There is increasing acceptance of paradigms of adjusting therapy to achieve a

predefined goal, as remission or low-disease activity (“treat to target”) with frequent
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monitoring and strategy adjustments, if necessary (“tight control”), until the target is
reached (Smolen et al., 2010; van Hulst et al., 2011). The use of a composite measure of
disease activity was recommended, such as the Disease Activity Score Assessing 28 joints
(DAS-28), the Simplified Disease Activity Index (SDAI) or the Clinical Disease Activity
Index (CDAI) (Prevoo et al., 1995; Anderson et al., 2011).

In the past, treatment options for RA were limited to non steroidal anti-inflammatory drugs
(NSAIDs), steroids and gold. A pyramidal approach to treatment was used, whereby
therapy was gradually escalated and a disease modyfing anti-rheumatic drugs (DMARD:s)
was used relatively late in the disease course. In the last decade, there was an inversion of
the pyramid, with earlier and more intensive and innovative approach to RA treatment
(Sokka, no date; Bensen et al, 1990). After a long time characterized by use of
conventional DMARDs alone or in combination, the advent of “biologic” drugs, which are
able to block cytokine pathway and B and/or T cell activation, has profoundly changed the
therapeutic scenario and, consequently, the current strategy adopted to cure RA (Caporali
et al., 2009; Senolt et al., 2009). Glucocorticoids have been, and continue to be, a part of
the treatment strategy throughout the years (Gorter et al., 2010). The recent EULAR
recommendations for the treatment of RA identify three phases of therapy (Smolen et al.,
2010).

Phase one is the initiation of DMARD treatment as monotherapy, immediately after
diagnosis of RA. The recommended drug is MTX, widely seen as an anchor drug in RA
(Jacobs, 2012). Other DMARDs (leflunomide, sulfasalazine, injectable gold) can be used if
MTX is contraindicated or not tolerated. Glucocorticoids can be added at low or medium
doses (often 5-10 mg/day of prednisone).

Phase two is the escalation of therapy by switching to a different DMARD or to a
combination therapy. If this approach fails to achieve the target of clinical remission (or
low disease activity) within 3-6 months, and the patients have poor prognostic factors (high
disease activity, early joint damage, high levels of RF or ACPA), the new escalation of
therapy is the addition of a biologic drug, TNF blockers. However, to date, approximately
one-third of patients treated with anti-TNF-a agents, shows an inadequate response or
develop side effects requiring discontinuation of therapy (Furst ef al., 2010a).

Phase three is in case of anti-TNF failure or lack of efficacy and/or toxicity the
recommended approach is to change the biologic treatment by switching to an alternative
TNF antagonist (in combination with a synthetic DMARD) or replacing the biologic
treatment with an alternative with different target therapy (B cell-targeted therapy, IL-6,

CTLA-4 modulation).
31



Under this point of view, it is very important to identify predictive factors related to a better
or poor response or to major risk of toxicity aimed to guide the therapeutic choice and
faster adjust the therapeutic intervention (Aletaha et al., 2008; Furst et al., 2010a; van Hulst
etal.,2011).

Spondyloarthritis

Spondyloarthritis or spondyloarthropathy (SpA) refers to an interrelated group of
rheumatic diseases which share some common features. Several sets of classification
criteria used to classify SpA have been reviewed, which include the Assessment of
SpondyloArthritis Society (ASAS) criteria, the modified New York criteria for ankylosing
spondylitis (AS), the Amor criteria and the European Spondyloarthropathy Study Group
(ESSG) criteria (Akgul and Ozgocmen, 2011; Taylor and Robinson, 2013). Diseases that
are included in the SpA family include AS, reactive arthritis, psoriatic arthritis,
enteropathic arthritis and undifferentiated SpA. Variations in the epidemiology of SpA are
explained by the application of different sets of SpA classification criteria. Dean et al.
estimated that there were 1.30—1.56 million and 4.63—4.98 million cases of AS in Europe
and Asia respectively (Dean et al., 2014). In the United States, the overall age-adjusted
prevalence of definite and probable SpA by the Amor criteria was 0.9%, which
corresponded to approximately 1.7 million persons, while the ageadjusted prevalence of
SpA by the ESSG criteria was 1.4%, which corresponded to 2.7 million persons (Reveille
and Weisman, 2013). Despite wide variations in the prevalence of SpA geographically, the
reported prevalence of SpA between 0.9% and 1.4% may represent an overestimation due
to recruitment biases. Some studies have reported an overall prevalence of SpA as low as
0.3% in France (Saraux et al., 2005; Roux et al., 2007), 0.45% in southern Sweden
(Haglund et al., 2011) and 0.4% in North America (Reveille, 2011). Although SpA is a
class of diseases that share some similarities with RA, some distinctive features of SpA
differentiate it from the latter. In RA, there is symmetrical involvement of the joints of the
hands and feet accompanied by the presence of erosions and absence of new bone
apposition. Auto-antibodies such as RF and anticitrullinated peptide antibody are often
present in RA. On the other hand, SpA is characterised by human leukocyte antigen
(HLA)-B27 association, and asymmetrical, oligoarticular peripheral arthritis that
predominantly occurs in the lower extremities. Other features that link the SpA group of
diseases include sacroiliitis, spondylitis, dactylitis, enthesitis and an increased

susceptibility for inflammatory eye disease (Sieper et al., 2006). The pathogenesis of SpA
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is not fully understood. Inflammation and new bone formation, especially in the spine, are
two central themes of the disease (Braun and Sieper, 2007). Several factors and mediators
have been associated with the disease. For example, HLA-B27, a major histocompatibility
complex (MHC) class I molecule encoded on chromosome 6p, was first described to be
associated with AS in 1973 (Brewerton et al., 1973). Several earlier studies have shown
that more than 90% of patients with AS were HLA-B27 positive (van der Linden et al.,
1984) whereas reactive, psoriatic and enteropathic arthritis were less frequently associated
with HLA-B27 (Brewerton et al., 1973; Brown et al., 1996). However, not all HLA-B27
positive persons in the general population will eventually develop AS. HLA-B27 positive
individuals in the general European population had a 16-fold lower risk (1.3%) of
developing AS when compared to those who were HLA-B27 positive relatives of HLA-
B27 positive patients with spondylitis (21%) (van der Linden et al., 1984). The multiple
HLAB27 related mechanisms and theories involved in the pathogenesis of SpA have been
reviewed by Colbert et al. (Colbert et al, 2014) and Chatzikyriakidou et al.
(Chatzikyriakidou et al., 2011). Other players in the pathogenesis of SpA include
inflammatory cytokines such as TNF-a (Gratacos et al., 1994; Rudwaleit ef al., 2001), IL-1
(Monnet et al., 2012), IL-6 (Gratacos et al., 1994; Fiocco et al., 2012), IL-7 (Rihl et al.,
2008), IL-17 and IL-23. The role of inflammatory cytokines and biomarkers in the
pathogenesis of SpA has been reviewed by Keller et al. (Keller et al, 2003),
Maksymowych (Maksymowych, 2012) and Hreggvidsdottir et al. (Hreggvidsdottir et al.,
2014), while their role in the structural remodelling in peripheral SpA by Vandooren et al.
(Vandooren et al., 2009). Despite new advances, novel approaches and discoveries, the
treatment of SpA is largely dependent on pharmacological agents. Non-steroidal anti-
inflammatory drugs (NSAIDs) remain the firstline drugs, while traditional DMARDS such
as sulphasalazine and MTX and intra-articular injections of corticosteroids in local disease,
are commonly and conventionally used in the treatment of SpA whereas newer approaches
such as TNF-a blockers (e.g. infliximab, etanercept, adalimumab and golimumab) have
been used in the treatment of SpA (reviewed by Braun & Sieper) (Braun and Sieper, 2002).
Other supportive measures that play an important role in the management of SpA include
patient education and exercise (Zochling et al., 2006; Golder and Schachna, 2013), as well
as physical therapy, rehabilitation, surgical referrals, patient associations and self-help
groups (Zochling et al., 2006).

