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Editorial on the Research Topic 
Purinergic Signaling 2020: The State-of-The-Art Commented by the Members of the Italian Purine Club

The “purinergic signaling” term was coined in 1972 by Geoffrey Burnstock Burnstock et al. after demonstrating that adenosine 5’-triphosphate (ATP) is a transmitter in nonadrenergic, noncholinergic inhibitory nerves innervating the guinea-pig taenia coli (Burnstock et al., 1966). This signaling system, which is ubiquitously expressed in every organ and system of the body, comprises various ecto-, soluble and intracellularly localized enzymes, nucleoside transporters, and G protein-coupled and ligand-gated cation channel receptors. Through the purinergic signaling system cells can maintain basal adenine and guanine-based purines at certain steady-state levels, thereby contributing to preserve the purines-dependent cellular homeostasis.
Extracellular levels of nucleotides and nucleosides may fluctuate enormously while being degraded by the action of several ectonucleotidases, which rapidly metabolize ATP to ADP, AMP, and adenosine. These extracellular purines are in constant equilibrium with their intracellular counterparts through cell surface transporters, thus balancing the purine content within both compartments. Purinergic receptors are subdivided into P1, for nucleosides, and P2 for nucleotides. While P1 purinoceptors are G protein-coupled receptors, P2 are both G protein-coupled and ligand-gated cation channel receptors, thus complementing each other in their signaling. Often, the same cell concurrently expresses different subtypes of P1 and P2 receptors, which allows the integration of purinergic transmission into short- and long-term signaling events. Overall, the coordinated function of purinergic enzymes, transporters, and receptors allows the cells to exquisitely harmonize their purinergic signaling. Accordingly, deciphering the precise molecular interplay between the different purinergic signaling partners, in health and disease, will propel the therapeutic use of purine-based compounds in numerous diseases, including cancer, metabolic and CNS disorders.
In this research topic, escorted by the Italian Chapter of Purine Club, an overview of the purinergic signaling field is provided through 40 articles written by about 200 authors. This successful compilation of manuscripts contains 23 opinions, five minireviews, five brief research reports, four perspectives, one general commentary, one review and one original research paper. The opinion articles collect the opinions from top leading experts in the field, thus promoting the debate of controversial scientific aspects as well as assessing future perspectives of clinical applications of purines. Indeed, purinergic receptors constitute a hot topic within these opinion papers. For instance, the instrumental role of P2Y12 receptors in the microglial response to neuropathological lesions (Lin et al.) or the antagonistic functions of P2Y2 and P2X7 receptors in neurodegenerative diseases (Glaser et al.) are highlighted. The structural features and potential therapeutic opportunities for P2X3 receptor ligands are discussed based on the fact that these receptors are confined to nociceptive neurons, thus making them an attractive target for the management of inflammatory, neuropathic, and visceral pain states and chronic and refractory chronic cough (Spinaci et al.). The Janus-face of P2X7 receptors in amyotrophic lateral sclerosis is debated (Volonté et al.), thus establishing the importance of peripheral vs. central clues that drive motor neuron and neuromuscular impairment, paralysis, and finally death in amyotrophic lateral sclerosis. Similarly, P1 receptors are further considered within these opinion papers. The role of purines, in general (Magni and Ceruti), and adenosine receptors, in particular (Coppi et al.; Luongo et al.), within the pathophysiology of chronic neuropathic pain is nicely updated, thus highlighting the recent research revealing the central role of adenosine A3 receptors. Also, the potential use of adenosine A2A receptor as a novel target for Alzheimer’s disease (Merighi et al.) is discussed. Certainly, adenosine A1 receptor partial agonists and positive allosteric modulators may serve to overcome the clinical drawbacks found in the pharmacotherapeutic usefulness of the activation of this receptor in several diseases (Vincenzi et al.). In addition, P1 and P2 purinergic receptors as valuable targets to stimulate myelin repair in the pathophysiology of multiple sclerosis are discussed (Lecca et al.). Next, the pharmacological modulation of the adenosinergic system to manage and counteract obesity and its related comorbidities is further commented (D’Antongiovanni et al.), thus encouraging the development of novel adenosine receptor ligands. Finally, the possible interactions between adenosine and kynurenic acid, two well-known neuromodulators, in the pathophysiology of schizophrenia are critically analyzed (Beggiato et al.).
Guanosine, considered an orphan neuromodulator (Di Liberto et al.), also attracted the attention of the experts of the field although the precise mechanism of its action is still unknown. While adenosine receptors have been involved in some guanosine-mediated physiological effects, the identification of the adenosinergic target of guanosine, if any, is still on the way (Massari et al.). The potential role of guanosine in the skeletal muscle-central nervous system axis communication through guanosine-stuffed exosomes delivered to neurons in the brain constitutes a hot topic (Pietrangelo). Finally, the role and prospective use of guanine-based purines in the management of cancer and major depressive (Almeida et al.) and aging-dependent (Di Iorio et al.) disorders is discussed.
The limitations of using inhibitors and/or antibodies against CD39 and CD73 as immunotherapeutic tools is discussed within the framework of a purinergic system cross-talk, which includes the different nucleotides and nucleosides, enzymes and receptors, and the extracellular environment (Battastini et al.). Thus, the notion of considering the purinergic system as a whole is reflected by the purinome concept, which provides an integrative framework to understand those purinergic alterations that may have important pathological consequences, as observed in glioblastoma multiforme, the most common/lethal human brain tumor (Giuliani et al.), or even in the dynamics of disease progression in sepsis (Leite-Aguiar et al.). Another example is the use of humanized mouse models to investigate the role of purinergic signaling in the inflammatory immune disorder (Sluyter and Watson). The evidence for a cross-talk between cytosolic 5’-nucleotidases and AMP-activated protein kinase is also analyzed (Camici et al.). Next, the importance of different forms of CD73 as prognostic biomarker of tumor progression or as predictive biomarker of responses to anticancer therapies in cancer patients is argued (Turiello et al.). Finally, and to conclude with the section of “Opinion,” a historical overview of the discovery and characterization of the novel dinucleotide uridine adenosine tetraphosphate (Up4A) within the cardiovascular system is considered (Zhou and Matsumoto).
Four perspective manuscripts put the eye on some relevant purinergic signaling issues. For instance, Barresi et al. provide an up-to-date highlight of the recent findings and future perspectives in the field of adenosine A2B receptor orthosteric and allosteric ligands (Barresi et al.). The role of the striatal-enriched protein tyrosine phosphatase in adenosine A2A receptor-mediated effects in the central nervous system is contemplated by Maria Rosaria Domenici and collaborators (Domenici et al.). The role of adenosine receptor-containing heteromers balancing the opioid and dopaminergic transmission in the striatum (Borroto-Escuela et al.) and biasing signaling (Franco et al.) is further discussed. Finally, a general commentary manuscript revises the recent publication in Cell (Prescott et al., 2020)reporting a novel role of P2Y1 receptors in vagal sensory neurons and their involvement in initiating a series of airway defense reflexes that guard the airways from external stimuli (Liu et al.).
Subsequently, one review and five minireviews highlight diverse aspects of purinergic signaling. For instance, the role of ectonucleotidases in acute and chronic inflammation is nicely reviewed by Anna Lisa Giuliani and collaborators (Giuliani et al.) reporting that ectonucleotidases play a major role in chronic inflammation by setting the balance between pro-inflammatory nucleotides and anti-inflammatory adenosine. Next, the current knowledge on the structure and functions of purinergic P2 receptors in mechanotransduction in health and disease is outlined (Kong et al.). An integrative picture of the molecular mechanisms leading to changes in feeding behaviour within hypothalamic neurons following purinergic receptor activation is presented by Caruso and collaborators (Caruso et al.). The role of extracellular ATP and adenosine as potent extracellular signaling molecules in the retina is also summarized (Ye et al.). Marta Lombardi et al. discuss the current knowledge on the role of ATP in the biogenesis and dynamics of extracellular vesicles (Lombardi et al.). Finally, recent developments on positron emission tomography tracers for imaging adenosine A2A receptors and their applications in the diagnosis and treatment of adenosine-related diseases are discussed (Sun et al.).
The research topic contains a series of original research manuscripts covering important aspects of purinergic signaling. Thus, five brief research reports investigate the role of guanosine on human neuroblastoma cell differentiation (Belluardo et al.), the contribution of plasmin generation in the proangiogenic effect of adenosine A2A receptor upon activation (Valls et al.), the effects of a P2X7 receptor agonist in cell viability and cortico-striatal synaptic transmission in experimental models of Huntington’s Disease (Martire et al.), the expression pattern and activation profile of P2Y receptors in TGF-β1-mediated cardiac fibrosis (Tian et al.) and the impact of vascular purinergic signaling in erythrocyte induce endothelial injury in type 2 diabetes (Mahdi et al.). Finally, an original research article investigates the role of Ecto-5’-nucleotidase (CD73) in the allergic airway inflammation upon sensitization, thus mice lacking CD73 show an exacerbated allergic airway inflammation (Caiazzo et al.).
By compiling this set of manuscripts, we aim to build up a scientific framework helping to propel the discovery of novel purine-based pharmacological tools as well as potential diagnostic or prognostic biomarkers within the purinergic field, thus paving the way for personalized medicine. Overall, this research topic constitutes a virtual roundtable for the scientific purinergic community to share the more recent findings and innovative ideas concerning the use of purines as new pharmacological tools. Finally, we would like to dedicate this research topic to the memory of Prof. Geoffrey Burnstock, the father of the purinergic signaling field, who peacefully passed away on June 3rd, 2020.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work, and approved it for publication.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We would like to thank all authors of this Special Issue for their highly valuable contribution. Also, we would like to acknowledge the work of reviewers whose constructive input contributed to improving the quality of the articles.
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Ciruela, Fuxe, Illes, Ulrich and Caciagli. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPINION

published: 24 July 2020

doi: 10.3389/fphar.2020.01148

[image: image2]


Duality of P2X7 Receptor in Amyotrophic Lateral Sclerosis


Cinzia Volonté 1,2*, Susanna Amadio 2, Francesco Liguori 2 and Paola Fabbrizio 3


1CNR-Institute for Systems Analysis and Computer Science, Rome, Italy, 2Fondazione Santa Lucia, IRCCS, Rome, Italy, 3Istituto di Ricerche Farmacologiche Mario Negri, IRCCS, Milan, Italy




Edited by: 
Francesco Caciagli, University of Studies G. d’Annunzio Chieti and Pescara, Italy

Reviewed by: 
Ronald Sluyter, University of Wollongong, Australia

*Correspondence:
 Cinzia Volonté
 cinzia.volonte@cnr.it

Specialty section: 
 This article was submitted to Experimental Pharmacology and Drug Discovery, a section of the journal Frontiers in Pharmacology


Received: 22 June 2020

Accepted: 15 July 2020

Published: 24 July 2020

Citation:
Volonté C, Amadio S, Liguori F and Fabbrizio P (2020) Duality of P2X7 Receptor in Amyotrophic Lateral Sclerosis. Front. Pharmacol. 11:1148. doi: 10.3389/fphar.2020.01148



Keywords: amyotrophic lateral sclerosis, drug discovery, P2X7, purinergic, SOD1-G93A mouse



Introduction

Much has been explained to date about the multifactorial nature of amyotrophic lateral sclerosis (ALS) and about the multiple cellular/molecular targets and genes involved in the disease. Even more has been said about the pleiotropic and sometimes opposite functions of purinergic ionotropic P2X7 receptor. Bearing this in mind, the first question we ask is: why should we tell something more about P2X7 in ALS? The answer is simple: despite some apparently conflicting results, our general understanding supports the fact that the pathological mechanisms of ALS indeed proceed through pathways in which P2X7 plays a crucial and dual role. In our opinion, this topic is surely worth updating and discussing.

Sharing basic research results with clinicians and communicating clinical findings to basic researchers is a chief goal in the efforts to improve human health. Translating basic research to clinic is also a primary aim in the faith to defeat ALS. By building upon some recent success and exciting new pharmacological developments about P2X7 (De Marchi et al., 2016; Rech et al., 2016; Park and Kim, 2017; Pevarello et al., 2017; Górecki, 2019), here we discuss the reasons and the key challenges of fostering research in the field of P2X7 and ALS. In other words, the power of experimental research about a crucial player of inflammation, the P2X7 (Di Virgilio, 2007; Di Virgilio et al., 2017; Di Virgilio et al., 2018), will be exploited to provide further insights in the context of ALS.

ALS is at least two centuries old and is a rare, relentless, multi-layered and heterogeneous familial/sporadic disease targeting motor neurons and additional cell phenotypes as muscles, glia and immune cells (Casterton et al., 2020; Yerbury et al., 2020). It typically causes death within 3–5 years from onset, but it still has no cure because all efforts in the search for treatments have failed so far (Mejzini et al., 2019; Chiò et al., 2020). Current therapies can only reduce morbidity. At present, only two certified FDA drugs exist, the anti-glutamatergic riluzole (Rilutek®, Teglutik®, approved in 1995) and the free radical scavenger edaravone (Radicava®, Radicut®, approved in Japan, South Korea, USA, Canada, Switzerland, and China in the years 2015–2019). None of these are fully satisfactory, riluzole having modest benefits on survival of patients and edaravone halting ALS progression only during the early stages (Jaiswal, 2019). To date, more than 50 drugs have failed in ALS clinical trials, while several compounds are currently in interventional phase-III trials (Andrews et al., 2019; Wobst et al., 2020).

Among the most promising:

	- Arimoclomol is a hydroxylamine derivative working as a co-inducer of the heat shock proteins and extending the lifespan of superoxide dismutase (SOD)1-G93A mice (the best characterized animal model for ALS) when provided at symptomatic phase (Kalmar et al., 2008).


	- Tauroursodeoxycholic acid, a bile acid derivative, is a potent anti-apoptotic agent that preserves motor neurons function by stabilizing the mitochondrial membrane, inhibiting the activation of matrix metallopeptidase 9, and nitrite production (Vaz et al., 2015).


	- Methylcobalamin is a vitamin B12 analog that enhances the survival of ALS motor neurons in vitro (Ito et al., 2017) and may prolong survival and delay disease progression in patients, if started early (Kaji et al., 2019).


	- Masitinib, a type-3 tyrosine kinase inhibitor, is known for modulating neuroinflammatory features, prolonging post-paralysis survival, decreasing aberrant gliosis and motor neuron pathology in the spinal cord of SOD1-G93A rats (Trias et al., 2016).


	- Cannabidiol is one of the more than 100 pharmacologically bioactive cannabinoids that have neuroprotective activities by delaying disease progression, motor impairment and prolonging survival in ALS animal models (Urbi et al., 2019).




Despite these encouraging results, novel therapeutic strategies are yet necessary for inspiring further studies and, most importantly, formulating effective treatments (Okano et al., 2020). Thus, the focal question becomes why we should consider a P2X7-targeted strategy for ALS.

The studies about the involvement of purinergic signaling in neurodegenerative and neuroinflammatory conditions are certainly convincing (Volonté et al., 2003; Franke and Illes, 2006; Burnstock, 2008; Khakh and North, 2012; Sperlágh and Illes, 2014; Tewari and Seth, 2015; Burnstock, 2016; Burnstock, 2017a; Burnstock, 2017b) and now flourishing also on ALS and P2X7, in particular (Volonté et al., 2011; Volonté et al., 2012; Volonté et al., 2016; Sebastião et al., 2018; Cieślak et al., 2019; Ruiz-Ruiz et al., 2020). Moreover, because of the evolution of always more specific and potent P2X7 antagonists with a focus on CNS indications (Rech et al., 2016; Pevarello et al., 2017), we can optimistically expect that in the near future some new generation P2X7 drugs might be listed on the formulary and medication plan for ALS patients. In the next sections, we will briefly circumstantiate this belief.



Central and Peripheral Mechanisms of P2X7 in ALS

Receptors should be more properly analyzed within the cellular context and microenvironment in which they are embedded. Increased immunoreactivity for P2X7 is extensively documented in microglia/macrophages from the spinal cord and brain tissues of ALS patients (Yiangou et al., 2006) and SOD1-G93A mice (D’Ambrosi et al., 2009). Conversely, P2X7 down-regulation is observed in peripheral monocytes of ALS patients (Liu et al., 2016). Depending on the specific cellular context, microenvironment, network of molecules responsible for triggering, maintaining, and terminating the purinergic signaling, i.e. the “purinome” (Volonté et al., 2006; Volonté et al., 2008; Volonté and D’Ambrosi, 2009), we might expect very heterogeneous or even divergent cellular responses triggered by P2X7 itself.

Some interesting concepts about P2X7 become evident, for instance, when we dissect the pathogenic mechanisms of ALS based on the central versus peripheral localization of the receptor. Indeed, activation of P2X7 by agonists in ALS primary microglia further aggravates pro-inflammatory responses, as NADPH oxidase 2 activity, reactive oxygen species production, tumor necrosis factor-α and cyclooxigenase-2 expression, microtubules associated protein kinases activation, miR-155, miR-125b, miR-146b up-regulation, and miR-22 down regulation, moreover causing direct toxicity towards ALS motor neuron cells (D’Ambrosi et al., 2009; Apolloni et al., 2013b; Parisi et al., 2013; Apolloni et al., 2014; Parisi et al., 2016). Likewise, repeated stimulations of P2X7 cause SOD1-G93A astrocytes in culture to become neurotoxic (Gandelman et al., 2010) toward motor neurons, which are per se sensitive to P2X7-induced toxicity by activation of the 90-kDa heat-shock protein/Fas pathway (Franco et al., 2013; Gandelman et al., 2013). Contrary to these deleterious effects, activation of P2X7 by the potent agonist 2′(3′)‐O‐(4‐benzoylbenzoyl) adenosine 5′‐triphosphate in SOD1-G93A mice (for seven days just before the onset of pathological neuromuscular features) improves morphology of neuromuscular junctions, metabolism of myofibers, proliferation/differentiation of satellite cells, overall ameliorating denervation atrophy in ALS skeletal muscles (Fabbrizio et al., 2020).

These two independent sets of results confirm the duality of P2X7 in ALS (Figure 1) and the importance of the environmental niche as a combination of peripheral versus central clues that drive motor neuron and neuromuscular impairment, paralysis, and finally death in ALS.




Figure 1 | Is P2X7 good or bad in ALS? The “Death and Life” painting by Gustav Klimt (1910/15) well exemplifies the duality of purinergic P2X7 receptor in ALS. The main mechanisms and pathways involving P2X7 in ALS motor neurons (in blue color), oligodendrocytes (in yellow), microglia (in green), and muscle (in pink) pathology are listed in the figure. In brown are written the pathways shared between neurons and microglia.





Beneficial and Detrimental Effects

The complex behavior of P2X7 in the ALS environment is further proven by some apparently incongruous results obtained by genetic deletion of P2X7 in SOD1-G93A mice compared to pharmacological blockade of the receptor. In P2X7−/−/SOD1-G93A mice, the insurgence of ALS symptoms is anticipated, and the disease progression is worsened. Exacerbation of pro-inflammatory gliosis and aggravated motor neuron death are also evident in these P2X7−/−/mice. The possible participation of P2X7 activity to some beneficial function, at least in some disease phases, is the most reasonable explanation (Apolloni et al., 2013a). On the other hand, pharmacological inhibition of the receptor in SOD1-G93A mice by the antagonist Brilliant Blue G generates different degrees of therapeutic efficacy on motor impairment, body weight loss, survival, and neurodegeneration/neuroinflammation in the spinal cord (Cervetto et al., 2013; Apolloni et al., 2014; Bartlett et al., 2017; Sluyter et al., 2017). This clearly indicates that P2X7 activity is undoubtedly deleterious after disease onset and must be attenuated to alleviate ALS symptoms in mice. However, new generation P2X7 antagonists that are more potent and specific than Brilliant Blue G as A804598 and JNJ-47965567 have failed under the same regard (Fabbrizio et al., 2017; Ly et al., 2020). There is no need to say that further research about optimized dosing regimens based on P2X7 pharmacokinetic data and P2X7 druggability becomes mandatory for explaining the duality of P2X7 in ALS and the molecular pathways that directly involve this receptor in the disease.



Early and Late, Short and Prolonged Actions

We have described so far that a strong impact on ALS pathology is contributed by what happens in the local CNS compartment of neurons and glia versus the peripheral compartment of immune cells and muscle and by the mode (beneficial or detrimental) in which the P2X7 transduction mechanisms are delivered. Now, we claim that also the temporal component is crucial for determining how P2X7 behaves in ALS. For instance, P2X7 is known to play a complex role in regulating autophagy and autophagy-based secretion of IL-1β from the microglia (Takenouchi et al., 2009). Moreover, P2X7 acts as a positive autophagy regulator in monocytes and macrophages during mycobacterial infections (Biswas et al., 2008) and in dystrophic muscles (Young et al., 2015). In the ALS context, we know that a short P2X7 activation sustains a positive flux of autophagy by upregulating LC3B-II protein via the mTOR pathway and downregulating SQSTM1/p62 levels in SOD1-G93A primary microglia, concurrently with induction of M2 anti-inflammatory markers. Conversely, a prolonged stimulation of P2X7 leads to reduction of the autophagic flux, with detrimental accumulation of SQSTM1/p62 protein and concomitant M1 pro-inflammatory polarization of SOD1-G93A microglia (Fabbrizio et al., 2017). We can easily correlate the P2X7-short-time-evoked stimulation of autophagy with the beneficial activation of P2X7 likely occurring during the early asymptomatic phase of ALS, precisely when the genetic ablation of the receptor becomes detrimental in SOD1-G93A mice (Apolloni et al., 2013a). Instead, persistent activation of P2X7 leading to deleterious inhibition of autophagy might resemble what occurs during the later symptomatic phase of the disease, exactly when P2X7 needs to be inhibited for contrasting ALS progression (Apolloni et al., 2014; Sluyter et al., 2017). In other words, these results confirm that the duality of the time-specific participation of P2X7 to ALS extends to autophagic other than neuroinflammatory mechanisms.

While we expect to corroborate the notion that pathological mechanisms of ALS indeed proceed through pathways in which P2X7 plays a central role, under this same perspective we must now further integrate insights from animal models and human studies, converging genomics, transcriptomics, proteomics, and metabolomics with computational biology.



Conclusive Discussion

This opinion article has discussed some challenges and reasons for further promoting research in the field of P2X7 and ALS. We have reported that the P2X7 environmental niche combining peripheral/central clues that drive motor neuron impairment and the early/late and short/prolonged timing of beneficial versus detrimental P2X7 responses, becomes very important for further understanding ALS. However, conflicting data still raise questions about the origin of dominant mechanisms in ALS and their P2X7-dependent fate. Here, we have come to the conclusion that further research about P2X7, its dosing and druggability, is needed to deepen our understanding of the pathways involved in the insurgence and progression of ALS.

In doing so, we have described that the key to direct a whole new interdisciplinary field of P2X7 in ALS must be by integrating insights from humans with animal models, bridging genomics, transcriptomics, proteomics, and metabolomics with computational biology. Nevertheless, the duality of the participation of P2X7 to ALS remains an important layer to be explored for discerning and directing the pathological processes of the disease (Figure 1). The summation of these layers and the success of these research fields will be a paradigm of the power of interdisciplinary P2X7 research in ALS.

Although the field of P2X7 and ALS may appear mature, it is so new that many questions continue to arise, and we can look forward to exciting new developments. Designing a clinical trial, identifying targets, outcomes, and biomarkers is only a first step in the ultimate goal of translating the P2X7 knowledge into the clinic. The right answer to ALS is conceivably a multidrug strategy and/or the use of broad-spectrum molecules that, in our opinion, will surely comprise the P2X7 receptor among their targets.
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Introduction

In 2005, a novel dinucleotide uridine adenosine tetraphosphate (Up4A) was identified in the endothelium thereby being recognized as a novel endothelium-derived factor (Jankowski et al., 2005). Up4A is the first dinucleotide found in living organisms containing both a purine and a pyrimidine moieties (Jankowski et al., 2005). Up4A is biosynthesized through vascular endothelial growth factor receptor (VEGFR) 2 in response to pharmacological and mechanical stimuli (Jankowski et al., 2013). The plasma concentrations of Up4A in healthy subjects are in the vasoactive range suggesting that Up4A may contribute to cardiovascular regulation (Jankowski et al., 2005). Of importance, several pieces of evidence have reported that the plasma level of Up4A is elevated in patients with hypertension and with chronic kidney diseases, and that Up4A (via intra-aortic bolus injection) increases mean arterial pressure in rats in vivo (Jankowski et al., 2005; Jankowski et al., 2007; Schuchardt et al., 2012). These observations suggest a potential role for Up4A in the pathogenesis of cardiovascular disease.

During the following years, the research was focused on the vascular effect of Up4A in different vascular beds of various species. This mainly includes the acute effect of Up4A on vascular function in both health and various cardiovascular diseases including hypertension, atherosclerosis, myocardial infarction, and diabetes, and the trophic effect of Up4A on vascular proliferation, migration, angiogenesis, and calcification (Matsumoto et al., 2015; Zhou et al., 2019). Up4A exerts biological effects by activating purinergic receptors (PRs) to regulate cardiovascular (dys)function. PRs are divided into P1R and P2R categories. Four subtypes of P1Rs (adenosine receptors) have been identified, namely A1R, A2AR, A2BR, and A3R. At least seven P2XRs, and eight P2YRs have been identified to date (Burnstock, 2017). In the vasculature, activation of A1R and A3R can induce contraction, whereas activation of A2AR and A2BR typically produce vascular relaxation (Zhou et al., 2019). In contrast to P1Rs, the effects of the activation of P2R subtypes may be tissue- and cell-dependent. In general, activation of P2R subtypes in endothelial cells are thought to induce vasodilation, while activation of P2Rs in smooth muscle cells can induce vasoconstriction (Zhou et al., 2019). Of note, the pharmacological action of Up4A on vascular function and the Up4A-mediated purinergic signaling have been shown to be altered in cardiovascular disease (Zhou et al., 2019). However, the endogenous role of Up4A in the regulation of cardiovascular homeostasis and particularly the role of Up4A in the development and progression of cardiovascular disease remain largely unclear. This study briefly summarizes the available information regarding the vascular action of Up4A and its mediated purinergic signaling in various cardiovascular diseases during a 15-year research period and raises critical questions and perspectives for the future research direction in order to better understand the biological role of Up4A in the development of cardiovascular disease.



Up4A Biosynthesis and Catabolism

Up4A is biosynthesized by activation of VEGFR2 in the endothelium (Jankowski et al., 2013). After incubation of ADP and UDP with VEGFR2, human dermal endothelial cells generate increasing concentrations of Up4A, while there is no Up4A formation when incubating ADP and UDP with VEGFR1 or VEGFR3 (Jankowski et al., 2013). The domain of Tyr-1175 of VEGFR2 is essential for the enzymatic activity for Up4A synthesis (Jankowski et al., 2013). Up4A could facilitate VEGFR2-mediated signaling pathways e.g. p42/44 mitogen-activated protein kinase phosphorylation (Jankowski et al., 2013). Given that VEGFR2 is abundantly expressed in endothelial cells, the Up4A biosynthesis may play a significant role in cardiovascular homeostasis.

In addition to endothelial cells, Up4A was found to be generated in renal tubular cells, human liver hepatocellular carcinoma cells, human acute monocytic leukemia cells, and murine macrophage cells (Zhou et al., 2019). As these cells express VEGFR2, Up4A synthesis is likely also mediated by activation of VEGFR2. It is of interest to know whether VEGFR2-expressing cells are generally capable of synthesizing Up4A. Of further importance, several cardiovascular diseases including diabetes have demonstrated an altered VEGFR2 expression and function (Fountas et al., 2015). Whether such alteration may affect Up4A generation and subsequent purinergic activation accounting for the development and progression of disease remains unknown and warrants further studies.

Catabolism of Up4A is poorly understood. Dinucleotides can be degraded to mononucleotides by ecto-nucleotidases (including CD39 and CD37) (Burnstock, 2017). These ecto-nucleotidases are ubiquitously present in different cells, including vascular endothelial and smooth muscle cells (Burnstock, 2017). This implies that Up4A may be also degraded through those ecto-nucleotidases, and that the Up4A-mediated vascular effects can be exerted by its degradation products. However, existing evidence suggest that Up4A-mediated vascular effects are direct, but not indirect through its degradation or inhibition of purinergic enzymes as mentioned above (Zhou et al., 2019). It is speculated that the catabolism of Up4A may be through other types of ecto-nucleotidases e.g. nucleotide pyrophosphatase/phosphodiesterases. Further studies are needed to explore this mechanism. Of note, activity of these nucleotidases are altered in cardiovascular disease (Burnstock, 2017; Zhou et al., 2020). It is of importance to know in the future studies whether altered nucleotidase activity may influence the catabolism of Up4A contributing to the initiation and/or development of cardiovascular disease.



Up4A and Vascular Actions

Using pharmacological approach, the 15-year research on Up4A has unveiled vascular effects of Up4A in various cardiovascular diseases. The Up4A-mediated PR activation and possible downstream pathways have been characterized in hypertension, diabetes, atherosclerosis, and myocardial infarction. In addition, Up4A exerts various trophic effects through activation of P2YRs inducing angiogenesis in endothelial cells, proliferation and migration in smooth muscle cells, and development of calcification (Zhou et al., 2019). These chronic effects may also play a role for vascular remodeling and atherogenesis.


Hypertension

Vascular reactivity to Up4A is altered in hypertension. In deoxycorticosterone acetate-salt rats, Up4A-induced contraction is heterogeneously affected among various vessels. Thus, Up4A-induced vascular contraction was increased in basilar, renal, and femoral arteries, but was decreased in small mesenteric arteries, and unchanged in thoracic aortas and pulmonary arteries (Matsumoto et al., 2011; Matsumoto et al., 2012). Activation of P2YR contributed to the increased Up4A-induced contraction in basilar, femoral, and renal arteries (Matsumoto et al., 2011; Matsumoto et al., 2012). In angiotensin II-induced hypertensive mice, Up4A-induced contraction in aortas was decreased likely due to P2X1R desensitization (Zhou et al., 2017b). These observations may imply that vascular PR activity rather than circulating Up4A may determine the role of Up4A in setting of hypertension. However, further investigations regarding the relationship between altered circulating Up4A and vascular PR activity in hypertension are needed. In contrast to vasoconstrictor effect, Up4A produces potent relaxation in porcine coronary small arteries (Zhou et al., 2013b; Sun et al., 2019). In a swine model with pressure-overload-induced hypertension, Up4A-induced relaxation was impaired in coronary small arteries isolated from hypertensive swine compared to control. ARs other than A2AR and P2Y12R among P2Rs are proposed contributing to the reduced relaxation to Up4A in hypertensive swine (Zhou et al., 2018a).



Diabetes

Diabetes is an important risk factor for the development of cardiovascular diseases including atherosclerosis and ischemic heart disease (Pereira et al., 2018; Zhou et al., 2018b). Diabetes-associated vascular complications are the leading causes of increased morbidity and mortality worldwide (Zhou et al., 2018b). Up4A-induced contraction in renal arteries of healthy rats, which was enhanced in vessels from Goto-Kakizaki (GK) rats likely due to activation of suramin-sensitive P2Rs (Matsumoto et al., 2014). Up4A-induced contraction was decreased in aortas and renal arteries of the Otsuka Long-Evans Tokushima Fatty (OLETF) diabetic rats as compared to control Long-Evans Tokushima Otsuka (LETO) rats at basal tone (Matsumoto et al., 2016; Matsumoto et al., 2017). Of note, the Up4A-induced renal contraction in OLETF rats was increased with age and duration of diabetes, whereas the Up4A-induced contraction in LETO rats was not associated with age (Matsumoto et al., 2016). With elevated tone by phenylephrine, Up4A produced a mild relaxation in aortas isolated from OLETF rats as compared to the vasoconstrictor effect by Up4A in LETO rats (Matsumoto et al., 2017). The involvements of PRs in different vascular responses to Up4A in this model need further investigations. However, Up4A can stimulate other endothelium-derived factors e.g. vasoconstrictor prostanoids PGF2α, PGE2, and thromboxane (TxA2) are generated in response to Up4A to promote its contraction and nitric oxide is released to suppress Up4A effects in OLETF rats (Matsumoto et al., 2017). Interestingly, Up4A-induced relaxation in coronary small arteries was maintained in swine with diabetes and endothelial dysfunction compared to normal swine (Zhou et al., 2017a). This is due to a balanced purinergic activation (reduced vasodilator A2AR and P2X7R vs. increased vasodilator P2Y1R) and endothelium-derived factor-mediated effects (vasodilator CYP 2C9 vs. vasoconstrictor CYP 2C9 and TxA2) in response to Up4A (Zhou et al., 2017a).



Coronary Atherosclerosis and Myocardial Infarction

Plaque formation due to atherosclerosis in coronary vasculature is a major cause of ischemic heart disease. When the plaque ruptures, the ensuing thromboembolism may lead to ischemia and myocardial infarction (Marzilli et al., 2012). Despite all four ARs and many P2Rs are involved in the development of atherosclerosis and targeting P2Y12R is an effective strategy commonly used in patients with acute coronary syndrome (Burnstock, 2017), the experimental evidence for the involvement of PRs in coronary atherosclerosis is lacking. In coronary arteries isolated from ApoE knockout mice treated with a high fat diet, in which lesions were observed, P2X1R expression was decreased in endothelial cells, while P2X1R expression remained unaltered in smooth muscle cells. Hence, the smooth muscle to endothelial cell ratio of P2X1R was increased, suggesting a net vasoconstrictor effect of P2X1R in coronary atherosclerosis (Teng et al., 2017). Indeed, infusion of Up4A into isolated hearts from ApoE knockout mice with high fat diet decreased coronary flow more as compared to hearts from control mice through activation of vasoconstrictor P2X1R (Teng et al., 2017). In contrast to ex vivo experiments, a bolus i.v. injection of Up4A increased coronary blood flow to a similar extent between control and atherosclerotic mice (Teng et al., 2017). This vasodilator effect of Up4A is not influenced by the hemodynamic changes by the drug infusion. However, the possibility of a Up4A degradation to purine or adenosine to induce coronary vasodilation in vivo condition remain undetermined, which warrants further investigations. In swine after myocardial infarction, the sensitivity of the coronary small arteries to Up4A was reduced (Zhou et al., 2013a). The reduced vasodilator response to Up4A is due to a reduced contribution of P1R (A2BR was proposed to be involved) (Zhou et al., 2013a).




Conclusions and Perspective

The 15-year research on Up4A in cardiovascular system has yielded fruitful outcomes. Up4A produces both short-term and long-term vascular effects through both P1R and P2R. The Up4A-induced effects not only depend on various vascular beds but also different species. The involvement of PRs in response to Up4A is altered in various cardiovascular diseases. However, endogenous role of Up4A in the regulation of vascular function remains unclear. Although the vasoactive effect of Up4A may depend on receptor activity, the contribution of the Up4A plasma levels to vascular (dys)function in cardiovascular disease warrants further investigations. Future research directions need to focus on the following aspects to better understand the role of Up4A in the development and progression of cardiovascular disease: 1) Does the altered plasma levels of Up4A in cardiovascular disease merely serve as a diagnostic biomarker, and/or can endogenous Up4A (including local concentration of Up4A e.g. in coronary microcirculation) activate corresponding PRs serving as a causative factor? What are causal factors and mechanisms underlying regulation of local/circulating Up4A levels? 2) Given that Up4A can activate both P1Rs and P2Rs expressed in different cells of the cardiovascular system, it remains to be investigated which receptors play an essential role. 3) Can Up4A biosynthesis and its mediated main purinergic signaling be targeted for the treatment of cardiovascular disease? Whether targeting a single receptor or multiple receptors at the same time yields in the most effective therapeutic effects. 4) What are the mechanisms underlying the Up4A-mediated effect in vivo condition? 5) Can Up4A-mediated vascular effect be eventually translated into human situation? It may take many other 15 years to address all these important questions and concerns. However, the successful characterization of vascular effect of Up4A and PRs involved in cardiovascular disease mentioned in the present study have paved the way for the next research step.
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Introduction

Purinergic signaling comprises a network of extracellular nucleosides and nucleotides, cell surface adenosine (P1) and nucleotide (P2) receptors, and ecto-enzymes that together participate in cell-to-cell communication (Giuliani et al., 2019). This network plays key roles in many physiological processes (Burnstock, 2012) including inflammation and immunity, as recently illustrated by members of the Italian Purine Club (Adinolfi et al., 2018; Di Virgilio et al., 2018; Magni et al., 2018; Antonioli et al., 2019) and others (Linden et al., 2019). Much of this understanding has been obtained from studies of cells expressing endogenous or recombinant purinergic molecules, rodent models of health and disease, and human tissue samples (Burnstock, 2012). Humanized mice provide a complementary approach to investigate purinergic signaling in inflammation and immunity and are valuable tools to translate findings from mice to humans. However, the use of humanized mice in this context is only in its infancy. In this opinion article, we will briefly provide a description of humanized mice. Then, using recent studies from our groups, we illustrate how a humanized mouse model has been used to advance our understanding of purinergic signaling in the inflammatory immune disorder, graft-versus-host disease (GVHD). Finally, directions for the future use of humanized mouse models to investigate purinergic signaling in inflammation and immunity and other systems will be briefly outlined.



Humanized Mice

Humanized mice can be classified into two groups. The first involves the expression of specific human gene products within mice including cases in which a given mouse gene is replaced by the human ortholog (Stripecke et al., 2020). Examples of mice incorporating transgenes of human purinergic molecules include the overexpression of human CD39 (ENTPD1) (Dwyer et al., 2004), as well as the substitution of the mouse gene with the corresponding human gene for the adenosine A3 receptor (ADORA3) (Yamano et al., 2005), P2X7 receptor (P2RX7) (Metzger et al., 2017a) or a Gln460Arg P2X7 receptor variant (Metzger et al., 2017b). The second group of humanized mice, so called xenogeneic mouse models, involves the transfer of human cells into mice, which are typically immunodeficient (Stripecke et al., 2020). It is this group which forms the focus of the remaining article.

Humanized mice resulting from the engraftment of human cells have been important pre-clinical tools for three decades (Shultz et al., 2019). As such, there are a large number of humanized mouse models including those of relevance to inflammation and immunity, in which immunodeficient mice are engrafted with human peripheral blood mononuclear cells (PBMCs), hematopoietic cells or tissues to form functional human immune systems (Shultz et al., 2019). A brief history of the development of humanized mice, including a list of the current mouse platforms available and potential sources of human tissue, is provided elsewhere (Shultz et al., 2019).

The humanized mouse model most commonly used to investigate purinergic signaling in inflammation and immunity involves the injection of human PBMCs into non-irradiated NOD.Cg-PrkdcscidIL2rgtm1Wjl (NSG) mice (Hu-PBMC-NSG mice) (Geraghty et al., 2017), a model established by King et al. (2008). NSG mice readily engraft human cells due to naturally occurring and engineered mutations resulting in: impaired development of T and B cells and natural killer cells, preventing immune-mediated rejection of human cells; and enhanced mouse SIRPα-human CD47 interactions, promoting engraftment of human hematopoietic cells (Shultz et al., 2019). NODShi.Cg-PrkdcscidIL2rgtm1Sug (NOG) mice are similar to NSG mice except they encode a truncated, rather than a null, form of the IL-2 receptor γ-chain and can also engraft human PBMCs (Shultz et al., 2019). Thus, studies of NOG mice engrafted with human PBMCs provide supplementary information when seeking to understand immune mechanisms in Hu-PBMC-NSG mice. Studies of humanized NOG mice in relation to purinergic signaling are yet to be reported.

A number of features need to be considered when studying purinergic signaling pathways in Hu-PBMC-NSG mice. First, despite readily engrafting human T cells, the engraftment of human B cells and myeloid cells in these mice is limited (King et al., 2008), presumably due to species-specific factors (Shultz et al., 2019). Second, these factors are likely to disrupt the engraftment of other human leukocyte subsets, such as the observed decline of human T regulatory cells in these mice over time (Hu et al., 2020). Third, NSG mice display defects in other immune pathways such as the complement pathway (Verma et al., 2017) limiting the scope of studying some inflammatory and immune processes. Fourth, disparities between murine MHC class I and II molecules and human T cell receptors may yield sub-optimal human immune responses (Lee et al., 2019). Fifth, NSG mice display higher rates of antibody clearance compared to other strains (Li et al., 2019) reducing the efficacy of functional monoclonal antibodies in this model. Finally, Hu-PBMC-NSG mice develop lethal GVHD from 4 weeks (King et al., 2009; Geraghty et al., 2019b), limiting long-term studies in these mice. This last feature however affords a valuable pre-clinical model of this disease, which we have utilized to investigate the role of purinergic signaling pathways in GVHD (Figure 1).




Figure 1 | Purinergic signaling in a humanized mouse model of graft-versus-host disease (GVHD). Intraperitoneal (i.p.) injection of 10 × 106 human (h) peripheral blood mononuclear cells (PBMCs) into NOD.Cg-PrkdcscidIL2rgtm1Wjl (NSG) mice (Day 0) results in the engraftment of human (h) CD45+ leukocytes predominately hCD4+ and hCD8+ T cells as early as Day 21. The percentages of hCD45+ leukocytes, hCD3+ T cells and hCD4+ or hCD8+ T cells represent the average percentages of these cells among total CD45+ leukocytes, hCD45+ leukocytes and hCD3+ T cells, respectively, typically observed in this model (Cuthbertson et al., 2020). From Week 4, mice display signs of clinical GVHD (as indicated) corresponding with the production of circulating human interferon-γ (hIFN (γ), tumor necrosis factor (hTNF) and interleukins (hIL) (as indicated) (Geraghty et al., 2017; Geraghty et al., 2019a; Geraghty et al., 2019d), increased murine P2rx7 and P2rx4 expression in GVHD tissues, and histological evidence of GVHD at endpoint (Day 70) (Cuthbertson et al., 2020). The box highlights studies of humanized mice in which roles for purinergic molecules were established as follows. Injection of the CD39/CD73 antagonist, α,β-methylene ATP (APCP), which potentially increases extracellular ATP, increases weight loss and liver GVHD (Geraghty et al., 2019d). Injection of the P2X7 antagonist, Brilliant Blue G (BBG), decreases weight loss and liver GVHD (Geraghty et al., 2017; Geraghty et al., 2019c). Injection of PBMCs from human donors encoding an ENTPD1 polymorphism, which increases the proportion of CD39+ T regulatory cells, worsens GVHD (Adhikary et al., 2020).





Purinergic Signaling in GVHD in Humanized NSG Mice

Allogeneic hematopoietic stem cell transplantation (HSCT) is a curative therapy in people with malignant and other blood disorders (Copelan et al., 2019). However, GVHD, in which donor immune cells damage and destroy host tissues occurs in up to 30% of HSCT recipients, leading to severe morbidity and high rates of death (Zeiser and Blazar, 2017). GVHD typically occurs in the skin, intestines, liver and lungs, but can extend to the eyes, ovaries and brain (Zeiser and Blazar, 2017). As such, new and additional treatments are needed to further decrease the impact and incidence of GVHD in HSCT recipients.

Studies from allogeneic mouse models of GVHD, in which donor leukocytes from one mouse strain are transplanted into a second mouse strain, have revealed important roles for purinergic signaling pathways in GVHD development, identifying new potential therapeutic targets in preventing this disease in humans. Using small molecule antagonists/agonists and knockout mice of purinergic molecules, these studies have revealed that ATP is released at sites of inflammation and that P2X7 receptor activation on host antigen presenting cells contributes to the stimulation of donor effector T cells to promote GVHD progression (Wilhelm et al., 2010). Moreover, P2Y2 receptor activation on host cells contributes to this disease by directing monocytes to sites of inflammation and causing the apoptotic loss of intestinal cells (Klämbt et al., 2015). Conversely, adenosine A2A receptor activation by CD73-generated adenosine limits GVHD progression (Lappas et al., 2010; Tsukamoto et al., 2012), an effect mediated in part by the expansion of donor T regulatory cells (Han et al., 2013). Collectively, these data suggest a working paradigm in which extracellular ATP activates P2 receptors to promote inflammation and GVHD, while extracellular adenosine activates adenosine receptors to limit inflammation and GVHD.

To determine if the above paradigm is relevant to human GVHD, our groups have investigated the roles of purinergic signaling in Hu-PBMC-NSG mice using small molecule antagonists/agonists of purinergic molecules and PBMCs from human donors encoding natural variants of the P2RX7 and ENTPD1 genes (Figure 1). Collectively, this data supports the role of extracellular ATP (Geraghty et al., 2019d) and the subsequent activation of the P2X7 receptor (Geraghty et al., 2017; Geraghty et al., 2019c) in promoting GVHD, most notably liver GVHD, in this humanized mouse model. This effect appeared to be due to activation of host P2X7 receptors, as PBMCs from human donors encoding either loss-of-function or gain-of-function P2RX7 gene variants resulted in similar rates and severity of GVHD (Adhikary et al., 2019). In contrast, a role for CD73-derived adenosine and A2a receptor activation in preventing GVHD in Hu-PBMC-NSG mice could not be established (Geraghty et al., 2019d). Use of the adenosine A2a receptor agonist, CGS 21680, suggested a role for this receptor in preventing GVHD progression, but this result was confounded by this agonist increasing weight loss in Hu-PBMC-NSG mice (Geraghty et al., 2019a). Further complicating an immunosuppressive role for adenosine in this model, is our observation that engraftment of human PBMCs with a polymorphic variant of the ENTPD1 gene, that results in increased CD39+ T regulatory cells, worsens GVHD (Adhikary et al., 2020). Finally, our studies have revealed increased expression of murine P2rx7 and P2rx4 in GVHD tissues from Hu-PBMC-NSG mice compared to those from non-engrafted NSG mice (Cuthbertson et al., 2020) and the presence of functional murine P2X7 receptors in NSG mice (Geraghty et al., 2017), whilst both human P2RX7 and ADORA2 are detected in Hu-PBMC-NSG mice (Geraghty et al., 2019d). Collectively, this data suggests Hu-PBMC-NSG mice provide a pre-clinical model of GVHD in which new therapeutics aimed at inhibiting P2X7 receptor activation can be tested, whilst the potential use of this model to test new therapeutics aimed at activating A2A receptors remains to be established. Moreover, through the use of species-specific biologics (Koch-Nolte et al., 2019), Hu-PBMC-NSG mice afford new opportunities to delineate the role of donor (human) and host (murine) purinergic molecules in GVHD. One caveat in using Hu-PBMC-NSG mice to study purinergic signaling in GVHD is that the use of purinergic antagonists/agonists in these mice are typically less effective in modifying disease outcomes than in allogeneic mouse models of GVHD. This difference most likely reflects the greater disparity in MHC molecules between species than between mouse strains resulting in more severe forms of GVHD in Hu-PBMC-NSG mice compared to allogeneic mice.



Conclusions and Future Directions

Due to the development of lethal GVHD in Hu-PBMC-NSG other studies of purinergic signaling in inflammatory and immune processes in these mice remain limited. Nevertheless, given these mice readily engraft human T cells, these mice present opportunities to study the role of purinergic molecules in human T cell activation, differentiation, migration and survival in vivo for up to 4 weeks prior to clinical GVHD development. Moreover, the above studies of purinergic signaling in GVHD in Hu-PBMC-NSG mice serve as a proof-of-concept to consider studying the roles of purinergic signaling in inflammatory and immune processes in other humanized mouse models. In this regard, recent advances, such as the expression of transgenes for human growth factors and use of human progenitor cells, have facilitated the engraftment of human T cells and other human leukocytes in the absence of GVHD (Stripecke et al., 2020). Other advances have assisted the study of human T cell responses in vivo. For example, expression of human MHC class I and II transgenes in NSG mice has facilitated the study of CD8+ and CD4+ T cell responses in graft-versus-leukemia immunity (Ehx et al., 2018) and colitis (Goettel et al., 2016), respectively, in Hu-PBMC-NSG mice. Thus, purinergic investigators seeking to employ humanized mice need to consider the purinergic pathway(s) and cell type(s) of interest in selecting the most appropriate humanized mouse model available, including the development of new humanized mouse models to address aims.