AS and PsA are among the most common diseases belonging to spondyloarthritis family.
Ankylosing spondylitis is a chronic inflammatory disease that affects 1% of the general

population, is regarded as one of the most severe types of spondyloarthropathy, it affects
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the spine and sacroiliac joints, causing debilitating pain and loss of mobility (Ghasemi-Rad
et al., 2015; Chen et al., 2016). Psoriatic arthritis is a serious condition that causes joint
destruction, disability, impaired quality of life and even increased mortality (de Andrade et
al., 2014; Sritheran and Leung, 2015). The first-line treatment is represented by NSAIDs in
AS and by MTX in PsA. Increasing evidence suggests that many of the MTX effects are
mediated by ARs activation. Indeed, it has been shown that MTX induces adenosine
release in vitro, in animal models of inflammation and in patients with RA (Chan and
Cronstein, 2010; Fishman and Cohen, 2016a). Furthermore, it is known that MTX
selectively modulates the nuclear orphan receptor (NURRI1) levels induced by
inflammatory stimuli and growth factors in resident cell populations of synovial tissue
(Festugato, 2015). The inhibitory effect of low-dose MTX on NURRI activation is
mediated through the A;AARs, confirming the link between the immunomodulatory
actions of MTX and adenosinergic system (Ralph et al., 2005). To date, a novel treatment
to reduce clinical symptoms in PsA patients is represented by Apremilast, an orally
available targeted inhibitor of phosphodiesterase-4 (PDE-4), the major enzyme class
responsible for the hydrolysis of cAMP that modulates a wide array of inflammatory

mediators implicated in PsA (Schafer, 2012).
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AIM OF THE THESIS

It is notewhorty the central role of ARs in mechanisms of inflammation associated to
various pathologies suggesting that their stimulation has a different effect on the release of
several pro-inflammatory cytokines (Hasko et al., 2008b; Chan and Cronstein, 2010).
Adenosine, a purine nucleoside, is considered a potent regulator acting with four cell
surface receptor subtypes Aj, Asa, Azg and A3ARs, which are coupled to different G
proteins . The A; and A3;ARs exert an inhibitory effect on cAMP production while A4 and
A,sARs mediate an increase of cAMP accumulation (Varani et al., 2006; Fishman et al.,
2009; Varani et al., 2010a; Gessi et al., 2011b). RA, AS and PsA are chronic inflammatory
rheumatic diseases that affect joints, causing debilitating pain and disability. Several
papers report how in RA patients, adenosine suppresses the elevated levels of pro-
inflammatory cytokines such as TNF-a and IL-1B (Forrest et al., 2005; Varani et al.,
2010b). It has been shown that in particular A5 and A3;ARs are over-expressed in patients
with autoimmune inflammatory diseases, including RA, and that A;x, and A3;AR
pharmacological treatment modulates an improvement in signs and symptoms (Silverman
et al., 2008; Borea ef al., 2009; Ochaion ef al., 2009). From this background it is accepted
that the release of various inflammatory mediators in patients with inflammatory disorders
could be closely associated with ARs, suggesting their potential role as therapeutic target
and the application of novel pharmacological approaches in the treatment of RA, AS and
PsA.

Considering this introduction, the aim of this thesis was to investigate the role of ARs in
chronic inflammatory rheumatic diseases. In particular, we have evaluated the expression
and functionality of A5 and A3ARs in RA and SpA patients.

The aim of the chapter 1 was to describe a detailed analysis on Aj, Aza, Asg and A3ARs
expression in patients suffering from early-RA (ERA), RA, AS and PsA, using mRNA
analysis and saturation binding experiments. ARs were analyzed in age-matched healthy
subjects (control group) and in patients with chronic inflammatory rheumatic diseases.
Moreover, we have investigated the effect of A, and A3AR agonists or antagonists on NF-
kB activation and on the production of proinflammatory cytokines, such as TNF-a, IL-1
and IL-6. The joint degradation process that is believed to be largely mediated by proteases
has been analyzed by evaluating the effect of A,a and A3AR agonists on MMP-1 and
MMP-3 production.
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To date conventional DMARDs such as MTX in monotherapy or in combination are
currently the first line medications usually prescribed in RA, AS and PsA patients (Chan
and Cronstein, 2010). More recently, the introduction of anti-TNF-a agents (e.g.
adalimumab, etanercept) or the use of anti-CD20 B cell targeted therapy (rituximab, RTX)
have provided a marked improvement in RA even if some patients do not respond or fail to
maintain adequate response to these treatments (Furst ez al., 2010).

In view of the above, the aim of the chapter 2 was to evaluate in RA, AS and PsA patients
the influence of different biological therapies as anti-TNF-a drugs or RTX in comparison
with MTX treatment on A, and A3AR density at various time points of treatment (from 0
to 24 months). In RA patients treated with RTX the relationship between A5 and A3AR
density and the clinical parameter 28-joint Disease Activity Score (DAS 28) values, a
validated and reliable composite indexes to assess RA disease activity, was also

investigated.
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CHAPTER 1I:

ADENOSINE RECEPTORS IN
RHEUMATOID ARTHRITIS AND
SPONDYLOARTHRITIS
PATIENTS

37



Introduction

In the literature, several papers have suggested the involvement of adenosine in
inflammatory status by A, and A3AR activation. In particular, it has been reported that
many of the anti-inflammatory effects caused by the stimulation of A;5 and A3;ARs are
mediated by the suppression of pro-inflammatory cytokine release (Hasko ef al., 2008;
Gessi et al., 2011b; Impellizzeri et al., 2011). Furthermore, altered expression of A5 and
A3ARs has been found in different inflammation-related pathologies highlighting the
potential role of these receptors as therapeutic targets in inflammatory diseases (Varani et
al., 2006; Varani et al., 2010b; Vincenzi et al., 2013c¢). In previous studies our research
group has found a significant upregulation of A5 and A3ARs in blood cells from untreated
RA patients and in MTX-treated RA patients, compared with healthy subjects (Varani et
al., 2009). In patients’ lymphocytes, it was shown that A,, and A3;AR activation inhibited
NF-«B pathway and diminished inflammatory cytokines such as TNF-a, IL-1p and IL-6.
Moreover, A,x and A3AR agonists mediated a reduction of different MMP-1 and MMP-3
release (Varani et al., 2011b). Furthermore, we have demonstrated the direct involvement
of AaAR in RA pathogenesis based on their expression in relation to the time of
pharmacological treatments with DMARDS or different biological drugs. Using an
adjuvant-induced rat model of arthritis, we previously reported that the treatment with an
AsAAR agonist reduced the severity of clinical signs, decreased arthritis-associated pain,
and increased the serum levels of the anti-inflammatory cytokine IL-10 (Vincenzi et al.,
2013c). The ability of the A,oAR agonist was also demonstrated in mice subjected to
collagen-induced arthritis confirming its anti-inflammatory effect during chronic
inflammation (Mazzon et al., 2011). It is well-accepted that arthritis diseases also include
spondyloarthritis, a family of chronic inflammatory diseases that share various common
features such as axial arthritis and enthesitis. AS and PsA are among the most common
diseases belonging to spondyloarthritis family. The role and the function of ARs during the
course of chronic autoimmune rheumatic diseases are currently under study from different
research groups because in the literature scarce information is available. In this study the
involvement of ARs in chronic autoimmune rheumatic diseases represented by RA, AS
and PsA was investigated. Of the four AR subtypes, A4 and A;ARs were overexpressed in
lymphocytes obtained from patients in comparison with those of healthy subjects. A4 and
A3AR agonists inhibited the activation of NF-kB, the release of typical pro-inflammatory
cytokines and the metalloproteinases levels which are involved in the inflammatory

responses in chronic autoimmune rheumatic diseases.
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Materials and methods

Patients and healthy subjects

All patients enrolled in this study were recruited from the Rheumatology Section,
Department of Medical Sciences, University of Ferrara, Italy. A total of 90 patients were
included and divided in ERA patients (n = 30), RA patients (n = 30), AS patients (n = 16)
and PsA patients (n = 14). RA patients with established disease for more than 12 months
fulfilled the American College of Rheumatology (ACR) 1987 criteria for RA. In particular,
clinical data included: (i) age, disease duration, gender, serological parameters including
rheumatoid factor (RF) and anti-citrullinated cyclic peptide (ACPA); (ii) Disease Activity
Score evaluated in 28 joints (DAS 28); (iii) functional status as assessed by Health
Assessment Questionnaire (HAQ); (iv) pharmacological therapy as comedication with
DMARDs such as MTX and leflunomide. The demographic, clinical and pharmacological
details are listed in Table 1. Biological naive, adult patients with AS classified according to
the Assessment of SpondyloArthritis international Society (ASAS) criteria (Rudwaleit et
al., 2009) and patients with PsA fulfilling the Classification of Psoriatic Arthritis
(CASPAR) criteria (Taylor and Robinson, 2013) were included. Clinical data included: (i)
age, disease duration, gender, human leukocyte antigen (HLA) B27 status, clinical
presentation over disease history considering both the axial involvement and the presence
of peripheral arthritis, dactylitis or entheseal pain; (ii) disease activity as assessed by the
Bath Ankylosing Spondylitis Disease Activity Index (BASDAI) and DAS 28; (iii)
functional status as assessed by the Bath Ankylosing Spondylitis Functional Index
(BASFI) and HAQ); (iv) pharmacological therapy as specific tumor necrosis factor
inhibitor (TNFi), comedication with DMARDs. The demographic, clinical and
pharmacological complete details are listed in Table 1B. This study has obvious limitations
mainly related to the low number of patients analyzed, especially in the spondyloarthritis
(AS and PsA). This could have induced an artefactual and chance inclusion of a low
number of patients with positive serology both for RF and ACPA in the RA group and
HLA B27+ in AS group. Healthy subjects (n = 90), matched for similar age to the cohort
of the examined patients, were volunteers from Ferrara University Hospital Blood Bank.
The study was approved by the local Ethics Committee (Approval No. 378, February
2010) of the University Hospital of Ferrara (Italy) and informed consent was obtained from

each participant in accordance with the principles outlined in the Declaration of Helsinki.
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Sample collection and human lymphocyte preparation

Lymphocytes were isolated and prepared as previously described from the peripheral blood
of control subjects, ERA, RA, AS and PsA patients. The isolation of blood cells started no
later than 3—4 h after the samples had been taken. The blood was supplemented with 6%
(by weight) Dextran T500 solution (Sigma, St. Louis, MO, USA) and erythrocytes were
allowed to settle down for 60 min. Leukocytes were centrifuged for 15 min at 100x g and
remaining erythrocytes were lysed in distilled water at 4°C. Cells were pelletted by
centrifugation for 5 min at 250% g, suspended in Krebs-Ringer phosphate buffer and
layered onto 10 mL of Fycoll-Hypaque (GE Healthcare, Little Chalfont, UK). After
centrifugation, mononuclear cells were washed in 0.02 M phosphate-buffered saline at pH
7.2 containing 5 mM MgCl2 and 0.15 mM CaCl2. Finally, they were decanted into culture
flask and placed in a humidified incubator (5% CO2) for 2 h at 37°C. This procedure,
aimed at removing monocytes, which adhere to the culture flasks, resulted in a purified
lymphocyte preparation containing at least 99% small lymphocytes identified by
morphological criteria. To obtain membrane suspensions, cell fractions were centrifuged in
hypotonic buffer at 20,000% g for 10 min. The resulting pellet was re-suspended in Tris
HCl 50 mM buffer pH 7.4 containing 2 Ul/mL adenosine deaminase (Sigma) and
incubated for 30 min at 37°C. The suspension was then centrifuged again at 40,000x g for
10 min and the final pellet was used for radioligand binding experiments. The protein
concentration was determined by a Bio-Rad method with bovine albumine as reference

standard (Varani et al., 2009).

Real-Time Quantitative Polymerase Chain Reaction Experiments

Total cytoplasmic RNA was extracted by the acid guanidinium thiocyanate phenol method.
Quantitative RT-PCR assays of Aj, Asa, Asp and A3AR mRNAs were carried out using
gene-specific fluorescently labelled TagMan MGB probe (minor groove binder) in a ABI
Prism 7700 Sequence Detection System (Applied Biosystems, Warrington Cheshire, UK).
For the RT-PCR of A}, Asa, Azp and A3ARs the Assays-on-DemandTM Gene Expression
Products NM 000674, NM 000675, NM 000676 and NM 000677 were used, respectively.
For the RT-PCR of the reference gene, the endogenous control human B-actin kit was used,
and the probe was fluorescent-labeled with VICTM (Applied Biosystems, Monza, Italy)
(Varani et al., 2009).
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Saturation Binding Experiments to A;, A, A,p and A3ARs

Saturation binding experiments to A;ARs were carried out with the use of ["H]-DPCPX
([’H]-1,3-dipropyl-8-cyclopentyl-xanthine, specific activity 120 Ci/mmol, Perkin Elmer
Life and Analytical Sciences, Boston, MA, USA) as radioligand (Varani et al., 2009).
Human lymphocyte membranes (60 pg of protein/assay) with 8 to 10 concentrations of
[*H]-DPCPX (0.01-20 nM) were incubated for 90 min at 25 °C. Non-specific binding was
determined in the presence of 1 uM DPCPX. Saturation binding to A;sARs was performed
with the use of [H]-ZM 241385 ([3H]-4-(2-[7-amin0-2-(2-furyl)[1,2,4]- triazolo[2,3-
a][1,3,5] triazin-5-ylamino] ethyl) phenol, specific activity 27 Ci/mmol, Biotrend,
Cologne, Germany), as radioligand (Varani et al., 2009a). Cell membranes (60 pug of
protein/assay) were incubated for 60 min at 4°C with various concentrations (0.01-20 nM)
of [’H]-ZM 241385. Non-specific binding was determined in the presence of 1 pM ZM
241385. Saturation binding experiments to A,gARs were performed by using ["H]-MRE
2029F20 ([*H]-N-benzo[1,3]dioxol-5 -yl-2-[5-(2,6-dioxo-1,3-dipropyl- 2,3,6,7-tetrahydro-
1H-purin-8-yl)-1-methyl-1H-pyrazol-3-yl-oxy]-acetamide, specific activity 123 Ci/mmol,
GE Healthcare, UK) as radioligand (Varani et al., 2009). Cell membranes (80 pg of
protein/assay) and [°H]-MRE 2029F20 (0.01-30 nM) were incubated for 60 min at 4°C
and non-specific binding was determined in the presence of 1 uM MRE 2029F20.
Saturation binding experiments to A3ARs were carried out using [’H]-MRE 3008F20
(& H]-5N-(4-methoxyphenylcarbamoyl) amio-8-propyl-2-(2- furyl) pyrazolo [4,3-e]-1,2,4-
triazolo [1,5-c]pyrimidine, specific activity 67 Ci/mmol, GE Healthcare, UK) as
radioligand (Varani et al., 2009). The membranes (80 pg of protein/assay) with [’H]-MRE
3008F20 (0.01-30 nM) were incubated at 4°C for 150 min and MRE 3008F20 1 uM was
used to evaluate non-specific binding. Bound and free radioactivity were separated in a
Brandel cell harvester (Brandel, Gaithersburg, MD, USA) by filtering the assay mixture
through Whatman GF/B glass fiber filters (Whatman. Kent, UK). The filter-bound
radioactivity was counted in a 2810 TR liquid scintillation counter (Perkin Elmer, Boston,

MA, USA).

Lymphocyte Cell Culture
Isolated lymphocytes from control subjects, ERA, RA, AS and PsA patients were
suspended at a density of 10° cells/ml in RPMI 1640 medium supplemented with 2% fetal

bovine serum (Euroclone, Milan, Italy) and seeded into 24-well plates (1 ml/well). Cells

were then preincubated for 15 min with 100 nM of CGS 21680 (4-[2-[[6-amino-9-(/N-
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ethyl-B-D-ribo-furanuronamidosyl)-9Hpurin-  2-yl]Jamino] ethyl]benzene propanoic,
Sigma) or CI-IB-MECA (N6-(3-iodo-benzyl)-2-chloroadenosine- 5'-N-methyluronamide,
Sigma) in the absence and in the presence of selected Ao or AsAR antagonists such as
SCH 442416 (2-(2-furanyl)-7-[3-(4-methoxyphenyl)propyl]-7H-pyrazolo[4,3-¢][1,2,4]
triazolo [1,5-c]pyrimidin-5-amine, Tocris Bioscience, Bristol, UK) or MRS 1334 (1,4-
dihydro-2-methyl-6-phenyl-4-(phenylethynyl)-3,5-pyridinedicarboxylic acid 3-ethyl-5-[(3-
nitrophenyl)methyl] ester, Tocris Bioscience) at 1 uM concentration, respectively.
Lymphocytes were then activated with 5 ng/ml PMA and incubated for 24 h (Varani et al.,
2011b). At the end of incubation, the cell suspension was collected and centrifuged at
1000x g for 10 min at 4°C. Then, the supernatants or cell pellets were used for enzyme-

linked immunosorbent assay (ELISA) assays or nuclear extract preparation, respectively.

Measurement of cAMP Levels

In lymphocytes, the potency of the well-known A4 and Aj adenosine agonists CGS 21680
and CI-IB-MECA (0.1 nM — 1 uM) was investigated. Cells were seeded in 96-well white
half-area microplate (Perkin Elmer, Boston, MA, USA) in a stimulation buffer composed
of Hank Balanced Salt Solution, 5 mM HEPES, 0.5 mM Ro 20-1724, 0.1% BSA.
Forskolin (1 uM) was used to stimulate adenylyl cyclase activity after the addition of Cl-
IB-MECA. cAMP levels were then quantified by using the AlphaScreen cAMP Detection
Kit (Perkin Elmer) following the manufacturer’s instructions. At the end of the

experiments, plates were read with the Perkin Elmer EnSight Multimode Plate Reader.