In wanting to employ humanized mice, investigators also need to consider the ethical implications and constraints of using animals and human tissues, including the generation of human–mice chimeras and the source of human cells (Devolder et al., 2020), with some humanized mouse models requiring human fetal liver tissue (Shultz et al., 2019). Nevertheless, given the range of humanized mouse models emerging (Stripecke et al., 2020), humanized mice provide new and exciting opportunities for the study of purinergic signaling in inflammation and immunity, as well as in other physiological and pathophysiological settings. For example, von Willebrand factor mutant mice, which support human but not murine platelet-induced thrombosis, have been used to study the P2Y12 receptor antagonist clopidogrel in vivo (Magallon et al., 2011). Additionally, given the roles of purinergic signaling in cancer progression and metastasis, as highlighted by members of the Italian Purine Club (Di Virgilio and Adinolfi, 2017; Ferrari et al., 2017; Giuliani et al., 2018), human tumor xenograft models will support the future study of such pathways in this disease. Humanized mouse models also afford opportunities to develop personalized medicine relating to purinergic targets in disease, as illustrated by the use of human tumor xenografts (so called patient-derived xenograft or PDX models) in tailoring therapies for people with cancer (Shultz et al., 2019). Finally, investigators are directed to recent standardized reporting guidelines concerning the use of humanized mice aimed at enhancing rigor and reproducibility (Stripecke et al., 2020).
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INTRODUCTION
Over the past years, the adenosine pathway has become a topic of great interest in cancer research, due to an increasing number of evidences showing its role in tumor progression and metastases. Within tumor microenvironment, extracellular adenosine reaches elevated concentrations and by activating the adenosine receptor subtypes A2A and A2B limits the effector T cell functions, induces immunosuppression, and stimulates angiogenesis (recently reviewed in Allard et al., 2020). Extracellular adenosine production is finely regulated by many enzymes (Yegutkin, 2008), and it is critically impaired in pathological conditions, such as inflammatory disorders or cancer (Allard et al., 2020). The classical pathway of extracellular adenosine production is based on sequential reactions mediated by two ectonucleotidases, specifically extracellular adenosine triphosphate is first hydrolyzed by CD39 into adenosine monophosphate (AMP) and then dephosphorylated into adenosine by CD73. The alternative pathway involves CD38 and CD203a, which convert NAD+ into ADP-ribose and ADP-ribose into AMP, respectively (Horenstein et al., 2013). AMP is, in turn, dephosphorylated into adenosine by CD73. In this context, CD73 has aroused particular interest, being the key enzyme in extracellular adenosine production, both in classical and alternative pathways. CD73 is a dimeric enzyme that exists in two forms: one form is anchored, via glycosylphosphatidylinositol, to the membrane of many cells or extracellular vesicles; the second form is generated upon cleavage from membranes through the action of proteases or phospholipases, and it is found in biological fluids (Zimmermann et al., 2012).
A large number of preclinical studies have investigated the role of CD73 in immunosuppression and tumor progression, proving that the inhibition of CD73 is an effective immunotherapeutic strategy for different types of cancers. Agents targeting CD73, including monoclonal antibodies and small molecules, have been developed and are undergoing clinical trials, alone or in combination with other immune checkpoint inhibitors (Allard et al., 2020; Thompson and Powell, 2020). New CD73 inhibitors have proved to be effective in controlling tumor growth and immune response in preclinical studies and would warrant clinical investigations (Jin et al., 2020; Schäkel et al., 2020).
To date, various studies have also explored the significance of CD73 expression and activity in cancer patients, evaluating possible correlations with survival and/or clinical response. Here, we discuss the relevance of different forms of CD73 as prognostic biomarker of tumor progression in cancer patients or as predictive biomarker of response to anticancer therapies.
MEMBRANE-BOUND CD73 IN CANCER PATIENTS
In cancer, CD73 is expressed by many subsets of cells populating the tumor lesion, including tumor cells, stromal cells, and endothelial cells, as well as infiltrating immune cells (Vijayan et al., 2017). High CD73 tumor expression is associated with shorter overall survival and poor prognosis of patients with melanoma (Monteiro et al., 2018), diffuse large B-cell lymphoma (Wang et al., 2019), breast cancer (Loi et al., 2013; Turcotte et al., 2017; Buisseret et al., 2018; Jiang et al., 2018), ovarian cancer (Turcotte et al., 2015; Jiang et al., 2018), head and neck cancer (Mandapathil et al., 2018), head and neck squamous carcinoma (Ren et al., 2016) non–small-cell lung cancer (Inoue et al., 2017), thyroid carcinoma (Bertoni et al., 2019), pancreatic cancer (Chen et al., 2020), gastric cancer (Lu et al., 2013), or colorectal cancer (Wu et al., 2012). Of note, the up-regulation of CD73 in cancer patients has been addressed as a mechanism of resistance to antitumor therapies. Loi and coworkers observed that CD73 gene expression significantly related to poor prognosis in triple-negative breast cancer patients treated with anthracycline-only preoperative chemotherapy (Loi et al., 2013). In the same study, in a breast cancer mouse model, the authors demonstrated that CD73 overexpression on tumor cells determines chemoresistance to anthracycline treatment, while the blockade of the enzyme improved antitumor immune response (Loi et al., 2013). In another study, CD73 expression associated with poor outcome of breast cancer patients treated with trastuzumab, an anti-HER2/ErbB2 antibody, while its expression on tumor cells and host cells was linked to resistance to monoclonal antibody treatment in a mouse model of HER2/ErbB2-driven breast cancer (Turcotte et al., 2017). Interestingly, a dynamic regulation of CD73 expression was hypothesized as an acquired mechanism of resistance to immunotherapy by Reinhardt and colleagues, who reported that melanoma patients who showed progressive disease during anti-PD-1 therapy had also increased CD73 expression in tumor tissue (Reinhardt et al., 2017). Patients who had prior therapy with inhibitors of MAPK and BRAF were negative for CD73 expression, while patients who had not received MAPK inhibitor therapy showed CD73 up-regulation at progression (Reinhardt et al., 2017). Although these results were obtained in a small number of patients and further investigations are required, they suggest that the tumor expression of CD73 may change on treatment.
Opposite results were obtained in bladder cancer patients, in whom low CD73 expression associated with better survival (Wettstein et al., 2015; Koivisto et al., 2018). Although results by Koivisto and collaborators were obtained from a single retrospective study, they are of great interest underlining the importance to analyze the CD73 expression in each cell types within the tumor microenvironment. CD73 negative epithelial cells significantly associated with poor survival both in patients with non–muscle-invasive bladder cancer and muscle-invasive bladder cancer, while CD73 expression in stromal fibroblasts or lymphocytes had no predictive power (Koivisto et al., 2018). As the authors suggest, these results may be due to the role of endothelial CD73 in controlling the permeability of the blood vessels and the extravasation of leukocytes. However, in prostate cancer, Leclerc and coworkers observed that high levels of CD73 in normal adjacent prostate epithelium were significantly associated with shorter biochemical recurrence–free survival, while high levels of CD73 in the tumor stroma were associated with longer biochemical recurrence–free survival (Leclerc et al., 2016). In endometrial carcinoma, CD73 is down-regulated in carcinoma cells of poorly differentiated and advanced-stage disease, compared with normal endometrium and low-grade tumors, highlighting the protective function of CD73-derived adenosine on epithelial integrity in normal endometrium (Bowser et al., 2016). Thus, the loss of CD73 on epithelial cells may promote the tumor progression. Additional evidence on the controversial role of CD73 were given by Wang and coworkers, who observed that the lower expression of CD73 in blood vessels of glioma patients than in normal brain may cause damage to the blood–brain barrier, thus creating advantageous conditions for tumor growth (Wang et al., 2016).
In a very recent work, it has been observed that CD73 is highly expressed on cancer-associated fibroblasts in human colorectal cancers, and high CAF frequency in cancer tissues correlates with elevated CD73 activity and poor prognosis (Yu et al., 2020). In patients with glioblastoma multiforme undergoing anti-PD-1 treatment, Goswami and colleagues individuated the presence of CD73hi immunosuppressive myeloid cell subsets, which may cause less T-cell infiltration in tumor microenvironment (Goswami et al., 2020). In sarcoma and breast cancer, tumor-infiltrating NK cells express high level of CD73, and the frequency of CD73+ NK cells in the tumor microenvironment correlates with larger tumor size in patients with breast cancer (Neo et al., 2020).
CD73 is expressed not only on cell populations composing the tumor microenvironment but also on circulating immune cells. High baseline percentage of circulating CD8+PD-1+CD73+ lymphocytes correlate with worse survival in malignant melanoma patients treated with nivolumab (Capone et al., 2020).
SOLUBLE CD73 IN CANCER PATIENTS
Since a soluble form of human CD73 was identified (Thompson et al., 1987; Coade and Pearson, 1989), many studies were settled to understand the role of this form in inflammatory and tumor processes. In 1989, Lal and colleagues reported that CD73 expression in serum of head and neck cancer patients was higher than that in healthy subjects (Lal et al., 1989). Interestingly, the enzymatic activity increased with the advancement in the stage of cancer (Lal et al., 1989). Of note, Lehto and Sharom in 1998 observed that the soluble form of CD73 is enzymatically more active than the membrane-bound variant (Lehto and Sharom, 1998). Nowadays, a great number of publications state that soluble CD73 expression and activity are increased in several human cancers (Huang et al., 2015; Morello et al., 2017; De Lourdes Mora-García et al., 2019; Gardani et al., 2019). All these evidence constitute the rationale for new interesting studies aimed to clarify whether CD73 could be used as a soluble biomarker in cancer patients. At this regard, in 2017, we found that CD73 activity in serum of melanoma patients correlates with overall survival, progression-free survival, and clinical response to nivolumab treatment (Morello et al., 2017). Very recently, Messaoudi and collaborators observed that patients with colorectal cancer liver metastases who had high levels of soluble CD73 had also shorter survival (Messaoudi et al., 2020). In the same study, expression of tumor CD73 is a stronger biomarker than the soluble form.
Soluble CD73 in plasma of metastatic breast cancer patients tends to increase after radiotherapy treatment, while its blockade reduces the irradiated tumor volume and, if combined with CTLA-4 blockade, inhibits lung metastases in a mice model (Wennerberg et al., 2020).
CD73 ON EXTRACELLULAR VESICLES
The circulating portion of non–cell-bound CD73 also includes extracellular vesicles, and in particular, exosomes (30–150 nm) that can be produced by almost all cells, including cancer cells (Becker et al., 2016; Théry et al., 2018). The published studies focused on soluble CD73 in human fluids do not consider these vesicles, so it is still unclear whether the soluble CD73 expression and/or activity is influenced by the exosomal form. To date, no studies considering both the shedded and the exosomal forms have been published, and this represents a very interesting point to investigate on.
CD73 has been detected on human exosomes isolated from plasma and serum (Muller et al., 2014; Schuler et al., 2014; Theodoraki et al., 2018) and pleural fluid (Clayton et al., 2011). Notably, CD73 expressed on exosomes maintains its enzymatic activity, and the exosome-derived adenosine is responsible of T-cell inhibition and impaired antitumor immune response (Clayton et al., 2011; Schuler et al., 2014; Ludwig et al., 2017; Zhang et al., 2019). Expression of CD73 and CD39 on exosomes isolated from plasma of HNSCC patients related with the stage of disease, being higher in stage III/IV than stage I/II (Theodoraki et al., 2018).
Exosomes isolated from UMSCC47 cell lines are not only able to produce adenosine, via CD39 and CD73, but also carry adenosine and inosine in their inner compartment (Ludwig et al., 2020). Thus, exosomes can circulate in body fluids and can promote a tumorigenic environment by producing adenosine in loco, via CD39 and CD73, and also by transporting and releasing adenosine and inosine far from the site where they are released, protecting these molecules from metabolism or uptake processes (Ludwig et al., 2020). This could be one of the mechanisms by which exosomes promote tumor growth and metastases dissemination.
CONCLUSION AND FUTURE PERSPECTIVES
The purinergic signaling plays a critical role in cancer, since adenosine triphosphate is released in the tumor microenvironment upon hypoxia, nutrient starvation, cell death, or treatment with some chemotherapeutic agents. It is well known that adenosine triphosphate acts as pro-inflammatory mediator; nevertheless, the high expression of CD39 and CD73 in tumor microenvironment enhances its conversion into adenosine, which, in turn, is responsible for tumor growth and impaired immune response (Sorrentino et al., 2013).
Many components of the adenosine pathway have been assessed as a therapeutic target or potential biomarker of prognosis. In particular, CD73 has emerged as a promising candidate both as a target and biomarker in different human tumors, as mentioned above, helpful in clinical practice to select patients that would likely respond to CD73-targeted therapy. Many studies focusing on the expression of CD73 in tumor tissue have been published; nevertheless, it has to be noted that results may be different according to the tissue type and its heterogeneity, or to the technics used to measure the expression. Furthermore, the possible effect of pharmacological treatments on CD73 expression needs to be considered. The analysis on tumor tissue is an invasive and painful procedure that could be particularly difficult in patients with metastatic disease. The analysis of the soluble CD73 in biological fluids, which needs further investigations, could represent an additional tool in clinical practice.
To date, further investigations are required to better understand the role of CD73+ exosomes in cancer, evaluating the possibility to use these vesicles as biomarkers of prognosis. One more point that needs to be explored is the mechanism regulating the cleavage of CD73 from the cell membrane. It could be of great interest to fully understand the stimuli that promote the shedding and/or the production of CD73+ exosomes, evaluating whether the blockade of these processes could impact tumor progression.
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As an invasive nuclear medical imaging technology, positron emission tomography (PET) possess the possibility to imaging the distribution as well as the density of selective receptors via specific PET tracers. Inspired by PET, the development of radio-chemistry has greatly promoted the progress of innovative imaging PET tracers for adenosine receptors, in particular adenosine A2A receptors (A2ARs). PET imaging of A2A receptors play import roles in the research of adenosine related disorders. Several radio-tracers for A2A receptors imaging have been evaluated in human studies. This paper reviews the recent research progress of PET tracers for A2A receptors imaging, and their applications in the diagnosis and treatment of related disease, such as cardiovascular diseases, autoimmune diseases, neurodegenerative and psychiatric disease. The future development of A2A PET tracers were also discussed.
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INTRODUCTION
As an extracellular endogenous messenger, adenosine play important roles in biochemical processes, signal transduction and neurotransmission (Estrela and Abraham, 2011). In physiological and pathological conditions, it acts as a cytoprotectant and a neuromodulator in response to organ and tissue stress (Khanapur et al., 2013). It also holds the capability to reduce energy demand or increase energy supply to organs or tissues which are damaged or disturbed. It is known that cytoprotective and neuromodulatory function in the brain are mediated by four adenosine receptors (ARs), namely A1, A2A, A2B, and A3 (Jacobson and Gao, 2006; Khanapur et al., 2013). A2ARs are ubiquitously distributed in brain, heart, lungs and spleen, and A2ARs mainly facilitates neurotransmissions and other physiological functions. A2ARs are involved in multiple physiological processes (Tang et al., 2019; Chen and Cunha, 2020), as well as in various pathological conditions (Illes et al., 2016; Burnstock, 2017). The dysfunction of A2ARs are related to many diseases such as cardiovascular diseases, autoimmune Diseases, neurodegenerative and psychiatric disease. However, many of their functions in pathophysiological processes remain unknown, partly due to the lack of available techniques for spatial and temporal control of purinergic signaling. Positron emission tomography (PET) is a nuclear medical technology that allows in vivo imaging and quantification of specific targets, as well as molecular and cellular processes in the living body. For example, with specific brain-targeted radio-tracers, PET therefore enables the in vivo imaging of local brain function, including receptor-binding ability, cerebral blood flow, and molecular metabolism (Mishina and Ishiwata, 2014).
At present, PET imaging studies on adenosine receptors are mainly focused on A1 and A2A receptors, and for the diagnose of related diseases (Figure 1). In this paper, we will discuss the recent progress of lead compounds and related radio tracers for PET imaging for A2ARs. In addition, this review also outlines PET imaging for adenosine A2A receptors in health and diseases subjects. Furthermore, the direction of future development of A2A PET tracers were also discussed.
[image: Figure 1]FIGURE 1 | Schematic showing the diagnosis values of A2AR positron emission tomography (PET) imaging.
DEVELOPMENT OF ADENOSINE A2A BASED POSITRON EMISSION TOMOGRAPHY TRACERS
In 1988, 3,7-dimethyl-1-propylxanthine (DMPX) was identified as an A2AR-targeted selective antagonists (Seale et al., 1988), several xanthine based radio-tracers were also successfully developed thereafter. In addition, shortly after the discovery and report of a novel pyrazolol-pyrimidine based compound as a potent and selective A2AR antagonist (Poucher et al., 1995; Baraldi et al., 1996; Zocchi et al., 1996; Baraldi et al., 1998), these compounds with a fused heterocycles were also regarded as lead compounds for A2AR PET tracers (Figure 2). Therefore, current PET tracers for A2A receptors can be subdivided into the following two categories (Figure 2): 1. xanthine based A2AR PET tracers; 2. triazolopyrimidine based A2AR PET tracers.
[image: Figure 2]FIGURE 2 | Structures of the lead compounds and the A2AR radiotracers.
Development of Xanthine Based A2AR Positron Emission Tomography Tracers
With the similar chemical structure of A2AR endogenous ligand purine, xanthine and its derivatives showed promising properties in the A2AR PET imaging. Shimada et al. have identified that xanthine bearing the styryl group showed selective A2AR antagonistic properties (Schiffmann et al., 1991), and KF17837, a ligand with superior selectivity and potent affinity for A2ARs, was optimized for the development A2AR PET tracers (Seale et al., 1988). At present, several PET tracers were reported, such as [11C]TMSX ([11C]KF18446) (Ishiwata et al., 2000a; Ishiwata et al., 2003b), [11C]KF19631, [11C]CSC, [11C]BS-DMPX, [11C]IS-DMPX (Ishiwata et al., 2000b), [11C]KW-6002, [11C]KF21213 (Wang et al., 2000) and [18F]MDMPC (Lowe et al., 2017), and were investigated as promising PET agents (Ishiwata et al., 1996; Stone-Elander et al., 1997; Wang et al., 2000). In addition, [11C]TMSX (formally designated as [11C]KF18446) was selected for medical applications (Ishiwata et al., 2005). After the discovery of [11C]KW-6002 (Hirani et al., 2001), its reference standard KW-6002 (with commercial name istradefylline), was developed as an anti-PD agent (Hauser et al., 2003; Bara-Jimenez, W et al., 2003). Compared with [11C]TMSX, [11C]KF21213 showed a slightly higher affinity but an improved selectivity over other ARs (Wang et al., 2000). However, [11C]KF21213 has not been evaluated in human research. However, studies also indicated that the styryl group will lead to the photoisomerization for almost all xanthine-type adenosine A2AR-selective ligands (Merskey, 1983; Ishiwata et al., 2003b).
Triazolopyrimidine Based A2 Adenosine Receptor Positron Emission Tomography Tracers
Based on the findings of antagonism for A2AR from triazolopyrimidine based compounds such as ZM241385 (Poucher et al., 1995) and SCH58261 (Zocchi et al., 1996), another class of A2AR PET tracers were developed based on the novel triazolopyrimidine structure. Todde et al. prepared [11C]SCH442416 by O-methylation (Todde et al., 2000), and this radio-ligand exhibits the highest selectivity and affinity among all A2A PET ligands reported as present. In addition, several nonxanthine heterocycles have also been synthesized and radiolabeled for A2AR PET imaging, including [18F]FESCH ([18F]MRS5425) (Bhattacharjee et al., 2011), [18F]FPSCH (Fastbom et al., 1998; Khanapur et al., 2017), [18F]MNI-444 (Barret et al., 2014, Barret et al., 2015), [18F]MDMPC (Lowe et al., 2017) and [11C]preladenant (Zhou et al., 2014). S. Khanapure et al. (Khanapur et al., 2017) reported the discovery of [18F]FESCH and [18F]FPSCH analogs and the evaluation in normal rats (Khanapur et al., 2014). Preliminary investigations of these tracers revealed a similar distribution pattern with the known expressions of A2AR in rat brain (Khanapur et al., 2017). Labeled with 18F, [18F]FPSCH provided more convenience in imaging protocols, as well as tracer kinetics files similar to [11C]preladenant. Compared with [18F]FESCH, [18F]FPSCH exhibited lower striatal SRTM BPND value. Dynamic PET imaging suggesting [18F]FESCH is the most favorable PET ligand for in vivo quantitation of A2AR distribution in the rodent brain.
Among all xanthine and non-xanthine based ligands, the most potent affinity for A2ARs was observed in SCH442416. IS–DMPX, KF21213 and SCH442416 exhibited higher A2AR selectivity. The selective uptake in striatum was observed in validation studies in rodents for all radio-labeled compounds, which is correspond to A2ARs expressions. However, most of the radioligands also showed a considerable degree of specific binding in the cerebral cortex and cerebrum, which is not observed with [11C]KF21213. Therefore, based on the uptake on the receptor poor cerebellum to receptor-rich striatum, [11C]KF21213 was found to be the most selective for A2AR, and followed by other representative A2AR PET tracers such as [11C]SCH442416 and [11C]TMSX (Bar-Yehuda et al., 2009; Mishina and Ishiwata, 2014).
POSITRON EMISSION TOMOGRAPHY IMAGING OF A2A RECEPTORS
In vivo Positron Emission Tomography Imaging of Adenosine A2A Receptors in Healthy Subjects
Based on the specific binding between the A2A receptor ligand and the PET radioactive tracer, Ishiwata et al. directly visualized human brain adenosine A2A receptors using [11C]TMSX PET (Leussis et al., 2008; Bar-Yehuda et al., 2009; Ishiwata et al., 2010). Theophylline stimulation confirmed the specific binding of [11C]TMSX to adenosine A2A receptor (Ishiwata et al., 2005). Thus, the good reproducibility of [11C]TMSX PET in striatum was confirmed. The highest A2A receptor density was observed in nucleus putamen in [11C]TMSX PET images, followed by caudate head and thalamus. And the relative low density of A2A receptor was observed in cerebral cortex and frontal lobe. (Ishiwata et al., 2005; Leussis et al., 2008). Autopsy and non-human studies have found that [11C]TMSX PET shows great binding potential in the adenosine A2A receptor-rich striatum, but [11C]TMSX binds more strongly in the human thalamus than in other mammals (Mishina and Ishiwata, 2014). Moreover, as the first non-xanthine A2AR PET tracer, [11C]SCH442416 showed highest binding in putamen and the lowest binding in cerebellar was observed in unaffected people (Brooks et al., 2010). The specific binding of [11C]SCH442416 was also calculated with cerebellum as the reference region to study the different binding potentials in the putamen by Ramlackhansingh et al., (2011).
With a good maximal striatal to cerebellar ratio in rodents but low in primates, [11C]SCH442416 was not suitable for the receptor occupancy quantification studies. Barret et al. used 18F to label a new compound (Barret et al., 2014), namely [18F]MNI-444, to solve this problem. Barret et al. reported the first whole-body biodistribution and dose estimates of [18F]MNI-444 in healthy controls. The high accumulation of [18F]MNI-444 was observed in the caudate and putamen, where the density of A2A receptor is high, while the lower accumulation was discovered in the cortex and cerebellum. The distribution of MNI-444 in the brain is consistent with the known A2A expressions reported by autoradiography and with previous observations in non-human primate brains. Therefore, [18F]MNI-444 holds the possibility to be a good PET tracer for imaging of A2A receptors in the human brain (Barret et al., 2015). PET imaging with [18F]MNI-444 showed a rapid brain distribution, and the uptake pattern was consistent with known A2AR densities in the human brain. The favorable kinetic properties of [18F]MNI-444 may promote the PET imaging of A2AR in research related to neurodegenerative and psychiatric diseases.
What’s more, the clinical study of [11C]preladenant showed the individual organ and total-body administration of [11C]preladenant were comparable with other 11C-labeled tracers. As is known to all, the highest signal level of A2ARs was observed in the basal ganglia, followed by cerebral cortex and thalamus. [11C]preladenant's regional distribution in healthy human brain is consistent with A2AR density. [11C]preladenant provides a feasible approach for imaging of adenosine A2AR in the brain. Therefore, A2AR density can be quantified using the cerebellum as a reference tissue model for the reference region. Further inhibition studies in the human brain may be needed to fully verify the existence of reference regions.
Adenosine A2A Receptor Positron Emission Tomography Imaging in Patients
As a novel and powerful imaging technology, PET and its clinical applications are expanding rapidly. Compared with other imaging technologies, PET possess unique characteristics such as high target specificity, quantitative ability, and high sensitivity, which can visualize and characterize receptor expressions during the development of disease. Several radio-tracers for A2A receptors imaging have also been evaluated in human studies for the diagnosis of disease, including [11C]TMSX, [11C]SCH442416, [11C]preladenant, and [11C]KW6002, the characteristics and availability of these ligands are discussed below.
[11C]TMSX
Dynamic PET imaging using A2AR-specific [11C]TMSX was performed on progressive multiple sclerosis (SPMS) patients (Merskey, 1983), Parkinson's disease (PD) (Hirani et al., 2001), multiple sclerosis (Rissanen et al., 2013; Rissanen et al., 2015) and healthy controls (Merskey, 1983). The upregulated A2AR expression was observed in the brain of those patients, and these studies indicates that the [11C]TMSX dynamic PET can be used in the diagnosis of central nervous system (CNS) disorders. Studies using PET on the normal appearing of white matter (NAWM) in SPMS patients found that increased A2AR expression was correlated with decreased anisotropy score. This highlights the potential usefulness of TMSX-PET imaging in helping to detect normal appearing of white matter in diffuse lesions associated with progressive disease. Therefore, this method can make up for the deficiency of traditional imaging in diffuse change. Studies have shown an increase in [11C]TMSX binding in the putamen after anti-parkinsonian treatment. This finding may reflect compensatory changes in dopamine reduction in PD patients. Therefore, this may suggest that in PD patients, after anti-parkinsonian treatment, the increase of A2ARs in the putamina precedes the occurrence of dyskinesia. The application [11C]TMSX PET will help to further investigate the unknown mechanisms of side effects of anti-Parkinson drugs. Thus, [11C]TMSX-PET affords a novel method to diagnosis the pathology in CNS disorders (Li et al., 2019).
Moreover, Ishiwata reported that the highly uptake of [11C]TMSX in the myocardium suggested the specific binding of myocardial A2AR and [11C]TMSX can be used for myocardial PET imaging (Ishiwata et al., 2003a). The differences between the PET images generated by [11C]TMSX and the non-xanthine ligands is the signal-to-noise ratios, as TMSX holds higher affinity than other non-xanthine radiotracers (Li et al., 2019).
In addition, [11C]TMSX showed specific binding in peripheral tissues that was not detected by non-xanthine radiooligomer [11C]SCH442416, or [11C]Preladenant. [11C]TMSX can be used for brown adipose tissue (BAT) related A2A imaging in addition to the central neural system and cardiovascular system. Lahesmaa et al. discovered that cold exposure stimulates the release of noepinephrine and significantly reduced the concentrations of available A2AR in BAT used for [11C]TMSX binding, demonstrating an increased endogenous adenosine release compared to baseline (Lahesmaa et al., 2019). [11C]TMSX binding with BAT decreases when BAT is exposed to cold, which indicates that endogenous adenosine and irradiated oligosaccharide competition receptors show high binding (Sousa and Diniz, 2017). Interestingly, the reduction of [11C]TMSX binding is related to increased perfusion in BAT, further indicating that endogenous adenosine release in BAT is accompanied by the increased oxidative metabolism. This implies that adenosine and A2AR are significant in the BAT activation induced by cold, which provides a new therapeutic direction for the fight against obesity and diabetes.
[11C]SCH442416
In order to avoid photoisomerization generated by xanthine analogues, Todde et al. labelled the first non-xanthine A2A antagonist, [11C]SCH442416, whose kinetic behavior in rodents suggests that it may be used for in vivo imaging of the A2A adenosine receptor in future (Todde et al., 2000). [11C]SCH442416, as an in vivo marker of A2A effectiveness, can selectively and reversibly bind to striatum A2A receptor with nanoscale affinity. PET imaging with [11C]SCH442416 was used to observe the expression of levodopa-induced dyskinesias (LIDs) in patients with Parkinson's disease (Ramlackhansingh et al., 2011). This implies that A2A antagonists may have value in levodopa-induced dyskinesias intervention while reducing levodopa dose. [11C]SCH442416 PET provides an efficient and robust approach for in vivo studies of the effectiveness of A2A. [11C]SCH442416 PET also can be used to determine the dose occupation of other A2A antagonists. In addition, [18F]FESCH and [18F]FPSCH are prepared as the analogs of SCH442416 (Khanapur et al., 2014; Khanapur et al., 2017).
[11C]Preladenant
[11C]SCH442416 and [11C]TMSX are the most favorable tracers for imaging A2ARs in brain. However, low target-to-nontarget ratios, high nonspeciﬁc binding and low binding potentials are the disadvantages of these tracers. Thus, the newly improved radioactive ligand [11C]preladenant was developed for imaging A2ARs in the living brain, including human brain, rat brain and monkey brain (Sakata et al., 2017; Zhou et al., 2017a; Zhou et al., 2017b; Zhou et al., 2017c). It is a non-xanthine heterocyclic compound with high selectivity, sufficient affinity for image receptors without affecting the quantification of receptors, and this compound also showed good pharmacokinetic properties (Zhou et al., 2014). With superior target-to-nontarget ratios and excellent pharmacokinetic properties, this tracer was advanced into human studies. Recently, studies have shown that [11C]preladenant is applied to healthy human brains in a manner consistent with A2AR density. Thus, it indicated that [11C]preladenant is suitable for imaging of A2ARs in the living brain (Sakata et al., 2017). In addition, compared with other ARs, [11C]preladenant showed high affinity and significant selectivity for A2AR (Neustadt et al., 2007; Zhou et al., 2014). Recently, Ishibashi et al. reported [11C]preladenant PET can be used to calculate the occupancy rate of Istradefylline to A2AR (Ishibashi et al., 2018). These results demonstrated that [11C]preladenant is a suitable tracer to evaluate A2A receptor occupancy and quantify striatal A2A receptor density by A2A receptor-targeting molecules (Sakata et al., 2017; Zhou et al., 2017a; Zhou et al., 2017c).Thus, [11C]preladenant PET is suitable for non-invasive A2AR quantification and evaluation of A2AR occupation in A2AR abundant regions in living brain.
[11C]KW6002
In healthy rat, although [11C]KW-6002 shows some potential as a PET ligand, it also showed low cerebral cortex and cerebellar retention, and it may proved to be insufﬁciently selective to be a useful in vivo radio-tracer, at least in rodents; however, it also binds to the outer fissure region, so its potential as a PET tracer needs further studies (Hirani et al., 2001). In primate and rodent models, KW6002 offers symptomatic relief of Parkinson's motor deficits without causing or exacerbating previous motor deficits. A human study of KW6002 in advanced PD patients with levodopa-related motor complications yielded good results in the remission of motor symptoms without the side effects of exercise (Bar-Yehuda et al., 2009). The uptake of [11C]KW-6002 in the brain was characterized by a blood volume term in the two-compartment model and a 50% effective dose (ED50) of cold KWL-6002 in the striatum at 0.5 mg (Bar-Yehuda et al., 2009). In humans, [11C]KW-6002 blocks were observed in all brain regions studied, which may be caused by non-specific binding to A1R and A2BR. In addition, may be due to the non-specific binding, [11C]KW-6002 has not been further studied.
SUMMARY
Extracellular adenosine is an important regulatory molecule that interacts with four ARs: A1R, A2AR, A2BR and A3R through intracellular adenosine regulating the physiological function of the cell. Changes in function and expression in neurological disorder (Parkinson's disease, Alzheimer's disorder, epilepsy), inflammation, cardiovascular disease, autoimmune diseases, and cancer were studied. A series of PET tracers for ARs were developed. Of all the tracers listed, [11C]TMSX is the oldest ligand and has been widely evaluated in several mammal populations. Since the 1990s, several radioligands have been produced for brain A2ARs PET imaging. These ligands suitable for studying humans include [11C]TMSX, [11C]SCH442416, [11C]preladenant, [11C]KW-6002, [18F]MNI-444. It seems that the xanthine scaffold may provide efficient binding specificity for the A2AR subtype. However, photoisomerization should be taken into consideration when developing xanthine-type adenosine A2A receptor-selective ligands.
Although adenosine can also be tested by in situ hybridization and immunochemistry probes in recent years, PET imaging of A2AR can further be used to capture changes in A2ARs distribution and density as the disease progresses, as well as to monitor treatment responses to these changes. In addition, PET can also determine the A2AR occupancy in the brain can be measured by PET, and hence providing a useful method for drug discovery (Tavares et al., 2013). The PET radio-tracers provided valuable information for the diagnosis and treatment of diseases associated with altered ARs expression, following of the summary picture.
Molecular imaging plays a crucial role in improving accuracy by quantifying, characterizing and visualizing biological processes at the molecular and cellular levels in living body, which provides an achievable basis for precision medicine. Therefore, how to realize the personalized diagnosis and treatment of A2A-related diseases with PET imaging technology will become an important research direction in the future. In addition, the application of PET molecular imaging technology in assessing A2A disease risk and understanding disease mechanisms would also make a significant contribution to the medical profession.
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It is well established that altered purinergic signaling contributes to vascular dysfunction in type 2 diabetes (T2D). Red blood cells (RBCs) serve as an important pool for circulating ATP and the release of ATP from RBCs in response to physiological stimuli is impaired in T2D. We recently demonstrated that RBCs from patients with T2D (T2D RBC) serve as key mediators of endothelial dysfunction. However, it remains unknown whether altered vascular purinergic signaling is involved in the endothelial dysfunction induced by dysfunctional RBCs in T2D. Here, we evaluated acetylcholine-induced endothelium-dependent relaxation (EDR) of isolated rat aortas after 18 h ex vivo co-incubation with human RBCs, and aortas of healthy recipient rats 4 h after in vivo transfusion with RBCs from T2D Goto-Kakizaki (GK) rats. Purinergic receptor (PR) antagonists were applied in isolated aortas to study the involvement of PRs. EDR was impaired in aortas incubated with T2D RBC but not with RBCs from healthy subjects ex vivo, and in aortas of healthy rats after transfusion with GK RBCs in vivo. The impairment in EDR by T2D RBC was attenuated by non-selective P1R and P2R antagonism, and specific A1R, P2X7R but not P2Y6R antagonism. Transfusion with GK RBCs in vivo impaired EDR in aortas of recipient rats, an effect that was attenuated by A1R, P2X7R but not P2Y6R antagonism. In conclusion, RBCs induce endothelial dysfunction in T2D via vascular A1R and P2X7R but not P2Y6R. Targeting vascular purinergic singling may serve as a potential therapy to prevent endothelial dysfunction induced by RBCs in T2D.
Keywords: erythrocyte, endothelial dysfunction, diabetes, purinergic receptor, adenosine triphosphate, adenosine
INTRODUCTION
Type 2 diabetes (T2D) is an important risk factor for the development of cardiovascular disease including ischemic heart disease and myocardial infarction (Paneni et al., 2013). Both microvascular and macrovasular complications significantly contribute to the increase in mortality and morbidity in the large population with T2D (Paneni et al., 2013). Endothelial dysfunction plays a pivotal role in the etiology of T2D-induced vascular complications. This is characterized by an imbalance between endothelium-derived vasodilators such as nitric oxide (NO) and adenosine triphosphate (ATP), and vasoconstrictors such as reactive oxygen species (ROS) and ATP including its down-stream purinergic signaling (Gimbrone and Garcia-Cardena, 2016; Mahdi et al., 2018). The underlying disease mechanisms for the development of endothelial dysfunction in T2D are complex and not fully understood. There is a clinical need for improved understanding of these disease mechanisms in order to develop new therapeutic strategies for the treatment of vascular complications.
Red blood cells (RBCs) play a crucial role in cardiovascular homeostasis due to their primary function as gas carrier. We have recently unveiled that RBCs not only exert physiological functions but also act as important trigger and mediator for endothelial dysfunction in T2D (Pernow et al., 2019). Thus, RBCs from patients with T2D caused endothelial dysfunction in healthy arteries (Zhou et al., 2018). Intriguingly, the detrimental effect of RBCs from T2D patients on endothelial function remained following improved glycemic control indicating that the mechanism behind this effect is not explained by hyperglycemia only (Mahdi et al., 2019). The mechanisms underlying this novel function of RBCs for the development of endothelial dysfunction in T2D remain incompletely understood and need further investigations.
RBCs serve as an ATP pool in the circulation. RBCs release ATP in response to low oxygen tension and/or mechanical deformation (Sprague and Ellsworth, 2012). Once released, ATP plays a fundamental role in regulating blood flow and tissue perfusion via activation of purinergic receptors (PRs) in the vasculature (Sprague and Ellsworth, 2012; Zhou et al., 2020). PRs have been classified into two subtypes: P1Rs and P2Rs. Four subtypes of P1Rs (also termed adenosine receptors) have been identified, namely A1R, A2AR, A2BR and A3R. Seven P2XR and eight P2YR have been cloned to date (Burnstock and Novak, 2013; Wernly and Zhou, 2020; Zhou et al., 2020). Interestingly, the release of ATP from RBCs is decreased in patients with T2D, and this impairment in ATP release is associated with attenuated vasodilation in arteries incubated with RBCs from patients with T2D (Sprague et al., 2011). Moreover, we and others previously demonstrated that purinergic signaling is altered in T2D contributing to vascular dysfunction (Burnstock and Novak, 2013; Zhou et al., 2017; Mahdi et al., 2018; Zhou et al., 2020). However, whether RBCs from patients with T2D alter vascular purinergic signaling accounting for endothelial dysfunction is largely unknown.
Consequently, we tested the hypothesis that RBCs induce endothelial dysfunction in T2D through alteration of vascular purinergic signaling. We performed experiments in a well-established ex vivo co-incubation system using RBCs isolated from patients with T2D as well as healthy subjects for assessment of endothelial function (Zhou et al., 2018). We also investigated the detrimental effect of RBCs from patients with T2D in an in vivo rat RBC transfusion model. By using both the non-selective and the selective receptor antagonists, we demonstrate a pivotal role of P1R and P2R in the development of endothelial dysfunction induced by RBCs in patients with T2D.
MATERIALS AND METHODS
Study Subjects
Seventeen patients with T2D were recruited from the Department of Endocrinology, Karolinska University Hospital. T2D was defined according the World Health Organization criteria. Fifteen age-matched healthy controls that were free of medication, and had no medical history of any cardiovascular disease were recruited. Subject characteristics are summarized in Table 1. Following an overnight fasting period, whole blood was collected in heparinized tubes with subsequent isolation of RBCs by immediate centrifugation at +4°C and 1000 g for 10 min followed by three washing cycles with Krebs-Henseleit (KH) buffer (Zhou et al., 2018). This procedure could successfully remove >99% white blood cells and ≥98% platelets (Yang et al., 2013). All samples with hemolysis were excluded from the study. The procedure was conducted according the principles outlined by the declaration of Helsinki and was approved by the regional ethical review board in Stockholm. All subjects were informed of the purpose and gave their oral and written informed consent.
TABLE 1 | Subject characteristics.
[image: Table 1]Animals
Male Wistar rats aged 10-20 weeks (Charles-River, Sulzfeld, Germany) were anesthetized with pentobarbital (50 mg/kg, i.p.) followed by thoracotomy and isolation of thoracic aortic segments. Male non-obese T2D Goto-Kakizaki (GK) rats were bred at the animal facility of the Karolinska University Hospital and used at age of 15-18 weeks for the RBC transfusion experiments. Animal care and all protocols were approved by the regional ethical committee and conformed to the Guide for Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication No. 85-23, revised 1996).
RBC-Tissue Co-Incubation and Myograph Studies
Washed RBCs from patients with T2D (T2D RBC) and healthy subjects (H RBC) were diluted to a hematocrit of ∼45% with KH buffer and co-incubated with rat aortas in cell culture incubator at 37°C with 95% O2 and 5% CO2 for 18 h (Zhou et al., 2018). Following the incubation, vessels were carefully washed and mounted the wire myographs (Danish Myo Technology, Denmark). Contractility of vessels were examined with KCl (50 and 100 mM). Endothelium-dependent relaxation (EDR) was determined by application of cumulatively increasing concentrations (10−9-10−5 M) of acetylcholine (ACh) to aortic segments preconstricted with 9,11-Dideoxy-9α,11α-methanoepoxy prostaglandin 2α (U46619, 30 nM). A previous study demonstrated that endothelium-independent relaxations are unaffected by T2D RBC (Zhou et al., 2018). We have previously demonstrated that the free hemoglobin to RBC hemoglobin ratio after 18h incubation is negligible and does not differ between RBCs from healthy and T2D patients (Zhou et al., 2018). For determination of vascular PR involvement, the non-selective P1R antagonist 8PT (10 µM), the non-selective P2R antagonist PPADS (10 µM), as well as the cardiovascular relevant and specific PR antagonists: the A1R antagonist DPCPX (10 nM), the P2X7R antagonist A438079 (10 µM), and the P2Y6R antagonist MRS2578 (10 µM) were added in the organ bath for 30 min where the vessels were present following the 18h incubation with RBCs. EDR was then determined in U46619-preconstricted vessels (Mahdi et al., 2018).
Rat RBC Transfusion
Recipient Wistar rats were anesthetized with pentobarbital 50 mg/kg, i.p. and placed on a heated pad to maintain body temperature at 37.5–38.5°C. The left jugular vein was cannulated with a PE-10 catheter for administration of pentobarbital during the experiment. The right carotid artery was cannulated with a PE-50 catheter filled with heparinized saline. The animals were tracheotomized, intubated and ventilated with room air (56 strokes/min, 9 ml/kg tidal volume). After 15 min stabilization 1 ml washed RBCs from donor rats (GK and Wistar) were resuspended in 1 ml PBS, kept at 37°C in a syringe and connected to the three way stop cock that was attached to the carotid catheter. Another syringe was used to remove 2 ml blood from the recipient rat after which 2 ml of RBCs from the donor rats were immediately infused into the carotid artery. The animal was kept anaesthetized for 4 h after which the animal was sacrificed and the aorta was harvested for vessel reactivity studies in the absence and presence of DPCPX (10 nM), A438079 (10 µM) and MRS2578 (10 µM). All recipient rats and donor rats were age matched. The information of animals used for the RBC transfusion is listed in Supplementary Table S1. RBC transfusion in rodents has been carried out with negligible side effects (Huang et al., 2017), which is supported by our preliminary observations that the level of plasma free hemoglobin in relation to whole blood free hemoglobin was <1% in recipients following the RBC transfusion.
Statistical Analysis
Data are presented as means ± SD. Vascular relaxation to ACh was expressed as percentage of contraction to U46619 (Zhou et al., 2018; Mahdi et al., 2019). Differences in concentration-dependent relaxations induced by ACh were analyzed using two-way ANOVA followed by Bonferroni’s test when appropriate. Differences between two groups were performed using unpaired two-tailed t-test or non-parametric Mann-Whitney test when appropriate, while differences among multiple groups were analyzed using one-way ANOVA followed by Bonferroni’s test. Normal distribution of data was tested using d’Agostino-Pearsons normality test. The number of experimental observations (n) refers to the number of animals and RBC donors included. We used one RBC donor for one rat donor. When vessel segments were incubated with buffer only, n refers to the numbers of animals. The statistical analysis was calculated based on the n. All analysis was calculated using GraphPad Prism (V6.05). Statistical significance was accepted when p < 0.05.
RESULTS
Subject Characteristics
Fasting blood glucose, glycated hemoglobin (HbA1c) and body mass index (BMI) were significantly higher in patients with T2D compared to healthy controls (Table 1). Blood lipids except for triglycerides were significantly lower in patients with T2D (Table 1).
RBCs Induce Endothelial Dysfunction in T2D Ex Vivo and In Vivo