NF-kB activation in human cultured lymphocytes

Nuclear extracts from human cultured lymphocytes of the examined patients were prepared
by using a nuclear extract kit (Active Motif, Carlsbad, CA, USA) following the
manufacturer’s instructions. Activation of NF-kB was evaluated by detecting
phosphorylated p65 proteins in nuclear extracts by using the TransAM NF-kB kit (Active
Motif). Phosphorylated NF-kB subunits specifically bind to the immobilized
oligonucleotides containing the NF-kB consensus site (5'-GGGACTTTCC- 3'). The
primary antibody used to detect NF-kB recognized an epitope in the subunits that is
accessible only when it is activated and bound to its DNA target. A horseradish peroxidase
(HRP)-conjugated secondary antibody provided a sensitive colorimetric readout that was
quantified by spectrophotometry at 450 nm wavelength with the Perkin Elmer EnSight
Multimode Plate Reader (Varani et al., 2011b).
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Pro-Inflammatory Cytokine Release in Cultured Lymphocytes

TNF-a levels were measured in human cultured lymphocytes after the treatment described
above by using highly sensitive TNF-a ELISA (R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions. Pro-inflammatory cytokine (IL-1f and IL-6)
levels were determined with a quantitative sandwich ELISA kit (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s instructions (Varani et al.,
2011b). The reaction was developed with streptavidin-horseradish peroxidase and optical
density was read at 450 nm wavelength with the Perkin Elmer EnSight Multimode Plate
Reader.

Measurement of Total MMP-1 and MMP-3 Release in Cultured

Monocytes

To obtain human monocytes, peripheral blood mononuclear cells were seeded in petri
dishes at the density of 10%ml. The cells were allowed to adhere to plastic tissues and non-
adherent cells (lymphocytes) were removed. In cultured monocytes, MMP levels were
measured after the treatment described above by using the corresponding quantitative
sandwich ELISA kit (R&D Systems) according to the manufacturer’s instructions (Varani
etal., 2011 . Briefly, the assay systems measure natural and recombinant human active and

pro-MMPs (total MMPs).

Statistical Analysis

Dissociation equilibrium constants for saturation binding, affinity, or Kp values, as well as
the maximum densities of specific binding sites (Bmax), were calculated for a system of
one- or two-binding site populations by means of a non-linear curve fitting using GraphPad
Prism software version 6.0 (GraphPad Software, Inc., San Diego, CA, USA). All data are
reported as mean £ SEM of different independent experiments as indicated in the Results
section or in the Figure legends. Analysis of data was performed by one-way analysis of
variance (ANOVA). Differences between the groups were analyzed with Dunnett’s test

and were considered significant at a value of p <0.01.
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Results

A;x and A;ARs are up-regulated in lymphocytes from patients with

chronic inflammatory rheumatic diseases

Figure 1A shows the Aj, Asa, Azg and A3AR mRNA levels determined by RT-PCR in
human lymphocytes from healthy subjects and patients. Interestingly, only A,, and A3AR
mRNA expression in ERA, RA, AS, PsA patients was significantly increased. Figure 1B
indicates the affinity (Kp, nM) of A, Aza, Azp and A3ARs in lymphocyte membranes from
ERA, RA, AS, PsA patients, compared to healthy subjects and shows that the affinity of
Asa and A3ARs was lower in patients than in controls (p < 0.01). The receptor density
(Bmax, fmol/mg protein) of ARs was examined in lymphocyte membranes from patients
and healthy subjects showing that the density of A; and A;gARs was not significantly
different in patients respect to control group (Figure 1C). Instead, Aa and A3AR density
was significantly increased in patients compared with healthy subjects (Figure 2). The Kp
and Bmax values of ARs in lymphocyte membranes from control group and ERA, RA, AS,
PsA patients are reported in Table 2.

Increased potency of A,y and A3;ARs agonists in lymphocytes from

patients with chronic inflammatory rheumatic diseases

Figure 3 shows the concentration-response curves of typical Ay, and A3AR agonists such
as CGS 21680 and CI-IB-MECA, in lymphocytes from healthy subjects, ERA, RA, AS and
PsA patients. The ECsy values of CGS 21680, indicating the concentration of the agonist
eliciting 50% of maximal cAMP formation, were significantly lower in patients with
chronic inflammatory rheumatic diseases than in control subjects, indicating an increased
potency of CGS 21680 (Figure 3A). Similarly, Cl-IB-MECA showed higher potency in
ERA, RA, AS and PsA patients, suggesting that the increase in A3;ARs density was

correlated with an increase of agonist potency (Figure 3B).

Asx and A3AR agonists reduces NF-kB activation in lymphocytes from

the examined subjects

Higher levels of activated NF-kB p65 were found in nuclear extract from cultured
lymphocytes of ERA, RA, AS and PsA patients in comparison with control subjects (Figure
4A). CGS 21680, a well-known A;sAR agonist, was able to significantly inhibit NF-kB

levels in cultured lymphocytes derived from the subjects investigated. This effect was
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abolished by using the selective A;sAR antagonist SCH 442416, suggesting the Aja-
mediated effect of the agonist. Similar results were obtained with the A;AR agonist CI-IB-
MECA where its inhibitory effect on NF-«B activation was abrogated by A;AR antagonist
MRS 1334. Interestingly, the inhibitory effect mediated by A,s and A;AR agonists in
patients with inflammatory rheumatic diseases was more marked than in control subjects

(Figure 4A).

Az and A;AR activation inhibits cytokines release from lymphocytes of

the examined subjects

In cultured lymphocytes from patients and healthy subjects, the effect of A,n and A3AR
agonists and/or antagonists on TNF-a release was investigated. A marked release of TNF-a
was observed in ERA, RA, AS and PsA patients respect to healthy subjects (Figure 4B). In
addition, the stimulation of A;sAR with CGS 21680 (100 nM) mediated a significant
inhibition of PMA-induced TNF-a release. The inhibitory effect of CGS 21680 was more
evident in patients than in control subjects. Similar results were obtained through the A;AR
stimulation by using CI-IB-MECA at the 100 nM concentration. The direct involvement of
Asa and A3ARs was demonstrated by using selective antagonists such as SCH 442416 and
MRS 1334 (1 uM), respectively, which were able to completely abrogate the inhibitory
effect mediated by the agonists. The effect of CGS 21680 or Cl-IB-MECA on IL-1p (Figure
5A) and IL-6 (Figure 5B) release was also studied in lymphocytes. PMA (5 ng/ml) induced
a marked release of these pro-inflammatory cytokines and the treatment with A and A;AR
agonists resulted in a significant reduction of IL-18 and IL-6. In particular, the ArsAR
agonist mediated a significant inhibition of IL-1p and IL-6 in ERA (62% and 66%,
respectively), in RA (64% and 67%, respectively), in AS (62% and 67%, respectively) or in
PsA patients (63% and 68%, respectively) (Figure 5SA and 5B). Similar results were
obtained by using A3;AR stimulation on IL-1p and on IL-6 release. The inhibitory effect of
Ajsa or A3AR agonists was counteracted by the Ao or A3AR antagonists SCH 442416 or
MRS 1334 (1 uM), respectively.

Az, and A;AR agonists reduced MMPs activation in monocytes from the

examined subjects

Monocytes were incubated with PMA (5 ng/ml) for 24 hours inducing MMP-1 and MMP-
3 protein production. Incubation of monocytes with CGS 21680 or CI-IB-MECA (100 nM)
caused an inhibition of MMP-1 production (Figure 6A). The inhibitory effect was more
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evident in inflammatory rheumatic disease patients respect to healthy subjects. Similar
results were obtained evaluating the production of MMP-3 suggesting that these MMPs are
closely associated with Ajs or A3AR modulation. The direct involvement of these AR
subtypes was demonstrated with selective antagonists that blocked the inhibitory effect of

the Ay or A3AR agonists.
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Table 1. Clinical and demographic features of the study population, including healthy

subjects, patients with rheumatoid arthritis (including early forms) and spondyloarthritis.

Healthy subjects 90
No. female/male 59/31
Age, mean = SEM years 54.1+5.6
Early rheumatoid arthritis (ERA) 30
No. female/male 25/5
Age, mean = SEM years 524+25
Disease duration (months) 10.3+3.1
Rheumatoid Factor 6/26 (23%)
ACPA 10/26 (38%)
DAS 28, mean = SEM 32+£0.2
HAQ, mean £ SEM 1.2+0.1
Concomitant DMARDs or TNF inhibitors 0
Rheumatoid arthritis (RA) 30
No. female/male 26/4
Age, mean = SEM years 53.8%£29
Disease duration (months) 743 £ 84
Rheumatoid Factor 9/30 (30%)
ACPA 13/30 (43%)
DAS 28, mean = SEM 34+£0.2
HAQ, mean + SEM 1.3+0.1
Concomitant DMARDs:
Methotrexate (10—15 mg/week) 30 (100%)
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Seronegative spondyloarthritis
(including AS and PsA)
No. female/male
Age, mean = SEM years
Disease duration (months)
Ankylosing spondylitis (AS)
Axial involvement (only)

Entheseal involvement®

Axial and peripheral involvement
HLA B27 positive

Psoriatic arthritis (PsA)
Peripheral involvement (only)
Axial and peripheral involvement
Entheseal involvement®
Dactylitis

Clinimetric measures:

DAS 28* mean £ SEM

HAQ*, mean + SEM

BASDAI§, mean = SEM

BASFI§, mean £ SEM
Concomitant DMARD:s:

Methotrexate (10—15 mg/week)
Leflunomide

TNF inhibitors:

Infliximab in AS/PsA
Adalimumab in AS/PsA
Etanercept in AS/PsA

30

9/21
384424
121+ 14

16 (53.3%)
13/16 (81.3%)
7/16 (43.8%)
3/16 (18.8%)
7/16 (43.8%)
14 (46.7%)
10/14 (71.4%)
6/14 (42.9%)
7/14 (50%)
2/14 (14.3%)

39+0.3
0.8£0.1
52£0.5
0.8+£0.3

1 (3.3%)
1 (3.3%)

10/2 (55.5/25%)
8/4 (44.5/50%)
0/2 (0/25%)
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Table 2. Adenosine receptor binding parameters in lymphocytes from patients with

chronic autoimmune rheumatic diseases in comparison with healthy subjects.

AIARS - KD (IIM) AZAARS - KD AZBARS - KD A3ARS - KD (IIM)
Bmax (fmol/mg (nM) (nM) Bmax (fmol/mg
protein) Bmax (fmol/mg  Bmax (fmol/mg protein)
protein) protein)

Healthy 1.66 £ 0.12 1.26 £ 0.10 2.11+0.20 1.79 £ 0.15
subjects 3543 55+6 53+4 136+ 10
(n=90)
ERA patients 1.69+0.13 2.01 +£0.16* 2.34+0.16 3.11+£0.21*
(n=30) 3242 167 £ 13* 54+3 277 £ 23%
RA patients 1.58 +0.14 1.73+£0.11* 2.23+0.13 3.54+0.23*
(n=30) 3443 175 £ 17* 55+ 6 208 + 24*
AS patients 1.61+0.13 2.67+0.15* 2.21+0.17 291 +0.18*
(n=16) 32+4 185 £ 11* 51+4 333 £21%
PsA 1.59+0.11 3.31+0.27* 2.15+0.18 2.79 £ 0.15*
patients 33+£2 192 +11* 52+5 341 +23*
(n=14)

Data are expressed as the mean = SEM.
vs healthy controls.

Differences were considered significant at a value of * p < 0.01
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Figure 1. A;p, and A3ARs are up-regulated in patients’ lymphocytes with chronic
inflammatory rheumatic diseases. (A) Relative AR mRNA levels determined by RT-PCR
in human lymphocytes from ERA (n = 30), RA (n = 30), AS (n = 16), PsA patients (n =
14) and control subjects (n = 90). (B) Affinity of A;, Asa, Azp, and A3ARs expressed as Kp
values, in lymphocytes derived from ERA (n = 30), RA (n = 30), AS (n = 16) and PsA
patients (n = 14) in comparison to control subjects (n = 90). (C) Density of A;, Aza, Az,
and A3ARs, expressed as the maximum specific binding (Bmax), in lymphocytes derived
from ERA (n =30), RA (n =30), AS (n = 16) and PsA patients (n = 14) in comparison to
control subjects (n = 90). Data are expressed as the mean =+ SEM. * p < 0.01 vs control

group.
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[*H]-MRE 3008F20 bound

Figure 2. Saturation binding experiments in lymphocyte membranes from patients with

chronic inflammatory rheumatic diseases. Saturation curves (A,C) and Scatchard plots
(B,D) showing the binding of [*H]-ZM 241385 to A;xARs (A,B) and the binding of [*H]-
MRE 3008F20 to A3;ARs (C,D) in lymphocyte membranes derived from 90 controls, 30

ERA patients, 30 RA patients, 16 AS patients and 14 PsA patients. Data are expressed as

the mean + SEM.

200

150

[*H]-MRE 3008F20 free (nM)

2
3E e Controls
ﬁ% m ERA
88 100] & 4 RA
3¢ YN v AS
= & PsA
NE
= 504
0 1
0 5 10 15 20 25
[*H]ZM 241385 free (nM)
C
400~
€ 3007 e Controls
% m ERA
s 200 A RA
g i v AS
3 * PsA
E
£ 100
0 T T T T 1
0 5 10 15 20 25

Bound/Free

100
e Controls
80- = ERA
A RA
v AS
601 o PsA
40+
20 \\\
0 T T 1
0 50 100 200
Bound
100+
80
e Controls
3 = ERA
& 601 . RA
T v AS
3 40 + PsA
m
20+
0 T T T 1
0 100 200 300 400
Bound

51



Figure 3. Increased potency of A;x and A3;AR agonists in patients’ lymphocytes with

ERA, RA, AS and PsA diseases respect to control subjects. Concentration-response curves
of CGS 21680 (A) or CI-IB-MECA (B) on cAMP assays in lymphocytes obtained from
control subjects (n = 90), ERA (n = 30), RA (n = 30), AS (n = 16) and PsA patients (n =

14). Data are expressed as the mean = SEM. * p < 0.01 vs control group.
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Figure 4. A4 and A3;AR stimulation reduced NF-kB activation and TNF-a release. Effect

of the A;AAR agonist CGS 21680 (100 nM) and A3AR agonist CI-IB-MECA (100 nM) on
NF-«B p65 subunit activation (A) or TNF-a release (B) in cultured lymphocytes from ERA

(n = 30), RA (n = 30), AS (n = 16) and PsA patients (n = 14) in comparison to control
subjects (n = 90). The A;aAR antagonist SCH 442416 (1 uM) and the A;AR antagonist

MRS 1334 (1 uM) abrogated the effect of the agonists. Data are expressed as the mean +

stimulated cells (B).

*p<0.01 vs PMA-

(A);

SEM. * p <0.01 vs untreated cells

Controls
PsA

—
7,
& RA
oIm AS

200+

(sjo43u09 jo 9,)
uoneAnoe god g3-4N

CGS 21680 100 nM
SCH 442416 1 uM

CI-IB-MECA 100 nM
MRS 1334 1 uM

Controls
ERA
RA

S
PsA

"
mm
7,

—
A,

300+

00

T
o
o

N -
(lw/Bd) sjoas] P-4NL

PMA 5 ng/ml

CGS 21680 100 nM
SCH 442416 1 uM

Cl-IB-MECA 100 nM

MRS 1334 1 uM

53



Figure 5. A;5 and A3;AR activation reduced IL-1p and IL-6 release. Effect of the A;AAR
agonist CGS 21680 (100 nM) and of the A3AR agonist CI-IB-MECA (100 nM) on IL-1B

(A) or TNF-a (B) release in cultured lymphocytes from ERA (n = 30), RA (n

30), AS (n

= 16) and PsA patients (n = 14) in comparison to control subjects (n = 90). The A;AAR
antagonist SCH 442416 (1 uM) and the A3AR antagonist MRS 1334 (1 uM) blocked the

Data are expressed as a means £ SEM. * p < 0.01 vs PMA-

effect of the agonists.
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30), AS (n = 16) and PsA patients (n = 14) in comparison to control subjects (n

Figure 6. A,x and A3;AR activation reduced MMP-1 and MMP-3 production. (A) Effect

of the A,aAR agonist CGS 21680 (100 nM) and of the A3;AR agonist CI-IB-MECA (100
90). The A;AAR antagonist SCH 442416 (1 uM) and the A;AR antagonist MRS 1334 (1

nM) on MMP-1 (A) or MMP-3 (B) production in cultured monocytes from ERA (n = 30),
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Discussion