The U46619- and KCl-induced contraction in aortas incubated with T2D RBC were comparable with that in aortas incubated with H RBC (Supplementary Figure S1). In accordance with our recent findings using the well-established ex vivo human RBC-vessel co-incubation model (Zhou et al., 2018; Mahdi et al., 2019; Mahdi et al., 2020), T2D RBC but not H RBC or buffer induced vascular endothelial dysfunction, which is evident from the significant impairment in EDR in rat aortas incubated with T2D RBC (Figure 1A). Further, we performed rat RBC transfusions (hematocrit ∼45%) to unveil the effect of RBCs on endothelial function in vivo. Transfusion of RBC from Wistar to Wistar rats did not induce endothelial dysfunction. By contrast, EDR was significantly impaired in rat aortas of recipient Wistar rats transfused with RBCs from GK rats (GK RBC) (Figure 1B). This observation is in line with our ex vivo findings and an important extension of the findings obtained from the ex vivo RBC-vessel co-incubation system.
[image: Figure 1]FIGURE 1 | Effect of red blood cells (RBCs) on endothelial function. Effect of RBCs from type 2 diabetes patients (T2D RBC), healthy subjects (H RBC) or buffer only on endothelium-dependent relaxation (EDR) in rat aortas induced by acetylcholine (ACh) (A: n = 15-17). EDR in aortas of healthy recipient rats transfused with RBCs from GK (GK RBC) or Wistar rats (WT RBC) (B: GK RBC n = 12, WT RBC n = 6). Effect of the non-selective P1R antagonist 8PT and the non-selective P2R antagonist PPADS on EDR in rat aortas incubated with T2D RBC (C: n = 8, E: n = 5) or H RBC (D: n = 4, F: n = 6). Values are mean ± SD. *p < 0.05 effect of antagonist; ***p < 0.01 vs. buffer; †††p < 0.001 vs. H RBC or WT RBC.
Involvement of Vascular PRs in Endothelial Dysfunction Induced by RBCs in T2D
To study whether RBCs alter vascular purinergic signaling in T2D accounting for endothelial dysfunction using the well-established ex vivo human RBC-vessel co-incubation model, the non-selective P1R (8PT) and P2R antagonists (PPADS) were applied in the organ bath. Both 8PT (Figure 1C) and PPADS (Figure 1E) significantly attenuated endothelial dysfunction induced by T2D RBC, while these antagonists had no effects on EDR in rat aortas incubated with H RBC (Figures 1D,F). To further investigate the specific PRs involved, different antagonists were applied. The A1R antagonist DPCPX, the P2X7R antagonist A438079 but not the P2Y6R antagonist MRS2578 attenuated endothelial dysfunction induced by T2D RBC (Figures 2A,C,E). None of the three antagonists had any effect on EDR in rat aortas incubated with H RBC (Figures 2B,D,F). Moreover, we performed rat RBC transfusions to study the involvement of PRs in endothelial dysfunction in vivo. The A1R antagonist DPCPX, the P2X7R antagonist A438079 but not the P2Y6R antagonist MRS2578 attenuated endothelial dysfunction in aortas of recipient rats transfused with GK RBCs (Figures 3A–C). Both ex vivo and in vivo findings indicate that the RBC-induced endothelial dysfunction in T2D is mediated through alteration of purinergic signaling in the vasculature.
[image: Figure 2]FIGURE 2 | Effect of the A1R antagonist DPCPX, the P2X7R antagonist A438079 and the P2Y6R antagonist MRS2578 on EDR in rat aortas incubated with T2D RBC (A: n = 8, C: n = 4, E: n = 7-8) or H RBC (B: n = 4, D: n = 5, F: n = 4). Values are mean ± SD. *p < 0.05 effect of antagonist.
[image: Figure 3]FIGURE 3 | Effect of purinergic receptor inhibition on endothelial function of aortas in recipient rats transfused with rat RBCs. Effect of the A1R antagonist DPCPX, the P2X7R antagonist A438079 and the P2Y6R antagonist MRS2578 on EDR in aortas of rats transfused with GK RBC (A: n = 6, B: n = 8, C: n = 6). Schematic summary of the present study (D): Dysfunctional RBCs of T2D alter vascular A1R and P2X7R but not P2Y6R accounting for endothelial dysfunction. Dashed boxes represent earlier findings where there are decreased nitric oxide (NO) bioavailability, increased reactive oxygen species (ROS) formation/release and impaired release of ATP from RBCs of T2D that break the balance between NO bioavailability and ROS in the endothelium (Pernow et al., 2019). Signaling in blue color represents the hypothesized mechanisms that the increased formation of ROS derived from RBCs may stimulate ATP release in other (endothelial) cells than RBCs to activate P2X7R in endothelium. Together with the subsequent degradation product adenosine, vasoconstrictor A1R and P2X7R are activated in T2D accounting for endothelial dysfunction. Values are mean ± SD. *p < 0.05 effect of antagonist. Ado: adenosine.
DISCUSSION
The main findings of the present study are that 1) T2D RBC-induced endothelial dysfunction observed in an ex vivo model was reproduced in vivo using transfusion of RBCs, 2) non-selective antagonism of P1R and P2R and selective antagonism of A1R, P2X7R but not P2Y6R in the vasculature attenuated endothelial dysfunction induced by T2D RBC, and 3) selective antagonism of A1R, P2X7R but not P2Y6R attenuated endothelial dysfunction in vessels of recipient rats transfused with RBCs from diabetic rats. This study provides important information regarding the mechanism underlying endothelial dysfunction associated with T2D by demonstrating that RBCs alter vascular purinergic signaling which results in endothelial dysfunction (Figure 3D).
Several lines of evidence have revealed that RBCs contribute to vascular homeostasis and integrity in addition to their function as gas transporters (Kuhn et al., 2017; Pernow et al., 2019). Of further interest is that RBCs undergo functional changes which includes decreased export of NO bioactivity and increased formation of ROS in several pathophysiological conditions including T2D (Kuhn et al., 2017; Yang et al., 2018; Pernow et al., 2019; Sun et al., 2019). Using an ex vivo RBC-vessel co-incubation model, we recently demonstrated that RBCs from patients and rats with T2D induce endothelial dysfunction in both human and rat arteries through mechanisms involving decreased NO bioactivity and increased oxidative stress both at the RBC and vascular levels (Zhou et al., 2018; Pernow et al., 2019; Mahdi et al., 2020) (Figure 3D). The detrimental effect of RBCs of T2D is species-independent and available data suggest that it is the T2D per se that contributes to the detrimental effect of RBCs rather than co-morbidities, co-medication, or other confounding factors (Zhou et al., 2018). In the present study, we could not only reproduce this altered function of T2D RBC to induce endothelial dysfunction ex vivo but also provide important in vivo evidence that transfusion of GK RBCs into healthy rats induces endothelial dysfunction. This strongly indicates that RBCs are capable of causing endothelial dysfunction also under in vivo conditions, which is an important extension of the results obtained using the static RBC-vessel co-incubation model.
RBCs can release ATP in response to hypoxia or mechanical stimuli in the circulation (Sprague and Ellsworth, 2012). By contrast, existing evidence suggest that ATP release from RBCs is impaired in response to hypoxia in T2D, which affects vasodilation in pressurized arterioles (Sprague et al., 2011). ATP plays a crucial role in the regulation of blood flow and tissue perfusion via activation of PRs (Burnstock and Novak, 2013; Zhou et al., 2020). The well-balanced relation between vasodilator PRs and vasoconstrictor PRs under healthy conditions may switch to an increased activation of vasoconstrictor PRs and decreased activation of vasodilator PRs in T2D leading to vascular dysfunction (Zhou et al., 2020). We hypothesized that T2D RBC affects vascular purinergic signaling accounting for endothelial dysfunction. Accordingly, we observed that not only non-selective antagonism of vascular P1Rs and P2Rs but also the selective antagonism of vascular A1R and P2X7R attenuated endothelial dysfunction induced by T2D RBC. Consistent with this is the observation from the RBC transfusion experiments which revealed that both vascular A1R and P2X7R are involved in the development of endothelial dysfunction following transfusion of RBCs from GK rats in vivo. We have recently demonstrated that several PRs including A1R and P2X7R are involved in the development of endothelial dysfunction in GK rats (Mahdi et al., 2018). The involvement of these receptors depends on their alteration in receptor sensitivity rather than expression (Mahdi et al., 2018), suggesting a potential disease mechanism via alteration of post-PR signaling. The present findings suggest that altered RBC function may affect these two receptors and partially contribute to endothelial dysfunction present in GK rats.
Activation of A1R in endothelial cells typically produces vascular contraction through the thromboxane, PKC and ERK/2 pathways (Zhou et al., 2015; Yadav et al., 2016; Zhou et al., 2020). The vasoconstrictor response to A1R stimulation can be increased in disease states driven by endothelial dysfunction (Yadav et al., 2019). The results of the present study suggest that RBCs induces endothelial dysfunction via activation of endothelial vasoconstrictor A1R in T2D. Existing data have revealed that activation of the P2X7R plays a crucial role in the development of inflammation and vascular dysfunction in T2D (Wernly and Zhou, 2020; Zhou et al., 2020). Furthermore, a previous study showed that activation of P2X7R in endothelial cells under high glucose stimulation resulted in generation of ROS and endothelial dysfunction (Sathanoori et al., 2015). Our data suggest that RBCs activate endothelial P2X7R in T2D leading to endothelial dysfunction. However, these results obtained from in vitro experiments may not fully represent the in vivo situation of T2D as recently exemplified by the unaltered harmful response to RBCs from patients with T2D following improved hyperglycemic control (Mahdi et al., 2019). Acute elevation of glucose in vitro can initiate the harmful cascade for ROS production and induction of endothelial dysfunction, whereas a long-term hyperglycemic state in patients results in a “hyperglycemic memory” involving a complex interplay of multiple factors including ROS that may induce irreversible RBC and endothelial dysfunctions (Costantino et al., 2015). In contrast to the involvement of the P2X7R, the P2Y6R does not appear to be involved in endothelial dysfunction induced by T2D RBC ex vivo and GK RBC in vivo. Our recent study has shown that P2Y6R is involved in endothelial dysfunction in arteries isolated from GK rats (Mahdi et al., 2018). This may suggest that the activation of P2Y6R for the induction of endothelial dysfunction in GK rats is likely attributed to signaling initiated from endothelial cells or additional cell types other than RBCs. Moreover, the lack of involvement of the P2Y6R is likely due to the vasodilator property of the receptor activation (Zhou et al., 2017; Kobayashi et al., 2018), an effect that has been shown to be enhanced in a diabetic and obese Otsuka Long-Evans Tokushima Fatty rats (Kobayashi et al., 2018).
The ATP release from RBCs is impaired in T2D resulting in vascular dysfunction, suggesting an alteration of purinergic signaling between RBCs and the vasculature (Sprague and Ellsworth, 2012). However, how RBCs from T2D patients dysregulate vascular A1R and P2X7R are not readily known. Increased formation of ROS in T2D leads to high levels of ATP in the circulation and activation of P2R including P2X7R resulting in cell dysfunction and death (Rodrigues et al., 2018). We recently demonstrated that RBCs induce endothelial dysfunction in T2D likely via mechanisms involving ROS as a signal between RBCs and the endothelium (Zhou et al., 2018). The increased formation of ROS derived from RBCs may stimulate ATP release in other cells than RBCs to activate P2X7R in endothelium. Together with the subsequent degradation product adenosine, vasoconstrictor A1R and P2X7R are activated in T2D accounting for endothelial dysfunction (Figure 3D). Possible explanations of these observations may point to an imbalance between decreased RBC-derived ATP, which subsequently results in less activation of vasodilator purinergic receptors on the one hand, and increase in RBC-derived ROS and subsequent ATP release in other cell-mediated vasoconstrictor purinergic receptors on the other hand. Collectively, the net effect determines vascular function in T2D. However, future studies are needed to elucidate the exact signaling pathways transmitted from RBCs that activates vascular purinergic signaling accounting for endothelial dysfunction in T2D.
In conclusion, our study provides important information by demonstrating that RBCs induce endothelial injury in T2D through alteration of vascular purinergic signaling. Targeting vascular purinergic signaling may provide a novel therapy for the treatment of endothelial dysfunction among patients with T2D.
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The airways are a target tissue of type I allergies and atopy is the main etiological factor of bronchial asthma. A predisposition to allergy and individual response to allergens are dependent upon environmental and host factors. Early studies performed to clarify the role of extracellular adenosine in the airways highlighted the importance of adenosine-generating enzymes CD73, together with CD39, as an innate protection system against lung injury. In experimental animals, deletion of CD73 has been associated with immune and autoimmune diseases. Our experiments have been performed to investigate the role of CD73 in the assessment of allergic airway inflammation following sensitization. We found that in CD73−/− mice sensitization, induced by subcutaneous ovalbumin (OVA) administration, increased signs of airway inflammation and atopy developed, characterized by high IgE plasma levels and increased pulmonary cytokines, reduced frequency of lung CD4+CD25+Foxp3+ T cells, but without bronchial hyperreactivity, compared to sensitized wild type mice. Our results provide evidence that the lack of CD73 causes an uncontrolled allergic sensitization, suggesting that CD73 is a key molecule at the interface between innate and adaptive immune response. The knowledge of host immune factors controlling allergic sensitization is of crucial importance and might help to find preventive interventions that could act before an allergy develops.
Keywords: CD73, ecto-5′-nucleotidase, adenosine, sensitization, airways, inflammation, ovalbumin, allergy
INTRODUCTION
A predisposition for developing allergies is the result of a multifactorial interplay between genes and the environment. Intrinsic properties of exogenous proteins are important; however, host immune factors are crucial to explain the different response to allergens in individuals, some of whom do not develop allergies at all. Moreover, manifestations of allergies may be variable in different subjects, depending on individual, genetic, and environmental factors (van Ree et al., 2014).
There is much evidence that extracellular adenosine is an important regulator of the inflammatory/immune response (Antonioli et al., 2013). Extracellular adenosine derives from the hydrolysis of ATP mainly by the sequential action of CD39 and CD73 enzymes, the latter catalyzing the rate limiting step reaction (Zimmermann et al., 2012). CD73 is widely expressed on barrier cell types, such as endothelial and epithelial cells. It has been shown to have an important role in the control of vascular permeability following inflammation (Thompson et al., 2004).
Epithelial barrier damage may be associated with allergic sensitization and with the development of allergic manifestations (Fritz et al., 2008). It has been demonstrated that, in the murine model of contact hypersensitivity induced by trinitro-chloro benzene (TNCB), CD73 controls the sensitization against haptens by increasing adenosine accumulation in skin cells, such as keratinocytes and dendritic cells (DC). Interestingly, authors demonstrate that CD73 deficiency impairs the development of sensitization, rather than the effector phase induced by challenge (Neuberger et al., 2017).
Airways represent one of the tissues highly targeted by allergic sensitization, and bronchial asthma is a major clinical sign of type I allergies. The incidence of bronchial asthma development over other allergic manifestations in atopic patients is dependent upon environmental and genetic factors.
Recent findings indicate that, although atopy is the main risk factor, asthma cannot be considered a disease involving only the adaptive immune system, but instead that a crosstalk between innate and adaptive immune system is crucial to the assessment of allergic sensitization (Fritz et al., 2008; Holgate and Davies, 2009; Wenzel, 2012; Holgate et al., 2015). On these bases, it must be considered that stromal cells, epithelial cells, and immune-inflammatory cells all contribute to allergic sensitization.
Although much work has been published on the role of adenosine and its receptors in allergic asthma, and adenosine signaling might represent a therapeutic target (Brown et al., 2008; Polosa and Blackburn, 2009; Alfieri et al., 2012; Cicala and Ialenti, 2013), very little is known on the role of CD73 in the development of allergic sensitization as a major cause of those morphological and functional changes of airways that could facilitate asthma development (Schreiber et al., 2008; Neuberger et al., 2017).
The current study was designed to evaluate the role of CD73 in the development of allergic sensitization as a trigger of airway inflammation in mice; experiments were performed in a model of ovalbumin-sensitized wild type (WT) and CD73 deficient mice (CD73−/−). We demonstrate that allergic sensitization in CD73−/− mice occurs and develops with increased airway inflammation and mucus production and increased plasma IgE levels, together with increased pulmonary cytokine levels, but without any increase in bronchial reactivity, compared to their WT counterparts.
Our results suggest that CD73 is essential to the assessment of a controlled sensitization; on the other hand, the loss of CD73 might prevent atopic subjects from bronchial hyperreactivity.
MATERIALS AND METHODS
Animals
Female C57BL/6J (8 weeks old) were purchased from Charles River (Calco, Italy). Original CD73−/− breeders were a kind gift from Professor Jurgen Schrader (Department of Molecular Cardiology, Heinrich Heine University, Düsseldorf, Germany). All experiments were approved by the Italian Ministry of Health and all methods were performed according to Italian (DL 26/2014) and European (n.63/2010/UE) guidelines and regulations.
Allergic Sensitization
Mice were divided into sensitized and non-sensitized groups. Sensitization was induced by subcutaneous injection of 100 µg ovalbumin (OVA, grade V; Sigma Aldrich, Milan, Italy) emulsified with aluminum hydroxide (Al(OH)3, 13 mg/ml) on days 0 and 7. The non-sensitized groups (control) received an equal volume of aluminum hydroxide as previously described (Roviezzo et al., 2017). At days 14 and 21, mice were sacrificed, and main bronchi, pulmonary tissue, and blood were collected for functional and molecular studies.
Western Blot
Pulmonary tissue from both control and OVA-sensitized WT mice was collected and transferred in FastPrep-24 lysing matrix tube (MP Biomedicals, Santa Ana, California, United States) together with ice-cold radioimmunoprecipitation assay buffer (RIPA buffer; Thermo Fisher Scientific, Monza, Italy) containing protease inhibitors cocktail (Sigma-Aldrich, Milan, Italy). Equal amounts of protein (50 µg) were separated on 8% SDS-PAGE gel and transferred to nitrocellulose membrane. Following blocking with 5% (w/v) non-fat dry milk in phosphate buffer saline (PBS) supplemented with 0.1% (v/v) tween 20, the nitrocellulose membrane was incubated overnight at 4°C with anti-mouse CD73 polyclonal goat antibody (1:200 dilution, Santa Cruz Biotechnology) and then it was incubated for 2 h at room temperature with the secondary antibody anti-goat IgG (1:2,000 dilution; Dako, CA, United States) conjugated with peroxidase. Successively, to confirm the equal protein loading, the membrane was stripped and incubated with anti β-actin monoclonal antibody (1:2,000 dilution, Santa Cruz Biotechnology) and subsequently with anti-mouse IgG conjugated to peroxidase (1:2,000 dilution, Dako, CA, United States) for 3 h at room temperature. Protein bands were detected using the ECL detection kit (Bio-Rad, Milan, Italy) and the ChemiDoc Imaging System (Bio-Rad, Italy). Densitometry was performed using Image Lab software (Bio-Rad, Milan, Italy).
AMPase Activity
AMPase activity was assessed in lung homogenates and plasma from both control and sensitized WT mice, as a measure of CD73 activity, by colorimetric measurement of the inorganic phosphate (Pi) released following incubation with the substrate as previously described (Caiazzo et al., 2019). To have the net value of Pi produced following an enzymatic reaction, nonspecific Pi was released following incubation with the CD73 inhibitor, adenosine 5′- (α, β-methylene) diphosphate (APCP, 100 µM) in each sample was evaluated, and the value obtained was subtracted from the value obtained following incubation with AMP. Results were expressed as Pi released (pmol/min/µg protein).
Enzyme-Linked Immunosorbent Assay
Total IgE levels were quantified in plasma samples while IL-4, IL-5, IL-10, and TGF-β1 cytokines were measured in lung homogenates using commercially available ELISA kits (BD Pharmingen, Franklin Lakes, NJ, United States or R&D Systems, Inc., Minneapolis, MN, United States) according to the manufacturer’s instructions.
Flow Cytometry Analysis
Lungs from sensitized and control mice were digested with 0.5 U/ml collagenase (Sigma-Aldrich, Milan, Italy) and cell suspensions were passed through 70-µm cell strainers. T cells infiltrated into the lung were analyzed by flow cytometry using the antibodies CD3-PerCp (17A2), CD4-FITC (L3T4), CD8-PE (53–6.7), and CD25-PE (PC61), purchased from BD Biosciences; FoxP3- allophycocyanin (APC) (3G3) was purchased by Milteny Biotec. For lung Tregs detection, cells (5 × 10 5) were incubated with anti-mouse CD3-PerCp (0.5 μg), anti-mouse CD4-FITC (0.5 μg), and anti-mouse CD25-PE (0.5 μg), followed by intracellular staining with anti-mouse FoxP3-APC antibody (0.5 μg) using FoxP3 staining buffer (eBioscience™ Intracellular Fixation & Permeabilization Buffer Set; Thermo Fisher Scientific, Monza, Italy). Cells were analyzed by flow cytometry using BD FACSAria flow cytometer and BD FACSDiva software (BD Biosciences), as previously described (Fiume et al., 2015).
Lung Histology
Lung lobes were removed, fixed in 4% formalin, and embedded in paraffin. Tissue was then sectioned (7 μm thickness) and stained with haematoxylin and eosin (H & E) for morphological analysis. Additional sections were stained with Alcian Blue/Periodic Acid-Schiff (AB/PAS) for goblet cell evaluation. The severity of lung inflammation was visually scored in a blinded fashion on H & E - stained slides and graded through a subjective, semiquantitative five-point scale as previously described (Lafkas et al., 2015): 0, normal lung (no inflammatory infiltrates); 1, minimal disease (infrequent sparsely scattered inflammatory cells); 2, mild (light perivascular or peribronchiolar involvement); 3, moderate (many vessels and airways affected by substantial numbers of inflammatory cells); and 4, severe (generalized accumulations of perivascular or peribronchiolar inflammatory cells with frequent circumferential or bridging infiltrates, or both). Severity of bronchiolar epithelial goblet cell hyperplasia was visually scored in a blinded fashion on AB/PAS-stained slides through a subjective, semiquantitative four-point scale, according to Sun and co-workers(2015), as follows: 0, negative (rare or no AB/PAS-positive cells); 1, low (scattered AB/PAS-positive cells goblet constituting <25% of the epithelium); 2, moderate (more frequent AB/PAS-positive cells constituting 25–50% of the epithelium); and 3, high (many AB/PAS-positive cells constituting >50% of the epithelium) (Sun et al., 2015).
Airway Responsiveness Measurements
Different groups of animals were sensitized as described above. At 21 days, main bronchi collected from both sensitized and control mice were rapidly dissected and cleaned from fat and connective tissue. Rings of 1–2 mm length were cut and mounted in 2.5 ml isolated organ baths containing Krebs solution, at 37°C, oxygenated (95% O2 and 5% CO2), and connected to an isometric force transducer (type 7006, Ugo Basile, Comerio, Italy) associated to a Powerlab 800 (AD Instruments). Bronchial reactivity to cumulative concentrations of carbachol (10−9 – 3 × 10−6 M) was evaluated. Results were expressed as dyne per mg of tissue (Morello et al., 2005).
Statistical Analysis
All results are presented as means ± standard error (SE). Statistical analysis was performed through Student’s t-test for unpaired data or by one- or two-way ANOVA for multiple comparisons followed by Bonferroni post-hoc test. A p value <0.05 was considered statistically significant.
RESULTS
Ovalbumin Sensitization Increases CD73 Expression and Activity
Following mice sensitization with OVA, administered subcutaneously twice (day 0 and 7, Figure 1A), the expression of CD73 was increased in whole lung tissue both at 14 and 21 days, compared to the expression of control tissue from non-sensitized mice (Figure 1B); in accordance, pulmonary and plasmatic AMPase activity was significantly increased following OVA sensitization (Figures 1C,D, respectively). Results obtained by sample incubation with APCP demonstrated that it was dependent upon CD73 (data not shown).
[image: Figure 1]FIGURE 1 | OVA sensitization increases CD73 expression and activity. (A) Experimental protocol for OVA-induced sensitization in WT and CD73−/− mice. Mice were sensitized or not with OVA as described in Materials and Methods. (B) CD73 expression in whole lung tissue from both control and OVA-sensitized WT mice was quantified by Western blots. Means ± SE of eight mice per group. *p < 0.05, **p < 0.01 and ***p < 0.001 (one-way ANOVA followed by Bonferroni’s Multiple Comparison Test). CD73 specific activity was measured in lung homogenates (C) and plasma (D) from both control and OVA-sensitized WT mice by Malachite green assay. All results are expressed as mean ± SE of six mice per group. **p < 0.01 and ***p < 0.001 (one-way ANOVA followed by Bonferroni’s Multiple Comparison Test).
Increased IgE Levels in Ovalbumin-Sensitized CD73−/− Mice
Sensitization with OVA increased plasma IgE levels at 14 days, as already described (Rossi et al., 2017).
In CD73−/− mice there was a significant increase of plasma IgE levels, both at 14- and 21-days following sensitization, compared to IgE plasma levels detected in WT mice (Figure 2A).
[image: Figure 2]FIGURE 2 | CD73 deficiency further increases IgE, IL-4, and IL-5 levels induced by OVA sensitization and decreases TGF-β pulmonary levels after OVA-sensitization. Plasma levels of total IgE (A) and pulmonary levels of IL-4 (B), IL-5 (C), IL-10 (D), and TGF-β (E) were measured in both control and OVA-sensitized WT and CD73−/− mice by ELISA. All results are expressed as mean ± SE of n = 6–12 mice per group. *p < 0.05, **p < 0.01 and ***p < 0.001 (Student’s t-test for unpaired data and one-way ANOVA followed by Bonferroni’s Multiple Comparison Test).
Increased Levels of IL-4 and IL-5 and Reduced TGF-β in Lungs of Ovalbumin-Sensitized CD73−/− Mice
Pulmonary cytokine levels were evaluated in WT and CD73−/− mice following sensitization. In WT mice pulmonary levels of IL-4 peaked 21 days following sensitization; in CD73−/− mice, IL-4 levels increased starting from 14 days following sensitization (Figure 2B). Similarly, IL-5 pulmonary levels were significantly increased in CD73−/− compared to control value at 14- and 21-days following sensitization (Figure 2C). There was no difference in IL-10 pulmonary levels between sensitized WT and CD73−/− mice (Figure 2D). Levels of TGF-β tended to increase in sensitized WT mice compared to control value, while in CD73−/− mice they were progressively reduced (Figure 2E).
Increased Pulmonary Inflammation and Mucus Production in Ovalbumin-Sensitized CD73−/− Mice
Airway inflammation was assessed in H & E stained tissue sections from lungs of WT and CD73−/− mice. Morphological analysis of lungs evidenced a massive cell infiltration in lungs from CD73−/− mice following sensitization compared to WT mice (Figure 3A), as evidenced by the mean inflammation score (Figure 3C). AB/PAS staining evidenced goblet cell hyperplasia following sensitization, which was particularly evident in CD73−/− mice (Figures 3B,D).
[image: Figure 3]FIGURE 3 | CD73 deficiency further increases lung inflammation and goblet cell hyperplasia induced by OVA. Histological examination of lung tissues from both control and OVA-sensitized WT and CD73−/− mice was performed via staining with (A) hematoxylin and eosin (H & E), and (B) Alcian Blue/Periodic acid-Schiff (AB/PAS) staining. Scale bar, 100 μm (A) and 50 μm (B). (C) Lung inflammation scores. (D) Scores of airway epithelium graded for goblet cell hyperplasia. All results are expressed as mean ± SE of n = 8 mice per group. *p < 0.05 and ***p < 0.001 (one-way ANOVA followed by Bonferroni’s Multiple Comparison Test).
Pulmonary CD4+CD25+Foxp3+Treg Frequency Is Reduced in CD73−/− Mice Following Ovalbumin-Sensitization
Evidence that sensitization caused an exacerbated pulmonary inflammation in CD73−/− mice compared to WT mice suggests that in the absence of CD73 there is a disregulation of the immune response. Analysis of total lung-infiltrating T cells (Figure 4A) reveals that the percentage of CD3+CD4+T cells significantly increased in WT mice after OVA sensitization compared to control, reaching the highest level at day 21 Conversely, in CD73−/− mice the frequency of total CD3+CD4+T cells slightly increased at day 14 and day 21 after OVA sensitization compared to their counterparts (Figure 4A); however, compared to WT mice, the frequency of these cells was significantly reduced (Figure 4A). Among CD3+CD4+T cells the frequency of CD4+CD25+Foxp3+ T reg cells subpopulation increased in WT mice following sensitization compared to control (Figure 4B) and remained higher still than those observed in CD73−/− mice (Figure 4B). There was no difference in the percentage of total CD3+CD4+T cells nor Tregs between control WT and CD73−/− mice (Figures 4A,B).
[image: Figure 4]FIGURE 4 | CD73 deficiency reduces the frequency of CD4+CD25+Foxp3+ regulatory T cells (Tregs) infiltrating the lung. Lungs from both control and OVA-sensitized WT and CD73−/− were isolated and analyzed using FACS to determine the phenotype of Tregs cells. Percentage of CD3+CD4+ T cells (A) and CD4+CD25+Foxp3+ Tregs (B) in the lungs. All results are expressed as mean ± SE of n = 6 mice per group. *p < 0.05, **p < 0.01 and ***p < 0.001 (Student’s t-test for unpaired data and Bonferroni’s Multiple Comparison Test).
Absence of Bronchial Hyperreactivity to Carbachol of Sensitized CD 73−/− Mice
We finally evaluated the reactivity to carbachol of bronchi isolated 21 days following sensitization from WT and CD73−/− mice. Sensitization increased reactivity to carbachol of bronchi from WT mice, while it did not affect bronchial reactivity to carbachol in CD73−/− mice (Figures 5A,B).
[image: Figure 5]FIGURE 5 | CD73 deficiency does not increase bronchial reactivity to carbachol induced by OVA-sensitization. Carbachol-induced contractions of bronchi collected from both control and from 21 days OVA-sensitized WT (A) and CD73−/− (B) mice. The concentration-response curves for carbachol (A,B) have been obtained by a non-linear regression analysis. All results are expressed as mean ± SE of n = 6–12 per group. **p < 0.01 (Two-way ANOVA followed by Bonferroni).
DISCUSSION
The aim of the present work was to investigate the role played by CD73, the key enzyme in the extracellular adenosine accumulation, in the development of features of allergic sensitization, a risk factor for asthma and allergic diseases.
We found that in OVA-sensitized C57Bl/6J mice, susceptible to airway inflammation and hyperreactivity, as previously described (Rossi et al., 2017), pulmonary expression of CD73 was significantly up-regulated; concomitantly, there was increased pulmonary and plasma CD73 activity compared to control, non-sensitized mice. This finding is consistent with data demonstrating that CD73 upregulation following injury may represent a tissue self-protective strategy, providing an increase of extracellular adenosine levels that, in turn, may control inflammation and tissue damage; hence, inhibition of CD73 activity may exacerbate ongoing inflammation (Caiazzo et al., 2019). On the other hand, there is evidence that the increased CD73 expression and activity in inflamed tissue may cause persistent extracellular adenosine accumulation that, in turn, may be detrimental, driving the tissue toward chronic inflammation and fibrosis (Cronstein and Sitkovsky, 2017; Le et al., 2019). Thus, under some aspects, CD73/adenosine appears to be a double-edged sword: dissecting the role of this pathway in the assessment of the host response to an inflammatory trigger stimulus from its role on the ongoing tissue inflammation is crucial to find preventive and therapeutic strategies.
We found that OVA-sensitized CD73−/− mice produced increased levels of Th2 cytokines, IL-4, and IL-5 in the lung compared to Th2 cytokines produced by sensitized WT mice. Pulmonary IL-13 levels were undetectable in all groups of animals(data not shown). IL-4 is a cytokine that plays a central role in allergic airways, it may also derive from mast cells and basophils and it is crucial for Th2 differentiation from naïve Th cells (KleinJan 2016). Furthermore, IL-4 is considered to play a central role in the perpetuation of IgE - mediated allergic diseases (Herrick and Bottomly, 2003; Caminati et al., 2018). In our experiments, sensitized CD73−/− mice showed features of increased atopy, characterized by increased pulmonary IL-4 levels together with persistent high IgE plasma levels, compared to their WT counterparts.
IL-5 is a cytokine derived from a wide variety of stromal and immune/inflammatory cells, beside Th2 cells, known to be mainly involved in eosinophil proliferation, differentiation, and recruitment in allergic diseases and asthma. There is also evidence that IL-5 derived by airway epithelial cells greatly contributes to local immune response and pathological changes in allergic airway disease in mice (Lee et al., 1997; Wu et al., 2010). In sensitized CD73−/− mice, associated with increased airway inflammation and mucus production and goblet cell hyperplasia, we found elevated pulmonary IL-5 levels that are likely produced from stromal cells, or other cell subsets, such as innate lymphoid cells, lacking the inhibitory control of CD73-derived adenosine (Csoka et al., 2008; Csoka et al., 2018). A worsening of pulmonary inflammation in the absence of CD73 has already been demonstrated in other animal models, where different damaging agents have been used (Volmer et al., 2006; Eckle et al., 2007; Ehrentraut et al., 2013; Li et al., 2017).
Sensitization increased the frequency of CD4+CD25+Foxp3+ T cells in the lungs of WT mice, but not in the lungs of CD73−/− mice, in concomitance with a slight increase of TGF-β levels. There is much evidence that regulatory T cells are important modulators of immune response and allergic inflammation. The surrounding microenvironment plays a major role in directing T cells toward a specific subset; such evidence is particularly pertinent to airways, since they represent a specialized site in continuous connection with an external atmosphere (Ray et al., 2010; Noval Rivas and Chatila, 2016). Our findings obtained in CD73−/− mice may be consistent with the lack of local adenosine known to drive T cell polarization and Treg expansion, during sensitization, directly acting on T cells or, indirectly, influencing cytokine production by macrophages or other antigen presenting cells (APC) (Ohta et al., 2012; Pei and Linden, 2016). There is also evidence that CD73 is highly expressed on Foxp3+ Tregs and its enzymatic activity together with CD39 enzymatic activity is critical for Treg – mediated immunosuppression (Ehrentraut et al., 2013; Ohta and Sitkovsky, 2014). Consistently, it has been demonstrated that the immunoregulatory role of vitamin D3 might be dependent upon its ability to up-regulate CD73 on human Treg via TGF-β (Mann et al., 2015).
To investigate whether biochemical and morphological differences observed between sensitized CD73−/− and WT mice reflected in airway functional difference, we evaluated the bronchial response to carbachol, in vitro, since, in this model of OVA sensitized mice, it has been demonstrated that bronchial hyperreactivity occurs 21 days following sensitization (Roviezzo et al., 2015; Rossi et al., 2017). It is worth noting that the increased lung inflammation observed in sensitized mice lacking CD73 is not reflected in airway hyperreactivity. In humans, it has been demonstrated that the degree of bronchial hyperreactivity is associated with the degree of atopy (Grootendorst and Rabe, 2004). Here, we show that in absence of CD73, despite signs of increased atopy, characterized by increased airway inflammation and IgE levels, bronchial hyperreactivity following sensitization is absent.
On the basis of our results, we could speculate that during the sensitization period, the lack of CD73 would be detrimental, likely because the reduced physiological adenosine availability causes the lack of an “immunosurveillance” mechanism; conversely, into inflamed allergic airways, the lack of CD73 could prevent bronchial hyperreactivity by preventing high adenosine pulmonary accumulation. It must also be considered that CD73 is the ectoenzyme that ultimately controls the ratio of extracellular ATP vs. adenosine; thus, in the absence of CD73 the airway microenvironment would be transformed, since the lack of AMP hydrolysis may result in altered levels of upstream nucleotides, ADP and ATP. On this basis, the loss of adenosine-mediated effects would give the way to ATP - and ADP - mediated inflammatory effects (Thompson et al., 2004; Koszalka et al., 2004; Colgan et al., 2006). Recently, it has been demonstrated that ATP through P2Y1 receptor activation on airway vagal sensory neurons activates protective reflexes of the upper airways, like reflexes to avoid pulmonary aspiration, such as pharyngeal swallowing. A hyperstimulation of this neuronal circuits may contribute to airway diseases, such as asthma and COPD (Prescott et al., 2020). Further work will be necessary for a complete investigation of the control of the ATP/ADP/adenosine balance in airways.
In conclusion, our results support a model in which CD73−/− mice respond to the assessment of allergic sensitization with a more robust inflammation in airways, representing a target tissue of sensitization and type I allergy, with increased plasma IgE levels and reduced pulmonary Treg expansion. Recently a great effort has been made not to confine allergic airway inflammation into the paradigm of Th2 inflammation, but to have a wide view of the phenomenon that subtends different asthma phenotypes (Wenzel, 2012; Hirose et al., 2017). In this respect, we could speculate that CD73, an important molecule present on epithelial barriers and immune-inflammatory cells, plays a crucial role at the interface between innate and adaptive response in the assessment of sensitization and allergic airway inflammation. We could look at CD73 expression on immune cells or at its soluble form as a biomarker prognostic for allergy and atopy; in addition, increasing the function of this pathway might stimulate individual immune responses in healthy subjects. Our results may have implications for preventive and therapeutic strategies in allergic airway inflammation.
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INTRODUCTION
Recently, a paper published in Cell (Prescott et al., 2020) reported a novel role of purinergic P2RY1 receptors in vagal sensory neurons and their involvement in initiating a series of airway defense reflexes that guard the airways from external stimulus. This paper demonstrated how one of the rarely distributed laryngeal sensory neurons, P2RY1 neurons (∼100 neurons per mouse), can protect our airways to avoid pulmonary aspiration from ingested food and drinks.
The upper airway structures, including pharynx, epiglottis, larynx, and vocal folds, play an important role in regulating swallowing function, no matter if eating food or drinking liquids. These structures were intensively innervated by the vagus nerve through superior laryngeal (SLN) and recurrent laryngeal (RLN) nerve branches (Câmara and Griessenauer, 2015; Mazzone and Undem, 2016). Under physiological conditions, the vagus nerve usually initiates various defensive reflexes in the upper respiratory tract, e.g., transient apnea, pharyngeal swallow, vocal fold adduction, and expiratory reflexes, to protect the upper airway from some life-threatening invasions and avoid pulmonary aspiration. Failure of such vagally mediated defensive reflexes can be deadly in the clinic and can lead to some severe consequences, such as dysphagia (difficulty in swallowing), choking, speech impairment, weight loss, and aspiration pneumonia. The larynx is located within the anterior aspect of the neck, anterior to the inferior portion of the pharynx and superior to the trachea, with a total of six cartilages (three large unpaired cartilages: cricoid, thyroid, and epiglottis; three pairs of smaller cartilages: arytenoids, corniculate, and cuneiform) that are connected to each other by muscles and ligaments. Its main function is to protect the trachea by closing unexpectedly upon chemical or mechanical stimulations, thereby causing respiration suspension and preventing the penetration of foreign matter into the lower respiratory tracts (Waldman, 2009). Larynx also has other functions including vocal sounds production (phonation), coughing, the Valsalva maneuver, control of ventilation, and most importantly acting as a sensory organ. When external assault reaches to the larynx, a large range of defensive reflexive responses will be evoked by vagal laryngeal sensory neurons, eventually expelling these infiltrations out of the airways by a sudden cough (Steele and Miller, 2010; Mazzone et al., 2020). Previous studies have demonstrated that electric stimulations of vagus nerve could induce the characteristic airway protective reflexes including transient breathing pause, coughing, vocal fold adduction, and pharyngeal swallowing (Bolser, 1991). However, the sensory neuron pathways and molecular mechanisms are yet to be answered for better understanding of these sophisticated protection responses.
Optogenetics Evoked Protective Reflexes in Laryngeal Sensory Neurons
In this paper, Prescott and Umans et al. firstly showed that pharyngeal swallow or expiratory reflexes can be evoked in mice under long-term anesthesia (urethane, 2 mg/g, i.p.). The evoked swallows or expiratory reflexes were determined mainly by visually observing the elevation of hyoid bone or a sudden forced airway withdrawal when giving different kinds of chemical or mechanical stimulations and did not occur during the saline perfusion. They found that the stimuli including water, acid, and high salt or mechanical stimuli by physical probing induced robust and repetitive pharyngeal swallows through the larynx (Yarmolinsky et al., 2009), while other laryngeal stimuli, like citric acid, saccharin, sucrose, monosodium glutamate, alanine, denatonium, quinine, allyl isothiocyanate, or capsaicin, all failed to evoke such pharyngeal swallows. Transection of the SLN abolished the swallowing responses to laryngeal water, acid, and high salt stimulation and reduced the mechanical force stimuli-induced swallows. Furthermore, they mimicked the fictive swallow after direct optogenetic activation of vagal sensory neurons by using a Cre-dependent channelrhodopsin allele (loxP-ChR2) to Vglut2-ires-Cre mice, which can specifically label the vast majority of sensory neurons in vagal and glossopharyngeal nerves. Optogenetic activation of vagal sensory neurons in nodose/jugular/petrosal (NJP) superganglia of Vglut2-ires-Cre; loxP-ChR2 mice evoked an average of 4.3 pharyngeal swallows and occasional airway expiratory reflexes (1.5 events) per 10 s photostimulation trial.
Mapping Vagal Sensory Neurons Subtypes
Optogenetic stimulation evoked swallow responses implying the involvement of laryngeal sensory afferents. Next, the authors applied single-cell RNA sequencing to delineate the vagal sensory neurons subtypes in the NJP ganglia (Mazzone et al., 2020). A total of ∼37 different classes of vagal/glossopharyngeal sensory neurons were identified by unsupervised clustering analysis, with 27 cell clusters (79%) derived from nodose and inferior petrosal ganglia and 10 cell clusters (21%) from the jugular and superior glossopharyngeal ganglia. Single-cell sequencing analysis revealed a vast majority of different signature genes were distributed in the 37 classes of NJP sensory neurons. Compared with in situ hybridization (ISH) validation of selected markers and the previous studies on identification of some vagal sensory neurons in controlling breathing, heart rate, blood pressure, and gut mobility (Chang et al., 2015; Williams et al., 2016; Min et al., 2019) they constructed remarkable sets of Cre-recombinase reporter mouse lines to target specifically genetic control of most of the 37 classified NJP sensory neuron subtypes. Together with self-developed or published mouse lines, 10 Cre-lines (Vglut2-ires-Cre, Gabra1-ires-Cre, Gpr65-ires-Cre, Npy1r-Cre, Npy2r-ires-Cre, Calb1-ires-Cre, Piezo2-ires-Cre, Crhr2-ires-Cre, Glp1r-ires-Cre, and P2ry1-ires-Cre) all crossed with loxP-ChR2 were used to achieve targeting different small groups of sensory neurons in most of the 37 NJP neuronal populations (Chang et al., 2015; Williams et al., 2016; Nonomura et al., 2017; Zeng et al., 2018; Min et al., 2019). By using these amazing genetic Cre-lines toolkits, light-induced pharyngeal swallows were screened among the above mouse lines. Only by optogenetic stimulating vagal P2RY1 neurons evoked robust pharyngeal swallowing and expiratory reflexes, with 5.7 swallows and 3.0 events per 10 s light stimulation, though 11.6% of P2ry1 is expressed in NJP sensory neurons (∼250 neurons per ganglion) according to the prior ISH analysis. The pharyngeal swallows and expiratory reflexes were unable to be induced by light among other NJP sensory neurons, including Piezo2, Calb1, Gabara1, Crhr2, Gpr65, Npy2r, or Glp1r neurons. However, a small number of swallows and expiratory reflexes occurred by stimulating vagal Npy1r neurons. Airway defense response embodies multiple coordinated motor responses, not only pharyngeal swallowing and expiratory reflexes, but also transient apnea and vocal fold adduction to protect the airways. Using a miniaturized fiber endoscope or by the light endoscopy, optogenetic activation of vagal P2RY1 neurons evoked a full and complete glottic closure, which is deemed as the classical feature of airway protection program. Meanwhile, they also noticed that there was a short breathing pause accompanied with each swallow. However, the previous work by the author’s group also demonstrated that Piezo2, a mechanically activated cation channel, was involved in mediating airway stretch sensations and could evoke transient apnea as well (Zeng et al., 2018). They then employed two different genetically labeled mouse lines P2ry1-GCaMP (P2ry1-ires-Cre; loxP-tdTomato; ROSA26-GCaMP3) mice and Piezo2-GCaMP (Piezo2-ires-Cre; loxP-tdTomato; ROSA26-GCaMP3) mice, which express GCaMP3 from a constitutive promoter and Cre-expressing cells also express tdTomato in all vagal sensory neurons. Then they carried out single-cell calcium image to record vagal P2RY1 or Piezo2 neurons in response to stimulation of respiratory tract. Airway stretch induced calcium transients in most vagal sensory neurons of Piezo2-GCaMP mice (89.5%), while only 8.7% of sensory neurons of P2ry1-GCaMP mice showed calcium responses. These results suggest that vagal P2RY1 neurons mediate a full package of airway defense program, including pharyngeal swallowing, expiratory reflexes, vocal fold adduction, and transient apnea, against the harmful laryngeal challenges.
Manipulating Vagal P2RY1 Sensory Neurons in Laryngeal Stimulations
Targeted ablation of vagal P2RY1 sensory neurons was done by direct injecting of diphtheria toxin (DT) into the vagal ganglia of P2ry1-ires-Cre; loxP-DTR mice (Buch et al., 2005). In vivo laryngeal perfusion of water, citric acid, high slat, and mechanical force was applied to vagal P2ry1 ablation mice. Impaired swallowing responses to both water and citric acid stimulations were observed, with no changes to laryngeal force and high salt challenges. These findings provide evidence that laryngeal P2RY1 neurons are required for sensing specific chemosensory challenges in upper respiratory tract. Interestingly, for the unaffected high salt or force evoked swallows after P2RY1 ablation, it may indicate an alternative sensory pathway existed that helps our body to distinguish different kinds of airway assaults. Next, genetic-guided mapping results proved that vagal P2RY1 neurons indeed innervate the larynx and the terminals of P2RY1 neurons form a corpuscle-shaped structure around laryngeal taste buds. In order to do the mapping of vagal P2RY1 sensory neurons anatomical projections, the Cre-dependent Adeno-associated viruses (AAVs) encoding fluorescent (AAV-flex-tdTomato) or alkaline phosphatase (AAV-flex-AP) reporters were directly injected into NJP superganglia of P2ry1-ires-Cre mice, and labeled fibers were visualized by open-book wholemount images of these mice four weeks after injection. Previous study (Chang et al., 2015) demonstrated that vagal P2RY1 neurons are distributed in ciliated epithelium, including the epiglottis and subglottis, arytenoid cartilages, and aryepiglottal folds. Taste cell marker KRT8 (Boggs et al., 2016) immunohistochemical staining showed that P2RY1 neurons terminals also directly reach to laryngeal taste buds in squamous epithelium in a ∼40 μm diameter corpuscle-like structure.
Since some P2RY1 neurons terminals also contacted taste buds in the oropharynx and lingual taste buds in foliate and circumvallate papillae (Yarmolinsky et al., 2009), P2RY1 neurons function in these structures also needed to be elucidated. It is interesting to explore how upstream sentinel cells in the epithelium respond to laryngeal acid and water challenge. The research team again applied genetic method to generate Krt8-CreER; loxP-ChR2 mice, which respectively, target laryngeal taste buds within squamous epithelium, but not vagal sensory neurons. Employing optogenetic stimulation directly toward the inferior edge of the arytenoids and vocal folds, robust swallows were observed after light illumination, but not stimulating the NJP ganglia in Krt8-CreER; loxP-ChR2 mice. These findings again support that P2RY1 neurons function as downstream of the epithelial cells in the larynx and receive information and react to the corresponding chemical or mechanical stimulations. In the end, the ATP signaling was explored in this study based on the previous finding that ATP works as neurotransmitter mediating communications between lingual taste cells and second-order gustatory fibers (Finger et al., 2005; Takahashi et al., 2016). Knockout of both the P2X2 and the P2X3 receptors mice showed a complete loss of laryngeal water sensation, a reduction in acid stimulation, and intact response to mechanical force and high salt stimulations. Together, these data demonstrate that epithelial sentinel cells firstly detect some certain chemical stimulations and then pass the information to vagal sensory P2RY1 neurons via ATP, eventually inducing a range of defensive responses program, including transient apnea, vocal fold adduction, pharyngeal swallow, and expiratory reflexes (Figure 1).
[image: Figure 1]FIGURE 1 | Vagal sensory P2RY1 neurons mediated airway protection reflexes. The graph illustrates that activation of P2RY1 neurons in the NJP superganglia evokes a full set of laryngeal protective reflexes responses. P2RY1 are expressed in a small population of vagal sensory neurons (∼100 neurons/mouse). Blue light activation of these vagal sensory P2RY1 neurons can induce the following protective responses such as pharyngeal swallowing, expulsion reflex, transient apnea, vocal fold adduction, and hyoid bone elevation. These reflexes are helpful to defend choking, dysphagia, cough, or other respiratory symptoms when the water or acid stimulations enter the airway system.
DISCUSSION
This study (Prescott et al., 2020) provides a promising role of purinergic P2RY1 receptors in vagal sensory neurons that function as a second-order sensory neuron to detect airway threats and coordinate defensive reflexes to guard airway integrity. The experimental methodology including a large deal of genetically labeled Cre-mouse lines and single-cell RNA sequencing for broadly investigating the sensory molecular diversity and specific targeting strategy or optogenetic regulation for specific sensory neurons and cell type specific ablation based on Cre-dependent DT receptor (DTR) all help to illustrate the cellular diversity and mechanisms of vagal and glossopharyngeal nerves.
Many questions and future research directions arise from the current discovery of vagal P2RY1 sensory neurons in mediating respiratory defense reflexes. First, both water and citric acid induced pharyngeal swallows after optogenetic stimulating of P2RY1 sensory neurons (Moayedi et al., 2020), while further study of the transducer cells of water-sensing and acid-sensing neurons in the larynx need to be elucidated. Whether other cell types such as laryngeal taste cells, solitary chemosensory cells, neuroendocrine cells, or epithelial or immune cell types may play an important role in mediating these tastes’ sensation needs to be addressed (Yarmolinsky et al., 2009). Second, how the different sensation detected by P2RY1 sensory neurons in the larynx relays information to upper central nervous system in the brain and the output pathway in initiating rapid motor responses needs to be addressed (Figure 1). The nucleus tractus solitarius, also known as nucleus of the solitary tract in the brainstem, which impacts on many homeostatic systems within the body (King, 2007), has been recognized as an essential relay station for primary visceral sensor within the brain which communicates between the viscera and brain axis (King, 2007; Scherrer et al., 2009; Stanley et al., 2010; Zoccal et al., 2014). It receives and responds to stimuli from the respiratory, cardiovascular, and gastrointestinal systems. The recombinant virus-tracing technology by using the retrogradely transported neurotropic pseudorabies virus or anterogradely transported herpes simplex virus 1, strain H129 (HSV-1-H129) could help to dissect viscera-brain connectivity pathways or the viscera-brain neuronal circuits (Schwarz et al., 2015; Fan et al., 2020). Third, single-cell RNA sequencing data revealed a great number of different molecular verified neuron subtypes in the NJP superganglia; instead, most of their functions in vagal sensory neuron are not fully studied. Finally, it would be also interesting to study the electrophysiological properties of P2RY1 sensory neuron in the NJP ganglia, which would help to understand P2RY1 neurons in mediating airway protection response under physiological or pathological conditions in a more comprehensive way.
Another issue that needs to be considered is the influence of P2RY1 development difference on vagal P2Y1 sensory protection function. Studies showed that there’s age difference of P2R1 mRNA expression in microglia cell culture from 3 days to 4 months (Crain et al., 2009). P2Y1 expression of 21-day-, 7-week-, and 4-month-old C57 male mice showed increased expression (by 50–100-fold) when compared to 3-day-old male mice. Female mice also showed similar results of P2RY1 mRNA expression pattern as male mice. No sexual dimorphisms of P2RY1 receptors expression in microglia were observed. However, it would be interesting to explore the P2RY1 receptors expression in vagal sensory neurons as well as the sex difference. Human study revealed that air or water stimulation can induce healthy neonates to have a 30 or 76% pharyngeal reflexive swallowing response, respectively (Jadcherla et al., 2007). However, the development differences of age or sex of vagal P2RY1 sensory neurons are unknown and how they affect the swallowing ability is still unclear. It would be meaningful to check the vagal P2RY1 sensory neurons function between young and old mice. This can be helpful to explain why both newborn and old patient are more at risk of suffering from dysphagia in the clinic. Furthermore, this vagal sensory neuron function mediated by P2Y1R might be involved in the role of vagal activity and airway function in diseases such as asthma and chronic obstructive pulmonary disease (COPD). Chang et al. showed that optogenetic activation of P2RY1 neurons acutely silence respiration, trapping animals in exhalation (Chang et al., 2015). P2RY1 neurons did not impact heart rate or gastric pressure, other autonomic functions. Shortness of breath is a common symptom of asthma and COPD patients in the clinic. It would be intriguing to explore how P2RY1 contributes to alleviating the symptom of asthma and COPD. Study from Tränkner et al. showed that ablation or silence of vagal TRPV1 expressing sensory neurons abolished the hyperreactive bronchoconstriction after a fully developed lung inflammatory immune response by ovalbumin stimulation (Tränkner et al., 2014). Optogenetic stimulation of TRP expressing cells dramatically exacerbated airway activity of inflamed airways. The sphingosine-1-phosphate receptor 3 was coexpressed with TRPV1 neurons. Calcium images demonstrated that capsaicin activated 60.7% of all vagal sensory neurons, but none of P2RY1 neurons by nodose/jugular ganglia acute cultures (Chang et al., 2015). ISH analysis showed that 95% of P2RY1 neurons did not express TRPV1 in vagal sensory neuron. These results suggest that the immune function may be through glia but not sensory neuron P2RY1 receptor, which still need to be elucidated.
Overall, a small cluster of P2RY1 receptors in vagal sensory neuron mediates a series of stereotyped airway protection programs. Moreover, P2RY1 neurons appose laryngeal taste buds in a corpuscular-like structure, which receive signal elicited from ATP signaling in epithelial sentinel cells. More exciting discoveries of vagal P2RY1 sensory neurons will be explored with further understanding of P2RY1 receptor and structure function studies (Zhang et al., 2015). Advanced techniques and methods, such as optogenetics, chemogenetics, in vivo calcium imaging, fiber photometry, virus tracing, will facilitate our understanding of the diversity of vagal P2RY1 sensory neurons in guarding the respiratory tract from external assaults and its central mechanism. Hence, increasing P2RY1 functional studies will help to shed lights on promoting the development of pharmaceutical drugs against swallowing disorders related diseases such as dysphagia and aspiration pneumonia in the clinic.
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INTRODUCTION
Adenosine is an endogenous autacoid that exerts a variety of physiological effects by interacting with cell surface G-protein-coupled receptor subtypes, namely A1, A2A, A2B, and A3 adenosine receptors (ARs) (Borea et al., 2018). Numerous experimental evidence suggests that A1AR represents a promising therapeutic drug target for different pathological conditions of the central nervous system, cardiovascular disorders, and metabolic diseases (Burnstock, 2018). Through activation of pre- and post-synaptic A1ARs, adenosine plays an important role as an endogenous neuroprotective modulator mainly by inhibiting the excessive release of excitatory neurotransmitters like glutamate, an effect that also underlies the anticonvulsant action of adenosine. The A1AR agonists have been recognized as promising antinociceptive agents in several preclinical models of chronic and neuropathic pain (Borea et al., 2016). The adenosinergic system also regulates mechanisms related to psychiatric disorders, where A1ARs mediates antidepressant and anxiolytic-like effects. In the heart, adenosine acts as a cytoprotective modulator in response to stress, mostly via A1ARs. Activation of myocardial A1ARs has been shown to exert beneficial effects against ischemic cardiac injury, arrhythmogenesis, coronary and ventricular dysfunction, and ventricular remodeling (Dinh et al., 2017). Given the role of A1AR stimulation to inhibit lipolysis, improve insulin sensitivity and inhibit insulin release, A1AR agonists have the potential to be useful for metabolic disorders such as type 2 diabetes, obesity, and hyperlipidemia (Dhalla et al., 2009a). From these premises, pharmacological agents that activate A1ARs should have huge potential for therapeutic use in different pathological conditions. Toward this goal, various selective agonists of the A1ARs are available, and some have already entered early-phase clinical trials. Nonetheless, the transition of A1AR full agonists into the clinic as effective drugs has been severely hampered due to low efficacy, receptor desensitization, and safety issues related to off-target effects. Common side effects include bradycardia, atrioventricular blocks, vasoconstriction, sedation, and antidiuretic effects. As an alternative strategy, A1AR partial agonists and positive allosteric modulators have been found to be equally effective while avoiding severe adverse effects and receptor downregulation/desensitization. Pharmacologic and preclinical data have revealed that, as compared to full agonists, A1AR partial agonists exert minimal effects on blood pressure, heart rate, alertness, and renal function (Greene et al., 2016). Partial agonists can be used to trigger only some of the physiological effects of A1AR activation and usually display greater tissue or organ selectivity, because of the differential receptor expression level. Furthermore, in the case where the beneficial effect is maintained, partial agonism is a suitable approach to circumvent A1AR desensitization. An option perhaps even more interesting to avoid the issues associated with the use of A1AR full agonist, is positive allosteric modulation (Romagnoli et al., 2015). Allosteric binding regions typically display greater sequence divergence across the receptor subtypes, providing increased selectivity for allosteric than orthosteric binding ligands. Moreover, positive allosteric modulators can enhance the responsiveness of A1ARs to endogenous adenosine within the local regions of its elevated production. This is particularly prominent for the adenosinergic system, because of the rapid increase of extracellular adenosine concentration in pathological conditions such as ischemia, trauma, inflammation, pain, and seizures. Positive allosteric modulators can therefore selectively “tune” tissue responses in the function of specific adenosine levels. Orthosteric agonists, which continuously and indiscriminately stimulate the receptors, cannot achieve this type of spatial and temporal specificity of action typical of allosteric modulators. Given their numerous advantages over full agonists, the development of partial agonists and positive allosteric modulators offer therefore the possibility to exploit the great therapeutic potential of A1AR activation, facilitating the transition from basic research to clinical practice. This opinion article discusses the most interesting results obtained in preclinical and clinical studies using A1AR partial agonists and positive allosteric modulators.
PAIN AND CENTRAL NERVOUS SYSTEM DISORDERS
One of the few studies describing the antinociceptive effect of A1AR partial agonists evaluated MCPA and 2′dCPA in the chronic constriction injury model of neuropathic pain. Despite the two partial agonists showed an anti-hyperalgesic effect comparable to that of the full agonist 5′dCPA, their anti-nociceptive effect was lower due to the poor distribution to the site of action (Schaddelee et al., 2005). A greater number of investigations on pain have instead been performed employing A1AR positive allosteric modulators. The first A1AR positive allosteric modulators were characterized by Bruns and Fergus in 1990, the most selective of which was PD 81,723 (Bruns and Fergus, 1990). A few years later, T62, a derivative of PD 81,723, was tested on mechanical hypersensitivity after spinal nerve ligation (Pan et al., 2001). The reduction of hyperalgesia by intrathecal injection of T62, consistent with ongoing spinal adenosine release in this model of neuropathic pain, represents the first proof of concept of the potential antinociceptive effect of A1AR positive allosteric modulators. In a subsequent study, Li and colleagues hypothesized the involvement of a spinal noradrenergic activation in the anti-allodynic effect of T62 (Li et al., 2002). The antinociceptive effect of T62 was then demonstrated in carrageenan-induced inflammatory (Li et al., 2003) and incision-induced postoperative pain (Obata et al., 2004). Afterward, we characterized a new series of A1AR positive allosteric modulators, among which the thiophene C-5 aryl derivative TRR469 was selected for further studies (Romagnoli et al., 2012). TRR469 was revealed to be a more potent allosteric modulator of A1ARs compared to T62 or PD 81,723, being able to increase by 33 fold the affinity of adenosine and showing an allosteric cooperativity factor (α) of 26.3 compared to 2.5 for T62 and 1.9 for PD 81,723 (Vincenzi et al., 2014). When tested for its antinociceptive action, TRR469 demonstrated to be efficacious in the formalin and writhing tests as well in the streptozotocin-induced diabetic neuropathic pain model. Furthermore, TRR469 did not display locomotor or cataleptic side effects, as opposed to the direct activating A1AR full agonist CCPA (Vincenzi et al., 2014). In the same years, Imlach and colleagues evaluated the actions of the novel A1AR positive allosteric modulator VCP171 on excitatory and inhibitory neurotransmission at spinal cord superficial dorsal horn synapses in a rat partial nerve-injury model of neuropathic pain. Electrophysiological studies showed that VCP171 inhibits eEPSC amplitude of nerve-injury animals in both lamina I and lamina II neurons (Imlach et al., 2015). These results, together with the enhanced adenosine tone at excitatory synapses in the dorsal horn after nerve injury, suggest that A1AR positive allosteric modulators can be effective treatments for neuropathic pain.
In addition to its antinociceptive effects, the A1ARs positive allosteric modulator TRR469 was also investigated as an anxiolytic agent. In mice, the administration of TRR469 resulted in robust anxiolytic-like effects in the elevated plus maze, the dark/light box, the open field, and the marble burying tests. Interestingly, the magnitude of the anxiolytic action of the novel A1AR positive allosteric modulator was comparable to that obtained with benzodiazepine diazepam (Vincenzi et al., 2016). However, in contrast to diazepam, TRR469 did not potentiate the sedative effect and locomotor disturbances elicited by ethanol.
Some studies suggested the use of partial agonists and positive allosteric modulators of A1ARs as an alternative strategy to exploit the therapeutic potential of A1AR activation against cerebral ischemic injury. 2′dCCPA and 3′dCCPA, two A1AR partial agonists, protected SH-SY5Y from oxygen-glucose deprivation-induced cell viability reduction. In the same study, both compounds elicited a significant recovery of synaptic transmission in mice hippocampal slices following the application of oxygen-glucose deprivation (Martire et al., 2019). Regarding positive allosteric modulators, the effect of PD 81,723 was evaluated on hippocampal injury and Morris water maze performance following hyperglycemic cerebral ischemia and reperfusion. Despite a high dose did not exert any effects, a lower dose of PD 81,723 resulted in a significant reduction of hippocampal injury and improvement of Morris water maze performance. The authors suggested that the presence of the allosteric modulator enhanced the neuroprotective action of the endogenously produced adenosine during hyperglycemic ischemia (Meno et al., 2003). More recently, we elucidate the role of adenosine in glutamate-induced injury in PC12 cells demonstrating that its endogenous presence is a necessary condition for the onset of cytotoxicity. This effect was attributed to the activation of Gs protein-coupled A2A and A2B ARs and counteracted by A1ARs stimulation. Thank to its capability to increase adenosine affinity for A1AR subtypes, the positive allosteric modulator TRR469, as opposed to CCPA, completely abrogated glutamate-mediated cell injury (Vincenzi et al., 2020).
CARDIOVASCULAR SYSTEM DISEASES
Full agonists of the A1ARs reduce heart rate, atrioventricular conduction, and at high doses can cause atrioventricular block. In contrast with full agonists, partial A1AR agonists are less likely to cause undesirable side effects and emerged as promising candidates for heart failure (Albrecht-Küpper et al., 2012; Greene et al., 2016). The rationale behind the beneficial effect of A1AR activation is mainly related to the preservation of mitochondrial function of cardiomyocytes in ischemia/reperfusion injury (Dinh et al., 2017). Two of the most studied A1AR partial agonists for the treatment of heart diseases are capadenoson and its derivative neladenoson bialanate. Capadenoson has undergone two phase IIa clinical trials, initially in patients with atrial fibrillation and subsequently in patients with stable angina where it lowered exercise heart rate at comparable maximum workload and improved total exercise time and prolongation of time to ischemia (Tendera et al., 2012). In an animal model of ischemic heart failure, capadenoson improved left ventricular functions and prevented maladaptive ventricular remodeling without causing atrioventricular block (Sabbah et al., 2013). Starting from capadenoson, Meibom and colleagues evaluated identified neladenoson bialanate, a prodrug of an A1AR agonist tailored to a specific partiality range, thereby optimizing the therapeutic window (Meibom et al., 2017). In two early pilot studies, the treatment of heart failure patients with reduced ejection fraction with neladenoson bialanate appeared to be safe without atrioventricular conduction disorders or neurological side effects (Voors et al., 2017). Recently, two phase IIb clinical trials were conducted to assess the dose-response effect of neladenoson bialanate on cardiac structure and function, clinical outcome, and safety in patients with heart failure with reduced ejection fraction (Voors et al., 2019) or preserved ejection fraction (Bertero and Maack, 2019). Unfortunately, no dose-dependent changes in the primary or secondary endpoints were observed in patients randomized to neladenoson compared with placebo. Among patients with heart failure with preserved ejection fraction, there was no significant dose-response relationship detected for neladenoson concerning the change in exercise capacity from baseline to 20 weeks (Shah et al., 2019). The lack of effect of these partial agonists underlines the need to find new ways to exploit the potential of A1ARs. A recent and interesting structure modification in capadenoson derivatives yielded the covalent partial agonist LUF774, which may serve as a prototype for a novel therapeutic approach (Yang et al., 2020). As for positive allosteric modulators, no clinical trials have been conducted for heart diseases to date. However, in one of the few preclinical studies, the positive allosteric modulator of the A1ARs VCP333 improved cardiac function and reduced myocardial cell death following ischemia-reperfusion injury in murine isolated heart (Butcher et al., 2013).
METABOLIC DISEASES
The evidence from numerous studies indicates that A1ARs are potent inhibitors of adipose tissue lipolysis. From a clinical point of view, the availability of pharmacological agents that inhibit lipolysis and lower circulating free fatty acid levels may be useful in the treatment of type 2 diabetes. In this context, various preclinical studies have been carried out employing CVT-3619, an A1AR partial agonist. In rats, CVT-3619 significantly reduced plasma free fatty acid levels at doses that did not elicit cardiovascular side effects (Dhalla et al., 2007a). In subsequent studies, CVT-3619 treatment lowered circulating free fatty acid and triglyceride concentrations and improves insulin sensitivity and glucose clearance in animals with dietary-induced forms of insulin resistance (Dhalla et al., 2007b; Shearer et al., 2009) and in diabetic rats (Dhalla et al., 2009b). Under the name of GS-9667, CVT-3619 was tested in two clinical studies to evaluate its efficacy and safety. In healthy non-obese and obese subjects, the A1AR partial agonist GS-9667 reduced plasma free fatty acid levels, exhibited linear kinetics, and was well-tolerated, representing therefore a promising therapy for type 2 diabetes and dyslipidemia (Staehr et al., 2013).
CONCLUSION
Activation of A1ARs has huge untapped therapeutic potential. Unfortunately, their ubiquitous distribution together with receptor desensitization and off-target effect of A1AR full agonists has greatly hindered their exploitation in the clinic. Different pharmacological approaches such as partial agonists and positive allosteric modulators could offer significant advantages over A1AR full agonists. Despite the promising preclinical evidence, no clinical trials have so far been performed on A1AR positive allosteric modulators. We think that these compounds, especially the most potent ones like TRR469 or VCP171, could represent in the future a possible way to improving translation from promising preclinical results to clinical success.
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INTRODUCTION
The maintenance of the correct balance of nucleotide pools is essential for many vital functions (Bester et al., 2011; Garcia-Gil et al., 2018; Camici et al., 2019). The control of several enzyme activities required for nucleotide metabolism contributes to this homeostasis. Among the involved enzymes, cytosolic 5′-nucleotidases (NT5Cs) play a central role in the regulation of the purine nucleotide pool (Figure 1). The major NT5Cs acting on purine nucleotides are cytosolic 5′-nucleotidase I (NT5C1), which exerts its action mainly in skeletal muscle, and cytosolic 5′-nucleotidase II (NT5C2), which is ubiquitously expressed. The preferred substrate for NT5C1 is AMP, with a KM in the millimolar range (Hunsucker et al., 2001; Tkacz-Stachowska et al., 2005). Although preferring IMP and GMP as substrates (KM in the micromolar range) (Tozzi et al., 2013), NT5C2 catalyses also the hydrolysis of the phosphoester bond of AMP (with a KM in the millimolar range) (Tozzi et al., 2013). The rate of the IMP-GMP cycle (Figure 1) which regulates the intracellular purine nucleotide concentrations, depends on NT5C2 activity (Barsotti et al., 2003). In fact, in the presence of high energy charge, NT5C2 catalyses the catabolism of excess IMP, synthesized by de novo or salvage pathways, while allowing for IMP and AMP accumulation in case of low energy charge (Pesi et al., 1994; Allegrini et al., 2004; Wallden and Nordlund, 2011; Camici et al., 2018). For the regulation of the AMP cycle, both NT5C1 and NT5C2 activities are involved (Figure 1). In the last decades growing evidence indicates the central “energy sensing” role played by the AMP-activated protein kinase (AMPK) (Hardie et al., 2012; Garcia and Shaw, 2017). AMPK is a heterotrimer composed of the catalytic α (α1 or α2), the regulatory β (β1 or β2) and the γ subunits (γ1, γ2 or γ3). Alterations in the AMP:ATP ratio are perceived by the γ subunit of AMPK which contains three AMP binding sites, two of which exchangeable with ATP (Xiao et al., 2007). The binding of AMP further increases the kinase activity of AMPK both allosterically and inhibiting its dephosphorylation (Sanders et al., 2007). The major upstream kinases that activate AMPK by phosphorylation of Thr172 (Hawley et al., 1996), are the tumour suppressor kinase LKB1 (Woods et al., 2003) and the Ca2+/calmodulin-dependent kinase kinase β (Hawley et al., 2005). AMPK is activated when the cellular energy charge is low and, acting on several protein targets, this protein kinase switches off the anabolic pathways that require ATP and switches on the catabolic pathways that produce ATP (Figure 1). AMPK activation brings about an increase in muscular glucose uptake and fatty acid oxidation, making AMPK activators useful tools for the treatment of type 2 diabetes (Coughlan et al., 2014). In addition, AMPK activation may be responsible for some of the tumour suppression functions of LKB1 (Hardie and Alessi, 2013). Since NT5Cs are the major responsible for the regulation of the AMP level (Kulkarni et al., 2011), it is conceivable that alterations in their activities may affect the numerous signaling pathways triggered by AMPK activation, and thus the regulation of biological processes including muscle contraction, functioning of the nervous system, and control of body weight.
[image: Figure 1]FIGURE 1 | Interplay between purine cycles and AMPK. A selection of metabolic pathways regulated by AMPK is shown: the red background includes the anabolic pathways switched off, and the green background the catabolic pathways switched on by AMPK. ACC: acetyl-CoA carboxylase; Ado: adenosine; ADP: adenosine-5′-diphosphate; AMP: adenosine-5′-monophosphate; ATP: adenosine-5′-triphosphate; Gua: guanine; Guo: guanosine; GMP: guanosine-5′-monophosphate; HMGR: 3-hydroxy-3-methylglutaryl-Coenzyme A reductase; Hyp: hypoxanthine; IMP: inosine-5′-monophosphate; Ino: inosine; NT5Cs: cytosolic 5′-nucleotidase I and II; mTOR: mammalian target of rapamycin; PFK2: 6-phosphofructo-2-kinase; Pi: inorganic phosphate; PGC-1α: peroxisome proliferator-activated receptor-gamma coactivator-1alpha; PPi: inorganic pyrophosphate; PRPP: phosphoribosylpyrophosphate; Rib-1-P: ribose-1-phosphate; Rib-5-P: ribose-5-phosphate; TBC1D1: TBC1 domain family member one; TIF1A: transcription intermediary factor-1α; UA: uric acid; ULK1: Unc-51 like autophagy activating kinase 1. Enzymes involved are indicated by numbers inside circles: 1) Purine nucleoside phosphorylase; 2) Hypoxanthine-guanine phosphoribosyltransferase; 3) Adenosine kinase; 4) Phosphoribomutase; 5) PRPP synthetase; 6) Adenosine deaminase; 7) AMP deaminase. Dotted red lines: inhibition; dotted green lines: activation.
In Muscle
Gene silencing of NT5C1A by shRNA injection and electroporation in mouse tibialis anterior muscle decreased NT5C1A protein expression, increased phosphorylation of AMPK and of its substrate acetyl-CoA carboxylase (ACC), as well as glucose uptake (Kulkarni et al., 2011). Similar results were obtained by using NT5C2 siRNA in cultured human myotubes. The downregulation of NT5C2 led to an increase in the AMP:ATP ratio, an increase in AMPK phosphorylation (Thr172), and an increase in ACC phosphorylation (Kulkarni et al., 2011). Overexpression of NT5C1A in human embryonic kidney (HEK293T) cells caused a reduction in the oligomycin-induced increase in AMP and ADP concentrations and a decrease in AMPK activation (Plaideau et al., 2012). Surprisingly, NT5C1A and NT5C2 deletion were not able to potentiate AMPK activation following electrical stimulation in soleus and extensor digitorum longus (EDL) mouse muscles (Kviklyte et al., 2017). AMP:ATP or ADP:ATP ratios in the knockout resting muscles were similar to those of wild type (WT) mice, and contraction did not induce a potentiation of these ratios in the muscle of the knockout animals (Kviklyte et al., 2017). In fact, electrical stimulation induced a 4-fold increase of AMPK activity compared to the resting state both in WT and nucleotidase-deleted muscles. Also, downstream ACC phosphorylation and glucose uptake appeared to increase to the same extent in EDL from electrically stimulated WT and NT5C2-or NTC1A-knockout mice (Kviklyte et al., 2017). In addition, the effects of the combination of NT5C1 deletion plus inhibition of AMP deaminase on AMP:ATP ratio and AMPK activity, measured in resting and electrically-stimulated EDL muscle were not different between muscle from WT and knock-out animals (Kviklyte et al., 2017). The authors hypothesized that, during contraction, fluxes through nucleotidases might be too reduced to influence AMP levels and concluded that pharmacological inhibition of AMP-metabolizing enzymes might not be useful for promoting AMPK activation and glucose uptake in muscle of type-2 diabetic patients.
In Nervous System
In human neural progenitor cells (hNPCs), NT5C2 knockdown by siRNA increased AMPK protein expression and phosphorylation, and surprisingly, phosphorylation of 40S ribosomal protein S6 (RPS6), without modification in RPS6 expression. It also altered transcription of several genes involved in protein translation (Duarte et al., 2019). RPS6 correlates with mammalian target of rapamycin complex 1 (mTORC1) activation and it is frequently used to estimate the rate of protein translation (Biever et al., 2015). HEK293T cells overexpressing NT5C2 were used to further investigate the association between NT5C2 and the regulation of AMPK and RPS6. Duarte et al. (2019) found a decrease in phosphorylated AMPK but not in total AMPK in these cells, and a decrease in total RPS6 protein associated with 300% increase in RPS6 phosphorylation. Therefore, the effect of NT5C2 on RPS6 in HEK293T cells was opposite to that observed in hNPCs. The authors suggested that the increase in RPS6 phosphorylation observed in hNPCs as a consequence of NT5C2 knockdown could be ascribed to a negative feedback loop leading to increased protein synthesis after an initial arrest in protein synthesis, already described during recovery in muscle (Dreyer et al., 2006). Indeed, endurance exercise in humans increased AMPKα2 activity and immediately decreased protein synthesis. This was followed by increased p70S6K phosphorylation, and increased protein synthesis during the recovery period, 2 h after a bout of exercise (Dreyer et al., 2006). It is worthy to note that since protein synthesis has not been directly measured in hNPCs, it is impossible to know whether the increase in phospho-RPS6 observed after NT5C2 knockdown (Duarte et al., 2019) does reflect a raise in protein synthesis. Conversely, protein synthesis was dramatically lower in NT5C2- knockdown human lung carcinoma (A549) cells compared to control cells (Pesi et al., 2018), but no modification of AMPK activity has been found in these cells, probably as a consequence of an inactivating mutation of LKB1 in A459 cells (Zhong et al., 2006).
NT5C2 is associated with disorders characterized by psychiatric and psychomotor disturbances such as hereditary spastic paraplegias (HSP) (Garcia-Gil et al., 2018), schizophrenia (Cross-Disorder Group of the Psychiatric Genomics, 2013; Duarte et al., 2016; Duarte et al., 2019) and Parkinson disease. The aberrantly spliced NT5C2 described by Elsaid et al. (2017) in individuals affected by HSP showed substantial reduction in expression level in the in vitro study, indicating marked instability of the mutant NT5C2 protein. The authors suggest that homozygous alteration in NT5C2 might be necessary to produce central white matter developmental defects (Elsaid et al., 2017). It is interesting to note that knockdown of the NT5C2 homologue in Drosophila melanogaster was associated with abnormal climbing behavior when driven by a neuronal promoter, supporting a role for NT5C2 in motility (Duarte et al., 2019). The mechanisms underlying the pathological effects of NT5C2 mutations are unknown. It could be interesting to obtain information not only on the levels of expression and/or activity of NT5C2, but also on the possible variations of AMP:ATP ratio which could lead to an upregulation of AMPK. A permanent activation of AMPK could result in abnormal development of the nervous system. Indeed, AMPK activation induces apoptosis in hippocampal and neuroblastoma cells (Pesi et al., 2000; Garcia-Gil et al., 2003), and reduces axonal growth (Williams et al., 2011). Moreover, AMPK hyper-activation in differentiated primary neurons reduces the number of synapses and leads to a loss of neuronal network functionality (Domise et al., 2019) and AMPK signaling has been associated with amyotrophic lateral sclerosis, neurodegenerative and psychiatric disorders (Perera and Turner, 2016; Rosso et al., 2016).
In Body Weight
Body weight of NT5C1A−/− and NT5C2−/− mice, fed a normal-chow diet, was similar to their WT littermates (Kviklyte et al., 2017). However, NT5C2−/− mice fed a high fat diet (HFD) increased their body weight significantly less as compared to WT mice (Johanns et al., 2019). The difference was not due to changes in food consumption or water intake. Although not significant, the authors reported a tendency toward increased AMPK activity in fat pads from NT5C2−/− compared with WT mice, both in basal and noradrenaline-stimulated conditions, while a significant increase in AMP concentration was only seen in fat pads from NT5C2−/− mice in response to noradrenaline treatment. Consistent with an activation of AMPK, a significant increase in ACC phosphorylation was associated to NT5C2 deletion and HFD (Johanns et al., 2019).
Genome-wide association studies performed on Japanese subjects revealed that the T-allele of rs11191548 in the NT5C2 gene was associated with reduced visceral fat area, subcutaneous fat area and total fat area in women (Hotta et al., 2012). Unfortunately, the authors did not measure the activity of NT5C2, therefore we do not know whether the reported single-nucleotide polymorphism affects the function of the enzyme and the level of AMP. Although not supported by the experimental data, it is conceivable to hypothesize an involvement of AMPK, which has been reported to integrate nutrient and hormonal signals to regulate food intake and body weight, both in the hypothalamus and peripheral tissues (Xue and Kahn, 2006).
CONCLUDING REMARKS
The activity of NT5C2 is allosterically regulated by ATP that, at high physiological level, stabilises a very active enzyme conformation (Tozzi et al., 2013). In our opinion, high energy charge activates NT5C2 and AMP deaminase activities, leading to the hydrolysis of the excess of newly synthesized or salvaged nucleotides. At low energy charge, the low activity of both enzymes causes an accumulation of nucleoside monophosphates, particularly AMP, that can either activate AMPK, or be hydrolyzed by NT5C1, releasing adenosine, thus starting the purinergic signaling. In fact, extracellular adenosine, binding to widely distributed receptors (A1, A2A, A2B, and A3) acts not only on metabolic regulation through modulation of cyclicAMP intracellular concentration, but also on fine-tuning of synapses and on the coordination of neuronal networks (Agostinho et al., 2020). An increase of extracellular concentration of adenosine might reflect on many biological processes such as proliferation, regulation of blood flow, inflammation and immunosuppression (Vijayan et al., 2017; Jacobson et al., 2019). Conversely, in some cells or organs, the low NT5C2 activity obtained by silencing, was unable to produce significant AMP accumulation, casting some doubt on the mechanism linking low NT5C2 activity and its metabolic consequences. It will be very interesting to further investigate on these molecular mechanisms, since the knowledge of this matter will support the application of NT5C2 inhibitors not only in cancer but also in pathologies such as metabolic syndrome, obesity and diabetes.
AUTHOR CONTRIBUTIONS
MC, MG-G, and MT conceived the opinion and wrote the draft manuscript. SA and RP collected references and drew the figure. All authors discussed the content.
FUNDING
This work was supported by local grants of the University of Pisa (ex60%2020).
REFERENCES
 Agostinho, P., Madeira, D., Dias, L., Simões, A. P., Cunha, R. A., and Canas, P. M. (2020). Purinergic signaling orchestrating neuron-glia communication. Pharmacol. Res. 105253, 105253. doi:10.1016/j.phrs.2020.105253
 Allegrini, S., Scaloni, A., Careddu, M. G., Cuccu, G., D'Ambrosio, C., Pesi, R., et al. (2004). Mechanistic studies on bovine cytosolic 5'-nucleotidase II, an enzyme belonging to the HAD superfamily. Eur. J. Biochem. 271, 4881–4891. doi:10.1111/j.1432-1033.2004.04457.x
 Barsotti, C., Pesi, R., Felice, F., and Ipata, P. L. (2003). The purine nucleoside cycle in cell-free extracts of rat brain: evidence for the occurrence of an inosine and a guanosine cycle with distinct metabolic roles. Cell. Mol. Life Sci. 60, 786–793. doi:10.1007/s00018-003-2371-x
 Bester, A. C., Roniger, M., Oren, Y. S., Im, M. M., Sarni, D., Chaoat, M., et al. (2011). Nucleotide deficiency promotes genomic instability in early stages of cancer development. Cell 145, 435–446. doi:10.1016/j.cell.2011.03.044
 Biever, A., Valjent, E., and Puighermanal, E. (2015). Ribosomal protein S6 phosphorylation in the nervous system: from regulation to function. Front. Mol. Neurosci. 8, 75. doi:10.3389/fnmol.2015.00075
 Camici, M., Allegrini, S., and Tozzi, M. G. (2018). Interplay between adenylate metabolizing enzymes and AMP-activated protein kinase. FEBS J. 285, 3337–3352. doi:10.1111/febs.14508
 Camici, M., Garcia-Gil, M., Pesi, R., Allegrini, S., and Tozzi, M. G. (2019). Purine-metabolising enzymes and apoptosis in cancer. Cancers 11, 1354. doi:10.3390/cancers11091354
 Coughlan, K. A., Valentine, R. J., Ruderman, N. B., and Saha, A. K. (2014). AMPK activation: a therapeutic target for type 2 diabetes?Diabetes Metab Syndr Obes 7, 241–253. doi:10.2147/DMSO.S43731
 Cross-Disorder Group of the Psychiatric Genomics (2013). Identification of risk loci with shared effects on five major psychiatric disorders: a genome-wide analysis. Lancet 381, 1371–1379. doi:10.1016/S0140-6736(12)62129-1
 Domise, M., Sauvé, F., Didier, S., Caillerez, R., Bégard, S., Carrier, S., et al. (2019). Neuronal AMP-activated protein kinase hyper-activation induces synaptic loss by an autophagy-mediated process. Cell Death Dis. 10, 221. doi:10.1038/s41419-019-1464-x
 Dreyer, H. C., Fujita, S., Cadenas, J. G., Chinkes, D. L., Volpi, E., and Rasmussen, B. B. (2006). Resistance exercise increases AMPK activity and reduces 4E-BP1 phosphorylation and protein synthesis in human skeletal muscle. J. Physiol. (Lond.) 576, 613–624. doi:10.1113/jphysiol.2006.113175
 Duarte, R. R. R., Bachtel, N. D., Côtel, M. C., Lee, S. H., Selvackadunco, S., Watson, I. A., et al. (2019). The psychiatric risk gene NT5C2 regulates adenosine monophosphate-activated protein kinase signaling and protein translation in human neural progenitor cells. Biol. Psychiatr. 86, 120–130. doi:10.1016/j.biopsych.2019.03.977
 Duarte, R. R. R., Troakes, C., Nolan, M., Srivastava, D. P., Murray, R. M., and Bray, N. J. (2016). Genome-wide significant schizophrenia risk variation on chromosome 10q24 is associated with altered cis-regulation of BORCS7, AS3MT, and NT5C2 in the human brain. Am J Med Genet B Neuropsychiatr Genet 171, 806–814. doi:10.1002/ajmg.b.32445
 Elsaid, M. F., Ibrahim, K., Chalhoub, N., Elsotouhy, A., El Mudehki, N., and Abdel Aleem, A. (2017). NT5C2 novel splicing variant expands the phenotypic spectrum of Spastic Paraplegia (SPG45): case report of a new member of thin corpus callosum SPG-Subgroup. BMC Med. Genet. 18, 33. doi:10.1186/s12881-017-0395-6
 Garcia, D., and Shaw, R. J. (2017). AMPK: mechanisms of cellular energy sensing and restoration of metabolic balance. Mol. Cell 66, 789–800. doi:10.1016/j.molcel.2017.05.032
 Garcia-Gil, M., Pesi, R., Perna, S., Allegrini, S., Giannecchini, M., Camici, M., and Tozzi, M. G. (2003). 5'-aminoimidazole-4-carboxamide riboside induces apoptosis in human neuroblastoma cells. Neuroscience 117, 811–820. doi:10.1016/s0306-4522(02)00836-9
 Garcia-Gil, M., Camici, M., Allegrini, S., Pesi, R., Petrotto, E., and Tozzi, M. G. (2018). Emerging role of purine metabolizing enzymes in brain function and tumors. Int. J. Mol. Sci. 19, 3598. doi:10.3390/ijms19113598
 Hardie, D. G., and Alessi, D. R. (2013). LKB1 and AMPK and the cancer-metabolism link - ten years after. BMC Biol. 11, 36. doi:10.1186/1741-7007-11-36
 Hardie, D. G., Ross, F. A., and Hawley, S. A. (2012). AMPK: a nutrient and energy sensor that maintains energy homeostasis. Nat. Rev. Mol. Cell Biol. 13, 251–262. doi:10.1038/nrm3311
 Hawley, S. A., Davison, M., Woods, A., Davies, S. P., Beri, R. K., Carling, D., et al. (1996). Characterization of the AMP-activated protein kinase kinase from rat liver and identification of threonine 172 as the major site at which it phosphorylates AMP-activated protein kinase. J. Biol. Chem. 271, 27879–27887. doi:10.1074/jbc.271.44.27879
 Hawley, S. A., Pan, D. A., Mustard, K. J., Ross, L., Bain, J., Edelman, A. M., et al. (2005). Calmodulin-dependent protein kinase kinase-beta is an alternative upstream kinase for AMP-activated protein kinase. Cell Metabol. 2, 9–19. doi:10.1016/j.cmet.2005.05.009
 Hotta, K., Kitamoto, A., Kitamoto, T., Mizusawa, S., Teranishi, H., Matsuo, T., et al. (2012). Genetic variations in the CYP17A1 and NT5C2 genes are associated with a reduction in visceral and subcutaneous fat areas in Japanese women. J. Hum. Genet. 57, 46–51. doi:10.1038/jhg.2011.127
 Hunsucker, S. A., Spychala, J., and Mitchell, B. S. (2001). Human cytosolic 5’-nucleotidase I: characterization and role in nucleoside analog resistance. J. Biol. Chem. 276, 10498–10504. doi:10.1074/jbc.M011218200
 Jacobson, K. A., Tosh, D. K., Jain, S., and Gao, Z. G. (2019). Historical and current adenosine receptor agonists in preclinical and clinical development. Front. Cell. Neurosci. 13, 124. doi:10.3389/fncel.2019.00124
 Johanns, M., Kviklyte, S., Chuang, S. J., Corbeels, K., Jacobs, R., Herinckx, G., et al. (2019). Genetic deletion of soluble 5'-nucleotidase II reduces body weight gain and insulin resistance induced by a high-fat diet. Mol. Genet. Metabol. 126, 377–387. doi:10.1016/j.ymgme.2019.01.017
 Kulkarni, S. S., Karlsson, H. K., Szekeres, F., Chibalin, A. V., Krook, A., and Zierath, J. R. (2011). Suppression of 5'-nucleotidase enzymes promotes AMP-activated protein kinase (AMPK) phosphorylation and metabolism in human and mouse skeletal muscle. J. Biol. Chem. 286, 34567–34574. doi:10.1074/jbc.M111.268292
 Kviklyte, S., Vertommen, D., Yerna, X., Andersen, H., Xu, X., Gailly, P., et al. (2017). Effects of genetic deletion of soluble 5'-nucleotidases NT5C1A and NT5C2 on AMPK activation and nucleotide levels in contracting mouse skeletal muscles. Am. J. Physiol. Endocrinol. Metab. 313, E48–E62. doi:10.1152/ajpendo.00304.2016
 Perera, N. D., and Turner, B. J. (2016). AMPK signalling and defective energy metabolism in amyotrophic lateral sclerosis. Neurochem. Res. 41, 544–553. doi:10.1007/s11064-015-1665-3
 Pesi, R., Micheli, V., Jacomelli, G., Peruzzi, L., Camici, M., Garcia-Gil, M., et al. (2000). Cytosolic 5'-nucleotidase hyperactivity in erythrocytes of Lesch-Nyhan syndrome patients. Neuroreport 11, 1827–1831. doi:10.1097/00001756-200006260-00006
 Pesi, R., Turriani, M., Allegrini, S., Scolozzi, C., Camici, M., Ipata, P. L., et al. (1994). The bifunctional cytosolic 5'-nucleotidase: regulation of the phosphotransferase and nucleotidase activities. Arch. Biochem. Biophys. 312, 75–80. doi:10.1006/abbi.1994.1282
 Pesi, R., Petrotto, E., Colombaioni, L., Allegrini, S., Garcia-Gil, M., Camici, M., et al. (2018). Cytosolic 5'-nucleotidase II silencing in a human lung carcinoma cell line opposes cancer phenotype with a concomitant increase in p53 phosphorylation. Int. J. Mol. Sci. 19, 2115. doi:10.3390/ijms19072115
 Plaideau, C., Liu, J., Hartleib-Geschwindner, J., Bastin-Coyette, L., Bontemps, F., Oscarsson, J., et al. (2012). Overexpression of AMP-metabolizing enzymes controls adenine nucleotide levels and AMPK activation in HEK293T cells. Faseb. J. 26, 2685–2694. doi:10.1096/fj.11-198168
 Rosso, P., Fioramonti, M., Fracassi, A., Marangoni, M., Taglietti, V., Siteni, S., et al. (2016). AMPK in the central nervous system: physiological roles and pathological implications. Res. Rep. Biol. 7, 1–13. doi:10.2147/Rrb.S90858
 Sanders, M. J., Grondin, P. O., Hegarty, B. D., Snowden, M. A., and Carling, D. (2007). Investigating the mechanism for AMP activation of the AMP-activated protein kinase cascade. Biochem. J. 403, 139–148. doi:10.1042/BJ20061520
 Tkacz-Stachowska, K., Lechward, K., and Skladanowski, A. C. (2005). Isolation and characterization of pigeon breast muscle cytosolic 5'-nucleotidase-I (cN-I). Acta Biochim. Pol. 52, 789–796. doi:10.18388/abp.2005_3390
 Tozzi, M. G., Pesi, R., and Allegrini, S. (2013). On the physiological role of cytosolic 5’-nucleotidase II (cN-II): pathological and therapeutical implications. Curr. Med. Chem. 20, 4285–4291. doi:10.2174/0929867311320340007
 Vijayan, D., Young, A., Teng, M. W. L., and Smyth, M. J. (2017). Targeting immunosuppressive adenosine in cancer. Nat. Rev. Canc. 17 (12), 709–724. doi:10.1038/nrc.2017.86
 Walldén, K., and Nordlund, P. (2011). Structural basis for the allosteric regulation and substrate recognition of human cytosolic 5'-nucleotidase II. J. Mol. Biol. 408, 684–696. doi:10.1016/j.jmb.2011.02.059
 Williams, T., Courchet, J., Viollet, B., Brenman, J. E., and Polleux, F. (2011). AMP-activated protein kinase (AMPK) activity is not required for neuronal development but regulates axogenesis during metabolic stress. Proc. Natl. Acad. Sci. USA 108, 5849–5854. doi:10.1073/pnas.1013660108
 Woods, A., Johnstone, S. R., Dickerson, K., Leiper, F. C., Fryer, L. G., Neumann, D., et al. (2003). LKB1 is the upstream kinase in the AMP-activated protein kinase cascade. Curr. Biol. 13, 2004–2008. doi:10.1016/j.cub.2003.10.031
 Xiao, B., Heath, R., Saiu, P., Leiper, F. C., Leone, P., Jing, C., et al. (2007). Structural basis for AMP binding to mammalian AMP-activated protein kinase. Nature 449, 496–500. doi:10.1038/nature06161
 Xue, B., and Kahn, B. B. (2006). AMPK integrates nutrient and hormonal signals to regulate food intake and energy balance through effects in the hypothalamus and peripheral tissues. J. Physiol. 574, 73–83. doi:10.1113/jphysiol.2006.113217
 Zhong, D., Guo, L., de Aguirre, I., Liu, X., Lamb, N., Sun, S. Y., et al. (2006). LKB1 mutation in large cell carcinoma of the lung. Lung Canc. 53, 285–294. doi:10.1016/j.lungcan.2006.05.018
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2020 Camici, Garcia-Gil, Allegrini, Pesi and Tozzi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		OPINION
published: 14 January 2021
doi: 10.3389/fphar.2020.626484