It is widely accepted that adenosine based system is a key modulator of inflammatory
responses affecting the release of several pro-inflammatory mediators implicated in the
pathogenesis and progression of various pathologies such as rheumatic diseases (Varani et
al., 2010b). To shed some light on the involvement of adenosine and its receptors in
chronic inflammatory rheumatic diseases, this study was primarily aimed to investigate the
expression of ARs in lymphocytes obtained from RA, AS and PsA patients in comparison
with healthy subjects. mRNA analysis revealed a selective increase at a transcriptional
level of Aya and A3ARs in lymphocytes from arthritic patients. No significant differences
were found between mRNA levels of A; and A;pARs in RA, AS and PsA patients respect
to control subjects. The increase of A4 and A3;AR mRNA expression was accompanied by
an up-regulation of these receptor subtypes as confirmed by saturation binding
experiments. In particular, Bmax values increased in the range from 3.0 to 3.4 fold for
AAARs and from 2.0 to 2.5 fold for A3ARs in arthritis patients. These data confirmed our
previous results obtained in RA patients were an up-regulation of A, and A3;ARs in
lymphocytes was found (Varani et al., 2009, 2011b; Vincenzi et al., 2013a). The present
study highlights, for the first time, the involvement of A and A3ARs in two of the most
common forms of spondyloarthritis, such as AS and PsA. Spondyloarthritis are a cluster of
inflammatory conditions which share clinical genetic and pathophysiological
characteristics (Venken and Elewaut, 2015). From the diagnostic point of view, it is
therefore clear that a cellular marker could help the clinician in the characterization of the
disease, supporting the well-established clinical measures and imaging techniques. It is
worth noting that an overexpression of A3;ARs was previously found in peripheral blood
mononuclear cells derived from patients with RA, psoriasis and Crohn's disease compared
with healthy subjects (Ochaion et al., 2009). All together these data consolidate the
emerging role of ARs in autoimmune inflammatory diseases (Varani, et al., 2010b;
Fishman et al., 2012; Fishman and Cohen, 2016). The effect on cAMP production of the
AsxAR agonist CGS 21680 and of the A3;AR agonist CI-IB-MECA was tested in
lymphocytes from RA, AS and PsA patients in comparison to healthy subjects. The
increased potency of the two compounds found in patients affected by inflammatory
rheumatic diseases under examination, together with the upregulation of A and A3;ARs,
suggested the possibility to exploit these receptor subtypes as therapeutic target. To
investigate the potential therapeutic of ARs modulation in arthritis diseases, the effect of

specific agonists was studied in cultured lymphocytes from RA, AS and PsA patients on
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several inflammatory mediators such as NF-kB, cytokines and metalloproteinases. NF-xB
is a transcription factor that is recognized as a key regulator of immune development,
immune responses and inflammation (Mitchell et al., 2016). It is well established that NF-
kB pathway is essential both in acute inflammatory responses and in chronic inflammatory
diseases, including arthritis related diseases (Noort et al., 2015). In a recent work, it has
been reported a higher expression of NF-«kB in peripheral blood leukocytes in patients with
spondyloarthritis than in control group (Swierkot et al., 2015). The results obtained in the
present study revealed the capability of both the A;4AR agonist CGS 21680 and the A;AR
agonist CI-IB-MECA to reduce NF-kB p65 subunit activation in lymphocytes from RA,
AS and PsA patients. Furthermore, the effect was more evident in patients than in healthy
subjects, most likely due to the up-regulation of A4 and A3ARs. These data are consistent
with those previously found in literature showing that A,s and A3;AR agonists are able to
inhibit NF-xB activation both in vitro and in vivo. For instance, it has been shown that
AAAR activation inhibits osteoclast differentiation through the inhibition of NF-«xB
nuclear translocation, suggesting a mechanism by which adenosine could target bone
destruction in inflammatory diseases (Mediero et al, 2013). Furthermore, it has been
reported that the A3;AR agonist CF502 inhibits the NF-kB signaling pathway in
synoviocytes from RA patients and in adjuvant-induced arthritis rats (Ochaion et al.,
2008).

The advancements in understanding the molecular and cellular mechanisms of chronic
autoimmune rheumatic diseases have highlighted potential therapeutic of strategies aimed
to inhibit the effects of up-regulated cytokines and other pro-inflammatory mediators
(Hasko et al., 2008a; Cronstein and Sitkovsky, 2016). The beneficial effect of targeting
pro-inflammatory cytokines is testified by the clinical efficacy of monoclonal antibodies
biological drugs that works against TNF-a, IL-6 or IL-1 in RA, AS and PsA patients
(Cantini et al., 2016). In the present research study, we have tested the potential inhibitory
effect of Ayp and As;AR stimulation on the release of pro-inflammatory cytokines in
lymphocytes obtained from patients with inflammatory rheumatic disorders in comparison
to control subjects. The observed reduction of TNF-a, IL-6 and IL-1f achieved by using
CGS 21680 or CI-IB-MECA corroborated the anti-inflammatory effects of A4 and A3;AR
activation and their potential therapeutic role in chronic inflammatory rheumatic diseases.
It is well-known that inflammatory cytokines such as TNF-a, IL-6 and IL-1B, expressed
locally in the articular joint, stimulate the production of MMPs. Increasing evidence have
highlighted that MMP activity is upregulated in arthritic cartilage and synovial fluid. For

these reasons, although there are different treatment options of varying efficacy for arthritis
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diseases, many alternatives are currently being explored, especially those that selectively
inhibit some MMPs (Dancevic and McCulloch, 2014). The results obtained in the present
work indicated that both A,» and A3AR stimulation inhibited MMP-1 and MMP-3 levels
in monocytes from RA, AS and PsA patients and in control subjects. This effect was
abrogated by selective antagonists for each receptor subtypes demonstrating that the
inhibition of MMPs was mediated by A, and A3AR activation. In conclusion, our findings
highlight the possibility to exploit A;a and A3ARs as therapeutic target, with the aim to
limit the inflammatory processes usually associated with chronic autoimmune rheumatic

diseases.
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CHAPTER 2:

LONGITUDINAL STUDY ON
ADENOSINE RECEPTOR
EXPRESSION IN CHRONIC
INFLAMMATORY RHEUMATIC
DISEASES
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Introduction

In RA and spondyloarthritis, the inflammatory process leads to progressive cartilage
degradation with synovial hyperplasia, change in underlying bone with erosions and high
levels of proinflammatory mediators (Joseph et al., 2010; Vincenzi et al., 2013c). It is
widely accepted that cytokines such as TNF-a and IL family mediate a large variety of
effector functions in the context of RA pathogenesis (Varani et al., 2011b). Conversely, the
anti-inflammatory cytokine IL-10 is relatively unique in its ability to down-regulate the
production of multiple pro-inflammatory cytokines, leading to the notion that IL-10 may
modulate the disease expression in RA (Vincenzi et al., 2013c). Early diagnosis and
therapy are crucial in order to prevent unfavourable outcome avoiding joint deterioration
and functional disability (Quifionez-Flores et al., 2016). Conventional DMARDs such as
MTX in monotherapy or in combination are currently the first medications usually
prescribed in RA, AS and PsA patients (Cronstein and Sitkovsky, 2016). To date, the
introduction of anti-TNF-a agents have provided a marked improvement in RA even if
some patients do not respond or fail to maintain adequate response to these treatments
(Keller et al., 2003).

An other interesting point was to evaluate in RA and SpA patients the influence of
different biologic therapies as anti-TNF-a drugs or RTX in comparison with MTX
treatment on A;x and A3ARs density at various time points of treatment (from 0 to 24
months). In RA treated patients, the relationship between A;5AR density and DAS 28
values was investigated. The changes of A;aAAR expression after different pharmacological

treatments in function of the time.

Materials and Methods

Sample Collection and Human Lymphocyte Preparation

Lymphocytes were isolated and prepared as previously described from the peripheral blood
of control subjects and examined patients (Varani et al., 2009). The isolation of blood cells
started no later than 3 to 4 hours after the samples had been taken. The blood was
supplemented with 6% (by weight) Dextran T500 solution (Sigma-Aldrich, St Louis, MO,
USA) and erythrocytes were allowed to settle down for 60 min. Leukocytes were pelleted
by centrifugation for 15 min at 100xg and the remaining erythrocytes were lyzed in
distilled water at 4°C rapidly restoring the isotonicity by NaCl solution. Then, the cells
were pelleted by centrifugation for 5 min at 250xg, suspended in Krebs-Ringer phosphate

buffer and layered onto 10 ml of Fycoll-Hypaque (GE Healthcare, Little Chalfont, UK).
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After centrifugation, mononuclear cells were washed in 0.02 M phosphate-buffered saline
(PBS) at pH 7.2 containing 5 mM MgCl2 and 0.15 mM CaCl2. Finally, they were decanted
into a culture flask and placed in a humidified incubator (5% CO2) for 2 hours at 37°C.
This procedure, aimed at removing monocytes which adhere to the culture flasks, resulted
in a purified lymphocyte preparation containing at least 99% small lymphocytes identified
by morphological criteria. To obtain membrane suspensions, cell fractions were
centrifuged in hypothonic buffer at 20000xg for 10 min. The resulting pellet was
resuspended in tris HCI 50 mM buffer pH 7.4 containing 2 Ul/ml adenosine deaminase
(Sigma-Aldrich) and incubated for 30 min at 37°C. After the incubation the suspension
was centrifuged again at 40000x%g for 10 min and the final pellet was used for radioligand
binding assays. The protein concentration was determined by a Bio-Rad method with

bovine albumine as reference standard (Vincenzi et al., 2013c¢).