[image: image2]
Targeting Purinergic Signaling in the Dynamics of Disease Progression in Sepsis
Raíssa Leite-Aguiar†, Vinícius Santos Alves†, Luiz Eduardo Baggio Savio* and Robson Coutinho-Silva*
Laboratory of Immunophysiology, Biophysics Institute Carlos Chagas Filho, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil
Edited by:
Francisco Ciruela, University of Barcelona, Spain
Reviewed by:
Simonetta Falzoni, University of Ferrara, Italy
Vittorio Calabrese, University of Catania, Italy
* Correspondence: Luiz Eduardo Baggio Savio, savio@biof.ufrj.br; Robson Coutinho-Silva, rcsilva@biof.ufrj.br
† These authors have contributed equally to this work
Specialty section: This article was submitted to Experimental Pharmacology and Drug Discovery, a section of the journal Frontiers in Pharmacology
Received: 06 November 2020
Accepted: 03 December 2020
Published: 14 January 2021
Citation: Leite-Aguiar R, Alves VS, Savio LEB and Coutinho-Silva R (2021) Targeting Purinergic Signaling in the Dynamics of Disease Progression in Sepsis. Front. Pharmacol. 11:626484. doi: 10.3389/fphar.2020.626484

Keywords: systemic inflammation, CD39, adenosine, immunosuppression, P2X7 receptor
INTRODUCTION
Sepsis is an infection-related syndrome that encompasses distinct conditions in which organ dysfunctions are the main features, resulting from imbalances of host immune responses that can be lethal (Singer et al., 2016). Despite advances in supportive treatments, no specific drug has been explicitly approved for treatment of sepsis. For this reason, sepsis remains a health concern worldwide (Reinhart et al., 2017), accounting for the majority of nosocomial deaths, a statistic that is especially worrisome in developing countries (Rudd et al., 2020). The absence of appropriate treatments still remains a major obstacle.
The pathophysiology of sepsis usually begins with excessive and uncontrolled immune responses to a pathogen with the overlapping secretion of both pro- and anti-inflammatory components, culminating in organ failure (Hotchkiss et al., 2013a; Van Der Poll et al., 2017). Over time, this initial hyperinflammatory state gives way to a dominant hypoinflammatory period (Wiersinga et al., 2014; Van Der Poll et al., 2017). During this second stage, there is a depletion of cytokines, combined with induction of inhibitory signaling molecules and apoptosis or reprogramming of inflammatory cells, resulting in transition to an immunosuppressive state, most recently referred to as a state of circulating leukocyte reprogramming (Boomer et al., 2011; Cavaillon et al., 2020). The host’s mechanisms to dampen excessive inflammation may interfere with the clearance of infectious organisms or may lead to increased host susceptibility to secondary infections, especially by opportunistic pathogens. In addition, the cellular reprogramming may lead to the development of late sequelae in survivors of sepsis (Otto et al., 2011; Hotchkiss et al., 2013b).
Danger-associated molecular patterns (DAMPs), including adenosine triphosphate (ATP), can be released by activated or damaged cells in the extracellular milieu during infectious conditions including sepsis (Cauwels et al., 2014; Idzko et al., 2014; Sumi et al., 2014). Extracellular ATP (eATP) acts as a danger signal molecule (Coutinho-Silva and Ojcius, 2012; Ma et al., 2018), triggering purinergic signaling, which affects immune cell function and influences the initial hyperinflammatory phase of sepsis (Ledderose et al., 2016). Purinergic signaling is a well-conserved system throughout evolution; the pathway includes purinergic receptors, nucleotides, nucleosides, and ectoenzymes called ectonucleotidases that regulate the metabolism of these molecules (Burnstock and Verkhratsky, 2009; Alves et al., 2020). Regarding its composition and ligand affinity, the purinergic receptors are divided into the metabotropic P1 receptors (A1, A2A, A2B, and A3) associated with adenosine (ADO), ionotropic P2X receptors (P2X1-7), and metabotropic P2Y receptors (P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11–14) for tri- and diphosphonucleotides (Ralevic and Burnstock, 1998; Fredholm et al., 2011; Jacobson et al., 2020). These receptors have distinct roles in inflammatory environments; for example P1 receptors in general can mitigate inflammation and tissue injury, while P2 receptors can stimulate pro-inflammatory responses and promote bacterial killing (Savio et al., 2018; Antonioli et al., 2019; Savio and Coutinho-Silva, 2019). The cleavage of nucleotides occurs mainly through the action of E-NTPDase1/CD39 and ecto-5′-nucleotidase/CD73. The former enzyme catalyzes the hydrolysis of adenosine triphosphate (ATP) and adenosine diphosphate (ADP) into adenosine monophosphate (AMP), and the latter catalyzes the hydrolysis of AMP to ADO (Robson et al., 2006). The purinergic signaling has been studied in the sepsis context. Here, we discuss advances in understanding this signaling in sepsis pathophysiology as well as possible therapeutical interventions based on purinergic components in the phases of sepsis.
RECENT ADVANCES OF PURINERGIC SIGNALING IN SEPSIS
In recent years, studies have demonstrated the involvement of purinergic signaling in the pathophysiology of sepsis. ATP exerts a pro-inflammatory response in macrophages, monocytes, and dendritic cells, promoting pro-inflammatory cytokine release (i.e., IL-1β and IL-18) (Grahames et al., 1999; Ferrari et al., 2007), while adenosine stimulates the release of anti-inflammatory cytokines (i.e., IL-10) (Németh et al., 2005). In addition, eATP levels increase neutrophil migration and activation, causing tissue damage and organ injury (Sumi et al., 2014). The P2X7 receptor (P2X7R) has been described as the most relevant purinergic receptor involved in inflammatory processes (Di Virgilio and Pelegrín, 2019). This receptor is widely expressed by immune cells and it mediates the activation of several inflammatory and antimicrobial mechanisms in infection diseases, including sepsis (reviewed in Savio et al., 2018).
P2X7R gain-of-function single nucleotide polymorphisms have been correlated to increase sepsis severity in humans (Geistlinger et al., 2012). A recent study found P2X7R expression is elevated in the surface of monocytes from patients with sepsis. Moreover, cytokine levels (e.g., those of IL-1β, IL-18), the alarmin HMGB1, and ASC aggregates are increased in the serum of these patients (Martínez-García et al., 2019). These findings suggest the involvement of the P2X7-NLRP3 axis in sepsis (Martínez-García et al., 2019). P2X7R pharmacological blockade with BBG decreased levels of inflammatory cytokines (i.e., IL-1β, IL-6, and IL-10), NO production, and neutrophil recruitment to the peritoneal cavity in a mouse model of sepsis. This inhibition decreased liver damage and attenuated activation of inflammatory signaling pathways, demonstrating the protective effect of P2X7R inhibition in the initial phase of sepsis (Savio et al., 2017b). Similarly, genetic deletion of P2X7R or treatment with the antagonist A438079 decreased the mortality rate in sepsis induced by cecal ligation and puncture (CLP) (Santana et al., 2015; Wang et al., 2015). Corroborating these data, P2X7R activation by BzATP promoted excessive inflammation and disruption of the intestinal barrier, while systemic blockade using P2X7 antagonist A740003 protected mice against sepsis (Wu et al., 2017). P2X7R is also directly connected to oxidative stress and pro-inflammatory cytokines secretion in the liver (Larrouyet-Sarto et al., 2020) and brain of septic mice (Savio et al., 2017a). Interestingly, these effects are tightly restrained by CD39 activity (Savio et al., 2017a).
Di Virgilio and Pelegrín reported that, even though the P2X7R has been described as the purinergic receptor most involved in inflammatory processes, recent findings suggest that P2X4 receptor (P2X4R) exhibits relevant contributions in this context as well (Di Virgilio and Pelegrín, 2019). Csoka and colleagues showed that ATP is responsible for Escherichia coli and Staphylococcus aureus killing in wild-type macrophages, and this effect is independent of P2X7Rs (Csóka et al., 2018). Using CD39−/− mice, they demonstrated that adenosine was not responsible for bacterial killing. In addition, they showed that ATP failed to destroy these pathogens in macrophages isolated from P2X4−/− mice. P2X4 expression levels were elevated in liver and lung of septic mice. By contrast, in peritoneal monocytes/macrophages and neutrophils, expression levels were decreased, suggesting that, in the CLP model, P2X4R has a protective role (Csóka et al., 2018).
Another purinergic receptor that may have a role in sepsis pathogenesis is P2X1 (P2X1R). In a model of urosepsis using an E. coli strain, the inhibition of this receptor with two different antagonists (NF279 and NF449) showed that this receptor could not protect the host against sepsis. P2X1R antagonism promoted an increased pro-inflammatory cytokine release (i.e., IL-1β, TNF-α, and IL-6) and higher bacterial load, decreasing survival in mice (Skals et al., 2019).
Despite the importance of P2X receptors, P2Y receptors can also be relevant in sepsis. Interestingly, a recent report demonstrated that eATP increased in the peritoneal cavity and systemic circulation of mice subjected to the CLP model. This increase was confirmed using LPS-primed peritoneal macrophages that showed a connexin-43-dependent pathway for ATP release. This nucleotide acts through in autocrine manner, activating P2Y1 receptor and then inducing the release of pro-inflammatory cytokines (Dosch et al., 2019). Accordingly, LPS-stimulated monocytes release ATP that can suppress T cell responses. eATP can activate the P2Y11 receptor, which impairs mitochondrial activity and blocks T cell migration required for host defense in sepsis (Sueyoshi et al., 2019). Furthermore, the P2Y12 antagonist (clopidogrel) reduced the number of white blood cells (WBCs), including lymphocytes and neutrophils in septic mice. Clopidogrel also significantly reduced sepsis-induced lung injury. P2Y12 receptor-deficient mice also showed diminished production of inflammatory mediators (i.e., IL-6, TNF-α, IL-10, and MIP-1) and reduced sepsis-induced lung injury (Liverani et al., 2016).
An important mechanism that can protect against sepsis are the activities of the ectoenzymes E-NTPDase1/CD39 and ecto-5′-nucleotidase/CD73, which are responsible for catalyzing the degradation of ATP to adenosine. Ectonucleotidase activities increased in lymphocytes and macrophages from septic mice (Vuaden et al., 2011; Savio et al., 2017b). CD39 diminished the inflammation and enhanced the survival of septic mice due to its ability to scavenge eATP (Csóka et al., 2015). CD39 is essential to limit P2X7R pro-inflammatory effects in sepsis (Csóka et al., 2015; Savio et al., 2017b). Moreover, CD39 overexpression inhibited the NLRP3 inflammasome activation, which decreased inflammation and mitigated sepsis-induced organ injury (Yang et al., 2019). CD73 deficiency also decreased survival, bacterial clearance, and increased cytokine and chemokine production in CLP-induced sepsis (Haskó et al., 2011). These reports demonstrate the crucial role of these enzymes in protecting against inflammation and host organ injury in the initial stages of sepsis, because they promote adenosine formation in the extracellular milieu. However, adenosine generated by these enzymes may contribute to cellular reprogramming and development of immunosuppression in the latter stages of sepsis.
Adenosine receptors have also been studied in sepsis, especially A2A and A2B (Rehman et al., 2020). In a mouse model of endotoxemia, pharmacological activation of A2A receptor improved survival rates and reduced bacteremia (Sullivan et al., 2004). A similar protective profile in septic mice treated with A2A agonists was observed when mice were infected with gram-positive and gram-negative bacteria, including an increase of anti-inflammatory and decreased pro-inflammatory cytokines (Moore et al., 2008). Nevertheless, A2A stimulation can be ambiguous in a polymicrobial infection. In a peritonitis model caused by the injection of a fecal solution, survival was higher and bacterial load was lower in A2A-deficient animals (Meriño et al., 2020). In CLP-induced sepsis, A2A knockout or antagonism likewise enhanced survival, in addition to attenuating anti-inflammatory cytokines levels and bacterial burden in serum and peritoneal lavage fluid (Németh et al., 2008). Conflicting results were obtained in studies regarding the A2B receptor in sepsis. Genetic deletion or pharmacological blockade decreased mortality rates by increasing active macrophage phagocytosis and bacterial clearance (Belikoff et al., 2011). By contrast, another study using the same polymicrobial infection model and the same approaches, including the antagonist used, resulted in a higher mortality rate (Csóka et al., 2010).
Interestingly, combined approaches appear to be beneficial in the initial stages of CLP-induced sepsis. Combined A2A activation and P2X7 inhibition decreased hepatic cell death liver injury, demonstrating the relevance of CD39 activity for restricting pro-inflammatory mechanisms and providing substrates for CD73, thereby providing adenosine in the extracellular milieu (Savio et al., 2017b). Indeed, in a study regarding septic cardiomyopathy, septic mice showed diminished ischemia and reperfusion injury, presumably mediated by upregulation of both A2A and A2B expression in ventricles, as their blockade essentially abolished this cardioprotective effect (Busse et al., 2016). Finally, A1 receptor antagonism, genetic ablation, and desensitization were all associated with lymphopenia, a clinical feature of sepsis that correlates with more significant lethality (Riff et al., 2017).
CONCLUSION AND FUTURE DIRECTIONS
Sepsis is a complex and uncontrolled systemic inflammation caused by pathogen infection. Usually, sepsis is caused by bacteria; nevertheless, some viruses can also induce systemic inflammatory responses, including the recently described severe acute respiratory syndrome coronavirus 2 (SARS-Cov2) (Li et al., 2020). Interestingly, purinergic signaling is also potentially involved in the pathogenesis of SARS-Cov2, considering its role in IL-1β secretion (Di Virgilio et al., 2020). Recently, Huet and colleagues showed that a human IL-1 receptor antagonist (anakinra) improved outcomes and decreased mortality among patients with severe forms of SARS-Cov2 (Huet et al., 2020).
Sepsis is a dynamic syndrome that can be divided into two phases. The first one is commonly known as an intense inflammatory phase, and the second is associated with an immunosuppressive state, which refers to lymphocyte exhaustion and immune cell reprogramming. Considering the high costs to the health systems, the difficulty of managing sepsis, and the consequences for patients who survive and develop long-term sequelae, it is imperative to identify new therapies to improve these outcomes. Therefore, even though antibiotic treatment is the primary approach in sepsis, new procedures are necessary to prevent adjacent immune abnormalities caused by this disease. Interventions targeting purinergic signaling components could be interesting adjuvant therapies.
The severity and the phases of sepsis should be considered to develop therapeutical strategies based on purinergic signaling. According to the studies discussed here, P2 receptors, mainly P2X4 and P2X7 receptors, were able to activate microbicidal mechanisms and induce pro-inflammatory cytokines release, which can be necessary for pathogen control, but at the same time can be related to the initial hyperinflammatory phase of sepsis, causing organ dysfunction and poor outcomes. On the other hand, adenosine, acting mainly via A2A and A2B receptors, may promote anti-inflammatory cytokines release and attenuate tissue injury, suggesting a protective role in initial sepsis phases. Nevertheless, adenosine-based interventions should be carefully analyzed. This molecule can contribute to the reprogramming of immune cells to an immunosuppressive phenotype, causing secondary infections and long-term sequelae.
A limiting mechanism in this context is the functionality of ectoenzymes CD39/CD73 that are essential for the degradation of ATP into adenosine, contributing to the switch between pro-inflammatory and anti-inflammatory responses in sepsis (Figure 1). Therefore, the CD39/CD73 axis appears to be protective in the initial phase of sepsis, reducing the excessive inflammation. Nevertheless, the increased expression of these enzymes by immune cells and the continuous adenosine generation during the disease progression may also contribute to immunosuppression and late sequelae.
[image: Figure 1]FIGURE 1 | Schematic representation of possible therapeutic interventions based on purinergic signaling components in sepsis dynamics. In the first 24–72 h, sepsis pathogenesis is characterized by excessive innate and adaptive immune responses, in which high levels of cytokines and other inflammatory mediators are produced, inducing organ dysfunction and ultimately, a high mortality rate. This initial hyperinflammatory phase (in red) can be modulated by ATP secretion from activated and damaged cells. ATP activates P2 receptors involved in pro-inflammatory reactions, such as the P2X7 receptor, which has been related to poor outcomes in sepsis. Thus, the administration of P2X7 antagonists has been described as a potential therapeutic target in the initial phase sepsis, reducing inflammatory cytokines release, tissue damage and mortality. Adenosine is commonly associated with inflammation control and tissue protection; therefore, adenosine agonists and soluble ectoenzymes may also represent interesting therapeutic strategies to control the initial hyperinflammatory phase. After some days of disease progression, a secondary state arises where a diminished cytokine secretion is verified, and inflammatory cells are directed to an apoptotic or reprogrammed state, which in turn may lead to an immunosuppressive phase (in blue), where opportunistic infections are most likely to occur increasing mortality. In the transition from hyper-to a hypoinflammatory phase, ectoenzyme activities, and adenosine availability increase in the extracellular milieu, possibly favoring cellular reprogramming and immunosuppression development. Therefore, in the second stage of sepsis, P1 receptor antagonists and CD39/CD73 neutralizing antibodies or inhibitors could restrain the immunosuppressive state, reducing host susceptibility to secondary infections and late metabolic and immune alterations.
Therefore, the use of P2 receptor antagonists and soluble apyrases may be an attractive therapeutic approach in association with antibiotics to dampen excessive inflammation and control infection in the initial phase of sepsis. In addition, natural polyphenolic compounds have shown anti-inflammatory properties by inhibiting ATP-P2X7 signaling (Nuka et al., 2018). In the second phase of sepsis, the administration of adenosine antagonists and CD39/CD73 neutralizing antibodies could limit the immunosuppression, reducing the susceptibility to secondary infections and late metabolic and immune alterations (Figure 1). Future studies should consider these observations for the development of adjuvant therapies based on purinergic signaling to manage the immune environment in sepsis.
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INTRODUCTION
The brain is the most complex organ of human body composed of several highly specialised and heterogeneous population of cells, represented by neurones, neuroglia (astrocytes, microglia, oligodendrocytes) and cells of brain vasculature. Neurones and neuroglia form neural circuits; different types of glial cells contribute to shaping and maintaining synaptic connections, plasticity, homeostasis, and network level activity through dynamic monitoring and alteration of central nervous system (CNS) functional architecture (Kettenmann et al., 2013; Allen and Lyons, 2018; Verkhratsky and Nedergaard, 2018; Augusto-Oliveira et al., 2020). Microglial cells are scions of foetal macrophages invading the neural tube early in embryonic development (Ginhoux et al., 2013); after settling in the nervous tissue these cells undergo the most remarkable metamorphoses acquiring specific morphology (small soma with long, ramified motile processes) and physiology. In particular, microglial cells gain receptors to neurotransmitters and neuromodulators, while retaining the pattern recognition receptors from their immune heritage; this extended complement of receptors makes microglia arguably the most “receptive” cells in the CNS (Kettenmann et al., 2011; Garaschuk and Verkhratsky, 2019). Among these many receptors, microglia possess several types of purinoceptors, which are linked to microglial housekeeping, neuroprotective and defensive capabilities (Verkhratsky et al., 2009; Tozaki-Saitoh et al., 2012). Purinergic signalling emerges as the key mechanism in the dynamic interactions between neurones and glial cells, with ATP being a classical neurotransmitter and a danger signal damage-associated molecular pattern (DAMP). This duality makes ATP and related purines versatile signalling molecules controlling microglial behaviours in both physiological and pathological context (Domercq et al., 2013; Illes et al., 2020).
The metabotropic P2Y12 purinoceptor is of a particular relevance for microglia. First and foremost, the expression of this receptor distinguishes CNS resident microglia from peripheral macrophages (Sasaki et al., 2003; Haynes et al., 2006). Second, in the healthy brain P2Y12 receptors are universally and specifically expressed in microglia in all brain regions and across different species from rodents to humans (Sasaki et al., 2003; Mildner et al., 2017); the P2Y12 receptors are widely considered to be a signature of microglia in the healthy brain (Hickman et al., 2013; Bosco et al., 2018; Peng et al., 2019). Third, expression of P2Y12 receptors is stable from foetal state and throughout human lifespan (Crain et al., 2009; Mildner et al., 2017). The P2Y12 receptors share the seven-transmembrane topology characteristic for G-protein coupled receptors of P2Y family (Burnstock and Verkhratsky, 2012). The preferred agonist for P2Y12 receptors is adenosine diphosphate (ADP), which in the periphery acts as a major instigator of platelet aggregation and granule secretion thus supporting thrombogenesis (Liverani et al., 2014). In the CNS, microglial P2Y12 receptors are activated by ADP deriving from enzymatic degradation of ATP released from neurones, astrocytes and oligodendroglia during their physiological activity or following tissue damage (Abbracchio et al., 2009; Zimmermann et al., 2012). Metabotropic P2Y12 receptors are localised in the processes and in the somata of surveilling microglia, where they mediate various aspects of intercellular signalling targeting microglia (Table 1 and Posfai et al., 2019; Vainchtein and Molofsky, 2020).
TABLE 1 | Microglial P2Y12 receptors in healthy and diseased brain.
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Microglial cells are indefatigable surveillants and overseers of the nervous tissue; their ramified processes are in constant move scanning CNS parenchyma (Davalos et al., 2005; Nimmerjahn et al., 2005) with a particular attention paid to neurones (Wake et al., 2009; Cserep et al., 2020). Microglial surveillance of the nervous tissue occurs in several distinct modes.
Microglia-Dendritic/Synaptic Patrolling
In the healthy brain microglial processes are constantly contacting synaptic contacts located on neuronal dendrites. These microglia-dendritic contacts are instrumental for synaptic pruning in early development, which removes silent, aberrant or redundant synapses by en passant phagocytosis (Sierra et al., 2010) thus contributing to shaping neuronal ensembles and supporting neuroplasticity (Kettenmann et al., 2013; Sakai, 2020). Synaptic pruning is controlled by neuronal complement system (Stevens et al., 2007; Schafer et al., 2012), which tags the synapses to be removed, and by neurone-derived chemokine CX3CL1 also known as fractalkine. Microglial cells specifically express fractalkine receptors, activation of which stimulates synaptic pruning by physiological phagocytosis (Paolicelli et al., 2011). At later developmental stages microglia can remove not only whole synapses but also synaptic fragments through the process known as trogocytosis (Weinhard et al., 2018).
Microglia-dendritic interactions are regulated by neuronal activity: an increase in neuronal firing increases the frequency and number of contacts between microglial processes and synapses (Li et al., 2013). Plastic remodelling of the nervous tissue involves substantial changes in microglial morphology, manifested in hyper-ramification of processes, decreased intrinsic motility of processes and increased number of contacts with synaptic sites. P2Y12 receptors play a primary role in these preocesses; pharmacological and genetic occlusion of these receptors suppressed both microglial changes and neuronal plasticity, thus revealing contribution of microglia to experience-induced reshaping of neuronal networks (Sipe et al., 2016).
Microglia-Somatic Patrolling
The second distinct type of microglial patrolling is aimed at neuronal somata. In the cortex microglial processes frequently contact neuronal cell bodies. The microglia process-neuronal somata contacts (defined as somatic microglial junctions) last for tens of minutes and even up to 1 h, which is much longer compared to microglia-dendritic or microglia-synaptic contacts which usually last for several minutes only (Cserep et al., 2020). Neuronal part of microglia-somatic junction contains mitochondria and secretory vesicles closely associated with plasmalemma; the microglial part of the junction was characterised by exceptionally high density of P2Y12 receptors. The P2Y12 receptors control formation of microglia-somatic junctions, as pharmacological blockade of these receptors halves the duration of microglia-somatic contacts. The microglia-somatic junctions seem to be particularly important for neuroprotection after ischemic attack: the stroke greatly increases microglial coverage of neuronal cell bodies; this increase requires operational P2Y12 receptors. Inhibition of P2Y12-mediated signalling negatively impacts on neurones, which experience greater calcium load and increased functional disconnection. Signalling between neurones and microglial processes at the somatic level is supported by neuronal mitochondria and ATP exocytosis from vesicular-nucleotide transporter (VNUT)-containing secretory vesicles: disruption of either impairs the microglia-somatic junction (Cserep et al., 2020). To summarise, microglial P2Y12 receptors provide for specialised interaction between neuronal cell bodies and microglial cells, interaction which appears to be critical for neuroprotection.
Microglia-Axonal Patrolling
Microglial processes establish intimate contacts with axon initial segments early in development and these contacts are maintained through adulthood probably supporting axonal structure (Baalman et al., 2015). Increased firing of the axon, reflective of neuronal hyperexcitability initiates further extension of microglial processes, which enwrap the axon and suppress axonal action potential generation, thus preventing excitotoxicity. Inhibition of microglial motility blocks this mechanism and facilitates neuronal death (Kato et al., 2016). Which microglial receptors are responsible for axonal patrolling remains unknown, although the involvement of fractalkine receptors has been excluded (Baalman et al., 2015).
Microglial Processes Converging Response—Counteracting Acute Lesions to the Nervous Tissue
Another type of microglial patrolling is associated with rapid convergence processes response, in which microglial processes swiftly move towards the site of potential injury. Thus response is regulated solely by P2Y12 receptors that detect the source of ATP/ADP as a potential damage signal (Davalos et al., 2005). The converging response of microglial processes represents a specific form of patrolling associated with primary defensive function of microglia. This response occurs at the initial stages of various neuropathologies. In particular, local cortical damage, associated with rapid increase in ATP/ADP instantly triggers microglial processes convergence towards the site of the lesion (Haynes et al., 2006). This directional extension of microglial processes involved activation of β1 integrin signalling cascade (Ohsawa et al., 2010). Microglial processes converge on axons after traumatic brain injury to reduce neuronal excitability (Benusa and Lafrenaye, 2020). Similarly, microglial processes move to and enwrap neurones and axons in experimental epilepsy, which again counteracts hyperexcitability and potentially limits the seizures (Eyo et al., 2014). Mechanistically, excessive neuronal activity results in activation of NMDA receptors, which trigger ATP release that translates, through activation of P2Y12 receptors, into converging microglial processes response (Dissing-Olesen et al., 2014) Genetic or pharmacological silencing of P2Y12 receptors obliterates microglial processes converging response in all these pathological contexts (Haynes et al., 2006; Eyo et al., 2014).
MICROGLIAL P2Y12 RECEPTORS IN NEUROLOGICAL DISEASES
Pathological insults to the CNS invariably stimulate and recruit microglia (Kettenmann et al., 2011; Savage et al., 2019), triggering reactive microgliosis (the commonly used term “activation” is somewhat misleading; microglial cells are activated by numerous signals in physiological context, whereas microgliosis represent response to pathology and hence should be defined as reactivity). Purines and ATP are, as alluded earlier, classic damage-associated molecular patters (DAMP) conserved throughout the evolution (Verkhratsky and Burnstock, 2014). The P2Y12 receptor is intimately involved in the early stages of microglial response to the lesion, as discussed in previous chapter, and to the early stages of microgliotic response (Table 1). Stimulation of microglial P2Y12 receptors triggers microgliotic transformation into various reactive phenotypes that ultimately climaxes in amoeboid phagocyting microglia (Hanisch and Kettenmann, 2007; Savage et al., 2019). Genetic deletion of P2Y12 receptors results deficits in up-regulation of K+ outward rectifying channels and in membrane ruffling and chemotaxis of amoeboid microglia (Swiatkowski et al., 2016).
Reactive microgliosis however almost invariably results in down-regulation of expression of microglial P2Y12 receptors (Zrzavy et al., 2017). Injection of LPS into the striatum triggers massive activation of microglial cells associated with almost complete disappearance of P2Y12 receptors 4 days after the insult (Fukumoto et al., 2019); treatment of human induced pluripotent stem cells derived microglia with LPS likewise resulted in disappearance of P2Y12 receptors (Banerjee et al., 2020). Similarly, experimental stroke induced gradual and almost compete disappearance of microglial P2Y12 receptors (Kluge et al., 2019); down-regulation of P2Y12 receptors have been observed in microglia in several chronic neurological diseases (Mildner et al., 2017; Zrzavy et al., 2017). Recent investigations however have found P2Y12 receptors expression in microglia in several chronic neurological and neuropsychiatric conditions. The P2Y12-positive microglial cells were detected in the microglia freshly isolated from post-mortem brains of human patients suffering from major depressive disorder (Bottcher et al., 2020). Similarly microglia bearing P2Y12 receptors were found in the outer regions of senile plaques in post-mortem tissues from Alzheimer’s disease patients (Walker et al., 2020). These results indicate that P2Y12 microglia populate diseased brains, which might be associated with rise of defensive, safeguarding microglial phenotypes, distinct from reactive microglia.
CONCLUSION
The P2Y12 purinoceptors are signature receptors of microglia in the healthy brain. These receptors mediate patrolling behaviours of surveilling microglia and coordinate neuronal activity with operation of microglia. The P2Y12 receptors are instrumental for microglial response to neuropathological lesion, and are responsible for the initiation of reactive microgliosis. Reactive microglia as a rule do not express P2Y12 receptors, however in neurodegenerative and neuropsychiatric disease the population of P2Y12-bearing microglia (distinct form reactive microglia) remains; these cells arguably participate in defensive, safeguarding responses against neuropathology.
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INTRODUCTION
Obesity is a complex and multifactorial disease characterized by abnormal fat accumulation resulting from a disequilibrium between energy intake and its consumption (Bluher, 2019). At present, more than one-third of the world population is classified as obese or overweight, and according to a recent estimation it is expected that by 2030 this value will surpass 50% (Bluher, 2019).
Obesity is associated with a condition of low-grade systemic inflammation that seems to be a common root to the onset and progression of several comorbidities, such as type-2 diabetes mellitus (T2DM), cardiovascular diseases (CVDs) and cognitive impairment (Jarolimova et al., 2013). In parallel, there is evidence that obese patients often complain of chronic gastrointestinal (GI) disturbances, including gastroesophageal reflux, diarrhea and constipation, undermining their quality of life (Camilleri et al., 2017; D'Antongiovanni et al., 2020a).
Preclinical studies on mice fed with high-fat diet (HFD) have shown that the adipocytes and adipose tissue-associated macrophages release a plethora of inflammatory mediators, including interleukin (IL)-1, IL-6, tumor necrosis factor (TNF) and monocyte chemoattractant protein-1, leading to a condition of systemic inflammation and oxidative stress (Ellulu et al., 2017). The chronicization of this inflammatory condition then affects the homeostatic mechanisms, and thereby the physiological functions, of several organs, leading to the development of different obesity-associated comorbidities (Ellulu et al., 2017). At present, the available pharmacological tools to manage obesity are unsatisfactory in terms of efficacy, safety and long-term maintenance of weight loss. Therefore, the identification of novel molecular targets, aimed at developing innovative anti-obesity treatments, represents a challenging and exciting field of high scientific interest.
Over the years, several lines of evidence have outlined a critical role of the adenosine system in glucose homeostasis, inflammation, adipogenesis, insulin resistance and thermogenesis, thus suggesting an involvement of adenosine in the onset and progression of obesity (Pardo et al., 2017; D’Antongiovanni et al., 2020b). Indeed, the wide distribution of adenosine receptors (ARs) in tissues tightly involved in metabolism regulation leads to hypothesize the pharmacological modulation of adenosine pathways as a viable way to counteract obesity and related comorbidities (Hasko et al., 2008; Antonioli et al., 2011; Kotanska et al., 2020). In line with this view, encouraging preclinical data have reported beneficial effects of treatments with specific AR ligands in stemming adipose tissue inflammation and insulin resistance (Figler et al., 2011; Csoka et al., 2014).
Based on the above background, the present opinion paper has been conceived to provide a critical appraisal of the available knowledge about the involvement of adenosine system in the pathophysiological mechanisms underlying obesity, pointing out its potential as therapeutic target to develop innovative therapeutic strategies aimed at counteracting the obesity-associated diseases.
ADENOSINE SYSTEM: ENZYMES, TRANSPORTERS, RECEPTORS AND PHYSIOLOGICAL FUNCTIONS
Adenosine is an endogenous nucleoside derived from the metabolism of adenosine triphosphate (ATP) (Sheth et al., 2014). Physiologically, adenosine is present at low levels in the interstitial fluids of unstressed tissues, with its concentration increasing quickly in the presence of metabolically stressful conditions (D’Antongiovanni et al., 2020b). Intracellular adenosine is produced from S-adenosylhomocysteine via S-adenosylhomocysteine hydrolase (Sheth et al., 2014). In the extracellular space, adenosine results mainly by the dephosphorylation of ATP, mediated in a sequential manner by ecto-nucleotide triphosphate diphosphohydrolase-1 (also named CD39) and by ecto-5′-nucleotidase (also named CD73) (Eltzschig, 2013; Antonioli et al., 2013) (Figure 1A). The extracellular and intracellular adenosine levels are finely tuned by the activity of the nucleoside transporters classified into: equilibrative nucleoside transporters (ENTs), which transport nucleosides across cell membranes in either directions, and concentrative nucleoside transporters (CNTs), which shunt extracellular adenosine into the intracellular space against their concentration gradient (Pastor-Anglada et al., 2018). Another critical checkpoint in the regulation of adenosine levels is represented by the adenosine deaminase (ADA), a key enzyme involved in degradation of adenosine into inosine (Antonioli et al., 2012) (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Adenosine receptor signaling. The extracellular adenosine is mainly produced by the ectonucleotidases, CD39 and CD73. Excess adenosine is irreversibly deaminated to inosine by ADA. Adenosine can bind to four different G protein-coupled adenosine receptors, that either inhibit (A1R and A3R) or stimulate (A2AR and A2BR) adenylyl cyclase activity and cAMP production in the cell. All ARs are coupled also to MAPK pathways, including ERK1/2 and p38 MAPK. (B) Actions of adenosine receptors on various organ under physiological conditions. In CNS, A1Rs exert inhibitory actions on excitatory neurotransmission, while A2ARs promote excitatory actions. In cardiovascular system, the engagement of A1Rs and A3Rs triggers the vascular smooth muscle contraction, whereas the activation of A2ARs and A2BRs mediates the vascular smooth muscle relaxation. In addition, A1R activation triggers negative chronotropic and dromotropic effects and A2AR engagement inhibits platelet aggregation. In gastrointestinal system, the activation of A1Rs, A2ARs and A2BRs regulates intestinal secretion and motor function. Furthermore, the activation of A2ARs and A3Rs stimulates gluconeogenesis and glycogenolysis; while, A1Rs and A2BRs inhibit lipolysis and increase the lipid synthesis. (C) Actions of adenosine receptors on obesity and related comorbidities. The activation of A1Rs stimulates adipogenesis and lipid accumulation, thus promoting weight gain. By contrast, the activation of A2BRs reduces adipogenesis, insulin resistance and atherosclerotic plaque formation; it counteracts also enteric inflammation and gastrointestinal dysfunction. The engagement of A2ARs triggers browning process and lipolysis, and mediates obesity-induced BBB breakdown and cognitive dysfunctions. ↑, increase; ↓, decrease. Abbreviations: A1R, adenosine 1 receptor; A2AR, adenosine 2A receptor; A2BR, adenosine 2B receptor; A3R, adenosine 3 receptor; ADA, adenosine deaminase; ATP, adenosine triphosphate; BBB, blood-brain barrier; Ca2+, calcium ions; cAMP, cyclic AMP; CNS, central nervous system; ERK1/2, extracellular signal-regulated kinase 1/2; JNK, JUN N-terminal kinase; MAPK, mitogen-activated protein kinase; WAT, white adipose tissue.
Most of the biological actions of adenosine are mediated by four different subtypes of G-protein coupled receptors, that either inhibit (A1R and A3R) or stimulate (A2AR and A2BR) adenylyl cyclase activity and cAMP production in the cell. All ARs are coupled also to MAPK pathways, including ERK1/2 and p38 MAPK (Sheth et al., 2014) (Figure 1A). In addition, adenosine can also exerts receptor-independent effects, via less defined intracellular mechanisms, including the S-adenosylhomocysteine hydrolase systems, adenosine kinase and AMP-activated protein kinase (AMPK) (Da Silva et al., 2006; Boison, 2013). Once released into the extracellular space, adenosine takes a pivotal part in modulating a wide variety of physiological processes, including gut motility, blood flow, lipolysis and gluconeogenesis (Figure 1B).
ROLE OF ADENOSINE IN ADIPOGENESIS AND LIPOLYSIS
Adipogenesis is a physiological process of cell differentiation by which preadipocytes differentiate into adipocytes, with a consequent increase in the formation of white adipose tissue (WAT) (Ouchi et al., 2011). An abnormal increment of WAT results in an increased release of pro-inflammatory cytokines along with altered adipokine secretion (Ouchi et al., 2011). In this context, adenosine, released continuously from adipocytes, is able to promote adipogenesis and lipid accumulation via A1R (Gharibi et al., 2012; Burnstock and Gentile, 2018). By contrast, the engagement of A2BRs is followed by the inhibition of preadipocyte differentiation, indicating a differential role of adenosine on adipogenesis, based on the receptor subtype engaged (Eisenstein et al., 2014).
It is worth to note that ARs play also important roles in controlling the functions of brown adipocytes. The brown adipose tissue (BAT), critically involved in thermogenesis and lipolysis, is emerging as a potential target for anti-obesity therapies (Cully, 2014). It is well acknowledged that A1R activation can blunt the lipolysis of brown adipocytes in rodents (Mohell, 1984). However, recent studies allowed to observe that A2ARs, expressed mainly on brown adipocytes, are involved markedly in the process of thermogenesis (Cully, 2014; Gnad et al., 2014). In this regard, Gnad et al. observed that the pharmacological inhibition of A2ARs, by its antagonist MSX-3, as well as the genetic deletion of these receptors in mice induced a decrease in BAT-dependent thermogenesis (Gnad et al., 2014). By contrast, treatment with A2AR agonist, CGS21680, significantly increased energy expenditure, demonstrating the relevant contribution of A2AR in mediating the thermogenic response (Gnad et al., 2014). In the same study, the authors also showed that the systemic administration of CGS21680, beyond to reduce the body weight gain, induced the browning of WAT and improved glucose tolerance in HFD mice (Gnad et al., 2014). Taken together, these results demonstrated that A2AR activation triggers lipolysis, energy expenditure and browning of WAT, indicating a beneficial effect in counteracting the HFD-induced obesity in mice.
OBESITY-RELATED COMORBIDITIES: ROLE OF ADENOSINE
Type-2 Diabetes Mellitus
T2DM is a pathological condition, often associated with obesity, characterized by impairment of insulin secretion and/or function (Hardy et al., 2012). In obese patients, the underlying chronic low-grade inflammatory condition represents a pivotal factor in the onset of insulin resistance, a prodromal step leading to the development of T2DM (Nowotny et al., 2015). As a consequence of insulin resistance, a compensatory hyperinsulinemia occurs, with an over-stimulation of pancreatic β-cell function, followed by their exhaustion (Nowotny et al., 2015).
Several studies have reported a relationship between the adenosine system and obesity-induced insulin resistance and T2DM. Some authors observed that the over-expression of A1Rs in the adipose tissue of knock-in mice protected from HFD-induced insulin resistance, indicating this receptor subtype as a potential therapeutic target for the management of obesity-related insulin resistance and T2DM (Dong et al., 2001). However, it is noteworthy the A2BR subtype seems to play also pivotal roles in modulating glucose homeostasis and insulin resistance, thus emerging as a promising target for drug development. Indeed, the systemic administration of the selective A2BR agonist, BAY60-6583, reduced significantly the plasma glucose, insulin and IL-6 levels, and ameliorated T2DM in HFD mice (Johnston-Cox et al., 2014).
Overall, current data provide evidence that targeting A1R or A2BR activation could represent a useful therapeutic strategy for preventing and/or treating obesity-related metabolic disorders.
Cardiovascular Diseases
Obesity is associated with an increased risk of developing CVDs, including hypertension, atherosclerosis and myocardial infarction (Carbone et al., 2019). Increasing evidence suggests that the excess of adipose tissue favors the secretion of pro-inflammatory cytokines and an overproduction of oxidant molecular species that affect the cardiovascular system directly or indirectly (Carbone et al., 2019).
Over the last years, the pharmacological modulation of ARs has emerged as a promising therapeutic approach also for the management of CVDs (Jacobson et al., 2019). In this regard, it has been reported that the activation of myocardial A1Rs by the partial agonist capadenoson protects from ischemia-reperfusion injury in a rat model of acute myocardial infarction, thus corroborating the evidence about a cardioprotective role of this receptor subtype (Albrecht-Kupper et al., 2012). Other authors observed an anti-hypertensive effect after treatment with the A2AR agonist CGS21680 in a mouse model of hypertension induced by partial constriction of the renal artery, highlighting a modulatory role of A2ARs in regulating vascular smooth muscle relaxation/contraction (Schindler et al., 2005). Despite these interesting findings, currently only one preclinical study has investigated the effects of AR ligands on CVDs associated with obesity. In this setting, Koupenova et al. reported a beneficial effect of the A2BR agonist BAY60-6583 on atherosclerotic plaque formation in HFD mice as a consequence of a decrease in cholesterol and triglyceride plasma levels (Koupenova et al., 2012). Despite the need for additional studies, this preliminary evidence suggests the pharmacological modulation of A2BR as an intriguing strategy for the therapeutic management of CVDs associated with obesity.
Gastrointestinal Dysfunctions
Obesity is characterized by GI disturbances, including gastroesophageal reflux, irritable bowel syndrome, diarrhea and constipation (Camilleri et al., 2017; D'Antongiovanni et al., 2020a). Preclinical studies have shown that HFD animals, beyond showing alterations of gut microbiota and intestinal epithelial barrier, present a low-grade enteric inflammation, which contributes to the onset of intestinal dysfunctions associated with obesity (Bhattarai et al., 2016; Antonioli et al., 2017; Antonioli et al., 2020).
Increasing evidence highlights a critical role for the adenosine system in the pathophysiology of bowel dysfunctions associated with obesity. In particular, Antonioli et al. observed that adenosine, via A2BRs, participates to obesity-related enteric dysmotility, modulating the activity of excitatory tachykininergic nerves in HFD mice (Antonioli et al., 2017). In support of this finding, a recent study confirmed the contribution of A2BRs, expressed on enteric glial cells, in the modulation of tachykininergic responses and enteric inflammation associated with obesity, thus corroborating the relevant contribution of A2BRs to the pathophysiology of bowel motor dysfunctions and inflammation associated with obesity (D’Antongiovanni et al., 2020c). Based on these data, the pharmacological modulation of A2BR represents a viable way to design novel tools to manage both bowel motor dysfunctions and enteric inflammation associated with obesity.
Cognitive Impairment
Increasing evidence support the concept that obesity can lead to neuroinflammation, and neurodegenerative diseases (i.e., Alzheimer’s disease), and can affect negatively cognition, including attention and decision making (Leigh and Morris, 2020). In line with this view, obese mice display brain dysfunctions and learning impairment (Leigh and Morris, 2020).
Adenosine has been shown to play a critical role in the control of the cognitive functions (Choudhury et al., 2019). In particular, adenosine was found to exert both inhibitory actions on excitatory neurotransmission, via A1R activation, and excitatory actions driven by engagement of A2ARs (Gomes et al., 2011). In the context of obesity, a limited number of experimental studies have been focused on the possible involvement of ARs in the pathophysiology of cognitive impairment. For instance, Yamamoto et al. investigated the role of A2ARs in obesity-induced cognitive dysfunctions. They described an increase in blood-brain barrier (BBB) breakdown along with cognitive impairment in HFD mice, and observed that the genetic ablation of A2ARs in endothelial cells protected HFD mice against the BBB impairment and cognitive dysfunction (Yamamoto et al., 2019). This study provides the first evidence that changes in cerebrovascular permeability initiate the cycle of obesity-induced neuroinflammation and cognitive impairment. In this context, the pharmacological modulation of A2ARs could be considered as an interesting molecular target to design novel therapeutic strategies aimed at managing the cognitive impairment associated with obesity.
CONCLUSION
Nowadays, the therapeutic management of obese patients remains unsatisfactory. A body of preclinical knowledge indicates that the pharmacological modulation of adenosine system has a promising potential for treating obesity and related comorbidities. In this regard, the development of experimental models of obesity, including diet-induced models as well as the genetic models (i.e. leptin-deficient model) allowed to better understand the role of adenosine system in the pathophysiological mechanisms underlying obesity. Indeed, adenosine modulates actively glucose homeostasis, inflammation, adipogenesis, insulin resistance and thermogenesis, depending on the engagement of receptor subtypes in different tissues (Fredholm, 2014). For instance, A1R activation stimulates adipogenesis and lipid accumulation, thus promoting weight gain. Accordingly, future efforts should be focused on investigating better the effects of A1R ligands on lipogenic and thermogenic processes in the context of obesity. The activation of A2ARs can trigger the browning process of WAT, support the lipolytic process, and counteract significantly the obesity-induced BBB alterations and cognitive dysfunctions. Along the same line, the pharmacological stimulation of A2BRs can exert beneficial effects on obesity, since these receptors participate actively in shaping adipogenesis, insulin resistance, inflammation, atherosclerotic plaque formation and GI dysfunctions associated with obesity (Figure 1C). However, the paucity of selective A2BR ligands limits greatly the exploration of the therapeutic implications of these receptor subtypes. Therefore, the synthesis of highly selective compounds is needed, particularly to curb the occurrence of adverse effects. At present, no data are available about the involvement of A3Rs in the onset and development of obesity-associated comorbidities.
Despite current evidences arising from the animal models are encouraging, the translation of preclinical data into clinical practice will require a more thorough understanding of the tissue-specific effects of adenosine. At present, the main point of weakness concerns the limited methods to quantify the adenosine and ADA activity in vivo.
Over the years, a growing body of preclinical evidence has highlighted the possibility of beneficial effects resulting from the pharmacological modulation of adenosine pathways in the context of obesity. However, a number of issues regarding the regulatory role of digestive functions by the adenosine system are still pending and deserve further investigations. Of note, the available clinical data regarding the involvement of the adenosine system in obesity are scanty, and it is not possible to have consolidated evidence or draw substantial conclusions.
Taken together, the pharmacological modulation of the adenosine system represents an attractive strategy for the scientific community, encouraging the development of novel AR ligands useful to manage and counteract obesity and its related comorbidities.
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INTRODUCTION
Multiple sclerosis (MS) is an inflammatory immune-mediated disease of the central nervous system (CNS) characterized by damage of myelin-forming oligodendrocytes and destruction of myelin itself, leaving denuded axons without trophic and metabolic support and prone to degeneration (Nave, 2010). Clinically, this results in neurological disability and progression from the relapsing-remitting form of the disease to the irreversible chronic progressive one (Franklin and ffrench-Constant, 2008). Current therapies are immunomodulatory drugs that efficiently reduce the number and severity of debilitating immune-mediated attacks at initial stages (Comi et al., 2017), but are not effective in the presence of extensive axonal degeneration. Therefore, early therapeutic strategies promoting the formation of new oligodendrocytes and myelin sheaths around demyelinated axons are highly needed (Franklin and ffrench-Constant, 2017). Importantly, the major source of new myelinating oligodendrocytes, i.e., NG2-glia, traditionally defined as oligodendrocyte precursor cells (OPCs) (Nishiyama et al., 2009), do persist and slowly proliferate in the adult CNS (Dawson et al., 2003). Spontaneous remyelination occurs in MS patients but eventually fails due to several reasons (Franklin and ffrench-Constant, 2008). First, for remyelination to occur, it is important to have functionally healthy axons (Stangel et al., 2017) likely releasing myelination signals. Second, a remyelination supportive environment is required, i.e., a correct balance between different cell types (astrocytes, microglia, macrophages, and other immune cells) (Lombardi et al., 2019; Molina-Gonzalez and Miron, 2019) and mechanisms, including debris phagocytosis and secretion of growth signals or inhibitory molecules, from transcription factors to extracellular (ECM) proteins (Marangon et al., 2020). Finally, successful differentiation of OPCs also depends on their intrinsic potential which is, in turn, strictly dependent on regional heterogeneity (Marques et al., 2016).
Continuous communication between OPCs, neurons, and other glial cells is crucial to regulate both developmental myelination and myelin dynamics during adulthood. In this respect, ATP emerges as an important signaling molecule profoundly influencing OPCs, and functional purinoceptors are found to be expressed on these cells (Fields and Stevens, 2000). Extracellular ATP can be degraded to ADP or adenosine by ectonucleotidases expressed on the cell surface and differently activate purinergic membrane P1 and P2 receptors: the former are G protein-coupled receptors selectively activated by adenosine, whereas the latter are further divided into P2X ionotropic receptors, exclusively activated by ATP and G protein-coupled P2Y receptors with very specific pharmacological profiles (Alexander et al., 2019). For example, P2Y1 is primarily activated by ADP and only partially by ATP. This complexity highlights how a single molecule can produce a wide variety of downstream signaling in terms of proliferation, differentiation, migration, response to damage, and cell death, based on the actors involved at cellular and molecular levels. Of note, the expression of some purinoceptors is strictly dependent on specific differentiation stages, indicating critical roles in OPC maturation and myelination. Some of these receptors are also altered under demyelinating conditions, which can itself contribute to disease development (Fumagalli et al., 2016).
In this opinion, we discuss key questions that still remain unclear regarding the involvement of purinergic signaling in NG-glia response. First, what is the function of purinoceptors in OPCs, and do they exert peculiar roles in their behavioral heterogeneity? Second, how do purinoceptors control OPC reactive response to myelin injury? Are their expression and roles altered during the course of MS? Third, would purinergic strategies to promote remyelination by NG-glia be of therapeutic interest?
EXPRESSION AND ROLE OF PURINOCEPTORS IN OLIGODENDROCYTE PROGENITORS
Confocal calcium imaging on OPCs from optic nerve demonstrated that ATP evokes rapid and transient increases in [Ca2+]i, mainly through P2Y1 (Hamilton et al., 2010). P2Y1 activation also promoted OPC chemotaxis in both isolated OPCs and cerebellar slices (Agresti et al., 2005). ATP-evoked Ca2+ signals in both OPCs and mature oligodendrocytes are also mediated by P2X7. However, P2Y1 may play a greater role under physiological conditions, being activated at nanomolar ATP concentrations, whereas only upon cell rupture do ATP extracellular levels become millimolar, i.e., high enough to activate P2X7 (Hamilton et al., 2010). In a similar way to NMDA receptors, after prolonged activation, P2X7 promotes the formation of a large nonselective pore enabling leakage of ions, metabolites, and ATP itself, ultimately causing cell death (Matute et al., 2007) and fostering a vicious cycle that activates P2X7 in nearby cells.
The very efficient degradation of extracellular ATP by ectonucleotidases prevents the activation of P2X7-mediated danger pathways and enables a further level of signaling through P1 receptors. Adenosine was initially described to inhibit OPC proliferation and promote OPC differentiation and myelin formation (Stevens et al., 2002). However, the presence of all four P1 receptors, whose expression is timely regulated during differentiation, makes adenosine a more complex modulator.
Adenosine regulates the transition from proliferating OPCs to mature cells in a cAMP-regulated manner. Outward K+ currents, essential in early OPCs, are abolished by the selective A2A receptor agonist CGS21680 that blocks their differentiation by stimulating adenylyl-cyclase activity (Coppi et al., 2013). Similarly, the A2B selective agonist BAY60-6583 stimulates cAMP production and inhibits K+ currents, thus depolarizing OPC membranes and blocking cell maturation. A2B stimulation also elevates levels of sphingosine-1-phosphate (S1P), a bioactive lipid mediator, contributing to delayed maturation (Coppi et al., 2020). The cross-talk between adenosine signaling and S1P may be clinically relevant because receptors for S1P are targeted by fingolimod, a widely used drug for MS, and whose direct action on the CNS remains unclear (Soliven et al., 2011). In contrast, both the prodifferentiating and promyelinating effect of adenosine on OPCs are likely due to activation of A1 receptors inhibiting cAMP (Coppi et al., 2015). The physiological role of A3 receptors has not been described, but in optic nerve-derived OPCs, its stimulation with the specific agonist 2-CI-IB-MECA induced apoptosis (González-Fernández et al., 2014).
Although uracil-nucleotides are produced and released in brain tissues, and their receptors are present on both neurons and glia, the contribution of P2Y2, P2Y4, P2Y6, and P2Y14 in OPCs has been poorly investigated. In 2006, we described the G protein-coupled receptor GPR17 as a P2Y-like receptor, based on its pharmacological response to UDP, UDP-glucose, and UDP-galactose (Ciana et al., 2006). In physiological conditions, GPR17 is almost exclusively expressed in oligodendrocytes, with a clearly characterized transient pattern: it starts to be expressed in early OPCs, reaches its peak in immature oligodendrocytes, and then disappears in myelinating oligodendrocytes (Fumagalli et al., 2011). Of note, transcriptome analyses revealed that GPR17 clearly characterizes a population of differentiation-committed precursors (Marques et al., 2016) and predominantly labels OPCs within axodentritic area, potentially able to myelinate axons (Marisca et al., 2020).
In OPCs, UDP-glucose promoted maturation to MBP-positive cells, whereas cangrelor, a nonselective GPR17 antagonist, maintained cells at an undifferentiated stage (Fumagalli et al., 2011). The prodifferentiative effect of GPR17 agonists may be due to receptor desensitization and internalization: prolonged activation of GPR17 promotes its removal from the membrane, thus enabling terminal maturation (Fratangeli et al., 2013). In purified primary OPCs, UDP-glucose stimulated cell migration and enhanced outward K+ currents (Coppi et al., 2013). In both transfected cell lines and primary OPCs, uracil-ligand-evoked responses were antagonized by Cangrelor and MRS2179, two purinergic antagonists (for review, see Lecca et al., 2020).
DYSREGULATION OF PURINOCEPTORS UNDER DISEASE CONDITION AND THEIR POTENTIAL AS THERAPEUTIC TARGETS
In human MS and animal models, P2X7, GPR17, and adenosine receptors undergo significant changes. Specifically, postmortem analysis of human MS specimens revealed P2X7 increases in optic nerve oligodendrocytes and in activated microglia and astrocytes in both spinal cord and brain (Amadio et al., 2017). In experimental autoimmune encephalomyelitis (EAE) mice, a model reproducing several features of human MS, upregulated P2X7 was described in both activated microglia and astrocytes already during the asymptomatic phase and in oligodendrocytes and neurons after disease onset (Matute et al., 2007; Grygorowicz et al., 2010). The adenosine produced after ATP breakdown may exhibit anti-inflammatory and immunosuppressive actions by inhibiting T-cell proliferation and cytokines secretion (Saze et al., 2013), but ATP signaling is overwhelming and generates an amplification cascade that eventually kills oligodendrocytes. After disease onset, administration of oxATP reduced clinical outcomes and demyelination extent (Matute et al., 2007), likely acting on astroglial and microglial P2X7, supporting the hypothesis that P2X7 receptor blockers could have a role in preventing/improving MS symptoms. Due to its peculiar pharmacology, P2X7 acts as a “silent” receptor whose activation takes place only under pathological conditions (Bhattacharya and Biber, 2016). Thus, P2X7 inhibitors are not expected to significantly affect physiological receptor activity and may become ideal candidate drugs in treating inflammation in a pleiotropic manner. However, despite several specific P2X7 antagonists have been developed so far, improving pharmacokinetics and blood–brain barrier (BBB) permeability, only a few of them entered clinical trials for peripheral diseases, such as rheumatoid arthritis and chronic obstructive pulmonary disease. The safety on humans was confirmed, but the efficacy was disappointing in most cases, potentially due to different factors, including the limits of the animal models, the presence of several P2X7 haplotypes in humans, and the lack of knowledge about their actual contribution in disease pathogenesis. Moreover, some of the candidate molecules were noncompetitive allosteric modulators that may not be sufficient to inhibit massive P2X7 activation. (for review, see Di Virgilio et al., 2017; Calzaferri et al., 2020).
GPR17 is a relatively novel receptor. Its almost exclusive expression in OPCs gives a new opportunity to target these cells and enhance their remyelination capabilities in damage conditions. In chronic damage and inflammation, GPR17 becomes pathologically overexpressed, which prevents cells’ terminal maturation. Lack of GPR17 timely downregulation was described in several animal models, resulting in impaired myelination (Lecca et al., 2008; Chen et al., 2009; Coppolino et al., 2018). Antagonists were indeed effective in preventing acute damage in a model of brain ischemia (Ciana et al., 2006; Lecca et al., 2008), but chronic administration of receptor antagonists in MS should be carefully evaluated to avoid unexpected side effects in oligodendrocyte functions in terms of metabolic support to neurons or interaction with other cells (Lecca et al., 2020). Conversely, receptor internalization mediated by agonists may promote GPR17 removal from the membrane, thus enabling OPCs to resume maturation. In this respect, promising results have come from in vivo study where the selective GPR17 agonist galinex was proved to significantly retard EAE induction (Parravicini et al., 2020). Since inflammation contributes to sustaining GPR17 expression (Coppolino et al., 2018), cotreatment with anti-inflammatory agents may efficiently favor remyelination.
As mentioned, adenosine receptors play crucial roles in OPC differentiation, and their pharmacological modulation may foster remyelination. Despite completely different etiology compared to MS, Niemann–Pick type C 1 (NPC1), a genetic disease characterized by lysosomal accumulation of cholesterol and sphyngolipids, is also characterized by neurodegeneration, neuroinflammation, and dysmyelination. As in MS, in NPC1, OPCs are blocked in immature stages and do not undergo maturation. In a mouse model of NPC1, administration of CGS21680, a selective A2A agonist, rescued OPC maturation (De Nuccio et al., 2019), apparently in contrast to the in vitro results described above. Further studies should be encouraged to interpret these conflicting data.
CONCLUSIVE DISCUSSION
Data discussed above suggest that P2X7, GPR17, and adenosine receptors could be valuable targets to stimulate myelin repair, preventing chronic axonal degeneration. For all these receptors, promising molecules have been tested in preclinical studies, but further studies are needed to prove their efficacy in a context close to human paradigms, with minimal or absent interferences with physiologically essential pathways (Figure 1). To reach cells inside the CNS, these compounds should also be able to cross BBB. Although MRI-based gadolinium studies showed leaky BBB during acute MS relapses, evidence indicates that BBB is then re-established. Thus, besides developing brain permeable molecules (as already done for P2X7 antagonist), other approaches should be considered. While virus-based CNS drug delivery to maximize tropism for oligodendroglia (McCall et al., 2014) can still bear some problems, bioengineered extracellular vesicles are emerging as delivery vehicles for such therapeutic agents (Wiklander et al., 2019). Another challenge is to identify the right therapeutic intervention window. Regenerative agents delivered too late during disease course could be useless since axons might be already irreversibly committed to degeneration. Other issues are the proper design of clinical trials (e.g., correct stratification of patients) and the development of appropriate outcome measures, which are both critical to demonstrate the efficacy of a remyelinating drug (Ontaneda et al., 2015). Importantly, the complex pathophysiology of progressive MS suggests that combination therapies targeting different processes would represent the “ideal” therapeutic approach, as anticipated for GPR17 (Coppolino et al., 2018; Lecca et al., 2020). Although several issues still remain to be addressed, the emerging and promising developments in clinical remyelination therapy (Plemel et al., 2017) raise hope for having soon new therapeutic options for progressive MS.
[image: Figure 1]FIGURE 1 | Purinergic receptors in oligodendrocyte progenitors as promising targets in multiple sclerosis. Schematic representation of purinergic receptors expressed in oligodendroglial cells and their ligands. To develop new purinergic-based drugs for remyelination, further efforts should be done in basic research, to provide robust data to be translated into clinics.
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Biased signaling is a concept that has arisen in the G protein-coupled receptor (GCPR) research field, and holds promise for the development of new drug development strategies. It consists of different signaling outputs depending on the agonist’s chemical structure. Here we review the most accepted mechanisms for explaining biased agonism, namely the induced fit hypothesis and the key/lock hypothesis, but we also consider how bias can be produced by a given agonist. In fact, different signaling outputs may originate at a given receptor when activated by, for instance, the endogenous agonist. We take advantage of results obtained with adenosine receptors to explain how such mechanism of functional selectivity depends on the context, being receptor-receptor interactions (heteromerization) one of the most relevant and most studied mechanisms for mammalian homeostasis. Considering all the possible mechanisms underlying functional selectivity is essential to optimize the selection of biased agonists in the design of drugs targeting GPCRs.
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INTRODUCTION
Biased signaling consists of different signaling outputs depending on the agonist chemical structure. The concept has taken hold in the field of G protein-coupled receptor (GPCR) research and has opened up new perspectives for therapeutic drug development. The underlying idea is that a given agonist biased towards a particular signaling may be therapeutic while another agonist biased towards activating an alternative pathway may not be helpful, and may even be harmful.
Biased agonism is an attractive concept to try to get agonist use off the ground in clinical practice. At present, agonists have by far less potential than antagonists. Usually, endogenous agonists approved as therapeutic drugs are used in acute conditions and during short times. In contrast, antagonists may be used in a chronic regime. The classical example is epinephrine that is used as adrenergic agonist to save lives in critical situations (e.g., anaphylaxis) whereas beta-adrenergic blockers/antagonists are used for a variety of diseases in both acute and chronic regimes. In the purine field, adenosine is used in bolus administration to combat paroxysmal tachycardia whereas the adenosine A2AR antagonist, istradefylline (Nouriast™ in Japan; Nourianz™ in the United States), has been approved for chronic use in the therapy of Parkinson’s disease (Pinna et al., 2007; Simola et al., 2008; Jenner et al., 2009; Mizuno and Kondo, 2013; Kondo et al., 2015; Navarro et al., 2015).
Two complementary points of view are needed to underline the mechanisms underlying differential signaling arising from a given GPCR. In a previous paper we already made a distinction between biased signaling and biased functionality (Franco et al., 2018). Here we will provide more information on the possibility that biased signaling arises from different compounds acting on the same receptor but, also, on the possibility that biased signaling arises from the same agonist acting in the same receptor but expressed in a different context. By different context we mean that a given GPCR may be expressed in different cells coupled to different proteins, not only to different G proteins but to other receptors, to scaffolding proteins, etc.
THE MOST ACCEPTED MECHANISM TO EXPLAIN BIASED SIGNALING
The resolution of the structure of various GPCRs and the molecular dynamics of macromolecules in aqueous solutions give indications as to how GPCR-mediated signaling occurs. Binding of the agonist to the orthosteric site leads to significant structural rearrangements that are transmitted to the coupled G protein and allow signaling (Westfield et al., 2011; Masureel et al., 2018).
It is not necessary to be very specific with the details to explain the basis of the most accepted mechanism underlying biased signaling. In fact, assuming that GPCRs have a loose orthosteric center, the binding of structurally different chemicals to the site can result in different conformations (Figure 1 up). Said different conformations will couple differently to the signaling machinery, thus providing different signaling outputs. The agonist/receptor interaction would be similar to the so-called induced fit in the case of a substrate that interacts with the active site of an enzyme (Urban et al., 2007; Kenakin and Miller, 2010) (Kenakin, 2009; Kenakin, 2011; Kenakin and Christopoulos, 2013).
[image: Figure 1]FIGURE 1 | Three ways to deliver biased signaling. Top: G protein coupled receptor (GPCR) orthosteric center of the GPCR has a loose conformation that is fixed upon agonist binding, thus allowing coupling and engagement of the signal transduction machinery (STM). Center: There are different conformational states of a given GPCR with structurally different orthosteric sites; each agonist preferentially binds to a given conformation thus preferentially engaging a given STM. Bottom: A given ligand acting on a given GPCR may lead to different signaling outputs depending on the context of the receptor. The case of heteromer formation is exemplified with a given adenosine receptor (AR) able to interact with GPCRA or with GPCRB.
Following the analogy with substrate/enzyme interaction, there is another point of view which is that the cell surface receptor is in different conformational states while waiting for the arrival of the agonist. Similar to the key/lock idea (Figure 1 center), each of these conformational states would have a different lock and each agonist would interact more strongly (i.e., with more affinity) with some conformations than with others (Costa-Neto et al., 2016; Michel and Charlton, 2018).
In summary, in the classical view each agonist favors a specific signal transduction and that this may be due to two conceptually different mechanisms. One is by assuming different receptor states due to pre-coupling to signaling mechanisms and each chemical structure preferentially binding to a given state, thereby preferentially engaging such particular signaling pathway. The second is by assuming the GPCR in a given state that, after agonist-induced conformational changes, would lead to a receptor prone to interact to (and engage) a particular signaling machinery.
THE ALTERNATIVE MECHANISM TO APPROACH BIASED SIGNALING. HOW THE ENDOGENOUS AGONIST MAY PROVIDE FUNCTIONAL DIVERSITY
Biased agonism fits into a more general framework, called functional selectivity. A given GPCR may provide different signaling outputs depending on the context. In other words, functional selectivity may be afforded using a single agonist. Yet another way to express the idea is that the endogenous agonist (hormone/neurotransmitter) will give rise to different signals depending on the cell/tissue and the general pathophysiological state.
We argue, as suggested elsewhere (Franco et al., 2018), that biased signaling does not require a biased agonist, that is, that the endogenous agonist may engage different signaling pathways depending on the cell context. In short, it would be the functional unit itself, made up of the receptor and the direct receptor/receptor and receptor/protein interactions, which is coupled to a certain signaling machinery. Consequently, cells will respond according to the coupling assigned to the specific structure of the functional unit and the existence, or not, of more than one functional unit.
Below we will present some examples of differential functional selectivity provided by an endogenous agonist (Figure 1 bottom). Let us first describe the classic case discovered by Susan George and her colleagues working with dopamine receptors. According to IUPHAR, the cognate G proteins for the D1 and D2 receptors are, respectively, Gs and Gi (Alexander et al., 2019). However, D1 and D2 can interact to form D1-D2 receptor heteromers that do not couple to Gs/Gi but to Gq. Coupling to Gq allows dopamine to activate not only cAMP- but also calcium-related mechanisms (Lee et al., 2004; Rashid et al., 2007; Perreault et al., 2015; Perreault et al., 2016). The controversy that arose about the appearance of such complexes in primates has been resolved by finding that about 18% of the neurons of the striatum of Macaca fascicularis express the D1-D2 receptor heteromers (Rico et al., 2016). In fact, there are neurons in different parts of the central nervous system that expressing those heteromers provide a long-suspected link between dopaminergic neurotransmission and calcium signals.
Dopamine D1 receptors can also form heteromers with histamine receptors, whose exact role in the central nervous system has yet to be fully clarified. Interestingly, the formation of D1 and the histamine H3 receptor heteromer is required for histamine to activate the mitogen-activated protein kinase (MAPK) signaling pathway. Surprisingly, it appears that D1 receptors within this heteromeric context bind to Gi rather than its cognate G protein, Gs. (Ferrada et al., 2009).
A final example we provide here is related to GPCRs that regulate intraocular pressure. Melatonin receptors form functional complexes with α1-adrenergic receptors, which involve the C-terminal tail of the latter. Surprisingly, activation of α1-adrenergic receptors in this particular heteromeric context does not lead to changes in cytoplasmic levels of Ca2+ but of cAMP. Once again, the heteromeric context leads to a change, from Gq to Gs, in the G protein coupling (see Figure 1 bottom). Glaucoma coursing with elevated intraocular pressure is correlated with a decreased expression of the complexes in stromal cells (Alkozi et al., 2019; Alkozi et al., 2020). Whether this fact is a cause or a consequence of the disease, the melatonin-adrenergic heteromers arise as targets for fighting the disease.
BIASED SIGNALING UNDER THE PRISM OF RESULTS DERIVED FROM ADENOSINE RECEPTOR SIGNALING CHARACTERIZATION
Four are the adenosine receptors identified so far in mammals: A1, A2A, A2B, and A3. The cognate G proteins for the A1 and the A3 are of the Gi type and the cognate G proteins for the A2A and the A2B are of the Gs type. Via G protein-mediated signaling or via the ßγ subunits of G proteins, activation of adenosine receptors may activate the mitogen-activated protein kinase (MAPK) pathway. Also ß-arrestin recruitment may lead to receptor internalization and intracellular signaling (see Borea et al., 2018 for review).
Recently, we have performed a classic study of biased agonism using one of the four adenosine receptors, the A2A, expressed in a heterologous system. In addition to identifying two chemical structures, PSB-0777 and LUF-5834, that behaved differently from the rest of the agonists, we noticed that removing part of the receptor’s C-terminal tail does not qualitatively change the results (Navarro et al., 2020). This finding was unexpected as the long C-terminal end of the receptor is potentially interacting with some components of the signaling machinery. Interestingly, removal of the C-terminal tail of the A3 receptor is dispensable for its capability to recruit ß-arrestins (Storme et al., 2018).
It is now suspected that the four adenosine receptors, A1, A2A, A2B, and A3, can interact with each other. The A1-A2A, A1-A3, and A2A-A2B interactions have already been described (Ciruela et al., 2006a; Hill et al., 2014; Hinz et al., 2018; Lillo et al., 2020). The interaction between the adenosine A2A and A1 receptors was identified several years ago (Ciruela et al., 2006a) and the functional role of the complex has been well understood ever since (Ciruela et al., 2006b; Cristóvão-Ferreira et al., 2013; Lin et al., 2020). A recent review on structure and function of adenosine receptor heteromers is available (Franco et al., 2021).
Adenosine leads to marked biased signaling based on the heteromeric context, even considering only interactions between adenosine receptors. On the one hand, signaling mediated by the A3 receptor is blocked if A2AR is co-expressed and A2A-A3 receptor heteromers are formed. A2A receptor antagonists abrogate the blockade, thus providing a novel approach to the development of drugs that target the heteromers of the A2A-A3 receptor. On the other hand, the expression of the A2B receptor blocks signaling through the A2A receptor. This finding raises several questions, as the A2A receptor has a much higher affinity for adenosine than the A2B. The actual physiological significance of this interaction is under close scrutiny, although the A2A-A2B receptor functional complex has already been shown to be relevant in aging and obesity (Gnad et al., 2020).
Remarkably, the A1-A2A receptor heteromer adds an additional dimension to functional selectivity. In fact, the signal is biased not only by the endogenous agonist, but also by its concentration. As we often mention, this complex is an adenosine concentration sensor. At concentrations at which only the A1 receptor is occupied by adenosine, only Gi-mediated signaling is observed, with Gi being the cognate protein of the A1 receptor. In contrast, when the adenosine concentration increases and the A2A receptor is occupied, only Gs-mediated signaling originates in the heteromer, with Gs being the cognate protein of the A2A receptor. The mechanistic molecular basis of such a phenomenon has been fully elucidated and, more importantly, it is the C-terminal tail of A2A that is relevant for blocking the partner (A1) receptor function (Navarro et al., 2016; Navarro et al., 2018).
In summary, biased signaling is produced by the endogenous agonist, adenosine, depending on the context of the target receptor, even depending on the adenosine concentration itself. It should be noted that the panorama of functional diversity that adenosine can cause is not limited to the interaction between adenosine receptors, but extends to the complexes that adenosine receptors establishes with other GPCRs or other proteins (see (Ginés et al., 2001; Agnati et al., 2003; Burgueño et al., 2003; Franco et al., 2005; Ciruela et al., 2006b; Fuxe et al., 2007; Navarro et al., 2014) for review).
CONCLUSION
The hopes placed on the biased agonism to give an extra boost to the drug discovery are not being fulfilled. For the above reasons, a biased agonist may provide a benefit in a given setting but provide a detrimental effect in other receptor settings and thus not be useful in therapy. Also relevant is how to reliably measure the output of the signaling pathway one wants to target; in fact, different assays claiming to evaluate the same pathway may produce a different result, some suggesting bias, some not. One wonders if it would be more proactive to skip in vitro pharmacological assays and test different agonists for their efficacy and safety in in vivo disease models. To date, trying to decipher the mechanism underlying functional selectivity for a given GPCR is challenging. Without this information, it is virtually impossible to optimize the selection of biased agonists for drug development. Therefore, it seems necessary to carry out an investigation aimed at knowing both 1) what is the signaling pathway to target 2) how to reliably measure the pathway output and 3) what is the status of the target GPCR. Status means identifying the proteins/receptors that interact with the target GPCR and how that macromolecular complex is specifically coupled to the signaling machineries.
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INTRODUCTION
Our group of research has a long-time experience in studying the role/s of adenosine P1 receptors in health and disease conditions of the central nervous system (CNS). The effects of adenosine were investigated in our laboratory by the use of in vitro or in vivo models.
In most recent years, main topics of our research concerned the study of adenosine and its receptors in the physiological processes of myelination and in pathological conditions of ischemia. Most recently, the group addressed the study of adenosine-mediated mechanisms in pain control.
Here, we are going to summarize our recent findings.
AREAS OF INTEREST
Role of A2ARs and A2BRs in Oligodendrogliogenesis
Oligodendrocytes (OLs) are the only myelinating cells in the CNS and differentiate throughout adult life from their progenitors, the oligodendrocyte progenitor cells (OPCs), to produce myelin sheets around neuronal axons. Growing evidence indicates that failure of myelin formation in demyelinating diseases, i.e., multiple sclerosis (MS), arises from the disruption of OPC differentiation process (Levine et al., 2001). Hence, therapeutic strategies aimed at fostering this process are largely attractive.
Purines are important modulators of cell development in different cellular systems (Coppi et al., 2007b; Coppi et al., 2012; Burnstock and Dale, 2015). Concerning oligodendrogliogenesis, it is now generally recognized that adenosine plays a key role in OPC maturation. All subtypes of adenosine P1 receptors are expressed during the entire process of OPC maturation (Stevens et al., 2002; Coppi et al., 2013a; Coppi et al., 2020a). Indeed, adenosine is known to be released upon electrical stimulation of nearby neurons to acts as a neuron-glial transmitter that inhibits OPC proliferation and facilitates their differentiation (Stevens et al., 2002). Adenosine A1R stimulation is also known to promote OPC migration (Othman et al., 2003), another important process aimed to repair brain damage and repopulate the injured site (de Castro and Bribian, 2005).
Our attention was devoted to study the role of the different subtypes of adenosine P1 receptors, the adenosine A2ARs and A2BRs, in this process. Our group of research significantly contributed to gain insight into the field by demonstrating that selective adenosine A2AR stimulation inhibits OPC maturation by reducing voltage-dependent, sustained, outward K+ currents (IK) sensitive to tetraethyilammonium (TEA) (Coppi et al., 2013a; Coppi et al., 2015; Cherchi et al., 2020). These data are well in keeping with original research from Gallo and coworkers who first demonstrated that TEA, incubated in OPC cultures, reduces the expression of myelin proteins (Gallo et al., 1996).
Successive studies by our laboratory demonstrated that adenosine A2BR agonists, either the prototypical compound BAY60-6583 or the recently synthetized BAY60-6583-analogue P456 (Betti et al., 2018), not only inhibit sustained IK but also transient IA conductances in cultured OPCs (Coppi et al., 2020a). The effect on IK was mimicked and occluded by forskolin, demonstrating its dependency upon intracellular cAMP increase, consistently with Gs-coupling of A2AR and A2BR and with the fact that the Gi-coupled GPR17 (Pugliese et al., 2009b) elicits the opposite effect in OPCs (Coppi et al., 2013b). Importantly, in the same work, we reported that A2BR agonists activate sphingosine-kinase-1 (SphK1), an ubiquitous enzyme responsible for the formation of sphingosine-1-phosphate (S1P). Finally, in vitro silencing of A2BR was sufficient to increase OPC maturation, to inhibit SphK1 expression, and to strikingly rise the levels of S1P lyase, the enzyme devoted to irreversible degradation of S1P. In conclusion, our data demonstrate that A2BR stimulation enhances intracellular S1P levels, whereas A2BR silencing triggers S1P catabolism. Since S1P acts as a mitogen in a variety of cells including OPCs (Jung et al., 2007), we postulate that the antidifferentiative role of A2BR in oligodendrogliogenesis is exerted by increasing intracellular S1P levels. These results are particularly attractive since the first approved oral agent for MS treatment is the S1P analogue fingolimod (FTY720). Thus, our results may open interesting possibilities about a pharmacological control of myelin formation and repair during demyelinating pathologies by A2BR ligands, possibly in combination with S1P modulators.
Role of Adenosine A2ARs and A2BRs in Brain Ischemia
A main topic of our research group concerns the role of different P1 receptor subtypes in modulating the damage inflicted to neurons and glia by ischemia. To this purpose, both the in vitro model of oxygen and glucose deprivation (OGD) in rat hippocampal slices or the in vivo model of ischemia induced by middle cerebral artery occlusion (MCAo) in the rat were used. It is well accepted that adenosine released during brain ischemia exerts a neuroprotective role by A1R-mediated mechanisms (Pedata et al., 2016). However, as A1R-selective agonists became clinically less and less attractive due to important side effects such as bradycardia and sedation (Sollevi, 1986; Vonlubitz et al., 1994), our research focused on A2AR and A2BR subtypes.
In the in vitro OGD model in acute rat hippocampal slices, we monitored the excitotoxic damage mediated by excessive glutamate release during a severe OGD insult of 7 or 9 min (Pugliese et al., 2006; Pugliese et al., 2009a; Colotta et al., 2012). Purines are important modulators of neuronal damage during OGD (Coppi et al., 2007a; Maraula et al., 2014). Selective antagonists of adenosine A2ARs, the SCH58261 and SCH442416, protect from the OGD-induced irreversible disappearance of field excitatory post-synaptic potentials (fEPSPs) and from the appearance of anoxic depolarization (AD), an unequivocal sign of neuronal injury. The A2AR antagonists also delay AD onset invariably induced during a long period, 30 min, OGD in the CA1 region (Pugliese et al., 2009a) or in the dentate gyrus (DG) (Maraula et al., 2013) of the hippocampus. In the DG, A2AR antagonists also restore the number of 5-bromo-20-deoxyuridine-positive (BrdU+) newborn neurons 6 h after the end of the insult (Maraula et al., 2013), limit the extent of CA1 damage to neurons and glia assessed by propidium iodide permeability, and reduce astrocyte activation (Pugliese et al., 2009a).
Similar results were later found with antagonists to the “partner” adenosinergic receptor, i.e., the A2BR subtype. The compounds MRS1754 and PSB603, by blocking the A2BR, protected CA1 hippocampal slices from OGD-induced damage by preventing irreversible synaptic failure and AD appearance induced by OGD and counteracted CA1 neuronal loss, astrocyte activation, and cytochrome C release (Fusco et al., 2018). In line with previous literature (Goncalves et al., 2015), we confirmed that protection by the adenosine A2BR antagonists is attributable to diminished glutamate release since the A2BR agonist BAY60-6583, and its analogue P456, significantly decreased hippocampal paired pulse facilitation (PPF) (Fusco et al., 2019), an electrophysiological paradigm used to detect presynaptic neuromodulation of glutamate release (Regehr, 2012).
Consistent with previous results, we found that the selective A2AR antagonist, SCH58261, acutely (5 min) or subchronically (5 min, 6 h, and 20 h) administered in the in vivo model of permanent MCAo (pMCAo) in the rat, 24 h thereafter, was protective against neurological deficit and brain damage (Melani et al., 2003; Melani et al., 2006; Melani et al., 2009). Such protection can be related to the activation of deleterious pathways of MAPK expressed in microglia, such as p38, or JNK, expressed in mature OLs and in OPCs (Melani et al., 2006), which is considered a inhibitory molecule that can hinder myelin reconstitution and neuron functionality (Melani et al., 2009). Such a protective effect induced by adenosine A2AR antagonism in the first hours after ischemia found a valuable explanation in the ability to control excessive glutamate extracellular concentrations as detected by the technique of cerebral microdialysis (Melani et al., 2003) and the ensuing acute excitoxicity after ischemia.
In an apparent paradoxical manner, we found that, in the model of transient, 1 h, MCAo (tMCAo), not the antagonist but the agonist at the A2AR, CGS21680, exerted protective effects. However, this observation was made later from ischemia induction, i.e., 7 days after ischemia. Indeed, the chronic administration (twice/day for 7 days) with CGS21680 induced protection from neurological deficit, weight loss, cortical infarct volume, myelin disorganization, and glial activation (Melani et al., 2014). Without excluding that protection by A2AR agonists is attributable to central effects, such as increasing expression and release of neurotrophic factors (Sebastiao and Ribeiro, 2009), data reported by our research group point toward a protective effect due to peripheral A2AR activation. A2ARs are expressed on blood cells where they definitely reduce adhesion cell factor production, platelet aggregation and neutrophil activation, exerting, therefore, an antithrombotic, antioxidant and anti-inflammatory effect. Accordingly, two days after tMCAo, chronic treatment with CGS21680 reduced the number of infiltrated blood cells in the ischemic areas (Melani et al., 2014).
Most recently, we found similar results by studying the effect of BAY60-6583 (administered twice/day for 7 days in the tMCAo model), a selective agonist of the other A2R subtype, that the A2BR in most cases is coexpressed with A2ARs on hematic cells where it inhibits vascular adhesion (Yang et al., 2006) and migration of inflammatory cells (Wakai et al., 2001; Konrad et al., 2012). Two days after ischemia, the A2BR agonist reduced blood cell infiltration in the ischemic cortex (Dettori et al., 2020). Interestingly, 7 days after ischemia, the A2BR agonist also decreased TNF-α and increased IL-10 levels in the blood (Dettori et al., 2020). Both factors are considered valuable blood markers of the brain damage following an ischemic insult (Jickling and Sharp, 2011). These results stress the key research questions of the predictive value of blood biomarkers in stroke.
By and large, results underlie that, after hypoxia/ischemia, brain injury results from a complex sequence of pathophysiological events that evolve over time: a primary acute mechanism of excitotoxicity and periinfarct depolarizations followed by a secondary brain injury activation triggered by protracted neuroinflammation (Coppi et al., 2020b). Information acquired up to now indicate that adenosine A2Rs located on any cell type of the brain and on vascular and blood cells partake in either salvage or demise of the tissue after a stroke. Thus, they all represent important targets for drugs having different therapeutic time-windows after stroke.
Role of Adenosine A3Rs in Pain Control
Most recently, our group addressed the study of adenosine-mediated mechanisms of pain control. It is known that agonists at A3R subtype are effective pain suppressors in animal models of chronic constriction injury, chemotherapic pain (Janes et al., 2016), and also in colitis-induced visceral hypersensitivity (Lucarini et al., 2020). Their safe pharmacological profile, as shown by clinical trials for other pathologies, i.e., rheumatoid arthritis, psoriasis, and cancer, confers a realistic translational potential, thus encouraging research studies on the molecular mechanisms underpinning their antinociceptive actions. A number of pathways, involving central or peripheral mechanisms, have been proposed.
Our group recently demonstrated that the prototypical A3R agonist Cl-IB-MECA and the new, highly selective, A3R agonist MRS5980 (Tosh et al., 2014) inhibit the neuronal N-type voltage-dependent Ca2+ current in DRG neurons, a known pain-related current, more efficiently than the A1R agonist CPA (Coppi et al., 2019). Indeed, current-clamp experiments confirmed that Cl-IB-MECA significantly decreased the DRG neuronal firing (Coppi et al., 2019).
Our findings contributed to unveil one of the mechanisms of A3R-based pain control and reinforce the concept of A3R agonists as novel, promising, nonnarcotic agents for chronic pain relief.
DISCUSSION
On the whole, our recent findings support the notion of adenosine receptors being involved in a number of central and peripheral nervous system diseases, from stroke and demyelination to neuropathic pain. Beyond the well-known protective effect of A1Rs, whose agonists are unfortunately not devoid of side effects, A2R- and A3R-selective ligands are attractive tools to develop innovative therapeutic strategies. Indeed, A2R antagonists exert significant neuroprotection in the initial (within 24 h) postischemic damage in the brain due to inhibition of glutamate excitotoxicity. Additional neuroprotection by A2AR and/or A2BR antagonists could be due to a promyelinating effect exerted by these compounds by stimulating OPC differentiation. On the other hand, at later phases (i.e., 7 days) after stroke, A2R agonists may attenuate neuroinflammation and immune cell infiltration to reduce brain damage. Finally, recent results emerging from our group revealed one of the mechanisms responsible for A3R-mediated pain control, i.e., inhibition of N-type Ca2+ currents and electrical activity in primary sensory neurons of the DRG, thus supporting these receptors as innovative nonopioid compounds for the treatment of chronic pain.
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Ectonucleotidases are extracellular enzymes with a pivotal role in inflammation that hydrolyse extracellular purine and pyrimidine nucleotides, e.g., ATP, UTP, ADP, UDP, AMP and NAD+. Ectonucleotidases, expressed by virtually all cell types, immune cells included, either as plasma membrane-associated or secreted enzymes, are classified into four main families: 1) nucleoside triphosphate diphosphohydrolases (NTPDases), 2) nicotinamide adenine dinucleotide glycohydrolase (NAD glycohydrolase/ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase 1), 3) ecto-5′-nucleotidase (NT5E), and 4) ecto-nucleotide pyrophosphatase/phosphodiesterases (NPPs). Concentration of ATP, UTP and NAD+ can be increased in the extracellular space thanks to un-regulated, e.g., cell damage or cell death, or regulated processes. Regulated processes include secretory exocytosis, connexin or pannexin hemichannels, ATP binding cassette (ABC) transporters, calcium homeostasis modulator (CALMH) channels, the ATP-gated P2X7 receptor, maxi-anion channels (MACs) and volume regulated ion channels (VRACs). Hydrolysis of extracellular purine nucleotides generates adenosine, an important immunosuppressant. Extracellular nucleotides and nucleosides initiate or dampen inflammation via P2 and P1 receptors, respectively. All these agents, depending on their level of expression or activation and on the agonist concentration, are potent modulators of inflammation and key promoters of host defences, immune cells activation, pathogen clearance, tissue repair and regeneration. Thus, their knowledge is of great importance for a full understanding of the pathophysiology of acute and chronic inflammatory diseases. A selection of these pathologies will be briefly discussed here.
Keywords: ecto-nucleotidases, ATP, purinergic receptors, immune cells, acute inflammation, chronic inflammatory diseases, tumors
INTRODUCTION
It is thought that ATP might be the most ancient extracellular messenger used by primordial cells to send messages to their neighbours, or simply as a passive signal of danger or distress (Verkhratsky et al., 2020). Every messenger system requires the messenger (i.e. ATP), antennae that recognize and decode the messenger (i.e. purinergic receptors), and a mechanism to stop the signal and prevent over-stimulation or receptor desensitization (i.e. nucleotidases). Therefore, it is likely that ectonucleotidases appeared early in evolution as close cell-to-cell communication partners of ATP and the early purinergic receptors, likely of the P2X subtype (Verkhratsky et al., 2020). Now ectonucleotidases are found in virtually all mammalian tissues, and homologues have been even identified in platyhelmints (Schistosoma mansoni), where they exhibit a similar enzyme activity, i.e. ATP and possibly NAD+ hydrolysis, as the mammalian enzymes (Ferrero et al., 2019). Thus, ectonucleotidases are an indispensable enzyme system and an appealing target of innovative therapy.
ECTONUCLEOTIDASES SET EXTRACELLULAR NUCLEOTIDE AND NUCLEOSIDE LEVELS
Ectonucleotidases are enzymes designated to hydrolyse extracellular nucleotides, mainly ATP, UTP, and NAD+, which generate metabolites relevant to immune and inflammatory responses. They are expressed at high level by cells of the immune system, mainly at the cell surface, and classified into four major families: ecto-nucleoside triphosphate diphosphohydrolases (NTPDases) (EC 3.6.1.5), nicotinamide adenine dinucleotide glycohydrolase (NAD glycohydrolase/ADP-rybosil cyclase/cyclic ADP-ribose hydrolase 1)‐ ecto-5′-nucleotidase (NT5E/CD73) (EC 3.1.3.5), and ecto-nucleotide pyrophosphatase/phosphodiesterases (NPPs) (Zimmermann et al., 2012; Linden et al., 2019) (Table 1) (Figure 1). In addition, nucleoside diphosphate kinase (NDPK), adenylate kinase (AK) and ecto-F1-F0 ATP synthase also participate in the control of extracellular nucleotide levels (Moser et al., 2001).
TABLE 1 | Main ectonucleotidases and ecto-enzymes involved in regulation of purinergic signalling.
[image: Table 1][image: Figure 1]FIGURE 1 | Schematic rendition of the basic elements of the purinergic signalling. Ectonucleotidases, NTPDase1/CD39, NAD glycohydrolase/CD38, NPPs and NT5E/CD73, hydrolyse extracellular ATP and NAD+, generating ADP, AMP, and adenosine (ADO). Extracellular ATP and ADP activate different P2X ionotropic and/or P2Y metabotropic receptors, leading to changes in the intracellular ion and/or cAMP concentration. Extracellular ADO stimulates P1 receptors responsible of modulation of adenylate cyclase (AC) activity and leading to changes in cAMP and Ca2+ concentration.
NTPDases, basically expressed in all tissues (Robson et al., 2006; Yegutkin, 2008; Kukulski et al., 2011b), hydrolyse nucleoside triphosphates and diphosphates producing nucleoside monophosphates (Table 1). Eight members of this family have been identified so far in mammals. Of these, NTPDase1/CD39, NTPDase2/CD39L1, NTPDase3/CD39L3, and NTPDase8/hATPDase are expressed on the cell surface, NTPDases 4–7 are present in intracellular organelles, while NTPDases 5 and 6 are also found as secreted forms (Robson et al., 2006; Knowles, 2011). The NTPDases are very likely the most important extracellular nucleotide-hydrolysing enzymes. Optimal activity requires millimolar concentrations of Ca2+ or Mg2+ and a pH in the 7–8 range. The NTPDases expressed on the plasma membrane, i.e. NTPDases 1, 2, 3, and 8, hydrolyse both nucleoside triphosphates and diphosphates, while the other members of the family show a more restricted substrate selectivity. Thus, extracellular ATP, UTP, ADP, and UDP are hydrolysed to AMP and UMP. NTPDase1/CD39 is the best characterized ectonucleotidase, widely expressed on different immune cell types, e.g., monocytes, dendritic cells (DCs), T regulatory (Treg) cells and natural killer (NK) cells, besides vascular endothelial cells (Mizumoto et al., 2002; Deaglio et al., 2007; Deaglio and Robson, 2011; Kishore et al., 2018). NTPDase activity has been found in blood circulating microparticles (MPs) (Jiang et al., 2014). MPs, produced and released by different cell types, act at intercellular level as vehicles for cell-to-cell transfer of enzymes, receptors and miRNAs. MP-associated NTPDase activity was found to dampen endothelial cell activation by modulating exchange of regulatory signals between leucocytes and vascular cells (Banz et al., 2008).
The NAD glycohydrolase/CD38, a cell surface glycoprotein expressed in thymocytes, activated peripheral blood T and B cells, plasma cells, and DCs, hydrolyses NAD+ to cyclic-ADP ribose (cADPR) (Table 1). Since it can be released in a soluble form or can be internalized, NAD glycohydrolase/CD38 has likely both an extracellular and an intracellular function. In fact, cADPR is an intracellular messenger triggering Ca2+ release from intracellular stores. Extracellular cADPR on the contrary is converted to AMP by the NAD glycohydrolase/CD38 itself, or by NPP1. AMP is eventually degraded to adenosine by NT5E/CD73. In mice, NAD glycohydrolase/CD38 is necessary for migration of mature DCs to secondary lymphoid tissues, and accordingly NAD glycohydrolase/CD38 deficiency results in impairment of soluble immunity to T cell–dependent antigens (Wykes et al., 2004). Dysregulation of NAD glycohydrolase/CD38 has been implicated in several inflammatory pathologies such as diabetes, heart disease, asthma and cancer (Linden et al., 2019). The combined NAD glycohydrolase/CD38-NT5E/CD73 activity is very important for the generation of immunosuppressive adenosine at inflammatory sites and in the tumor microenvironment (TME). Hydrolysis of extracellular NAD+ affects the immune response in multiple ways, including a protective activity on Treg and NK cells (Linden et al., 2019). By removing extracellular NAD+, NAD glycohydrolase/CD38 inhibits ADP-ribosyltransferase 2.2 (ART2.2), an ectoenzyme that transfers ADP-ribose from NAD+ to the P2X7 receptor (P2X7R), thus lowering the activation threshold of this receptor by extracellular ATP and facilitating apoptosis (Adriouch et al., 2008; Scheuplein et al., 2009; Schwarz et al., 2009). This mechanism, however, is only active in mice as human T lymphocytes lack ART2.2.
A key role in purinergic signalling is played by NT5E/CD73, the main enzyme producing extracellular adenosine from AMP. Although in several tissues phosphatases contribute to conversion of AMP to adenosine, NT5E/CD73 is the dominant adenosine-generating enzyme. NT5E/CD73 has been described both as a Zn2+-binding glycosylphosphatidylinositol (GPI)-anchored, extracellularly oriented, homo-dimeric protein, and as a soluble form (Airas et al., 1997; Yegutkin et al., 2000). The two 70-kD subunits host binding sites for catalytic ions at the N-terminal domain, and an AMP binding site at the C-terminal domain. NT5E/CD73 is expressed by stromal cells, follicular DCs, endothelial cells, neutrophils, macrophages and by subpopulations of human T lymphocytes (Bono et al., 2015) (Table 1). Soluble NT5E/CD73, mainly shed from endothelial cells and lymphocytes, is present both in serum and lymph in healthy conditions (Yegutkin et al., 2015), but its concentration increases during inflammation (Schneider et al., 2019). NT5E/CD73 hydrolyzes both ribo- and deoxyribo-nucleoside 5′-monophosphates, among which AMP with high affinity, and CMP, UMP, IMP, and GMP with low affinity. ADP binds to the catalytic site of NT5E/CD73 but is not hydrolysed, therefore acting as competitive inhibitor (Naito and Lowenstein, 1981). ADP generated from released ATP inhibits NT5E/CD73 and delays adenosine formation, ultimately promoting inflammation (Vieira et al., 2014). Hydrolysis of extracellular ADP by other ectonucleotidases is therefore needed to prevent NT5E/CD73 inhibition.
NPPs are ecto-enzymes that hydrolyse a wide range of substrates (Table 1). The NPP family includes seven members, NPP1–7, according to their order of cloning. NPP1–3 hydrolyse pyrophosphate or phosphodiester bonds in a wide variety of substrates, e.g., nucleoside triphosphates and diphosphates, NAD+, FAD, UDP-sugars, and di-nucleoside polyphosphates (Stefan et al., 2006). NPP2, also named autotaxin, hydrolyses phospholipids more efficiently than nucleotides, acting as a lysophospholipase D, to generate the bioactive phospholipid mediators lysophosphatidic acid (LPA) and sphingosine-1-phosphate (S1P) (Umezu-Goto et al., 2002). LPA and S1P promote a variety of cell responses, among which migration, proliferation, tumor cell survival and angiogenesis (Valdes-Rives and Gonzalez-Arenas, 2017). The NPP2–LPA axis has been implicated in various physiological and pathological pathways, including chronic inflammatory diseases such as multiple sclerosis, rheumatoid arthritis, hepatitis and pulmonary fibrosis (Sevastou et al., 2013). NPP6 and 7 hydrolytic activity is restricted to phospholipids, whereas catalytic properties of NPP4 and 5 remain unknown.
In addition to adenosine-producing ecto-enzymes, an important component of the extracellular purine-inactivating chain is adenosine deaminase (ADA) which catalyses the deamination of adenosine to inosine (Table 1). ADA is widely expressed in different tissues such as thymus, spleen, intestine and other non-lymphoid tissues (Moriwaki et al., 1999; Spychala, 2000), and is also present as an ecto-enzyme on the plasma membrane of DCs (Desrosiers et al., 2007) and lymphocytes (Franco et al., 1998).
Extracellular ATP is sequentially hydrolysed to ADP and AMP by NTPDase1/CD39, or can be directly hydrolysed to AMP by NPPs. AMP can be also generated from NAD+ via sequential activity of NAD glycohydrolase/CD38 and NPP1 (Linden et al., 2019), and is catabolized to adenosine by NT5E/CD73. In conclusion, ectonucleotidases regulate the extracellular concentration of ATP, NAD+ and other nucleotides, and their conversion into several bioactive metabolites (Giuliani et al., 2018; Boison and Yegutkin, 2019).
THE DIFFERENT PATHWAYS RESPONSIBLE FOR NUCLEOTIDE RELEASE
ATP, UTP, ADP, and NAD+ are released into the extracellular space via either un-regulated, e.g., cell damage or death, or regulated mechanisms (Lazarowski et al., 2011; Burnstock, 2012). The mechanisms responsible for controlled release include secretory exocytosis, connexin or pannexin hemichannels (Lohman and Isakson, 2014; Dahl, 2015), ATP binding cassette (ABC) transporters, calcium homeostasis modulator (CALMH) channels, the ATP-gated P2X7R (Pellegatti et al., 2005; Suadicani et al., 2006) and two classes of channels relevant for maintenance of normal intracellular osmolarity, i.e. maxi-anion channels (MACs) and volume regulated ion channels (VRACs) (Taruno, 2018) (Figure 2).
[image: Figure 2]FIGURE 2 | Schematic rendition of the different pathways for regulated nucleotide release. ATP generated inside the cell by glycolysis and oxidative phosphorylation (OXPHOS) can be released through vesicular exocytosis, connexin or pannexin channels, specific ATP binding cassette (ABC) transporters, calcium homeostasis modulators (CALHM) channels, the P2X7 receptor, maxi-anion channels (MACs) or through volume regulated ion channels (VRACs). These different pathways variably participate in ATP release in various cell types depending on the given patho-physiological context.
Regulated exocytosis is a main mechanism driving ATP release from intact cells (Imura et al., 2013). ATP storage inside exocytotic vesicles is due to a vesicular nucleotide transporter (VNUT) localized on the membrane of secretory vesicles (Sawada et al., 2008; Miyaji et al., 2011). VNUT accumulates ATP into the lumen exploiting the proton-dependent electrochemical gradient established by a vacuolar-ATPase (v-ATPase) (Nelson et al., 2000). Fusion of the exocytotic vesicles with the plasma membrane by the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE)-mediated route (Sudhof and Rothman, 2009) ultimately allows the release of nucleotides into the extracellular space (Martens and McMahon, 2008; Moriyama et al., 2017).
Intercellular exchange of ions and small molecules occurs via gap-junction channels formed by innexins in invertebrates and connexins in vertebrates. Vertebrates also express innexin homologs, e.g., the pannexins, which make channels, usually hemi-channels. Although connexins and pannexins have no significant sequence homology, they share similarities in quaternary structure and in membrane topology (Beyer and Berthoud, 2018). The N- and C-terminal domains are localized on the cytoplasmic side of the plasma membrane, four stretches span the plasma membrane, and two loop domains are present on the cytoplasmic and the extracellular side (D'Hondt et al., 2009; Scemes et al., 2009). While pannexins only form hemichannels, connexins can assemble as both gap junctions and hemichannels (Sosinsky et al., 2011; Lohman and Isakson, 2014; Dahl, 2015). The hexameric membrane structures formed by assembly of connexins or pannexins, respectively named connexons and pannexons, allow small cation (e.g., Na+ and Ca2+) influx (Baroja-Mazo et al., 2013; Penuela et al., 2013), as well as transit of molecules of MW up to 1–2 kDa, such as ATP, glutamate and prostaglandins (Bao et al., 2004; Kang et al., 2008). Connexin-43 and pannexin-1 are thought to be the main gap junction-like channels involved in ATP release (Junger, 2011).
Connexins participate in intercellular communication in various physiological and pathological settings such as cell growth and differentiation, endocrine and exocrine secretion, immune response, inflammation and tumors (Mese et al., 2007; Herve and Derangeon, 2013; Leybaert et al., 2017; Villanelo et al., 2017; Wong et al., 2017; Cocozzelli and White, 2019). Connexins are classified according to the MW of their basic subunit, of which 21 isoforms are known in humans (Kar et al., 2012). Gap junctions established by connexons allow direct communication between the cytoplasm of adjacent cells, while undocked connexin hemichannels allow release of low MW cytoplasmic components into the extracellular milieu (Begandt et al., 2017; Belousov et al., 2017; Leybaert et al., 2017). Connexin hemichannels are very likely to be in the closed state in resting cells, transitioning to an open state in response to different stimulating agents (Wang et al., 2013a). Connexin-43, -37, -26 and -36 have been shown to support ATP release (Wang et al., 2013b), but a preeminent role is played by connexin-43 activated by increases in the intracellular Ca2+ concentration, plasma membrane depolarization, reactive oxygen species (ROS) or nitric oxide (NO). Connexin-43 can also be activated upon interaction of monocyte/macrophage Toll like receptor (TLR) 2 or TLR4 with the chemotactic factor N-formyl Met-Leu-Phe (fMLP) or lipopolysaccharide (LPS), respectively (Eltzschig et al., 2006; Wang et al., 2017).
The human pannexin family is comprised of three members, pannexin-1, -2 and -3 (Wang et al., 2013b). Pannexin-1 and -3 are widely expressed in different tissues while pannexin-2 is almost exclusively present in the brain (Penuela et al., 2013). In resting cells, pannexin channels are in a closed state, very likely due to the C-terminal tail that blocks the pore from the intracellular side (Dourado et al., 2014). In fact, C-terminal cleavage by caspase-3, -7 or -11 allows pannexin-1 channel opening (Sandilos et al., 2012; Yang et al., 2015). Thereafter, channel size progressively increases thanks to addition of further C-terminal tail-cleaved pannexin-1 subunits. Thanks to pannexons-induced increased permeability, molecules of size larger than ions, i.e. nucleotides, can cross the plasma membrane (Chiu et al., 2017). Various stimuli, such as intracellular calcium increase (Locovei et al., 2006), redox potential changes (Retamal, 2014), mechanical stress (Bao et al., 2004) and activation of the P2X7R (Iglesias et al., 2008; Pelegrin and Surprenant, 2009) can trigger pannexin-1 channel opening. An additional mode of pannexin-1 regulation is represented by internalization of the pannexin-1 channel itself, in an autocrine negative feedback loop driven by ATP-induced P2X7R activation (Boyce and Swayne, 2017). ATP and UTP released from apoptotic cells through pannexin-1 (Qu et al., 2011) promote monocyte recruitment (Elliott et al., 2009) and support NLRP3 inflammasome-driven IL-1β release in monocytes/macrophages (Ayna et al., 2012).
ABC transporters are integral membrane proteins that allow ATP-dependent movement across the plasma membrane of various molecules, among which cholesterol, lipids and both hydrophobic and hydrophilic drugs (Lohman et al., 2012). The multiple drug resistance (MDR1) gene product P-glycoprotein is the ABC transporter most consistently implicated in ATP release in the past (Abraham et al., 1993).
The calcium homeostasis modulators (CALHM) family includes six members two of which (CALHM1 and 3) have been recently identified as relevant for ATP release (Taruno, 2018). CALHM1, a plasma membrane voltage-gated ion channel showing structural and functional similarities with connexins and pannexins (Siebert et al., 2013), is expressed in many different tissues such as brain (Ma et al., 2012), taste buds (Taruno et al., 2013; Taruno et al., 2017), airway epithelia (Workman et al., 2017), and bladder (Sana-Ur-Rehman et al., 2017). In addition, CALMH1/CALMH3 hexameric fast voltage-gated ATP-release channels have been recently identified in type II taste bud cells (Ma et al., 2018).
ATP release can also occur through a receptor for extracellular ATP belonging to the P2XR family, i.e. the P2X7R (Pellegatti et al., 2005; Suadicani et al., 2006), especially when this receptor is over-stimulated and the associated large conductance pore (the macropore) fully opened, thus allowing transit of molecules up to 900 Da (Ohshima et al., 2010; Brandao-Burch et al., 2012; Karasawa et al., 2017). Although participation of accessory molecules to the formation of the P2X7R macropore has long been debated (Pelegrin and Surprenant, 2006; Locovei et al., 2007), it is now generally thought that the macropore is intrinsic to the P2X7R (Karasawa et al., 2017; Di Virgilio et al., 2018c). This hypothesis is further supported by the recent finding that a truncated P2X7R form lacking both amino and carboxyl termini, and therefore in principle with a low chance of interaction with other intracellular components, is able to generate the macropore (Karasawa et al., 2017).
Maxi-anion channels (MACs) are ubiquitous, ATP-permeable, large conductance anion-selective channels with pharmacological properties distinct from those of other anion channels (Sabirov et al., 2016). Their molecular identity has remained unknown until the recent finding that solute carrier organic anion transporter family member 2A1 (SLCO2A1) is the MAC core subunit (Sabirov et al., 2017). Very recently, gene silencing study showed that four annexin family members are involved in regulation of MACs activity (Islam et al., 2020). MACs, inactive in resting cells, undergo activation in presence of various stimuli such as high glucose (Best, 2002), ischemia and/or hypoxia (Dutta et al., 2004; Liu et al., 2008). Participation of MACs to ATP release is supported by the finding that hypotonic cell swelling-induced ATP release is significantly reduced by RNA interference of SLCO2A1 in mouse mammary epithelial C127 cells, and, on the contrary, potentiated when SLCO2A1 is heterologously expressed in human embryonic HEK293 fibroblasts which lack endogenous SLCO2A1 expression (Sabirov et al., 2017). However, despite this evidence, ATP currents through reconstituted MACs have yet to be demonstrated. MACs have been proposed as pathways for ATP release in some tissues such as macula densa (Bell et al., 2003), ischemic astrocytes (Liu et al., 2008) and ischemic-re-perfused heart (Dutta et al., 2004; Sabirov et al., 2017; Okada et al., 2019).
Volume regulated ion channels (VRACs) are ubiquitous channels (Nilius et al., 1994) important for maintenance of intracellular osmotic balance. VRACs are activated in response to hypotonic cell swelling to restore normal cellular volume by allowing efflux of organic and inorganic anionic osmolytes. VRAC subunits have been recently identified as leucine-rich-repeat-containing 8A protein (LRRC8A) and other LRRC8 members (B, C, D, E) that aggregate to form heteromers. Each individual VRAC may be formed by three or more different LRRC8 subunits (Gaitan-Penas et al., 2016; Lutter et al., 2017). LRRC8 subunit composition determines substrate selectivity (Planells-Cases et al., 2015; Schober et al., 2017), inactivation kinetics (Voss et al., 2014), and conductance (Syeda et al., 2016). LRRC8 subunits have four membrane-spanning domains with cytosolic amino- and carboxyl-termini (Voss et al., 2014) and high sequence homology with pannexin-1, suggesting that also LRRC8 subunits may form hetero-hexameric channels (Abascal and Zardoya, 2012; Konig and Stauber, 2019). It is likely that different LRRC8 combinations and variable stoichiometry form different VRACs channels. Finally, additional component(s), beside LRRC8 subunits, have been suggested to intervene in VRAC channels formation (Okada et al., 2017). Currently, while direct electrophysiological measurement of ATP currents through VRACs has not been reported, release of ATP has been demonstrated with the luciferine-luciferase assay in Xenopus oocytes injected with cDNAs of LRRC8 subunits and exposed to hypotonic stress (Gaitan-Penas et al., 2016).
RECEPTORS FOR EXTRACELLULAR NUCLEOTIDES AND NUCLEOSIDES
Receptors for extracellular nucleotides and for adenosine are P2 receptors (P2Rs) and P1 receptors (P1Rs), respectively (Burnstock and Knight, 2004) (Figure 1). Seven ionotropic (P2XR1-7) and eight metabotropic (P2YR1,2,4,6,11–14) receptors for nucleotides and four adenosine receptors (A1, A2A, A2B, A3) have been identified and cloned in humans.
The P2XRs that are gated exclusively by ATP, form channels allowing Na+ and Ca2+ influx, and K+ efflux (North, 2002; 2016). At least three P2X subunits assemble to form hetero- (e.g., P2X2/3 and P2X1/5) or homo-trimeric (P2X7) channels (North, 2002). Each P2X subunit is characterised by two membrane-spanning domains (TM1 and TM2), a large ecto-domain and intracellular N- and C-termini (Di Virgilio et al., 2017). To trigger channel opening all the three ATP-binding sites present in the P2XR trimer need to be occupied (Bean, 1990). Among P2XRs, the P2X7R has a special place in inflammation since its stimulation promotes NLRP3 inflammasome and the associated IL-1β maturation and secretion (Giuliani et al., 2017; Adinolfi et al., 2018). The majority of P2X7R-dependent pro-inflammatory responses, among which extracellular ATP release, are due to the opening of the plasma membrane pore (macropore) that allows the non-selective passage of aqueous molecules of MW up to 900 Da. The macropore is now thought to be intrinsic to the P2X7R (Karasawa et al., 2017; Di Virgilio et al., 2018c), and potentially gated also by ligands other than ATP (Di Virgilio et al., 2018a). NAD+ is the best characterized non-ATP P2X7R agonist in mouse T lymphocytes. In these cells, NAD+ serves as an ADP-ribose donor to ADP-ribosylate the P2X7R at arginine 125, close to the ATP-binding pocket (Seman et al., 2003). This reaction, catalysed by the plasma membrane enzyme ART2.2 causes long-lasting activation of mouse P2X7R. Since increased NAD+ content characterizes inflammatory sites (Adriouch et al., 2007), it is suggested that NAD+ has a role in the pathophysiological mechanism of P2X7R activation. Very recently, P2X7R was also found in circulation in a shed form (sP2X7R) associated to MPs (Giuliani et al., 2019). Although sP2X7R function has not been assessed yet, a link to inflammation is witnessed by its correlation with serum levels of the acute phase reactant C-reactive protein (CRP) (Giuliani et al., 2019).