Saturation Binding Experiments to A,, and A;ARs

Saturation binding to A>aARs was performed with the use of [*H]-ZM 241385 ([3H]-4-(2-
[7-amino-2-(2-furyl)[1,2,4]- triazolo[2,3-a][1,3,5] triazin-5-ylamino] ethyl) phenol,
specific activity 27 Ci/mmol, Biotrend, Cologne, Germany), as radioligand. Cell
membranes (60 pg of protein/assay) were incubated for 60 min at 4 °C with various
concentrations (0.01-20 nM) of [*H]-ZM 241385. Non-specific binding was determined in
the presence of 1 uM ZM 241385. Saturation binding experiments to A;ARs were carried
out using [*H]-MRE 3008F20 ([3H]-5N-(4-methoxyphenylcarbamoyl) amio-8-propyl-2-(2-
furyl) pyrazolo [4,3-e]-1,2,4-triazolo [1,5-c]pyrimidine, specific activity 67 Ci/mmol, GE
Healthcare, UK) as radioligand (Varani et al, 2009). The membranes (80 pg of
protein/assay) with [’H]-MRE 3008F20 (0.01-30nM) were incubated at 4°C for 150 min
and MRE 3008F20 1 uM was used to evaluate non-specific binding. Bound and free
radioactivity were separated in a Brandel cell harvester (Brandel, Gaithersburg, MD, USA)
by filtering the assay mixture through Whatman GF/B glass fiber filters (Whatman. Kent,
UK). The filter-bound radioactivity was counted in a 2810 TR liquid scintillation counter

(Perkin Elmer, Boston, MA, USA).

Data and Statistical Analysis
Dissociation equilibrium constants for saturation binding, affinity or Kp values, as well as
the maximum densities of specific binding sites, Bmax were calculated for a system of one

or two binding site populations by non-linear curve fitting using the program Ligand
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purchased from Kell Biosoft (Varani et al., 2010b). All data are reported as mean = SEM.
Statistical analysis of the data was performed by repeated measures analysis of variance
(ANOVA) followed by Dunnett’s ttest or unpaired two-sided Student’s t-test for
comparison of two samples. All analysis were carried out using GraphPad Prism 5.0

statistical software package and differences were considered statistically significant with a

p value less than 0.05 (Graph Pad Software, San Diego, CA, USA).

Results

Patients and control subjects

All patients enrolled in this study were recruited from the Rheumatology Section,
Department of Clinical and Experimental Medicine, University of Ferrara, Italy. A total of
145 patients were included and divided in RA patients (n = 67) treated with MTX (n = 26),
with anti TNF-a agents (etanercept, n= 23) or with RTX (n= 18); in AS patients (n = 41)
treated with DMARDs (MTX or leflunomide, n = 19), with anti TNF-a agents (infliximab,
adalimumab, etanercept, n = 22) and in PsA patients (n = 37) treated with DMARDs (MTX
or leflunomide, n = 21), with anti TNF-a agents (infliximab, adalimumab, etanercept, n =
16). RA patients with established disease fulfilled the American College of Rheumatology
(ACR) 1987 criteria for RA (Arnett et al, 1988). The demographic, clinical and
pharmacological details are listed in Table 3. All patients have continued to be regularly
monitored during the timeframe of the study. Clinical information about disease
characteristics such as disease onset, previous and current therapy, RF and ACPA presence
were reported (Table 3). DAS 28 and HAQ were completed for all patients (Prevoo et al.,
1995). The statistical analysis of the clinic parameters such as DAS 28 and HAQ reveals a
significant difference between the groups that is considered quite common within a cohort
of RA patients. Healthy controls (n= 90), matched for similar age to RA and

spondyloarhtritis patients, were volunteers from Ferrara University Hospital Blood Bank.

Binding parameters of A, and A;ARs in lymphocytes of RA patients

Affinity and density of A, and A3ARs were evaluated in lymphocyte membranes obtained
from RA patients at different time points of treatment with MTX, anti-TNF-a agents or
RTX. Before the treatment start, RA patients revealed an upregulation of A;sAR density
and a lower affinity if compared with age matched healthy (Table 4). In MTX-treated
patients, A»aAR affinity and density were found to be significantly different from control
subjects in the time points investigated, even if a significant reduction of Kp and Bmax
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values after 24 months of treatment respect to the beginning of the study was observed. In
lymphocytes from RA patients treated with anti-TNF-o drugs, a statistically significant
decrease of A;sAR density was obtained after 9 months of treatment. In the same patients
the AAAR Bmax values were similar to control subjects after 24 months from the
beginning of the treatment. Interestingly, RTX-treated patients showed a significant
reduction of Bmax and Kp, after 3 months of treatments reaching values similar to control
subjects at the subsequent time points investigated (from 6 to 24 months). Figure 7A
summarises the A;oAR density values obtained in lymphocytes from RA patients treated
with MTX, anti-TNF-a agents or RTX after 0, 3, 6, 9, 12 and 24 months from the
treatment start. Similar results were obtained on A3ARs Kp and Bmax during the time

points investigated as shown in Figure 7B and Table 5.

Binding Parameters of A,, and A3;ARs in lymphocytes of AS and PsA

patients

Asa and A3;ARs affinity (Kp) and density (Bmax) were also investigated in lymphocyte
membranes obtained from AS and PsA patients at different time points of treatment with
DMARDs (MTX or leflunomide) or anti-TNF-a agents (infliximab, adalimumab or
etanercept). The examined patients revealed an upregulation of A, and A3;ARs density and
a lower affinity if compared with age matched healthy controls. In DMARDs-treated
patients and in anti anti-TNF-a treated patients, A;aAR affinity and density were found to
be significantly different from control subjects in all the time points investigated in a
similar way to those observed in untreated patients (Figure 8A and 9A). Similar results

were obtained on A3ARs affinity and density as shown in Figure 8B and 9B.

The A;AAR density and DAS 28 gradually reduced in RA patients treated
with RTX

To date DAS 28 represents a validated composite index to assess RA disease activity.
Figure 10A reports the DAS 28 values in RA patients evaluated at different time points of
treatment with MTX, anti-TNFa drugs or RTX. To investigate the involvement of A, and
A3ARs in RA progression we have studied the association between these receptor subtypes
and DAS 28 in function of the time of treatment. Interestingly, in RTX-treated patients the
DAS 28 reduction (from 5.57 to 2.11) respect to the time of treatment was closely
associated to a significant AypAR decrease of 3.5 fold after 12 months respect to RA
untreated patients (Figure 10B). In particular, the timedependent relationship (from 0 to 12
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months) between A;aARs and DAS 28 in lymphocytes from RA patients treated with RTX
revealed a significant reduction of these parameters as reported in Figure 10B. Similar
results we have obtained between A3AR and DAS 28 in lymphocytes from RA patients
treated with RTX.
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Table 3. Clinical features and pharmacological treatments of the examined subjects,

including patients with rheumatoid arthritis, ankylosing spondylitis and psoriatic arthritis.

RA 67
No. female/male 16/51
Age, mean = SEM years 554+54
Disease duration (months) 12£3
DMARD:s:
Methotrexate (10—-15 mg/week) 26 (39%)
TNF inhibitors:
Etanercept 23 (34%)
B cells inhibitors:
Rituximab 18 (27%)
AS 41
No. female/male 9/32
Age, mean = SEM years 40.2+3.8
Disease duration (months) 118£8
DMARD:s: 19
Methotrexate (10—-15 mg/week) 12 (63%)
Leflunomide 7 (37%)
TNF inhibitors: 22
Infliximab 7 (32%)
Adalimumab 7 (32%)
Etanercept 8 (36%)
PsA 37
No. female/male 9/28
Age, mean + SEM years 39.9+2.4
Disease duration (months) 116x7
DMARD:s: 21
Methotrexate (1015 mg/week) 13 (62%)
Leflunomide 8 (38%)
TNF inhibitors: 16
Infliximab 4 (25%)
Adalimumab 5 (31%)
Etanercept 7 (44%)
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lymphocytes from RA patients at different time points of treatment.