The P2YRs are G protein-coupled metabotropic receptors triggering downstream effector signalling pathways leading to changes in the intracellular Ca2+ or cyclic adenosine monophosphate (cAMP) concentration, or both (von Kugelgen and Harden, 2011). Eight P2YRs have been identified and characterized so far in mammals: P2YR1-2, P2YR4, P2YR6, P2YR11–14. Preferred agonists are ATP (P2YR11), ADP (P2YR1, P2YR12 and P2YR13), UTP (P2YR2 and P2YR4), UDP (P2YR6), UDP-glucose and UDP-galactose (P2YR14). P2YR1, P2YR2, P2YR4, and P2YR6 activate Gq and phospholipase C-β (PLC-β), thus leading to inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) generation from phosphatidylinositol 4,5-bisphosphate (PI[4,5]P2). IP3 triggers Ca2+ release from intracellular stores, therefore increasing its cytoplasmic concentration, while DAG activates protein kinase C (PKC) (Zimmermann, 2016). Gi/o protein activation by P2YR12–14 inhibits adenylyl cyclase (AC), thus reducing intracellular cAMP levels. P2YR11 stimulation induces increase of intracellular Ca2+ and cAMP via activation of both Gq and Gs. Other recently identified P2YRs-engaged intracellular signalling pathways include activation of phosphatidylinositol- 4,5-bisphosphate 3-kinase γ (PI3K-γ), phospholipase C-β2 and -β3, inward rectifying K+ (GIRK) channels, G protein-coupled receptor (GPCR) kinases 2 and 3, Rho, and mitogen activated protein kinases (MAPKs) (von Kugelgen and Harden, 2011; Erb and Weisman, 2012).
Affinity of P2YRs for their ligands is variable, from high nanomolar to low micromolar, while P2XR affinity ranges from the low micromolar to the near millimolar level. Therefore, purinergic signalling is endowed with the ability to finely tune a multiplicity of cell functions depending on the cell type, the receptor subtype expressed and extracellular agonists concentration.
The P1R family includes four adenosine receptors (A1, A2A, A2B, and A3) (Carpenter and Lebon, 2017; Antonioli et al., 2018; Camici et al., 2018) coupled to changes in cAMP and Ca2+ levels (Wang et al., 2004; Borea et al., 2018). A1 and A3 receptors are coupled to G proteins of the Gi, Gq, and G0 family and drive Ca2+ release from intracellular stores. A2A and A2B receptors are coupled to Gs or Gq resulting in AC or PLC activation, respectively. In addition, all P1Rs stimulate the MAPK pathway, i.e. extracellular signal regulated kinase 1 (ERK1), ERK2, Jun N-terminal kinase (JNK), and p38-MAPK. Extracellular adenosine can also be internalised by all cells through two types of transporters, the equilibrative nucleoside transporters (ENTs) and the concentrative nucleoside transporters (CNTs) (Young, 2016; Pastor-Anglada and Perez-Torras, 2018) to stimulate various intracellular pathways, AMP-activated protein kinase, adenosine kinase and S-adenosyl homocysteine hydrolase included (Antonioli et al., 2013). Although it may depend on the concentration and the given P1R subtype engaged, on the whole adenosine mainly activates anti-inflammatory and immune suppressive responses, with prevalence of those addressed to restore tissue homeostasis (Antonioli et al., 2013). The immunosuppressant activity of adenosine relies on the inhibition of virtually all immune cell populations, such as T and B lymphocytes, NK cells, DCs, granulocytes, monocytes, and macrophages (Le Vraux et al., 1993; Nemeth et al., 2003; Ben Addi et al., 2008; Barletta et al., 2012).
In conclusion, extracellular ATP, UTP, NAD and their hydrolysis products, primarily ADP and UDP, play a well-established role as pro-inflammatory mediators acting at P2YRs and P2XRs, while the terminal, NT5E/CD73-generated, product adenosine acts at P1Rs to mainly suppress immunity.
EXPRESSION AND ACTIVITY OF ECTONUCLEOTIDASES ON IMMUNE CELLS
Extracellular ATP is a ubiquitous damage-associated molecular pattern (DAMP), and thus a key inflammatory mediator (Pandolfi et al., 2016; Di Virgilio et al., 2018c; Denning et al., 2019). The extracellular ATP concentration at inflammatory sites is in the hundred micromolar range of concentration, vs. the low nanomolar levels found in healthy tissues (Pellegatti et al., 2008; Wilhelm et al., 2010; Barbera-Cremades et al., 2012). Ectonucleotidases play a fundamental role in setting the concentration of extracellular ATP and NAD+, and of their metabolites, thus tightly controlling the biochemical composition of the inflammatory environment. Therefore, it is not surprising that ectonucleotidases are expressed virtually by all immune cells in a cell- and tissue-dependent fashion (Resta et al., 1998). In addition, their expression can be modulated following exposure to stress, hypoxia or inflammatory cytokines (Ryzhov et al., 2014; Longhi et al., 2017).
Neutrophils release ATP via pannexin-1 in response to inflammatory stimuli (Chen et al., 2015). Extracellular ATP in turn triggers IL-8 production from human neutrophils and neutrophil-like HL60 cells (Figure 3A). In LPS-stimulated human neutrophils, IL-8 release is markedly increased following NTPDase1/CD39 inhibition (Kukulski et al., 2011a). P2Y2R knockdown in HL60 cells decreases LPS-induced IL-8 production, suggesting a role for this receptor in neutrophil-driven inflammation. A role for NTPDase1/CD39 and NT5E/CD73 in attenuating in vivo neutrophil trafficking into the lungs during LPS-induced lung injury has been previously described (Reutershan et al., 2009).
[image: Figure 3]FIGURE 3 | Schematic exemplification of purinergic receptor/ectonucleotidase cooperation in the activation/inhibition of the innate immune response. (A) ATP released via pannexin-1 (panx-1) from human neutrophils exposed to inflammatory stimuli triggers IL-8 production acting at the P2Y2R. NTPDase1/CD39 and NT5E/CD73 sequentially degrade extracellular ATP and limit neutrophil recruitment. (B) Extracellular nucleotides, firstly ATP, acting at the P2X7R, promote monocyte recruitment, modulate phagocytosis and support NLRP3 inflammasome-mediated IL-1β release. NTPDase1/CD39 and NT5E/CD73, expressed to high level on the macrophage plasma membrane, generate adenosine (ADO) and support a feed-back regulatory mechanism. Adenosine-mediated P1R stimulation generates an anti-inflammatory environment characterized by down-modulation of inflammatory cytokines release and enhanced secretion of anti-inflammatory cytokines and growth factors. This balance can be tilted towards an activated state, e.g., to support a more vigorous adaptive immune response, by IFN-γ, a stimulus that makes macrophages less sensitive to adenosine inhibition.
A number of monocyte/macrophage functions are regulated by extracellular nucleotides and nucleosides. Extracellular ATP and UTP released from apoptotic cells mediate monocyte recruitment (Elliott et al., 2009), modulate phagocytosis (Soni et al., 2019; Zumerle et al., 2019), and support NLRP3 inflammasome-mediated IL-1β release (Ayna et al., 2012) (Figure 3B). Both NTPDase1/CD39 and NT5E/CD73 are expressed to high level in macrophages where they play a key role in the control of P2X7R-dependent responses and in the generation of adenosine (Levesque et al., 2010). Macrophage P1R stimulation by adenosine induces a regulatory state characterized by reduced release of inflammatory cytokines and enhanced secretion of anti-inflammatory cytokines and growth factors. The main function of this homeostatic system is to keep a transient macrophage activation state and prevent possible adverse effects due to prolonged macrophage activation. This balance can be tilted towards an activated state, for example to initiate and support a more vigorous adaptive immune response, by treating macrophages with IFN-γ, a stimulus that makes these cells less sensitive to the adenosine regulatory effects (Hamidzadeh and Mosser, 2016) (Figure 3B). Other cells present at inflammatory sites that express high ectonucleotidase levels, e.g., NTPDase1/CD39, such as mesenchymal stem cells (MSCs), also contribute to adenosine-based immunosuppressive mechanisms (de Oliveira Bravo et al., 2016). MSCs participate to the generation of an immunosuppressive microenvironment also by releasing NTPDase1/CD39-expressing extracellular vesicles (EVs). Macrophage phagocytosis is inhibited by MSC-derived EVs, an effect reverted by EVs pre-incubation with ectonucleotidases inhibitors (Katsuda et al., 2013). In addition, a soluble form of NT5E/CD73, which can be released from the plasma membrane by cleavage of its GPI anchor, can exert a remote control on the inflammatory microenvironment (Vieira et al., 2014).
T cells are important and active players in purinergic signalling. T-cell receptor (TCR) engagement promotes localization of pannexin-1 channels and P2XRs at the immune synapse. Autocrine ATP release triggers P2XRs activation, increases MAPK signalling and drives T cell activation (Schenk et al., 2008) (Figure 4A). On the contrary, P2XR-mediated signalling inhibits Treg cells generation and function (Schenk et al., 2011) (Figure 4B). Ectonucleotidases by setting extracellular ATP levels play a central role in the modulation of T cell responses. NTPDase1/CD39 and NT5E/CD73, both expressed on the surface of human FoxP3+ Tregs (9, 157), catalyse the generation of large amounts of adenosine that acts at A2A and A2B receptors to inhibit T cells responses (158). In addition, adenosine increases expression of both Foxp3 and NTPDase1/CD39, leading to Treg cells stabilization (Bao et al., 2016), and to the activation of an adenosine-producing positive feed-back loop (Ohta et al., 2012). Low expression of NT5E/CD73 on FoxP3+ Tregs might contribute to a dysregulated immune response in autoimmune diseases (Oliveira et al., 2015). Lastly, NTPDase1/CD39 and NT5E/CD73, by extracellular ATP scavenging, protect Treg cells from P2X7R-mediated apoptosis (Figure 4B).
[image: Figure 4]FIGURE 4 | Schematic exemplification of purinergic receptor/ectonucleotidase cooperation in the activation/inhibition of the adaptive immune response. ATP can be released into the extracellular space via both regulated and non-regulated mechanisms. (A) In T cells, pannexin-1 (panx-1) and P2XRs localize at the immune synapse following T-cell receptor (TCR) engagement. ATP released via panx-1 triggers P2XRs activation leading to increased MAPK signalling and T cell activation. (B) Treg Foxp3+ cells generation and function are inhibited by ATP-mediated P2XRs signalling. Adenosine (ADO) formed by Treg NTPDase1/CD39 and NT5E/CD73 activity causes Treg cells stabilization, by increasing expression of Foxp3 and NTPDase1/CD39, and inhibits T cells responses acting at A2A and A2B adenosine receptors. Finally, Tregs are protected from P2X7R-mediated apoptosis thanks to extracellular ATP scavenging by NTPDase1/CD39 and NT5E/CD73. (C) Non-pathogenic Th17 cells express NTPDase1/CD39 and NT5E/CD73, and, following IL-6 and TGF-β stimulation, secrete IL-10, thus showing the typical Th17 suppressor cell (SupTh17) phenotype. NTPDase1/CD39 expression by Th17 lymphocytes is enhanced following exposure to aryl hydrocarbon receptor (AhR) agonists, such as unconjugated bilirubin (UCB). Enhanced SupTh17 adenosine deaminase (ADA) activity accelerates conversion of adenosine to inosine (INO), which activates the A3 adenosine receptor on mast cells, thus causing degranulation and release of macrophage chemotactic factors. (D) Human peripheral B cells co-express NTPDase1/CD39 and NT5E/CD73. In vitro activation of B lymphocytes co-cultured with T lymphocytes down-regulates NT5E/CD73 expression and inhibits T cell proliferation and T cell-dependent cytokine release. Extracellular adenosine contributes to immunoglobulin (Ig) class switch recombination in human naïve and IgM memory B cells.
Th17 cell responses are also tightly regulated by levels of extracellular nucleotides and nucleosides, and therefore by NTPDase1/CD39 and NT5E/CD73 activity (Doherty et al., 2012; Longhi et al., 2014) (Figure 4C). Th17 cells are classified into subpopulations that differ in their pathogenicity and ability to release cytokines and growth factors. Pathogenic Th17 cells secrete GM-CSF (El-Behi et al., 2011; Lee et al., 2012), while IL-6- and TGF-β-stimulated, non-pathogenic, Th17 cells secrete IL-10 and express NTPDase1/CD39 and NT5E/CD73 (Chalmin et al., 2012), therefore showing the typical Th17 suppressor (SupTh17) phenotype (Fernandez et al., 2016). NTPDase1/CD39 expression is enhanced following exposure to aryl hydrocarbon receptor (AhR) agonists, such as unconjugated bilirubin (UCB), with a known immune activity (Longhi et al., 2017). On the other hand, SupTh17 cells are resistant to the effects of adenosine as result of low expression of the A2A adenosine receptor and accelerated adenosine catalysis by ADA (Longhi et al., 2014). High ADA activity of SupTh17 cells accelerates hydrolysis of adenosine to inosine, a pro-inflammatory nucleoside able to cause, via A3 adenosine receptor activation, mast cell degranulation (Jin et al., 1997) and the associated macrophage chemotaxis (Joos et al., 2017) (Figure 4C).
Human peripheral B cells co-express NTPDase1/CD39 and NT5E/CD73 and hydrolyse extracellular ATP to AMP and adenosine (Saze et al., 2013). Resting B cells in co-culture with T cells upregulate CD4+ and CD8+ T cells functions, while in vitro-activated B cells down-regulate NT5E/CD73 expression and inhibit T cell proliferation and T cell-dependent cytokine release, thus preventing the potentially harmful effects of activated T cells (Saze et al., 2013). In addition, extracellular adenosine critically contributes to immunoglobulin class switch recombination in human naive and IgM memory B cells, an essential process for mounting a protective humoral immune response (Schena et al., 2013) (Figure 4D).
ANTI-BACTERIAL ACUTE INFLAMMATORY RESPONSES
Extracellular ATP is a DAMP released during sterile and septic inflammation to recruit specialized cells at inflammatory sites, thus ectonucleotidases have an important function to allow efficient pathogen clearance at septic foci. Extracellular adenosine produced by NT5E/CD73 suppresses macrophage antibacterial responses, thus impairing innate immune response against infectious agents (Costales et al., 2018). On the contrary, low NT5E/CD73 activity supports macrophage phagocytosis and an efficient clearance of internalized bacteria. NT5E/CD73 down-regulation or inhibition during Salmonella infection enhances production of pro-inflammatory cytokines and NO from macrophages and improves intracellular killing (Costales et al., 2018).
Neutrophil recruitment and activation are crucial for host defense in lung infection sustained by Streptococcus pneumoniae. However, in the late phases of the infection, neutrophil antimicrobial activity declines. This progressive exhaustion correlates with reduced NT5E/CD73 expression (Siwapornchai et al., 2020). Extracellular adenosine has an important role in S. pneumoniae killing as its production dramatically increases resistance to S. pneumoniae lung infection in mice; accordingly, NT5E/CD73-inhibition inhibits in vitro and in vivo S. pneumoniae killing by neutrophils (Bou Ghanem et al., 2015). Enhanced susceptibility of CD73−/− mice to S. pneumoniae is reversed by neutrophil depletion, pointing to this cell type as the target of adenosine activity. It is apparently paradoxical that reduced NT5E/CD73 activity, which lowers extracellular adenosine levels, causes inhibition of neutrophil functions. This seems to be due to up-regulation of IL-10 release in the absence of NT5E/CD73 (Siwapornchai et al., 2020). In fact, pneumococcal infection up-regulates IL-10 production in CD73−/− but not in WT mice (Siwapornchai et al., 2020).
Transgenic mice overexpressing human NTPDase1/CD39, under the control of the airway-specific Clara cell 10-kDa protein gene promoter, do not develop spontaneous lung inflammation, and following intra-tracheal instillation of LPS undergo accelerated recruitment of neutrophils and CD8+ T lymphocytes and B lymphocytes to the airways and delayed macrophage clearance. These transgenic mice show increased lung recruitment of neutrophils and macrophages upon Pseudomonas aeruginosa infection, and clear the bacterial infection with high efficiency (Theatre et al., 2012). Therefore, constant elevated NTPDase1/CD39 activity in lung epithelia does not cause inflammation but improves host response to acute LPS or P. aeruginosa exposure (Theatre et al., 2012).
NTPDase1/CD39 and NT5E/CD73 may also affect antibacterial response by modulating Treg activity (Vieyra-Lobato et al., 2018; Alam et al., 2020), while NTPDase1/CD39 is upregulated on both CD4+ and CD8+ Teff cells at sites of acute inflammation thus attenuating responses to bacterial infections (Raczkowski et al., 2018). NTPDase1/CD39, due to its ATP-scavenging activity, strongly modulates P2X7R-mediated pro-inflammatory responses. Therefore, while NTPDase1/CD39 expression limits P2X7R-mediated inflammation and attenuates sepsis-induced liver injury, NTPDase1/CD39 genetic deletion exacerbates sepsis-induced liver injury (Savio et al., 2017). Combination of a P2X7R antagonist and A2A adenosine receptor agonist is hepato-protective in abdominal sepsis (Savio et al., 2017). P2X7R deletion or pharmacological P2X7R blockade, or extracellular ATP scavenging, in LPS-primed macrophages attenuated inflammation, largely preventing increased cytokine secretion and tissue damage (Li et al., 2017; Savio et al., 2017).
Overall, experiments with CD73−/− mice, in which poly-microbial sepsis was induced following cecal ligation and puncture, support the view that adenosine is protective in sepsis (Hasko et al., 2011).
Sepsis is also characterized by increased platelet activation and formation of platelet-neutrophil aggregates that become trapped in the microvasculature. These events are not currently manageable by effective therapeutic strategies, therefore it has been proposed that targeting platelet NTPDase1/CD39 might prevent micro-thrombi formation. To this aim, a recombinant fusion protein (targ-CD39) was made consisting of a single-chain antibody against activated glycoprotein IIb/IIIa and the extracellular domain of NTPDase1/CD39 (Granja et al., 2019). Targ-CD39 efficiently decreased platelet-leukocyte-endothelium interaction, pro-inflammatory cytokines transcription, microvascular platelet-neutrophil aggregate sequestration, expression of activation markers on platelets and neutrophils, leukocyte extravasation, and organ damage (Granja et al., 2019). Targ-CD39 caused a stronger improvement of survival in an experimental model of sepsis compared to the NTPDase1/CD39 extracellular domain fused to a non-functional antibody (nontarg-CD39) (Granja et al., 2019).
CHRONIC INFLAMMATORY AND AUTOIMMUNE DISEASES
Chronic inflammatory diseases are characterized by varieties of immune system dysfunctions, many of them resulting in auto-aggressive responses. Among them, rheumatoid arthritis, systemic lupus erythematosus, inflammatory bowel diseases and type 2 diabetes are very common and burdened by high morbidity and mortality. The pathogenesis of these diseases mainly depends on dysfunctional responses of monocyte/macrophages, Treg, Th17 and B lymphocytes. Purinergic signalling and ectonucleotidase activity might also be implicated.
Rheumatoid Arthritis
Rheumatoid arthritis (RA) is an autoimmune chronic disease characterized by inflammation and damage to different organs and tissues, particularly the peripheral joints. Joint inflammation and synovial hyperplasia, eventually progressing to cartilage and bone damage with deformity and disability, are a feature of RA. Purinergic signalling has been implicated in several joint diseases, RA included (Corciulo and Cronstein, 2019), but targeting different components of the purinergic system has provided variable results. It is known that overall adenosine accumulation is protective, although in some pathological conditions excess adenosine may cause tissue injury due to activation of low affinity A2B adenosine receptors (Pinto-Cardoso et al., 2020). Therefore, enhanced ectonucleotidase and reduced ADA activity are in principle beneficial. Direct targeting of adenosine A2A receptors is a current appealing therapeutic option for the treatment of rheumatic diseases (Cronstein and Sitkovsky, 2017). NT5E/CD73-deficient mice are significantly more susceptible to type II collagen (CII)-induced arthritis than WT mice, show increased accumulation of pro-inflammatory cytokines in the joints, increased Th1 cell responses, and marked joint damage (Chrobak et al., 2015). Peripheral blood lymphocytes from RA patients express increased NTPDase and decreased ADA activity, a finding that might be interpreted as a compensatory mechanism to preserve a safe level of immunosuppressive adenosine (Dos Santos Jaques et al., 2013). Accordingly, peripheral blood mononuclear cells from RA patients show enhanced A2A or A3 adenosine receptors expression that inversely correlated with disease activity score. A2A and A3 agonists inhibit matrix metalloproteinase-1 (MMP-1) and MMP-3 release (Varani et al., 2011; Ravani et al., 2017).
Foxp3+CD39+CD25+ T-cells showing high NTPDase1/CD39 and low NT5E/CD73 levels are recruited to the joints of RA patients, but they seem to be unable to dampen inflammation. These cells suppress IFN-γ and TNF-α production, but fail to control IL-17A secretion by Teff cells (Herrath et al., 2014).
A deregulated macrophage-T cell interaction is suggested to play a role in RA pathogenesis. T cell activity is differently affected by macrophages stimulated with either macrophage colony-stimulating factor (M-CSF/CSF-1) or granulocyte-macrophage colony-stimulating factor (GM-CSF/CSF-2) (Ohradanova-Repic et al., 2018). GM-CSF-stimulated macrophages show a typical M1 profile with elevated pro-inflammatory activity, while M-CSF-stimulated macrophages show an M2 immunosuppressive phenotype largely due to the expression of ectonucleotidases. In addition, various local stimuli further contribute to shaping macrophage phenotype. Pro-inflammatory Th1 cytokines, such as IFN-γ, or TLR ligands skew macrophages to the M1 phenotype with enhanced microbicidal and tumoricidal activity, while the Th2 cytokines IL-4 and IL-13 drive M2 macrophage differentiation. Stimulation with IL-10, transforming growth factor-β (TGF-β) or glucocorticoids generates highly immunosuppressive “M2-like” macrophages (Mantovani et al., 2004; Biswas and Mantovani, 2010; Murray and Wynn, 2011; Ohradanova-Repic et al., 2018). An unbalance towards the M1 phenotype is found in human and murine arthritic joints (Ohradanova-Repic et al., 2018). It has been suggested that targeted delivery of methotrexate (MTX) to the immunosuppressive NTPDase1/CD39+- and NT5E/CD73+-high macrophages might give better results in treating RA than the administration of MTX as such (Ohradanova-Repic et al., 2018). MTX is one of the most effective treatments for RA thanks to its ability to inhibit several enzymes involved in nucleotide metabolism, and to promote release into the extracellular space of both adenosine and ATP, which is then converted to adenosine (Cronstein and Sitkovsky, 2017; Cronstein and Aune, 2020). MTX non-responder patients expressed lower NTPDase1/CD39 levels than responders (Peres et al., 2018) and low NTPDase1/CD39 expression on Treg cells was proposed as a biomarker for resistance to MTX therapy in RA (Peres et al., 2015).
Systemic Lupus Erythematosus
Systemic lupus erythematosus (SLE) is a systemic autoimmune disease characterized by multiple tissue and organ damage and inflammation as result of impaired immune tolerance, auto-antibody production, immune complex (IC) formation and deposition. Although SLE pathogenesis remains obscure, it is well known that both innate and adaptive immunity play a major role. Macrophages from SLE patients are defective in their ability to clear apoptotic cell debris, thus prolonging exposure of potential autoantigens to immune cells (Byrne et al., 2012). In addition, macrophage-mediated IC clearance, TLR-mediated nucleic acid recognition, and IFN-dependent signalling are defective (Byrne et al., 2012). Among auto-reactive antibodies produced in SLE, a relevant role is played by anti-double strand (dsDNA) antibodies, which bind monocyte/macrophage TLR4, and activate the NLRP3 inflammasome, with production of ROS (Zhang et al., 2016). T cells also play an important function by amplifying the immune response and by contributing to organ damage (Comte et al., 2015; Tsokos et al., 2016). Dysregulated B cell responses have been reported (Wang et al., 2018b), in particular with the expansion of B cell subsets showing up-modulation of chemokine receptors, consistent with migration to target tissues and correlated with defined clinical manifestations (Wang et al., 2019).
Increased circulating ATP levels have been measured in SLE patients (Becker et al., 2019b). Lymphocytes from SLE patients show increased NTPDase expression and activity and enhanced ADA activity, while on the contrary NT5E/CD73 expression is unchanged (Becker et al., 2019a). Increased NTPDase1/CD39 expression might be a compensatory mechanism to down-modulate inflammation in the presence of high ATP blood concentrations as those detected in SLE patients (Becker et al., 2019a). On the other side, elevated ADA activity might contribute to SLE pathogenesis by reducing the levels of immunosuppressive adenosine (Becker et al., 2019a). Down regulation of ADA activity is associated with increased anti-inflammatory Th2 response, whereas its up-regulation may promote Th1-dependent pro-inflammatory response. Compared to healthy control subjects, SLE patients present significantly higher levels of IL-6, IL-17, IL-12, and IL-23 (Talaat et al., 2015; Furini et al., 2019), which correlate positively and significantly with SLE disease activity index (SLEDAI) score (Talaat et al., 2015). Treg cells from SLE patients express lower levels of NTPDase1/CD39 than Tregs from control subjects, and nearly absent adenosine-dependent Treg-mediated suppression. Therefore functional Treg defects, rather than reduced Treg number, seem to be relevant for loss of peripheral tolerance in SLE (Loza et al., 2011).
Increasing evidence indicates that adenosine and its receptors are protective in SLE. In MRL/lpr mice, a murine model of lupus nephritis, treatment with A2A adenosine receptor agonists significantly reduces proteinuria, blood urea and creatinine as well as serum level of anti-dsDNA antibodies. Moreover, kidney histology is improved following treatment with A2A adenosine receptor agonists, which decreases infiltration of macrophages and T-cells expressing lower MCP-1, IFN-γ and MHC-II levels, and reduces IC deposition (Zhang et al., 2011). Evidence that adenosine might be beneficial in lupus nephritis is supported by the finding that CD39−/− or CD73−/− mice are more sensitive to pristane-induced lupus-like nephritis compared to WT mice (Knight et al., 2018). Expansion of activated B and plasma cells is found in CD73−/− mice, while expansion of Th17 cells is present in mice deficient of either ecto-enzymes. CD39−/− and CD73−/− mice also exhibit endothelial dysfunction and exaggerated release of extracellular traps (NETs) from neutrophils, while CD73−/− mice have higher levels of circulating cell-free DNA (Knight et al., 2018).
In SLE patients, defective NTPDase1/CD39 expression and impaired Treg functions (Loza et al., 2011) are associated with A2A adenosine receptor upregulation in peripheral lymphocytes. A2A adenosine receptor expression directly correlates with SLEDAI index (Bortoluzzi et al., 2016). A2A adenosine receptor agonists lower blood levels of inflammatory cytokines (IFN-α, TNF-α, IL-2, IL-6, IL-1β) and potentiates release of the anti-inflammatory IL-10 (Bortoluzzi et al., 2016). Thus, the use of A2A adenosine receptor agonists might be of therapeutic relevance in SLE (Bortoluzzi et al., 2016).
Inflammatory Bowel Diseases
Inflammatory bowel diseases (IBD) are a group of chronic inflammatory intestinal disorders including Crohn’s disease (CD), that affect the whole digestive system, mainly the small intestine, and ulcerative colitis (UC), that mainly affects colon and rectum. In IBD, gut wall is heavily infiltrated by immune cells promoting inflammation and tissue damage. IBD etio-pathogenesis is largely unknown, but dysregulated interaction between digestive mucosa and microbiota, together with individual and genetically-determined susceptibility, are invoked to explain disease onset and perpetuation. An imbalance between cellular and humoral immunity to microbiota, characterized by loss of mucosal T-cell-mediated barrier immunity and uncontrolled antibody response, has been recently described (Noble et al., 2019). IBD predisposes to a wide range of complications such as thrombophilia and chronic debility, as well as bowel, lymphatic, and liver cancers. CD and UC show distinct purine gene dysregulation signatures associated with inflammation-related signalling pathways, a finding potentially relevant for the design of novel specific therapeutic approaches (Rybaczyk et al., 2009).
Key players in IBD are type 1 regulatory T (Tr1) and Th17 lymphocytes. Th17 cell maturation and function in the small intestine is controlled by luminal ATP level, which in turn is set by NTPDase7 expressed on mucosal epithelial cells, as demonstrated by increased number of Th17 cells in the small intestinal lamina propria in Entpd7−/− mice (Kusu et al., 2013). In the gut, UCB may act as a potent immune modulator since its binding to AhR upregulates NTPDase1/CD39 expression thus leading to immunosuppression (Jangi et al., 2013). Expansion of NTPDase1/CD39+ regulatory-type T helper 17 (SupTh17) cells as well as Tr1 cells, which express high levels of IL-10, might be promoted by AhR activation. Reduced NTPDase1/CD39 expression levels and/or dysfunction of AhR abrogate the protective effects of UCB in experimental colitis in mice and in IBD patients. Promising strategies to overcome Th17 dysfunction in IBD might be represented by use of the natural/endogenous AhR ligands to improve immunosuppressive signalling via increased NTPDase1/CD39 expression. A protective role of NTPDase1/CD39 in CD is suggested by evidence originating from patients and from experimental models of colitis in mice. In humans, NTPDase1/CD39 expression by peripheral blood Treg cells is lower in patients with active IBD than in healthy subjects (Gibson et al., 2015). NTPDase1/CD39 expression by Treg cells increased significantly after pharmacological treatment in patients responsive to therapy with clinical and endoscopic remission of the disease (Gibson et al., 2015). In addition, a single nucleotide polymorphism associated with low levels of NTPDase1/CD39 expression is associated with increased susceptibility to CD in a case-control cohort (Friedman et al., 2009). In a murine (CD45RB) T-cell transfer model of colitis, Treg cells with genetic deletion of NTPDase1/CD39 showed reduced ability to suppress intestinal inflammation compared to WT Treg cells (Gibson et al., 2015). Finally, CD39−/− mice, compared to WT, are highly susceptible to dextran sodium sulphate (DSS) injury, an experimental model of colitis, while heterozygous mice showed an intermediate phenotype (Friedman et al., 2009). The role of NTPDase1/CD39 in IBD is solid and further confirmed by the finding that NTPDase1/CD39 polymorphisms are associated with IBD in humans and that NTPDase1/CD39 deficiency exacerbates murine colitis (Friedman et al., 2009). On the other hand, despite evidence showing that MTX and sulfasalazine, two drugs currently used to treat IBD, act by stimulating NT5E/CD73-dependent adenosine production (Ochoa-Cortes et al., 2014), the role of NT5E/CD73 is still unclear.
An increased number of NT5E/CD73+ CD4+ T cells is found in the peripheral blood and in the intestinal lamina propria of patients with active IBD, especially during active inflammation. These peripheral NT5E/CD73+ CD4+ T cells predominantly express CD45RO, are enriched with IL-17A+ cells and express high levels of IL-17A and TNF (Doherty et al., 2012). NT5E/CD73 expression is increased by TNF-α and decreased by anti-TNF-α monoclonal antibody. NT5E/CD73+ CD4+ T cells might represent a novel memory-effector cell population, particularly enriched with Th-17+ cells, which could be used to monitor IBD activity during treatment (Doherty et al., 2012).
In chronic DSS-induced colitis, adoptive transfer of GM-CSF activated monocytes (GMaM) leads to substantial clinical improvement, as demonstrated by reduction of weight loss, inflammatory infiltration, ulceration, and colon shrinkage. Compared with control monocytes, GMaM express higher levels of NTPDase1/CD39 and NT5E/CD73, migrate faster and persist longer in the inflamed intestine, thus inducing a more efficient Treg cells generation (Weinhage et al., 2015). While NTPDase1/CD39 expression on Treg cells behaves as a heritable trait shaping adaptive immune response (Roederer et al., 2015), altered Treg NT5E/CD73 expression seems to be more extensively affected by environmental factors such as pathogens, diet or microbiome components (Mangino et al., 2017). Considering the immunosuppressive effect of adenosine, the use of P1R agonists might be a reasonable approach to IBD therapy. Agonists of the A2A adenosine receptor suppress the production of pro-inflammatory cytokines such as IL-2, IFN-γ, and TNF-α, but not the anti-inflammatory cytokines IL-10 and TGF-β, and attenuate experimental colitis in mice (Naganuma et al., 2006). In addition, A2A adenosine receptor activation by endogenously generated adenosine from stimulated myenteric neurons results in a tonic facilitator effect in the gastrointestinal tract (Vieira et al., 2009) likely modulating IBD progression.
In a different animal model of IBD, i.e. post-inflammatory ileitis following 2,4,6-trinitrobenzenesulfonic acid (TNBS)-treatment, lack of adenosine increase following ATP release into the inflamed tissue is hypothesised to be at least partially due to feed-forward inhibition of muscle-bound NT5E/CD73 by excess ATP/ADP (Vieira et al., 2014; Vieira et al., 2017).
In the intestinal mucosa of patients with active UC, expression of genes involved in purine metabolism is modified and associated with up-modulation of group 3 innate lymphoid cell (ILC3)-IL-22 gene pathway. In this context, the NTPDase-mediated ATP/adenosine balance is suggested to regulate ILC3 cell function as a protection against intestinal injury (Crittenden et al., 2018).
Type 2 Diabetes
Chronic inflammation is an important determinant of insulin resistance, one of the fundamental features of type 2 diabetes (T2D). T2D is a complex disease typical of aged, obese, people, affected by metabolic syndrome. T2D that involves β-cells in pancreatic islets, adipocytes, hepatocytes, muscle cells and many other tissues, arises subtly becoming manifest when insulin resistance is accompanied by impaired insulin secretion. Stimulated and inflamed adipocytes are shown to release ATP (Tozzi et al., 2020), and the increased extracellular ATP concentration is suggested to impair functions of β-cells in pancreatic islets. In β-cells, signalling activated by P2YRs and P2XRs engagement has been implicated in insulin secretion. However, it is not clear whether high ATP levels impair β-cell function directly, e.g., via interaction with P2YRs or P2XRs, or through excessive systemic cytokine release. P2XRs, notably P2X7R, are suggested to play a relevant role in T2D pathogenesis due to their ability to trigger inflammasomes activation and release of inflammatory cytokines (Novak and Solini, 2018; Solini and Novak, 2019). In addition, impaired glucose tolerance and decreased insulin sensitivity is associated with higher plasma insulin levels and altered hepatic glucose metabolism in CD39−/− mice (Enjyoji et al., 2008; Chia et al., 2012). The same effects are obtained by administration of either exogenous ATP or ectonucleotidase inhibitors to WT mice, and by in vitro exposure of hepatocytes to ATP (Enjyoji et al., 2008). These findings further support the pro-inflammatory effect of the increased extracellular ATP levels that accumulate in absence of NTPDase1/CD39. Increased expression of NTPDase1/CD39 and decreased expression of NT5E/CD73 is found in different lymphocyte subpopulations from T2D obese patients compared to healthy subjects. In addition, NT5E/CD73 blood levels negatively correlate with age, body mass index (BMI), fasting plasma glucose (FPG), glycated haemoglobin (HbAc1), triglycerides and cholesterol (Guzman-Flores et al., 2015). In T2D, a role has been proposed also for Th17 cells that are usually suppressed by NTPDase1/CD39+ Treg cells.
In T2D obese patients significantly lower blood level of NTPDase1/CD39+ Treg cells and a negative correlation between NTPDase1/CD39+ Treg cells, weight and BMI is found (Cortez-Espinosa et al., 2015). On the other hand, low levels of CD4+ IL-17+ cells in overweight and obese T2D patients positively correlates with glucose and HbA1c (Cortez-Espinosa et al., 2015), whereas a subpopulation of SupTh17 NTPDase1/CD39+ cells negatively correlates with glycemia and HbA1c. On the whole, these findings indicate a relationship between NTPDase1/CD39 expression on both Treg and CD4+ IL-17+ cells and hyper-glycemia, overweight and obesity (Cortez-Espinosa et al., 2015). Finally, it is an established fact that adenosine receptor blockade reverses insulin resistance in skeletal muscle from diabetic rats (Challis et al., 1984), and pharmacological manipulation of the adenosinergic system is proposed as an approach to manage T2D and associated complications (Antonioli et al., 2015; Deb et al., 2019).
TUMOR INFLAMMATORY ENVIRONMENT
Ectonucleotidases regulate inflammation in different pathophysiological contexts, but on the other hand, the inflammatory environment can influence ectonucleotidases expression and function. It is well established that inflammation is a feature of the TME and that purinergic signalling and ectonucleotidase products play a role in cancer growth and tumor-host interactions (Adinolfi et al., 2015; Di Virgilio and Adinolfi, 2016; Allard et al., 2019). In the TME, extracellular ATP levels are increased (Pellegatti et al., 2008; Di Virgilio et al., 2018b) likely promoting inflammation and anti-tumor immune response, whereas adenosine is chiefly responsible of dysregulation of immune cell infiltrate resulting in tumor progression and metastatic spreading (Young et al., 2014; Mittal et al., 2016; Sitkovsky, 2020).
Among ATP receptors, the P2X7R is the subtype most convincingly associated to tumor growth (Adinolfi et al., 2012; Giuliani et al., 2014; Amoroso et al., 2016), and at the same time involved in the modulation of NTPDase1/CD39 and NT5E/CD73 expression in the TME (De Marchi et al., 2019). The immune infiltrate in B16F10 mouse melanoma tumors growing in the syngeneic P2×7−/− host shows clear-cut immunosuppressive features, which are absent in the immune infiltrate from same tumors growing in WT mice. CD8+ cells are decreased while Treg cells are increased and overexpress the fitness markers OX40 and PD-1 (De Marchi et al., 2019). Tregs overexpress NT5E/CD73 while Teff cells overexpress both NT5E/CD73 and NTPDase1/CD39. Increased NT5E/CD73 in P2×7−/− mice is paralleled by a decrease in the TME ATP concentration. The immunosuppressive signature is confirmed by the faster growth of tumors implanted in the P2×7−/− host compared to WT (De Marchi et al., 2019). An increase in NT5E/CD73 expression is also found in Tregs from the spleen of P2×7−/− tumor-bearing mice. The immunosuppressive signature in P2×7−/− is confirmed by the switch of systemic cytokines to an anti-inflammatory profile characterized by increased TGF-β and decreased IL-1β, TNF-α, and IFN-γ plasma levels (De Marchi et al., 2019). Systemic administration of a P2X7R antagonist to tumor-bearing WT mice reduces tumor growth and upsets the immune infiltrate causing on one hand an increase in CD4+ and Teff cells, and on the other a down-modulation of both NTPDase1/CD39 and NT5E/CD73 expressed by CD8+ Treg cells (De Marchi et al., 2019).
Another relevant player in the TME are tumor-associated macrophages (TAMs). TAM NTPDase1/CD39 expression is increased by AhR recruitment via glioblastoma cells products, such as kynurenine. Adenosine produced in cooperation with NT5E/CD73 promotes CD8+ T cell dysfunction (Takenaka et al., 2019). Human grade 4 gliomas indeed show highest AhR and NTPDase1/CD39 expression and elevated AhR expression level is associated with poor prognosis (Takenaka et al., 2019).
Anti- NTPDase1/CD39 antibodies inhibiting conversion of extracellular ATP to AMP show potent anti-tumor activity since they do not only reduce adenosine concentration but also trigger the ATP-P2X7R-NLRP3 inflammasome-IL-18 axis. Active IL-18 release facilitates expansion of intra-tumor effector T cells whereas intra-tumor macrophages are reduced (Li et al., 2019). Anti-NTPDase1/CD39 antibodies facilitate intra-tumor T cell infiltration overcoming resistance to PD-1 blockade, therefore showing potentially useful activity in the adoptive T-cell transfer therapy (Li et al., 2019).
In models of tumor metastases, NTPDase1/CD39 is expressed on tumor-infiltrating Treg cells, myeloid cells and some NK cell subtypes. NK cell number and function is increased in NTPDase1/CD39-deficient mice, as well as in WT mice treated with the NTPDase inhibitor sodium polyoxotungstate (POM-1). POM-1 is an effective inhibitor of experimental and spontaneous metastases in several different tumor models, and its action is fully abrogated in mice with NK cells depletion, IFN-γ neutralization or deficient NTPDase1/CD39 expression in bone marrow-derived cells (Zhang et al., 2019). The development of NTPDase1/CD39-based therapies appears particularly relevant in the perspective to inhibiting the NTPDase1/CD39 pathway and the related NK cell-mediated anti-tumor immunity suppression (Zhang et al., 2019). Since high levels of NT5E/CD73 expression on tumor cells are significantly associated with reduced disease free survival (DFS) and overall survival (OS), and negatively correlate with tumor infiltration by immune cells, NT5E/CD73 targeting could be a promising strategy to reprogram the TME (Buisseret et al., 2018).
A combination of drugs targeting NT5E/CD73 and the A2A adenosine receptor has been shown to potentiate anti-tumor immune responses decreasing tumor growth and metastatic spreading (Young et al., 2016). To promote an in vivo optimal therapeutic response, effector lymphocytes, IFN-γ and anti-NT5E/CD73 antibodies engaging activating Fc receptors are required. Fc receptor binding indeed augment the production of proinflammatory cytokines that potentiates the immune response (Young et al., 2016).
On the basis of these observations, extracellular adenosine can be considered a bona fide "immune checkpoint mediator" (Allard et al., 2017; Boison and Yegutkin, 2019). Targeting NTPDase1/CD39, NT5E/CD73, adenosine or adenosine receptors is increasingly recognized as a promising intervention in anti-cancer therapy (Young et al., 2016; Allard et al., 2017).
CONCLUSION
As any homeostatic process, inflammation must be tightly controlled to fulfil its scope, i.e. removal of endogenous and exogenous injurious agents to restore tissue integrity. Regulation of acute and chronic inflammatory responses is thus critical to preserve good health. Ectonucleotidases play a major role by setting the balance between pro-inflammatory nucleotides and anti-inflammatory adenosine. The main mechanism responsible for the accumulation of ATP into the extracellular space is transport across the plasma membrane, therefore the different transport pathways involved also play a crucial role in regulating ectonucleotidases activity. Virtually, responses of all immune cells, e.g., neutrophils, monocytes/macrophages, various T lymphocyte subsets and B lymphocytes, are affected to a larger or smaller extent by NTPDase1/CD39 and NT5E/CD73. The different acute and chronic inflammatory conditions, tumor-related inflammation included, briefly explored in this review with particular attention to more recent findings, demonstrate the relevant role of the ectonucleotidases in inflammatory homeostasis.
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INTRODUCTION
Many recent papers dealing with glioblastoma multiforme (GBM), the most common/lethal human brain tumor, are aimed at identifying new druggable targets, hopefully useful for more effective therapies than the current ones. In this context, the purinergic system, present in all living cells, is arousing considerable interest, mainly in relation to adenine-based compounds. It is composed of:
(1) intracellular purine nucleotides, nucleosides and nucleobases involved in fundamental biological processes such as cell duplication, chemical energy supply, intracellular signaling, and protein metabolism regulation (Frenguelli and Dale, 2020);
(2) extracellular purines (the same found intracellularly), among which adenine-based nucleotides/nucleosides behave as signal molecules interacting with specific receptors, namely P1 and P2 for adenosine (ADO) and ATP/ADP, respectively (Burnstock, 2018);
(3) a wide array of intra/extracellular metabolizing enzymes (Yegutkin, 2014);
(4) transporters, mostly deputed to regain nucleosides/bases to restore the intracellular purine pool (Choi and Berdis, 2012).
The advent of the “omic” era has induced scientists to indicate this complex network as “purinome”, to emphasize that its components act in close/interactive fashion. This concerted activity maintains cells in homeostatic/physiological conditions, while purinome imbalance causes/is implicated in profound alterations of normal cell biological activities, thus contributing to malignant cell transformation toward more aggressive phenotypes, as shown in different tumors (Boison and Yegutkin, 2019; Campos-Contreras et al., 2020), including GBM (Giuliani et al., 2018; Zhou et al., 2020). Here, we exemplified some emerging alterations of purinome, highlighting how they influence GBM progression, in order to outline a picture, which can be the natural premise for suggesting new checkpoints of GBM aggressiveness.
ROLE OF ADENOSINE TRIPHOSPHATE METABOLIZING ECTO-ENZYMES AND SIGNALS IN GLIOBLASTOMA AGGRESSIVENESS
Notoriously, nucleotides, once released from cells, act on different P2 receptors divided into two sub-families including eight metabotropic P2Y and seven ionotopic P2X receptors (Burnstock, 2018). Nucleotide receptor activity is finely tuned by ectoenzymes (Zimmermann et al., 2012). Of these, ectonucleoside triphosphate diphosphohydrolase (E-NTPDases) belong to the CD39 family that comprises eight subtypes, of which NTPDases1, 2 and 3 are present in the brain. Moreover, three subtypes of ectonucleoside pyrophosphatase/phosphodiesterases (E-NPPases) have been identified, being NPP2 and 3 expressed in brain glial cells (Braganhol et al., 2020), whereas tissue-nonspecific alkaline phosphatase (NTAP) is abundant in brain and prevailingly involved in the regulation of neuronal activity (Fonta et al., 2004). Finally, ecto-5ʹ-nucleotidase/CD73 (ecto-5ʹ-NT/CD73) is also a selective mesenchymal marker that, in tandem with CD39, generates ADO, thus contributing to the immunosuppressive potential of mesenchymal stromal cells (Kakiuchi et al., 2020).
Alterations in these extracellular/membrane purinome components are evident in GBM. While in normal cerebral tissue extracellular ATP levels are determined by nucleotide release from healthy neural cells (Burnstock, 2020), in pathological conditions including tumors, ATP levels are increased also through membrane leakage of damaged/dying cells, mainly in the hypoxic tumor core (Di Virgilio et al., 2018). However, differently from normal cultured astrocytes (Morrone et al., 2006), a low extracellular ATP metabolism was found in glioma cells (Wink et al., 2003). Further findings confirmed that such metabolic reduction is involved in GBM growth and progression (Braganhol et al., 2020) (Figure 1). Again, GBM cell lines and stem-like cells (GSCs, which support tumor recurrence) (Taga and Tabu, 2020), are sensitive to cytotoxicity of high ATP concentrations, while lower nucleotide levels (below 1 mM) would favor tumor growth (Morrone et al., 2005). Accordingly, co-injection of apyrase, an ATP/ADP scavenger, in C6 rat glioma experimental model, reduced tumor size when compared with that from rats untreated or exposed to inactivated apyrase (Morrone et al., 2006).
[image: Figure 1]FIGURE 1 | Adenine-based purines are ubiquitous compounds present at intra- and intracellular levels in normal (i.e., astrocytes) and tumoral (i.e., GSCs) cells. Left panel: ATP is released by virtually all cell types, and is usually metabolized by ecto-enzymes into adenosine (ADO) that is regained by cells through selective transporters (carriers). Right panel: In tumors, including GBM, extracellular purine amount is increased in pericellular tumor fluid by cell membrane leakage and also by low metabolism of ATP by ecto-nucleotidases coupled to increased activity of the ectoenzyme (CD73) converting AMP into ADO. The interaction of extracellular ATP or ADO with specific receptors, the expression of which has been found increased in GSCs such as ADO/A3 and/or ATP/P2X7 receptors, activates processes contributing to transform tumor cells in phenotypes more aggressive and resistant to chemotherapy. Additionally, GBMs frequently show homozygous deletion of methylthioadenosine phosphorylase (MTAP), an enzyme working in the purine/methionine salvage pathway to convert methylthioadenosine (MTA) formed during polyamine biosynthesis into adenine and methionine. MTAP loss favors GSC formation with increased aggressiveness (Hansen et al., 2019) and is associated with poor clinical outcome of GBM patients (Zeppernick et al., 2008). In both panels, changes in the receptors expression or purine levels are highlighted by increasing or decreasing the character size and/or by using bold characters. AK, adenosine kinase; NTs, nucleotidases; SAH, S-adenosyl hydroxylase, converting MTA into adenosine.
In parallel, other findings demonstrated that ATP receptors, i.e., the subtypes P2Y1, P2Y2, P2Y12 and P2X7, are important in GBM pathology (Giuliani et al., 2018; Braganhol et al., 2020). Among them, the P2X7 receptor (P2X7R) subtype, coupled to a pore the opening of which allows entry of molecules up to 900 Da inside cells, is assuming particular relevance in GBM and other tumors (Di Virgilio, 2020). P2X7R activation in glioma cells mediates multiple effects, ranging from cell death to survival and immune system modulation (D’Alimonte et al., 2015; Bergamin et al., 2019). Noteworthy, difference in the responses triggered by P2X7R highly depends on its expression levels (Andrejew et al., 2020). Accordingly, GSCs from primary GBMs show enhanced P2X7R expression (D’Alimonte et al., 2015) and in cells exposed to the P2X7R agonist, 2' (3')-O-(4-benzoylbenzoyl)-ATP (BzATP), the expression of markers associated to epithelial-to-mesenchymal transition (EMT), a process contributing to GSC malignancy, was up-regulated as well as that of subunits of two main human P2X7R splice variants, P2X7A and P2X7B (Ziberi et al., 2019). This condition might favor A/B subunit assembly into a heterotrimeric P2X7R with major sensitivity toward agonists and cell energy support. All aforementioned findings suggest a crucial P2X7R role in GBM recurrence/invasiveness.
ROLE OF ADENOSINE METABOLIZING ECTO-ENZYMES AND SIGNALS IN GLIOBLASTOMA AGGRESSIVENESS
CD73 and Prostatic Acid phosphatase (PAP), which convert AMP to ADO, play a role in GBM progression. In particular, CD73 is expressed in GSCs from primary human tumors and glioma cell lines (D’Alimonte et al., 2015; Azambuja et al., 2019) and its overexpression is an important feature for glioma cell adhesion and tumor cell-extracellular matrix interactions (Cappellari et al., 2012). Accordingly, CD73 downregulation decreases GBM growth in vitro/in vivo models (Azambuja et al., 2019) and is coupled to a better outcome of GBM patients (Xu et al., 2013). Further data obtained in GSCs showed that AMP degradation by PAP is prevalent in hypoxic condition (Torres et al., 2019), increasing extracellular ADO levels (30–200 nM) up to 100 times (Uribe et al., 2017). As well, ADO levels measured in the extracellular fluid of glioma tissue from patients are elevated, being in the low micromolar range (Melani et al., 2003). Interestingly, increased ADO levels promoted tumorigenic GSC characteristics (Quezada et al., 2013; Garrido et al., 2014; Torres et al., 2016), while significantly increasing cell proliferation. In contrast, extracellular AMP, when present at high concentrations (1–3 mM), decreased proliferation of U138MG glioma cells lines (Bavaresco et al., 2008).
As for receptors involved in pro-/anti-tumorigenic ADO effects, all four receptor subtypes (namely, A1, A2A, A2B, and A3) are expressed in GSCs (D’Alimonte et al., 2015). The involvement of ADO/related analogues in the growth/recurrence of gliomas gave rise to conflicting results about the role played by A1 and/or A2 receptors (see Gessi et al., 2011; Ceruti and Abbracchio, 2020). For example, some findings showed that A1 and A2B receptor stimulation had a prominent anti-proliferative/pro-apoptotic effect on GSCs via distinct regulation of the kinetics of ERK/AKT phosphorylation and the expression of hypoxia-inducible factors. Moreover, ADO receptor agonists sensitized GSCs to temozolomide (TMZ) toxicity and prolonged its effects (Daniele et al., 2014). In contrast, Yan et al. (2019) recently demonstrated that A2B receptor expression showed a 20-fold increase in GBM cells implanted in mice brain and their blockade potently increased GBM cell death induced by TMZ by downregulating multidrug resistance transporter function. Likely, the differences above reported may depend on different experimental models used in the two studies. Noteworthy, both A2A and A2B receptors may be involved in the regulation of angiogenesis, indirectly supporting tumor growth with oxygen and nutrients (Gessi et al., 2011). In contrast, there is a more general agreement on the role of the low affinity ADO/A3 receptors (A3R) on GBM growth/recurrence. Indeed, GSC migration and invasion was promoted by activation of these receptors especially in hypoxic condition (Torres et al., 2019). Accordingly, the blockade of CD73 together with that of ADO receptors decreased the adhesion of cultured GBM cell lines (U138MG) to the extracellular matrix. A3R stimulation also promoted the expression of EMT markers in GSCs obtained from primary tumors and human U87MG cell line.
ROLE OF INTRACELLULAR PURINE ALTERATIONS IN GLIOBLASTOMA MALIGNANCY
In addition to alterations of membrane/extracellular purinome components, modifications of intracellular purine metabolism may also be relevant in GBM. For instance, the presence of high extracellular ADO levels usually activates its uptake by selective carriers, mainly equilibrative transporters (ENTs), whose driving force is the difference in nucleoside concentration across cell membrane. Thus, in rat C6 glioma cells at least, ADO uptake by these carriers, in particular ENT2 subtype, led to intracellular AMP accumulation due to activity of cytosolic ADO kinase functioning, however, only in oxygenation condition. AMP elevation, in turn, produced cell growth inhibition through pyrimidine starvation (Ohkubo et al., 2007). Other findings concern enzymes metabolizing other purines. Thus, in GBM ADF cell line, hyperactivity of the ubiquitous cytosolic enzyme 5’-nucleotidase II, converting inosines/guanosine monophosphate into the respective nucleosides, was accompanied by increased cell proliferation/resistance to gemcitabine and mitomycin C (Cividini et al., 2015). Finally, in GBM it was frequently found homozygous deletion of methylthioadenosine phosphorylase (MTAP), an enzyme working in the purine/methionine salvage pathway and metabolizing methylthioadenosine generated during polyamine biosynthesis to eventually produce adenine and methionine. MTAP alterations favor GSC formation with increased expression of the aggressiveness marker CD133 (Hansen et al., 2019), which is associated with poor clinical outcome of GBM patients (Zeppernick et al., 2008). Interestingly, CD133+ GSCs were killed by inhibiting de novo purine synthesis with l-alanosine, a potent low toxicity inhibitor of adenine biosynthesis, as reported in other tumors (Lubin and Lubin, 2009), coupled to ADO reuptake inhibition.
DISCUSSION
Being impossible to summarize the huge amount of data on GBM-purines relationship, we herein collected some impressive purinome dysfunctions in GBM. As for extracellular components, in our opinion two of them are crucial in supporting an oncogenic role of ATP/ADO in GBM. One is the activity of enzymes deputed to ATP or AMP metabolism, which is decreased or increased, respectively. This imbalance, coupled to enhanced purine loss from hypoxic/dying tumor cells, raises the extracellular ATP/ADO levels. The other one is a major expression of low affinity purine receptors, such as P2X7R or A3R, in GSCs and/or GBM cell lines, at least (Figure 1). The simultaneous presence of these alterations on the same tumor cell allows ATP/ADO to interact with receptors normally activated only by increased levels of the two purines, causing a more prolonged survival and/or aggressive behavior of the tumor itself.
While the role/modulation of CD39/CD73 activity in GBM still needs further elucidation in vivo experimental models/patients and the extracellular purine level measurement is difficult, especially in vivo, given the rapidity by which these compounds are metabolized (nucleotides) or transported inside cells (nucleosides), at present search for A3R/P2X7R expression level in GBM surgical specimens seems more feasible, likely opening a new prognostic/therapeutic scenario. Thus, in the presence of ascertained receptor overexpression, it could be useful to use selective A3R/P2X7R antagonists to curtail support to tumor growth/malignancy. Noteworthy, the use of P2X7R antagonists might prove convenient also in inhibiting the onset of seizures occurring during GBM progression in patients, since ATP/P2X7R interaction increases the release of ATP, triggering a vicious cycle, and also of glutamate (Strong et al., 2018), which may be toxic to the surrounding healthy brain neurons/tissue, also accounting for seizures (Corbetta et al., 2019). Finally, a high P2X7R expression is a good prognostic factor for glioma radiosensitivity and survival probability in humans (Gehring et al., 2015).
As well, alterations in GBM intracellular metabolism of purines/related substances can be important, in light of recent data showing that purine synthesis is fundamental for GSC maintenance (Wang et al., 2017). In our opinion, GBM MTAP deficiency is appealing. However, since tumor markers in addition to CD133 have been identified in GSCs (Lathia et al., 2015), studies on purine metabolism alterations should be carried out also in other GSC types and related intracranial xenograft animal models to assess the existence of MTAP loss or further/different purine metabolism dysregulation in them. Afterward, it could be the case of evaluating the validity of modulating de novo purine synthesis/reuptake by ad hoc drugs.
In conclusion, the information collected here supports the idea that purinome alterations may have important consequences in events related to GBM aggressiveness/recurrence. Therefore, it is extremely important/needed to confirm whether these anomalies are present in vivo, so that they could be considered as new molecular markers of GBM and, hopefully, future targets for pharmacological/gene therapy.
AUTHOR CONTRIBUTIONS
RC conceived the work, drafted the manuscript, and composed the figure. MC and PG contributed in revising literature, writing and editing.
FUNDING STATEMENT
The funds from the University of Chieti-Pescara are the following: AT2019Ciccarelli assigned to RC.
DISCLAIMER
This is an opinion article based only on literature review.
ACKNOWLEDGMENTS
This opinion article, like many others in this Special Issue, is dedicated to Professor Geoffrey Burnstock, who was a pioneer in the research on purines, to which he devoted his entire life with great enthusiasm and scientific rigor. He has promoted interest in purine compound activity with an enormous amount of excellent scientific publications and with his constant participation in congresses dedicated to the role and activity of these substances. He will forever remain in the history of the purines and in the heart of those who had the good fortune to know him.
GLOSSARY
ADO adenosine
AK adenosine kinase
A3R, A3 receptor
ATP, adenosine tri
ADP, adenosine di
AMP, adenosine mono-phosphate
BzATP, 2′(3′)-O-(4-benzoylbenzoyl)-ATP
EMT epithelial-to-mesenchymal transition
E-NPPases ectonucleoside pyrophosphatase/phosphodiesterases
ecto-5ʹ-NT/CD73 ecto-5ʹ-nucleotidase/CD73
E-NTPDases ectonucleoside triphosphate diphosphohydrolase
ENTs equilibrative transporters
GBM glioblastoma multiforme
GSCs glioblastoma stem cells
MTA methylthioadenosine
MTAP methylthioadenosine phosphorylase
NTAP tissue-nonspecific alkaline phosphatase
NTs nucleotidases
PAP prostatic acid phosphatase
P2X7R, P2X7 receptor
SAH S-adenosyl hydroxylase