Table 4. A;4AR affinity (Kp, nM) and density (Bmax, fmol/mg protein) in

As7AARs RA patients RA patients RA patients
Kp, nM MTX treated anti-TNFa RTX treated
Bmax, fmol/mg treated
protein
t=0 2.61+0.18% 2.64+0.22% 2.59+0.21%*
175+17* 169+15% 173+14%*
=3 2.24+0.16* 2.16+0.16% 2.06+0.16*"
168+16 162+13 140+13%"
=6 2.18+0.19% 2.17+0.18* 1.81+0.18*"
170414 155+14%* 11312
=9 2.14+0.18% 2.08+0.17*" 1.25+0.17
168+15%* 141411+ 75+10"
t=12 2.1240.20* 2.02+0.16*" 1.05+0.19"
164+13%* 106+10%*" 46+7"
t=24 1.95+0.15*%"  1.27+0.18" 1.26£0.21"
144+14%" 60+6" 45+7"

Healthy controls (n=90): Kp = 1.34 £ 0.85 nM; Bmax = 57 £ 46 fmol/mg protein. MTX =
methotrexate; RTX = rituximab. Time (t) is expressed as months of pharmacological treatment.
Data are expressed as mean = SEM. Differences were considered significant at a value of p<0.01
vs healthy controls (*) or vs t=0 (#).



lymphocytes from RA patients at different time points of treatment.

Table 5. A3AR affinity (Kp, nM) and density (Bmax, fmol/mg protein) in

A3ARs RA patients RA patients RA patients
Kp, nM MTX treated anti-TNFa RTX treated
Bmax, fmol/mg treated
protein
t=0 2.95+0.20% 2.89+0.18* 3.05+0.23*
298+19% 297+19% 208422
=3 2.53+£0.21* 2.36+0.19% 2.43+0.17*"
298+18%* 281421%* 224+19%"
=6 2.46+0.23% 2.38+0.21%* 2.13+0.22%"
297421 258+19%* 189+15%"
=9 2.42+0.23% 2.28+0.20*" 1.47+0.13"
289+19% 226+18*" 158+30"
t=12 2.374+0.22* 2.2140.21%" 1.3440.11%
279+20%* 174+20*" 134+13"
t=24 2.20+0.18%"  1.49+0.12 1.45+0.10"
225+19*" 137+19" 135+14"

Healthy controls (n=90): Kp = 1.78 £ 0.13 nM; Bmax = 134 + 15 fmol/mg protein. MTX =
methotrexate; RTX = rituximab. Time (t) is expressed as months of pharmacological treatment.
Data are expressed as mean = SEM. Differences were considered significant at a value of p<0.01
vs healthy controls (*) or vs t=0 (#).
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Figure 7. (A) AaAR and (B) A3AR Bmax values in lymphocytes from RA patients

evaluated at different time points of treatment with MTX, anti-TNF-a drugs or RTX. Data

are expressed as mean £ SEM. *, p<0.01 vs healthy controls; #, p<0.01 vs t = 0.
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Figure 8. (A) A2AAR and (B) AsAR Bmax values in lymphocytes from AS patients

evaluated at different time points of treatment with DMARDs or anti-TNF-a drugs. Data

are expressed as mean £ SEM. *, p<0.01 vs healthy controls.
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Figure 9. (A) A;AAR and (B) AsAR Bmax values in lymphocytes from PsA patients
evaluated at different time points of treatment with DMARDs or anti-TNF-a drugs. Data

are expressed as mean £ SEM. *, p<0.01 vs healthy controls.
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Figure 10. DAS 28 values in RA patients evaluated at different time points of treatment

with MTX, anti-TNFa drugs or RTX. Data are expressed as mean + SEM.*, p<0.01 vs t

0 months.
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Figure 11. Time-dependent relationship between A;AAR Bmax and DAS 28 in
lymphocytes from RTX treated RA patients.
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Discussion

To date no clinical trials are present evaluating the effects of A, and A3;AR agonists in
RA, AS and PsA patients since more preclinical studies are needed to better elucidate their
pharmacological properties. RA treatment has progressed for the advent of biologic
DMARDs even if the risks of infection, infusion-associated reactions or malignancy
together to the high costs of these treatments could limit their clinical use. In this study, we
have investigated the involvement of A;x and A3ARs in RA, AS and PsA by evaluating
their affinity and density in lymphocytes from patients at different time points after the
treatment with classic or biologic DMARDs. We have found an up-regulation of A5 and
A3ARs in untreated RA patients that was gradually reduced in function of the treatment
time and in different ways depending on the type of drug used. The longitudinal study
(from 0 to 24 months) performed in this study, aimed to assess the time-dependent changes
of Aya and A3AR expression in differentially treated RA, AS and PsA patients. In MTX-
treated RA patients A;4ARs were present in high levels at all the time points of treatment
whilst in anti-TNF-a-treated RA patients A4 and A3;AR density normalized to control
values after 24 months of treatment. RA patients treated with RTX exhibited A;sAR
binding characteristics similar to control values after 9 and until 24 months of treatment.

In AS and PsA patients Ay, and A3ARs were found to be significantly different from
control subjects in all the time points investigated.

So it is tempting to speculate that the different behavior of examined drugs in RA patients
on Ajx and A3;AR density could be correlated with the several mechanisms of action
involving the inflammatory process regulated by these heterogeneous therapies. DAS 28
values progressively reduced in function of the time of treatment and in different way
respect to the type of drugs used with a significant reduction after 3 months of RTX
treatment. Moreover, the time-dependent relationship between A,, and A3;ARs and DAS
28 in lymphocytes from RTX treated RA patients strongly suggested the involvement of
Asa and A3ARs in RA progression. Interestingly, high levels of DAS 28 indicating the
presence of a marked inflammatory status are accompanied by an increased A4 and A3AR
density. These data suggest that A,aAR expression is sensibly affected by inflammation
and tend to normalize with the disease remission. Thus, A;4ARs could be a useful tool to
monitor RA progression following conventional or biologic therapies. On the other hand,
Asa and A3ARs upregulation could be interpreted as a possible compensatory mechanism

that is needed to opposite the inflammatory status.
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In conclusion, we have demonstrated the involvement of A, and A3ARs in RA
pathogenesis based on the modulation of their expression in function of the time after
different pharmacological treatments. As a matter of fact, A, and A3;ARs agonists,
mimicking an endogenous protective system, could have less limitation and side effects
than DMARDs or biologic drugs although with a comparable effectiveness. These
experimental results support the role of Asx and A3AR as therapeutic target and strongly
suggest the potential use of novel pharmacological approaches based on A, and A3;AR

stimulation in RA treatment.
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GENERAL CONCLUSIONS

Several papers report the key role of ARs in mechanisms of inflammation associated to
various disorders suggesting that their stimulation has a different effect on the release of
several pro-inflammatory cytokines (Hask¢ et al., 2008b; Chan and Cronstein, 2010).

The results of the first part of this thesis suggest that A,» and A3;ARs are differentially
expressed in chronic rheumatic inflammatory diseases and the affinity and/or density of
these receptors are altered in patients compared with healthy control subjects. Furthermore
our data highlight that A, and A;AR agonists inhibited NF-kB activation and significantly
reduced inflammatory cytokines release, such as TNF-a, IL-1f and IL-6 in patient
lymphocytes. Moreover, A,x and A3AR activation mediated a reduction of MMP-1 and
MMP-3. The effect of the A;a and A3AR agonists was abrogated by selective antagonists
demonstrating the direct involvement of these receptor subtypes.

The second part of the study was undertaken to investigate the modulation of A,s and
A3ARs in patients suffering from RA, AS and PsA after different pharmacological
treatments. We evaluated A;s and A3AR density and functionality in pathologies
progression using a longitudinal study in RA, AS and PsA patients before and after MTX,
anti-TNFa agents or rituximab treatments. A4 and A3ARs were analyzed by saturation
binding assays in lymphocytes from patients throughout the 24-month study timeframe. In
lymphocytes obtained from RA patients, the A,a and A3AR up-regulation was gradually
reduced in function of the treatment time.

In conclusion, these data highlight, for the first time, the involvement of A4 and A3ARs in
two of the common forms of spondyloarthritis, such as AS and PsA. Interestingly, an over-
expressed endogenous anti-inflammatory pathway may be a potential target therapy in RA,
AS and PsA. As a consequence, Ay and A3;ARs agonists may represent a novel
pharmacological treatment alone or in combination with traditional therapy, such as MTX.
From a clinical point of view, the highest levels of Aa and A3AR density are closely
associated with the lowest levels of DAS 28, suggesting that the endogenous activation of
these receptors could attenuate the disease activity.

From the pharmacological point of view, it could be of crucial importance that the
stimulation of the over-expressed A,x and A3;AR leads to the inhibition of cellular

proinflammatory and degenerative mediators.
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In the future, more preclinical and clinical studies are warranted to investigate the effect of
selective A4 and A3AR agonists in chronic inflammatory rheumatic diseases in order to
translate these important findings into valuable benefits for patients.

Taken together, these data confirmed the involvement of ARs in chronic autoimmune
rheumatic diseases highlighting the possibility to exploit A;4 and A3ARs as therapeutic
targets, with the aim to limit the inflammatory responses usually associated with RA, AS

and PsA.
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