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Cardiac fibroblasts (CFs) activation is a hallmark feature of cardiac fibrosis caused by cardiac remodeling. The purinergic signaling molecules have been proven to participate in the activation of CFs. In this study, we explored the expression pattern of P2Y receptor family in the cardiac fibrosis mice model induced by the transverse aortic constriction (TAC) operation and in the activation of CFs triggered by transforming growth factor β1 (TGF-β1) stimulation. We then investigated the role of P2Y1receptor (P2Y1R) in activated CFs. The results showed that among P2Y family members, only P2Y1R was downregulated in the heart tissues of TAC mice. Consistent with our in vivo results, the level of P2Y1R was decreased in the activated CFs, when CFs were treated with TGF-β1. Silencing P2Y1R expression with siP2Y1R accelerated the effects of TGF-β1 on CFs activation. Moreover, the P2Y1R selective antagonist BPTU increased the levels of mRNA and protein of profibrogenic markers, such as connective tissue growth factor (CTGF), periostin (POSTN). periostin (POSTN), and α-smooth muscle actin(α-SMA). Further, MRS2365, the agonist of P2Y1R, ameliorated the activation of CFs and activated the p38 MAPK and ERK signaling pathways. In conclusion , our findings revealed that upregulating of P2Y1R may attenuate the abnormal activation of CFs via the p38 MAPK and ERK signaling pathway.
Keywords: P2Y1 receptor, purinergic receptors, cardiac fibroblast activation, cardiac fibrosis, transverse aortic constriction
INTRODUCTION
Cardiac fibrosis caused by complex cellular reprograming process is an independent risk factor of cardiac mortality (Dubey et al., 1997). The process of cardiac fibrosis is described as cardiac morphology disruption, extracellular matrix (ECM) deposition, and cardiac function impaired (Lyon et al., 2015). The main cause of cardiac fibrosis is the activation of cardiac fibroblasts (CFs). TGF-β1 is an important cytokine to mediate CFs proliferation and apoptosis, which is involved in the process of cardiac fibrosis and widely used to induce fibroblasts activation (Sledzińska et al., 2013). However, the underneath molecular mechanism of cardiac fibrosis and CFs activation have not been completely elucidated.
The purinergic receptor family is a type of membrane protein targeted by nucleotides to transmit intracellular signals, and the system is divided into adenosine receptors (P1) and ATP/ADP receptors (P2) (Burnstock, 2018). Till now, four P1 G-protein-coupled receptor subtypes, seven P2X ion channel receptor subtypes, and eight P2Y G-protein-coupled receptor subtypes are recognized (Burnstock, 2017). Evidence reported that four subtypes of P1 receptors are expressed on cardiac fibroblasts and cardiomyocytes, and mediate cardioprotection and modulate the collagen and protein synthesis (Novitskaya et al., 2016). Several P2 receptors (Y1, Y2, Y4, Y6, and Y11) are also expressed on cardiomyocytes and involved in the intercellular synchronization of intracellular Ca2+ oscillations in cardiomyocytes (Kim and Woo, 2015). Our previous study revealed that the expression pattern of P2X subtypes, and among them, P2X7R was considered as a critical receptor to promote cardiac fibrosis (Zhou et al., 2020). Among the P2Y family, P2Y1R is a purine-specific receptor that was first isolated from a chick brain and showed a close relationship between P2Y1R and neurological diseases (Carvalho et al., 2019). The recent study reported that P2Y receptors play a crucial role as therapeutic target in myocardial protection during ischemia/reperfusion (Djerada et al., 2017). However, changes in P2Y subtypes expression profile and its function in the process of cardiac fibrosis are still not known.
Therefore, in this study, we explored the expression pattern of P2Y subtypes and postulated that P2Y1R may be a therapeutic target for cardiac fibroblasts activation and cardiac fibrosis.
MATERIALS AND METHODS
Animal Experiments and Transverse Aortic Constriction (TAC) Operation
Male C57BL/6 mice (age, 6 weeks) were purchased from the Experimental Animal Tech Co. of Weitonglihua (Beijing, China). All animal experiments were approved by the animal ethics committee of West China Hospital of Sichuan University (Ethic number 201403A). The TAC surgery is followed the protocol by our previous report (Zhou et al., 2020), which is widely used to establish animal models of pressure overload-induced cardiac fibrosis (Furihata et al., 2016). Briefy, the mice were anesthetized with isoflurane, then putted on the heating pad. The 27-gauge blunt needle was putted under the aortic arch and constricted with a silk suture (5–0), and then the needle was removed after tighten it up. Similar procedures without ligation were operated on Sham-group mice. At the end of procedure (28 days after operation), the mice were sacrificed and the hearts were collected for further experiments.
Echocardiography Analyses
An echocardiography machine (35 MHz, Vevo3100, FUJIFILM) was applied to measure cardiac remolding of mice after TAC surgery (28 days). The mice were anesthetized by isoflurane and placed on operation pad in a supine position. Images were acquired of the left ventricle to measure the situation of cardiac remolding.
Histological Analyses
After mice were sacrificed, the hearts of mice were excised freshly and fixed with 4% paraformaldehyde. The tissues were embedded in paraffin, and sectioned with 4–5 μm thickness. Heart sections were stained with hematoxylin-eosin, Masson’s trichrome or Sirius red staining following the protocol of manufacturers. Staining section images were captured using a Leica DMI3000B microscope. The level of cardiac fibrosis was analyzed by Image J software (the National Institutes of Health, NIH) by comparing the blue-stained area or red-stained area (collagen) with total area (Zhou et al., 2020).
Cell Culture and Treatments
CFs were isolated from the hearts of neonatal C57BL mice (0–3 days after birth) according to the protocol reported previously (Sreejit et al., 2008). The CFs were grown in a culture plates with DMEM containing 10% fetal bovine serum (FBS) with 100 U/ml streptomycin and penicillin. CFs were cultivated to 80–90% confluence, and then treated with TGF-β1 (10 ng/ml, Sino biological Inc, China) for 24 h to induce CFs activation. For function study, the CFs were treated with 1 μM MRS2356 (Tocris, United States), an agonist of P2Y1R or 1 μM BPTU (Selleck, United States), an antagonist of P2Y1R. For cell transfection, CFs were transfected with siRNA (RiboBio, China) when cultivated to 50–60% confluence. SiRNA targeting P2Y1R were transfected into CFs for 24 h, which then treated with TGF-β1 for further 24 h. Transfection reagent (iMax, thermo, United States), siRNAs (100 nM) and MEM (Gibco, United States) were incubated at room temperature (RT), then added into culture plates. The sequences of each siRNA are shown in Supplement Table S1.
Quantitative Real-Time PCR (qRT-PCR)
To detect the activation characteristics of CFs and fibrosis of hearts of mice, qRT-PCR assay was performed. Briefly, total RNA of was isolated from hearts of mice or cultured CFs using RNA isolation kit (Tianmobio, China) following the manufacturer’s instructions. Then, the RNA was used as templated to synthesize cDNA using a reverse transcription (RT) kit (Toyobo, Japan). The qRT-PCR was performed to detect gene expression using the SYBR Green Supermix kit (Bio-Rad, United States) on the CFX96 detection system (Bio-Rad, United States). The sequences of primers are shown in Supplement Table S2. The 2−ΔΔCt threshold (Ct) method was applied to calculate relative fold changes. GAPDH served as the reference gene.
Immunofluorescence Staining
Immunofluorescence staining of CFs was performed as previously reported (Xin et al., 2019). The cultured CFs were stained for α-SMA (Abcam, 1:200). Images were obtained with confocal microscopy (Zeiss, Germany). Six fields of view were randomly captured for each sample to calculated the α-SMA fluorescence intensity and analyzed using the ImageJ software.
Western Blot
Total protein of heart tissues of mice and cultured CFs were obtained according to laboratory protocol using RIPA lysis buffer. Then BCA kit (Beyotime, China) was used for protein quantification. Equal quantity protein of tissues or cells lysates were separated through SDS-PAGE (10%) and subsequently transferred to PVDF membrane (0.45 μm) (Millipore, United States). Then, the membranes were blocked for 1 h with TBST (tris-buffered saline with 1% Tween20) containing 5% BSA. Subsequently, the membrane was incubated overnight at 4°C with the primary antibody: connective tissue growth factor (CTGF) (Abcam, 1:1,000), α-smooth muscle actin (α-SMA) (Abcam, 1:1,000), TGF-β (Abcam, 1:1,000), P2Y1R (HuaBio, 1:1,000), POSTN (Abcam, 1:1,000), collagen I (COL-1) (Abcam, 1:1,000), β-tubulin (Abcam, 1:1,000) and β-actin (Abcam, 1:1,000). After that, the membranes were washed with TBST for three times and incubated with HRP-conjugated secondary antibodies (anti-rabbit/mouse) (Zsgb Bio, 1:2,000) for 2 h at RT. The blots were incubated with enhanced chemiluminescence (ECL) kit (Bio-Rad, Japan) and captured using chemiluminescence machine. Finally, the protein intensities in stripes were measured by ImageJ software.
EdU Proliferation Assay
The proliferation activity of CFs was detected using EdU (5-ethynyl-2-deoxyuridine) staining kit (Ribobio, China) following the instruction of manufacturers. Cells were incubated with 50 μmol/L EdU (2 h), nuclei were stained with DAPI (30 min). The number of EdU-positive cells and DAPI-stained cells were observed under a fluorescent microscope (Olympus, Japan). The percentage of EdU-positive cells was considered as cell proliferation rate.
Data Statistics
Data was analyzed by the SPSS21.0 software (SPSS, Inc, Chicago, United States). Differences between two groups with unpaired data were analyzed using Student’s t-test; multiple comparisons of normally distributed data were analyzed using ANOVA followed by Bonferroni’s multiple comparison post-tests. All values are presented as mean ± SEM; n refers to the sample size. p < 0.05 was considered significant.
RESULTS
Expression Pattern of P2Y Receptor Subtypes in TAC-Induced Cardiac Fibrosis Mice
Firstly, we established mice model with pressure overload-induced cardiac fibrosis by TAC operation. The cardiac remodeling with fibrosis was assessed by echocardiography detection, HE, Masson’s trichrome, and Sirius red staining (Figures 1A,B). The images showed that TAC mice had cardiac remolding, accompanying with a higher level of cardiac fibrosis and a larger area of cross-sectional. In addition, mRNA levels of CTGF, periosin (POSTN) and α-SMA in TAC mice were about 3.9, 14, and 2.1 times higher compared with sham mice, respectively (Figure 1C). The protein levels of CTGF, POSTN and α-SMA in TAC mice were also higher about 1.2, 5.3, and 1.7 times relative to sham mice (Figure 1D).
[image: Figure 1]FIGURE 1 | Expression pattern of P2Y receptor subtypes in TAC-induced cardiac fibrosis mice. (A) Representative image of an echocardiographic detection of mice left ventricle after TAC operation (4 weeks). (B) Representative image of HE-, Sirius Red-, and Masson’s trichrome-stained sections of mice after TAC operation. (C) Expression of mRNA of fibrosis markers (CTGF, POSTN, and α-SMA) in heart tissues of mice after TAC operation (n = 6). (D) Expression of protein of fibrosis markers (CTGF, POSTN and α-SMA) in heart tissues of mice after TAC operation (n = 6). (E) Gene expression of P2Y receptors subtypes in heart tissues of mice after TAC operation (n = 6). (F) Protein expression of P2Y1R in heart tissues of mice after TAC operation (n = 6). Results are presented as means ± standard deviation. ∗ indicates p < 0.05, ∗∗ indicates p < 0.01, and ∗∗∗ indicates p < 0.001.
Subsequently, we explored the expression profile of P2Y receptor subtypes in left ventricle tissues by qRT-PCR assay. Only two P2Y receptor subtypes were significantly changed in TAC mice relative to sham mice, P2Y1R and P2Y11R. The mRNA expression of P2Y1R in TAC mice was decreased by nearly 33% compared to sham mice, while P2Y11R was higher about 10 times (Figure 1E).
Expression Pattern of P2Y Receptor Family in TGF-β1- Induced Activation of CFs
To confirm the P2Y receptor subtypes expression profiles, we established TGF-β1-induced activation of CFs in vitro. We detected the expression of profibrotic marker’s mRNAs in neonatal mice cardiac fibroblasts (CFs) after 24 h of TGF-β1 stimulation. The mRNA expressions of CTGF, α-SMA and POSTN, the known markers of cardiac fibrosis, in TGF-β1-induced CFs were higher about 1.5, 1.2, and 1.3 times than those in the control group, respectively (Figure 2A). In a similar trend, the protein levels of CTGF, POSTN, and α-SMA in TGF-β1-evoked CFs were also higher approximately 2.2, 1.2, and 1.4 times than in control group, respectively (Figure 2B). In addition, the immunofluorescence staining results showed that TGF-β1 stimulation enhanced the α-SMA intensities in CFs, and enlarged the α-SMA-expressed areas in CFs (Figure 2C). The number of EdU-positive CFs were 1.5-fold in TGF-β1-stimulated CFs than in control group (Figure 2D).
[image: Figure 2]FIGURE 2 | Expression pattern of P2Y receptor family in TGF-β1 induced activation of CFs. (A) Expression of CTGF, POSTN and α-SMA mRNAs in TGF-β1-induced activation CFs (n = 6). (B) Expression of CTGF, POSTN and α-SMA proteins in TGF-β1-induced activation CFs (n = 6). (C) Representative images of immunofluorescence staining of α-SMA (green) in CFs and nuclei DAPI (blue) (n = 6). (D) EdU staining images showing rate of cell proliferation. Proliferation cells stained with EdU (red) and nuclei stained with DAPI (blue) (n = 6). (E) Gene expression of P2Y receptors subtypes in TGF-β1-induced activation CFs (n = 6). Results are presented as means ± standard deviation. ∗ indicates p < 0.05, ∗∗ indicates p < 0.01, and ∗∗∗ indicates p < 0.001.
Then we explored the expression profile of P2Y receptor subtypes in CFs activation model by qRT-PCR assay. Only two P2Y receptor subtypes, P2Y1R and P2Y14R, were significantly changed in TGF-β1-stimulated CFs relative to control group. The mRNA expression of P2Y1R in TGF-β1-stimulated CFs was decreased by nearly 50% when compared to the control group, while P2Y14R was higher about 2.8 times (Figure 2E). The protein level of P2Y1R was also decreased by 55% in TGF-β1-induced CFs, compared to the control group (Figure 2B). Given the consistency of the in vivo and in vitro results, we then focused our study on P2Y1R and explored its function during the activation of CFs.
P2Y1R Plays a Protective Role in the Process of CFs Activation
To investigate the function of P2Y1R in CFs activation stimulated by TGF-β1, MRS2365, an agonist of P2Y1R was employed in our study. Cultured CFs were treated with culture media with or without MRS2365 in the presence of TGF-β1 (24 h), and mRNA of profibrotic genes were measured by qRT-PCR and western blot assays. The results showed that, treatment with MRS2365 decreased mRNA expressions of CTGF (by 20%), POSTN (by 10%) and α-SMA (by 15%) compared with the TGF-β1 group (Figure 3A). The results of western blot also showed the similar trend with mRNA, that protein levels of COL-1, POSTN, CTGF, and TGF-β were reduced by 17, 12, 10, and 19% relative to the TGF-β1-treated CFs, respectively (Figure 3B and Supplement Figure 1). The result of immunofluorescence staining showed that MRS2365 administration significantly attenuated the increased florescence intensity of α-SMA induced by TGF-β1 (Figure 3C). In addition, the number of EdU-positive CFs in TGF-β1+ MRS2365 group was reduced by approximately 20%, compared to TGF-β1 group (Figure 3D). These results revealed that P2Y1R may play a protective role on the process of fibrosis and CFs activation stimulated by TGF-β1.
[image: Figure 3]FIGURE 3 | Activation of P2Y1R alleviates TGF- β1-stimulated CFs activation. (A) Expression of CTGF, POSTN and α-SMA mRNAs after CFs treated with TGF-β1 and MRS2365 (n = 6). (B) Protein levels of COL-1, POSTN, CTGF, and TGF-β after CFs treated with TGF-β1 and MRS2365 (n = 6). (C) Representative images of immunofluorescence staining of α-SMA (green) in CFs and nuclei DAPI (blue) (n = 6). (D) EdU staining images showing rate of cell proliferation. Proliferation cells stained with EdU (red) and nuclei stained with DAPI (blue) (n = 6). (E) Protein levels of p-P38 MAPK and p-ERK1/2 after CFs treated with TGF-β1 and MRS2365 (n = 6). Results are presented as means ± standard deviation. ∗ indicates p < 0.05, ∗∗ indicates p < 0.01, and ∗∗∗ indicates p < 0.001.
Inhibition of P2Y1R Accelerates the Process of Fibrosis and CFs Activation
To further confirm the protective function of P2Y1R in process of fibrosis and CFs activation, specific siRNA of P2Y1R and BPTU, an inhibitor of P2Y1R, were applied in our study. CFs were transfected with si-P2Y1R, and the knockdown effect of si-P2Y1R was confirmed by qRT-PCR. The results revealed that, the most efficient si-P2Y1R sequence downregulated the P2Y1R mRNA expression by nearly 90% (Figure 4A). After transfection (24 h), TGF-β1 was applied. Compared with TGF-β1 group, down-regulated of P2Y1R turned the CFs into an further activation phenotype within CTGF, POSTN and α-SMA were increased 1.3-, 1.2- and 1.4- fold at mRNA level, while COL-1, POSTN, CTGF and TGF-β were increased 1.3-, 1.1-, 1.2- and 1.2- fold at protein level respectively (Figures 4B,C). Moreover, immunofluorescence images revealed upregulated expression of α-SMA by 1.4- fold compared with those in the TGF-β1 group (Figure 4D). Downregulating P2Y1R also promote the CFs proliferation revealed by the EdU results, showing an increase in the proliferation rate about 1.3-fold (Figure 4E).
[image: Figure 4]FIGURE 4 | Inhibition of P2Y1R accelerates TGF- β1-induced CFs activation. (A) Expression of P2Y1R mRNA after si-RNA transfection (n = 3). (B) Expression of CTGF, POSTN and α-SMA mRNAs after CFs transfected with siRNA and treated with TGF-β1 (n = 6). (C) Protein levels of COL-1, POSTN, CTGF, TGF-β after CFs transfected with siRNA and treated with TGF-β1 (n = 6). (D) Representative images of immunofluorescence staining of α-SMA (green) in CFs and nuclei DAPI (blue) (n = 6). (E) EdU staining images showing rate of cell proliferation. Proliferation cells stained with EdU (red) and nuclei stained with DAPI (blue) (n = 6). (F) Protein levels of p-P38 MAPK and p-ERK1/2 after CFs transfected with siRNA and treated with TGF-β1 (n = 6). (G) Expression of CTGF, POSTN and α-SMA mRNAs after CFs treated with TGF-β1 and BPTU (n = 6). (H) Protein levels of COL-1, POSTN, CTGF, TGF-β after CFs treated with TGF-β1 and BPTU (n = 6). I Protein levels of p-P38 MAPK and p-ERK1/2 after CFs treated with TGF-β1 and BPTU (n = 6). Results are presented as means ± standard deviation. ∗ indicates p < 0.05, ∗∗ indicates p < 0.01, and ∗∗∗ indicates p < 0.001.
The above results were consistent with the situation in the CFs treated with BPTU. Comparing with TGF-β1 group, BPTU administration increased the mRNA levels of profibrotic genes, CTGF, POSTN, and α-SMA were increased 1.7-, 1.4-, 1.6-fold respectively (Figures 4G). The western blot results revealed that BPTU-treated group had high protein levels of COL-1, POSTN, CTGF, and TGF-β about 1.1, 1.1, 1.2, and 1.4 times when compared with the TGF-β1 group (Figure 4H and Supplement Figure 2).
All above results demonstrated that P2Y1R might play a protective role in the process of fibrosis and CFs activation stimulated by TGF-β1.
P2Y1R Modulates the CFs Activation Through p38 MAPK/ERK Signaling Pathway
As we have identified the role of P2Y1R in the process of CFs activation, we further determined the underneath mechanism. Given that p38 MAPK/ERK signaling pathway was involved in cardiac fibrosis (Deng et al., 2020b), we explored the activation of p38 and ERK signaling pathway in TGF-β1 treated CFs. Figure 3E showed that TGF-β1 stimulation induced the highly expressed of p-P38 MAPK and p-ERK1/2, which was attenuated by MRS2365 administration (p < 0.05). On the contrary, the treatment of BPTU or si-P2Y1R further increased phosphorylation of P38 MAPK and ERK1/2, which was consistent with the phenotype of activation of CFs (Figures 4F,I). Taken together, we drawn a crude conclusion that P2Y1R modulates CFs activation, at least partially, via p38 MAPK and ERK signaling pathway.
DISCUSSION
In this study, we investigated the expression pattern of P2Y subtypes in the process of cardiac fibrosis and CFs activation, and whether P2Y1R participated in these processes. In TAC model, the mRNA level of P2Y1R was decreased in TAC mice compared to sham mice, while P2Y11R mRNA level was higher in TAC mice. However, in CFs activation model, the P2Y11R mRNA level was no significant difference between control group and TGF-β1 group, while P2Y14R mRNA level was higher in TGF-β1 group than control group. Discordant results from in vivo and in vitro model, may be because heart tissues have other kinds of cells besides fibroblasts, such as myocytes, vascular endothelial cells and macrophages, and P2Y11R might expressed differently in these cells. Given the consistency of the in vivo and in vitro results, we focused our study on P2Y1R and explored its function during the activation of CFs.
Nucleotides, such as ATP and ADP, are secreted at a low level under physiological conditions (Vassort, 2001). However, a large number of ATP secreted into interstitial space when cells was under a hypoxia situation, high concentration of glucose or disturbed shear stress (Gombault et al., 2012; Novitskaya et al., 2016). Plenty of studies has demonstrated that ATP release contributes to inflammatory reactions and fibrosis in the injured cardiac tissues (Chen et al., 2012; Bracey et al., 2013; Zhao et al., 2016). Chen et al. reported that ATP activated P2X4/7 and P2Y2 receptors and up-regulated the proliferation of human CFs by promoting cell cycle progression (Chen et al., 2012). Similarly, our previous study showed that P2X7R was highly expressed in cardiac remolding and TGF-β1-evoked CFs activation. Inhibition of P2X7R with BBG alleviated the cardiac fibrosis induced by TAC operation in vivo (Zhou et al., 2020). Zheng et al. investigated the role of P2Y1R in norepinephrine (NE)-stimulated cardiac fibroblasts, revealed that P2Y1R modulates CFs proliferation via induction of c-fos and inhibition of DNA synthesis (Zheng et al., 1998; Szustak and Gendaszewska-Darmach, 2020). In addition, another study reported that A1, A2A, P2Y1R, P2Y11R and P2X7R agonists modulated the TGF-β1-evoked epithelial to mesenchymal transition (EMT) through the PKA and MAPK/ERK signaling pathway (Zuccarini et al., 2017). In our study, we established TAC-induced cardiac remolding (accompanying with hypertrophy and fibrosis) successfully. Our results demonstrated that P2Y1R was down-regulated in TAC operation mice and TGF-β1-induced activated CFs.
MRS2365, a highly potent and selective P2Y1R agonist is widely used to increase the content of calcium and dopamine in neurological diseases (Baker et al., 2018). This agonist displayed alternative function in P2Y1R-induced Ca2+ responses in spontaneously active urogenital tissues (Hashitani et al., 2020). Interestingly, the function of P2Y1R activation by MRS2365 displayed a double-edged sword effect. On one hand, Holger et al. revealed that activation of P2Y1R in medial prefrontal cortex impaired inhibitory control and behavioral flexibility (Koch et al., 2015). On the other hand, Lora et al. reported that treatment of mice with MRS2365 after trauma effectively reduced all post-injury symptoms of traumatic brain injury, including edema and neuronal swelling (Talley Watts et al., 2013). In our study, administration of the P2Y1R agonist MRS2365 alleviated the activation CFs stimulated by TGF-β1, whereas siRNA and inhibitors of P2Y1R treatment exhibited the opposite effect.
Numerous studies have reported the classical TGF-β1 signaling pathway (Smad mechanisms). In addition, more effects are needed to better clarify the role of mitogen-activated protein kinases (MAPKs), which plays pivotal roles in cell proliferation, differentiation and inflammation (Yamashita et al., 2008) (Cuadrado and Nebreda, 2010; Deng et al., 2020a). Previous studies have confirmed that MAPK signaling pathway are involved in fibrosis. Deng et al. revealed that peptide DR8 inhibits EMT by antagonizing the MAPK signaling to improve renal function, injury and fibrosis (Deng et al., 2020a). Zhou et al. reported that isorhamnetin alleviated liver fibrosis by inhibiting extracellular matrix formation via TGF-β1/p38 MAPK pathway (Liu et al., 2019). In our study, MAPK signaling pathways were activated in TGF-β1-treated CFs, showing increased levels of phosphorylation of ERK and p38 MAPK. On this basis, we explored whether MAPK signaling pathway activation were involved in P2Y1R activation process. As known as ERK, p38 kinases and JNK are the main subgroups of the MAPK family, we detected the levels of p38 and phosphorylation of ERK during P2Y1R activation process (Lamouille and Derynck, 2011). In addition, Franke et al. demonstrated that protective effect of P2Y1R against oxidative stress-induced cell death depends on whether level of ERK1/2 phosphorylation going back to its normal (Franke et al., 2009). Besides, blocking MAPK with a specific inhibitor had an inhibitory function in downregulating the level of α-SMA and ECM deposition (Andrikopoulos et al., 2019). Coincidentally, these reports were consistent with our study that MRS2365, an agonist of P2Y1R, inhibited the phosphorylation of ERK and p38 MAPK, alleviating the activation of CFs. In contrast, BPTU, an antagonist of P2Y1R, has a deleterious effect on the activation of CFs, and is accompanied with upregulation of ERK and p38 phosphorylation. To sum up, we preliminary demonstrated that MAPK/ERK signaling pathway might be activated during the process of cardiac fibrosis and CFs activation.
However, there are several limitations in this work. Whether agonists of P2Y1R, such as MRS2365, have in vivo potency against fibrosis needs to be confirmed in further study. Moreover, our present study only focused on the cardiac fibroblasts in the heart tissues, and the roles of P2Y1R in other cell types, such as cardiomyocytes, macrophages and endothelial cells are worth further exploring.
CONCLUSION
In conclusion, our results demonstrate that P2Y1R is involved in TAC-induced cardiac fibrosis and TGF-β1-evoked CFs activation, and play a protective role. MAPK/ERK signaling pathway might be activated during this process. Our findings corroborate and expand previous studies of purinergic signaling in the process of cardiac fibrosis.
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Huntington’s disease (HD) is a life-threatening neurodegenerative disorder. Altered levels and functions of the purinergic ionotropic P2X7 receptors (P2X7Rs) have been found in animal and cellular models of HD, suggesting their possible role in the pathogenesis of the disease; accordingly, the therapeutic potential of P2X7R antagonists in HD has been proposed. Here we further investigated the effects of P2X7R ligands in in vitro and ex vivo HD experimental models. In ST14A/Q120 rat striatal cells, we found a reduction of P2X7R expression; however, the P2X7R agonist 2′(3′)-O-(4-benzoylbenzoyl)adenosine-5′-triphosphate (BzATP) induced cellular death, and this effect was fully reversed by the antagonist periodate-oxidized adenosine 5′-triphosphate (OxATP). Moreover, in corticostriatal slices from symptomatic R6/2 mice, BzATP reduced the synaptic transmission to a larger extent than in wild-type (WT) mice. Such an effect was accompanied by a concomitant increase of the paired-pulse ratio, suggesting a presynaptic inhibitory action. This was confirmed to be the case, since while the effects of BzATP were unaffected by the P2X7R antagonist OxATP, they were blocked by the adenosine A1 receptor (A1R) antagonist 8-cyclopentyl-1,3-dipropylxanthine (DPCPX), suggesting possible BzATP hydrolysis to 2′(3′)-O-(4-benzoylbenzoyl)adenosine (Bz-adenosine) and consequent activation of A1Rs as a mechanism. Taken together, these data point out that 1) P2X7R expression and activity are confirmed to be altered in the presence of HD mutation; 2) in some experimental settings, such an abnormal functioning can be ascribed to presynaptic A1Rs activation.
Keywords: Huntington’s disease, P2X7 receptor, BzATP, OxATP, corticostriatal slices, adenosine A1 receptor, adenosine, DPCPX
INTRODUCTION
Huntington's disease (HD) is a genetic neurodegenerative disease characterized by a complex set of movement, psychiatric, and cognitive alterations (Harper and Newcombe, 1992).
The disease is caused by a mutation in the exon 1 of the IT-15 gene, located on chromosome 4, encoding for the huntingtin (htt) protein (The Huntington’s Disease Collaborative Research Group, 1993). The mutation is an expansion (above the threshold of 36 repetitions) of a CAG trinucleotide which encodes for a long poly-glutamine (poliQ) tract within the htt protein. Abnormal htt protein aggregates have been found at the neuronal level in both HD patients and experimental models (Reddy et al., 1999). Despite the ubiquitous expression of mutant and normal htt protein, the neurodegeneration mainly involves the striatum, with neuronal death selectively occurring in medium-sized spiny neurons (MSNs) and, to a lesser extent, in the cortex (Vonsattel et al., 1985). Since these brain areas represent the paradigmatic site of the corticostriatal glutamatergic pathway, a role for an altered glutamate receptor signaling, and consequent excitotoxicity, has been proposed to explain MSN vulnerability (Levine et al., 1999; Cepeda et al., 2001; Zeron et al., 2002; Martire et al., 2007).
Purinergic P2 receptor family comprises the P2Y G protein-coupled receptors and P2X receptors (P2X1–7), which are ATP-sensitive ligand-gated ion channels (Ralevic and Burnstock, 1998; Abbracchio et al., 2006). Among ionotropic P2X receptors, the P2X7 subtype (P2X7R) is one of the most promising targets for many pathological conditions of the central nervous system. Increasing evidence indicates that deregulated expression and activation of the P2X7R play a role in neurodegenerative disorders (Volonté et al., 2012; Tewari and Seth, 2015; Miras-Portugal et al., 2017; Francistiová et al., 2020). The receptor is expressed in a wide range of cell types in the brain (Yu et al., 2008), facilitates presynaptic neurotransmitter release (Sperlágh et al., 2002), and induces apoptosis in neurons (Nishida et al., 2012). Changes in P2X7R function and expression may contribute to HD pathogenesis, and P2X7R antagonists may have some therapeutic potential in HD; indeed, primary cultured neurons bearing the htt mutation are more susceptible to P2X7R-induced apoptosis, and in vivo administration of a P2X7R antagonist attenuates motor impairments in HD mice (Diaz-Hernandez et al., 2009). Very interestingly, P2X7R has been recently found altered in the brain of HD subjects (Ollà et al., 2020).
However, the nature of the P2X7R alteration in HD is still poorly explored, and the mechanisms responsible for P2X7R-mediated effects are largely unknown. In the present study, we evaluated the expression and the functioning of P2X7R in two genetic models of HD, different from those (Tet/HD94 and R6/1) previously investigated in Diaz-Hernandez et al. (2009). Namely, we used ST14A rat striatal cells, expressing full-length wild-type (WT, Q15) or mutant (Q120) htt (Cattaneo and Conti, 1998; Ehrlich et al., 2001), and R6/2 mice (Mangiarini et al., 1996), the most widely used transgenic model of HD, resembling juvenile forms of the disorder given the rapid development of symptoms. In the presence of HD mutation, we found an altered P2X7R expression and a larger P2X7R response to the agonist 2′(3′)-O-(4-benzoylbenzoyl)adenosine-5′-triphosphate (BzATP), which induced cell death and reduced synaptic transmission. Finally, in the electrophysiology experimental setting, we demonstrated that the BzATP effect observed in corticostriatal slices strongly depends on presynaptic A1Rs activation.
MATERIALS AND METHODS
Cell Cultures
Q15 and Q120 ST14A Cell Cultures
ST14A/Q15 and ST14A/Q120 cell lines were provided by the Coriell Biological Material Repository by the High Q Foundation and CHDi, Inc. These cells express a human htt N-terminal portion (residues 1–548); ST14A/Q15 cells express normal htt with a 15-glutamine repeat region, while ST14A/Q120 cells express mutant htt with a 120-glutamine repeat region. The cells were developed from embryonic day 14 rat striatal primordia by retroviral transduction of the temperature-sensitive SV40 large T antigen (Cattaneo and Conti, 1998) and have typical features of MSNs that are affected in HD (Cattaneo and Conti, 1998; Ehrlich et al., 2001). The cells were grown at a permissive temperature of 33°C under 5% CO2 in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 units/mL penicillin, and 0.1 mg/ml streptomycin (P/S), hereafter referred to as the complete medium. Under these conditions, ST14A/Q15 and ST14A/Q120 cells grew similarly. DMEM, FBS, L-glutamine, and P/S were purchased from Euroclone.
Cells Treatment and Viability Measurement
Cells were plated in complete medium for 24 h which was replaced with medium without FBS for an additional 24 h. BzATP was added for 5 h in Locke’s medium that was then replaced with medium without FBS for 48 h. Periodate-oxidized ATP (OxATP) or 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) was added 1 h before BzATP and kept throughout the treatment. All the experiments were performed at permissive temperature and in the absence of FBS to stop cell proliferation (Ehrlich et al., 2001). Trypan blue staining was used to evaluate cell death. Cells were trypsinized and incubated with 0.1% trypan blue. A hemocytometer was used to count unstained viable cells.
Protein Extraction, SDS-PAGE, and Western Blotting
ST14A cells were cultured in 25 cm2 flasks and then collected in ice-cold RIPA buffer (PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS) supplemented with protease inhibitor cocktail (Roche). Lysates were kept 1 h on ice and then centrifuged for 10 min at 15000 ×  g at 4°C. Supernatants were collected, and protein concentration was determined by Bio-Rad Protein Assay (Bio-Rad), based on the Bradford dye-binding method (Bradford, 1976), using bovine serum albumin (BSA) as a standard. Samples were boiled for 5 min for complete protein denaturation. Total protein samples (18 µg) were separated by 10% SDS-PAGE electrophoresis and then blotted onto nitrocellulose membranes (Protran, Amersham) in 20% ethanol Tris-Glycine buffer. Membranes were blocked in 5% non-fat dry milk TBS-T buffer (10 mM Tris pH 8, 150 mM NaCl, 0.1% Tween 20) and incubated overnight with rabbit anti-P2X7R (1:500, Bioss) or goat anti-Lamin B1 (1:1000, MyBioSource) primary antisera. HRP-conjugated anti-rabbit or anti-goat secondary antisera (1:5000 diluted in 5% non-fat dry milk TBS-T buffer) were incubated with membranes for 1 h at room temperature. Immunostained bands were visualized using ECL Select reagent (GE Healthcare) on iBright CL1000 Imaging System (Invitrogen) and analyzed using Image J software.
Animals
All animal procedures were carried out according to the principles and procedures outlined in the European Community Guidelines for Animal Care, DL 26/2014, application of the European Communities Council Directive, 2010/63/EU, FELASA and ARRIVE guidelines. All animal procedures were approved by the Italian Ministry of Health and by the local Institutional Animal Care and Use Committee (IACUC) at Istituto Superiore di Sanità (Rome, Italy). A colony of R6/2 transgenic and WT littermate mice was maintained on the CBAxC57BL/6 hybrid background at Charles River Laboratories. Male and female genotyped mice, usually not younger than 4.5 weeks of age, were delivered and housed in our animal facilities until the end of the experiments. On their 12th week of age, symptomatic R6/2 mice and WT littermates were sacrificed by cervical dislocation and used for electrophysiological experiments. The animals were kept in standard cages (48 × 26 × 20 cm, four mice per cage) under standardized temperature (22°C), humidity (55%), and lighting conditions (12:12 h light:dark cycle, with lights on at 6 am) with free access to water and food. For animals used in the present study, proper treatment, care, and humane conditions have been provided. All efforts were made to reduce the number of animals used and to minimize their pain and discomfort. Permanent veterinary surveillance and animal welfare evaluation have been provided by the Host Institution.
Electrophysiology
Slice Preparation and Recordings
Corticostriatal slices were prepared according to the method described by Tebano et al. (2009). Transgenic R6/2 mice in a late symptomatic phase (12 weeks of age) and age-matched WT were used. Animals were sacrificed by cervical dislocation, the brain was removed from the skull, and coronal slices (300 µm thick) including the neostriatum and the neocortex were cut with a vibratome. Slices were maintained at 22–24°C in artificial cerebrospinal fluid (ACSF) containing (mM) 126 NaCl, 3.5 KCl, 1.2 NaH2PO4, 1.2 MgCl2, 2 CaCl2, 25 NaHCO3, and 11 glucose, saturated with 95% O2 and 5% CO2 (pH 7.3). After incubation in ACSF for at least 1 h, a single slice was transferred to a submerged recording chamber and continuously superfused at 32–33°C with ACSF at a rate of 2.6 ml/min. Tested drugs were added to this superfusion solution. Extracellular field potentials (FPs) were recorded in the dorsomedial striatum with a glass microelectrode filled with 2 M NaCl solution (pipette resistance 2–5 MΩ) on stimulation of the white matter between the cortex and the striatum with a bipolar twisted NiCr-insulated electrode (50 µm o.d.). Each pulse was delivered every 20 s with duration of 100 µs and an intensity chosen to cause 60% of maximal response. Three consecutive responses were recorded and averaged using a DAM-80 AC differential amplifier (WPI Instruments), acquired, and analyzed using LTP software (Anderson and Collingridge, 2001). At least 10 min of stable baseline recording preceded drug application. The data were expressed as mean ± SEM from n experiments (one slice tested in each experiment, slices were obtained from at least two animals for each set of the experiment). To allow comparisons between different experiments, the FP amplitudes were normalized in each experiment, taking as 100% the average of values obtained over the 10 min period immediately before the test compound was applied, and considered as the basal value. The effects of the drugs were expressed as a percentage variation of basal values over the last 5 min of drug perfusion.
Paired-Pulse Stimulation
In the PPS protocol, two consecutive pulses were applied 50 msec apart. In the control condition, this protocol elicits paired-pulse facilitation (PPF), a form of short-term plasticity triggered by presynaptic mechanisms, in which the response elicited by the second stimulus (R2) is greater than that elicited by the first stimulus (R1). The degree of PPF is quantified by the R2/R1 ratio.
Drugs
BzATP (P2X7R agonist) and OxATP (P2X7R antagonist) were purchased from Sigma-Aldrich. DPCPX (A1R antagonist) was purchased from Tocris Biosciences. Pharmacological agents were dissolved in distilled water (BzATP, OxATP) or DMSO (DPCPX). In this last case, stock solutions were made to obtain concentrations of DMSO lower than 0.001% in the superfusing ACSF and cell culture media. This DMSO concentration did not affect basal synaptic transmission in corticostriatal slices (not shown).
Statistics
Results from in vitro and western blotting experiments were expressed as a percentage of control, which was considered as 100%, and as mean ± SEM values of at least three independently performed experiments (each independent experiment corresponds to an independent cell culture preparation). Results from electrophysiology experiments were expressed as mean ± SEM from n slices. In the legends, the number of animals from which the slices have been obtained is reported for each data set. A p < 0.05 was considered to indicate a significant difference. Statistical analysis of the data was performed using Mann–Whitney test for in vitro and electrophysiology experiments and one-sample t-test for western blotting. Statistical analyses and curve fittings were obtained by using GraphPad Prism software (version 6.05; GraphPad Software).
RESULTS
Evaluation of P2X7R Expression in Huntington’s Disease Cell Line
First of all, we verified the extent of P2X7R expression in our HD cell line by western blotting analysis. We found that while P2X7R is expressed in both genotypes, its level is significantly lower in mutant cells in comparison to WT cells (Figure 1, panel A).
[image: Figure 1]FIGURE 1 | P2X7R expression is reduced in HD cells. (A) Western blot analysis in HD cells and relative control shows that P2X7R expression is reduced in presence of mutant htt. Lamin B1 is used as a loading control. The result is expressed as the mean ± SEM of four independent biological replicates (**p < 0.01 according to One-Sample t-test). BzATP effects in HD cell line. (B) The treatment with BzATP 300 μM was ineffective in ST14A/Q15 whereas it reduced cell viability in ST14A/Q120 (**p < 0.01 vs. Q120/CTR and *p < 0.05 vs. Q15/BzATP, according to Mann–Whitney test). (C) The BzATP effect in ST14A/Q120 (**p < 0.01 vs. Q120/CTR) was blocked by the P2X7R antagonist OxATP (1 μM; °p < 0.01 vs. BzATP-treated Q120 cells, according to Mann–Whitney test) but not by the A1R antagonist DPCPX (D).
BzATP-induced toxicity in Q120 cells was blocked by the P2X7R antagonist but not by the A1R antagonist
It has been demonstrated that P2X7R stimulation increases susceptibility to cell death in neuronal cell lines and apoptosis in cultured neurons expressing mutant htt (Jun et al., 2007; Diaz-Hernandez et al., 2009). To verify whether the stimulation of P2X7R induced cellular death also in our in vitro model of HD, we treated ST14A/Q15 and ST14A/Q120 with the P2X7R agonist BzATP.
Preliminarily, the concentration of BzATP 300 µM was selected based on a concentration-effect experiment (data not shown). At this concentration, BzATP induced a significant toxic effect in Q120 cells (67.67 ± 3.43% of control, n = 6; *p < 0.05 vs. Q15 and **p < 0.01 vs. CTR, according to Mann–Whitney test; Figure 1, panel B) but not in Q15 cells.
BzATP-induced toxicity in Q120 cells was completely blocked by pretreatment with OxATP 1 µM (93.67 ± 3.18% of control, n = 3; *p < 0.05 vs. BzATP alone, according to Mann–Whitney test; Figure 1, panel C). Given that extracellular catabolism of BzATP to 2′ (3′)-O-(4-benzoylbenzoyl)adenosine (Bz-adenosine), which in turn is hetero-exchanged for intracellular adenosine, can occur (Ireland et al., 2004; Kukley et al., 2004) and it has been previously demonstrated that activation of A1R can exert a pro-toxic effect in HD cells (Ferrante et al., 2014), we decided to rule out the involvement of A1Rs by using the specific antagonist DPCPX. In Q120 cells, DPCPX (100 nM) did not significantly reduce BzATP toxicity (76.00 ± 14.15% of control, n = 3; p = 0.82 vs. BzATP alone, according to Mann–Whitney test; Figure 1, panel D).
BzATP-Induced Depression of Synaptic Transmission is Larger in R6/2 Mice
We confirmed that R6/2 mice resulted comparable to WT mice in terms of corticostriatal basal synaptic transmission, as previously reported (Martire et al., 2013). In extracellular electrophysiology experiments, R6/2 and littermate WT mice were used. The application of BzATP (50 μM for 20 min) induced a reduction of FP amplitude in both WT and R6/2 corticostriatal slices. However, BzATP-induced reduction of FP was statistically significant in transgenic but not in WT mice (47.27 ± 10.61%, n = 6, and 82.08 ± 8.12%, n = 4, respectively; °p < 0.05 vs. WT and vs. basal, according to Mann–Whitney test; Figure 2, panels A and B). The concentration of BzATP (50 μM) was chosen after a 30 μM trial resulted ineffective in WT slices (not shown).
[image: Figure 2]FIGURE 2 | BzATP effects on synaptic transmission in corticostriatal slices from WT and R6/2 mice. (A) BzATP 50 μM induced a larger depression of field potential (FP) amplitude in R6/2 than in WT mice. The horizontal bars indicate the period of drug application. (B) The histograms show the mean ± SEM of the FP amplitude expressed as a mean percentage variation of baseline during the last 5 min of drug perfusion. BzATP effect was significantly larger in R6/2 mice; °p < 0.05 vs. WT and vs. basal, according to Mann–Whitney test. (C) Effect of BzATP on presynaptic neurotransmitter release. While basal R2/R1 ratio was comparable, after BzATP application it was significantly higher in R6/2 compared to WT mice (2.13 ± 0.39%, n = 6 and 1.29 ± 0.08%, respectively).
BzATP Induced a Larger Inhibition of Presynaptic Glutamate Release in R6/2 Mice
Several lines of evidence suggest that activation of P2X7R can increase the release of glutamate from neural tissues, such as hippocampal slices, isolated synaptosomes, and brainstem slices (Lundy et al., 2002; Sperlágh et al., 2002; Ireland et al., 2004). According to the reported stimulatory action of the P2X7R agonist BzATP on neurotransmitter release, we explored whether the BzATP effects on FP amplitude were mediated by a presynaptic mechanism. As presynaptic effects are expected to be accompanied by changes in the paired-pulse ratio (PPR; Schulz et al., 1994), we analyzed the FP amplitude ratios of paired pulses delivered with a 50 ms interval. Contrary to what was expected, all along with the BzATP treatment and immediately after, we found a BzATP-induced increase of the mean PPR, which rather indicates a reduction of presynaptic neurotransmitter release. Furthermore, this effect was larger in slices obtained from R6/2 mice than in those of WT animals (2.13 ± 0.39%, n = 6 and 1.29 ± 0.08%, n = 4, respectively; Figure 2C).
BzATP-Induced Depression of Corticostriatal Synaptic Transmission Is Reversed by an A1R Antagonist
While we first assumed that the BzATP effect on corticostriatal synaptic transmission was caused by the activation of P2X7Rs, after the PPS evaluation we speculated that some other presynaptic inhibitory receptors could be involved. In agreement with such a hypothesis, the inhibitory effect of BzATP was not prevented by the P2X7R antagonist OxATP (10 μM, for 30 min, Figure 3, panels A and B) neither in WT nor in R6/2 mice (80.63 ± 10.69%, n = 3 and 49.18 ± 15.06%, n = 3, respectively; insets in panels A and B of Figure 3). When given alone, OxATP was devoid of effect in both genotypes (not shown). However, since corticostriatal transmission and striatal glutamate outflow in R6/2 and WT mice are differently affected by the A1R agonist N6-cyclopentyladenosine (CPA) via presynaptic inhibitory A1Rs (Ferrante et al., 2014), and considering that ectonucleotidases in brain slices can potently and rapidly convert ATP and many of its analogs to adenosine (Funk et al., 1997; Zimmermann, 1996; Dunwiddie et al., 1997; Cunha et al., 1998; Kukley et al., 2004), we wondered whether the synaptic depression induced by BzATP could be blocked by the A1R antagonist. This was indeed the case since the BzATP-induced depression was reduced in WT and completely abolished in R6/2 slices if DPCPX (500 nM, for 30 min; Figure 3, panels C and D) was pre-applied (97.33 ± 4.88%, n = 3 and 91.32 ± 3.73%, n = 5, respectively; °p < 0.01 vs. BzATP, according to Mann–Whitney test; insets in panels C and D of Figure 3). Consequently, in R6/2 slices, the increase of PPR caused by BzATP was fully abolished by DPCPX (Figure 3, panel E). At this concentration, when given alone DPCPX did not significantly affect basal synaptic transmission (not shown).
[image: Figure 3]FIGURE 3 | (A,B) BzATP inhibitory effect was not prevented by the P2X7R antagonist OxATP, in neither WT nor R6/2 mice (insets in panels A,B). (C,D) The BzATP-induced depression was reduced in WT and completely abolished in R6/2 slices if DPCPX was pre-applied (°p < 0.01 vs. BzATP, according to Mann–Whitney test; inset in panel D). (E) In R6/2 slices, the increase of PPR caused by BzATP was completely abolished by DPCPX.
DISCUSSION
In the present work, we evaluated the expression and functioning of P2X7R in HD and validated some results previously reported in different genetic models (Diaz-Hernandez et al., 2009). Our main results can be summarized as follows: 1) larger toxicity of P2X7R was found in ST14/Q120 cells, a rat striatal cellular model of HD, in comparison to WT cells; 2) a larger inhibitory effect of BzATP on synaptic transmission was also observed in the striatum of symptomatic R6/2 mice in comparison to WT mice; 3) while the BzATP-mediated toxic effects resulted to be P2X7R-dependent, its ability to induce synaptic depression appeared to be A1R-dependent.
By investigating the mechanism of the increased toxicity elicited by BzATP in our HD ST14A/Q120 cell culture model, we firstly excluded an increased expression of the receptor. Conversely, our western blotting studies revealed a significant downregulation of P2X7R in the presence of mutant htt. Although the reduction in receptor density might be considered a failed cellular strategy to prevent toxicity, in the presence of mutant htt, P2X7R stimulation can elicit pro-toxic effects that were potentiated in comparison to the normal htt condition. This finding is not the first one concerning the huge functional changes that receptors may deal with in the presence of mutant htt. A lack of linearity between the levels of P2X7R and the intensity of its effects is indeed not surprising, and a similar behavior has been previously reported, for instance, for adenosine A2A receptors (A2ARs). Although a marked reduction in the expression of A2ARs has been found in HD patients (Glass et al., 2000) and in HD mice (Cha et al., 1999), a normal or even higher response of these receptors was also observed in R6/2 mice (Varani et al., 2001; Chou et al., 2005; Tarditi et al., 2006).
In agreement with the known ability of P2X7R to mediate apoptosis consequently to elevations of intracellular calcium in neurons (Jun et al., 2007), we do not exclude this mechanism in the toxicity caused by BzATP in HD ST14A/Q120 cells. Further experiments will verify this hypothesis.
Since in some experimental settings BzATP is supposed to undergo extracellular hydrolysis to Bz-adenosine, which in turn is hetero-exchanged for intracellular adenosine that finally activates A1Rs (Ireland et al., 2004; Kukley et al., 2004), we verified the involvement of the A1R stimulation.
In vitro, the A1R antagonist DPCPX did not block BzATP-induced toxicity in ST14A/Q120 cells, while such an effect was counteracted by the P2X7R antagonist OxATP, thus confirming a direct involvement of P2X7Rs.
In extracellular electrophysiology settings, we found that BzATP induced a larger depressive effect on synaptic transmission in the striatum of symptomatic R6/2 mice. Although P2X7R activation is generally known to enhance excitatory neurotransmitter release (Lundy et al., 2002; Sperlágh et al., 2002; Ireland et al., 2004), this effect was likely due to increased inhibitory action of BzATP on glutamate release, as suggested by the increase in PPR observed during the recordings in R6/2 slices. The BzATP-mediated synaptic depression was unresponsive to P2X7R antagonist OxATP while being completely blocked by the A1R antagonist DPCPX, an effect mirrored in terms of PPR. Even though we cannot completely rule out a direct effect of BzATP on P2X7R, given the long lag phase (∼5 min) of BzATP-induced synaptic depression, we can reasonably presume that its targeted receptor is unlikely to be P2X7R. Moreover, it must be taken into account that BzATP can activate all P2X subtypes characterized (Jarvis and Khakh, 2009), by acting also as a ligand of P2Y1, P2Y11, and P2Y12 receptors (Abbracchio et al., 2006). Finally, as an alternative possibility, BzATP hydrolysis to adenosine by ectonucleotidases could occur in striatal slices, similarly to what was previously observed in both the brainstem (Ireland et al., 2004) and hippocampal (Kukley et al., 2004) slices, with A1R activation significantly contributing to the BzATP-mediated FP inhibition and PPR increase. This would be consistent with the notion that A1Rs mediate adenosinergic inhibition at many central synapses (Dunwiddie, 1985).
So far, we can hypothesize that the lack of a comparable involvement of the A1R in ST14A/Q120 cells might be due to a reduced process of BzATP catabolism in vitro or to the absence of a clear pre-post synaptic compartmentalization in this experimental paradigm.
We are aware that future investigations will better characterize the ex vivo effects of BzATP since non-selective and off-target actions of OxATP have been previously reported (Beigi et al., 2003, and references therein). For instance, OxATP could be tested at higher concentrations or for longer incubation time than we did (10 μM, for 30 min in corticostriatal slices), or the more selective and potent P2X7R antagonist A-740003 (IC50 = 18 nM for rat receptor, Honore et al., 2006; Neves et al., 2020) could be used.
As detailed in the Supplements, the P2X7R antagonist, namely, Coomassie Brilliant Blue G (BBG), tested in corticostriatal slices against BzATP in WT mice and NMDA toxicity in both genotypes, did not induce any significant effect (Supplementary Figures S1, S2). Of course, the possibility that functional P2X7R could not be correctly expressed in the murine HD model used here should be also considered.
As elegantly demonstrated by Kukley et al. (2004) in hippocampal mossy fibers, BzATP, once catabolized to Bz-adenosine at the extracellular level and consequently hetero-exchanged for adenosine intracellularly, was able to depress excitatory post-synaptic potentials through presynaptic A1Rs rather than through P2X7Rs. BzATP effects are blocked by inhibitors of the enzymes involved in the ATP catabolism to adenosine, adenosine deaminase (ADA), and by blocking nucleoside transporters (NTrans). According to this evidence and the model proposed by Kukley et al., Bz-adenosine, which should be generated from the catabolism of BzATP, does not likely activate A1Rs given the benzoyl–benzoyl group at C3 of the ribose (Klotz, 2000) and cannot be metabolized in the extracellular space (given the absence of esterase activity in this compartment, Satoh and Hosokawa, 1998), but it should be transported intracellularly via NTrans and converted to adenosine, which, once released, finally activates A1Rs (Kukley et al., 2004).
The role of the activation of A1Rs in inhibiting glutamatergic transmission in corticostriatal slices is well known (Calabresi et al., 1997). Moreover, we previously demonstrated an increased sensitivity to the A1R agonist CPA both in the HD striatal cell line STHdh111/111 and in the R6/2 mice, being the CPA inhibitory effect on the striatal synaptic transmission (similarly to what obtained with BzATP as shown here) more pronounced in HD than in littermate WT animals, also in terms of presynaptic glutamate release inhibition (Ferrante et al., 2014). Besides, we found lower levels of ADA in the cytosol of R6/2 mice (Ferrante et al., 2014), this reduction maybe contributing to the higher extracellular adenosine concentration reported in the striatum of symptomatic R6/2 mice (Gianfriddo et al., 2004). This set of data further supported our present results.
Far from being conclusive, we report here that HD mutation induces substantial changes in P2X7Rs expression, pharmacology, and functions and that, in some experimental settings, such an abnormal functioning can be ascribed to presynaptic A1Rs activation, which is similarly and abnormally augmented in HD genetic models (Ferrante et al., 2014). The issue regarding the poor stability of BzATP and the caution required in using such a P2X7R agonist have to be taken into due account, particularly when performing electrophysiology experiment (Ireland et al., 2004; Kukley et al., 2004) and, more in general, in the preclinical assessment of P2X7R as a potential therapeutic target to treat HD or other neurodegenerative disorders. However, the nature of the P2X7R alteration in HD deserves future explorations, since the mechanisms responsible for P2X7R-mediated effects are still largely unknown. The identification of such mechanisms is thus essential to establish the actual therapeutic potential of P2X7 antagonists in HD and becomes topical since, very recently, P2X7R has been found altered in the brain of HD subjects, in terms of increased transcription/expression, and abnormal gene splicing (Ollà et al., 2020).
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INTRODUCTION: WHY IS PAIN CURRENTLY CONSIDERED AS A “GLIOPATHY”
In the last decades, the hypothesis of the role of purinergic receptors expressed by glial cells in the regulation of pain pathways has become a matter of fact. Although several painful conditions are undoubtedly of neuronal origin, the existence of an altered bidirectional signaling between neurons and activated glial cells has brought to the definition of pain as a “gliopathy” (Ji et al., 2013). In the central nervous system (CNS), neuronal excitability in pain pathways is enhanced by resident microglia, astrocytes, oligodendrocytes, and by infiltrating cells, such as T cells and macrophages, overall constituting the so-called “neuroimmune interface.” Following peripheral nerve damage, spinal cord microglia sense a variety of neuron-derived stimuli leading to their transition toward a reactive state (Grace et al., 2014), whose inhibition through the antibiotic minocycline has proven anti-hyperalgesic and anti-allodynic (Wieseler et al., 2017). Microglia activation is followed by immune cell recruitment and by the appearance of a neurotoxic astrocyte subpopulation, the so-called A1 astrocytes (Liddelow et al., 2017). The extension of microglial and astrocytic processes into and near the synaptic space induces alterations to thousands of synapses, resulting in altered neural networks, maladaptive synaptic reorganization and generating a pro-inflammatory milieu, whose effects can extend for months after the initial nerve damage and guide the transition from acute to chronic pain (Gwak et al., 2017; Skaper et al., 2018). Neuronal firing is also significantly modulated at the sensory ganglion level, where neuronal bodies are surrounded and wrapped by resident satellite glial cells (SCGs), which become activated upon inflammation or nerve damage (Donegan et al., 2013; Magni et al., 2015), release neurotransmitters and chemical mediators and contribute to neuronal sensitization (Spray & Hanani, 2019). On the other way round, both CNS and PNS sensitized neurons increase their firing and release of neurotransmitters and neuromodulators that act paracrinally on glial cells, giving rise to a vicious and autoamplifying circle. Glial cells become permanently activated as demonstrated both in animal models of chronic pain and in patients (Loggia et al., 2015).
In order to identify new potentially “druggable” targets, research is now focusing on the identification of the whole network of molecules involved in neuron-to-glia communication in pain. In this scenario, multiple adenosine and nucleotide receptors are expressed by glial cells involved in pain transmission (for review see Burnstock, 2017; Magni et al., 2018; Magni & Ceruti, 2019), and their pharmacological modulation could represent an innovative analgesic strategy. In the next sections we shall contribute with our point of view on the role of P2 nucleotide and P1 adenosine receptors expressed by glial cells in modulating pain transmission, with the aim of identifying new and more effective approaches to painful conditions with respect to currently available drugs, which mostly target neurons.
PURINERGIC AGENTS TARGETING GLIAL CELLS TO TREAT PAIN: WHAT IS CURRENTLY KNOWN
Nucleotide Receptors as Key Modulators of Glia Reaction to Injury and Inflammation
Microglial cells are physiological guardians and modulators of neuronal activity, which can protect brain tissue from excessive neuronal firing. This fundamental function is mostly achieved by the ability of microglia to sense ADP, generated by the rapid breakdown of neuronal ATP released as cotransmitter, through membrane P2Y12 receptors which in turn control microglia chemotaxis and process dynamics (Badimon et al., 2020) and triggers a cascade of inhibitory events on neurons (Merlini et al., 2021). However, under chronic inflammatory conditions, in the presence of nerve injury or in chronic migraine, microglia become overactivated and shift toward a detrimental state, which involves overexpressed P2Y12 receptors (Jing et al., 2019; Yu et al., 2019). Thus, P2Y12 selective antagonists (i.e., thienopyridines cangrelor and prasugrel and the more recent nonthienopyridine Ticagrelor), which have been utilized for decades as antiplatelet agents, represent the starting point for the development of a microglia-mediated approach to chronic pain. Actually, a reduction of migraine headache symptoms was observed in patients with patent foramen ovale receiving thienopyridines as antiplatelet therapy (Sommer et al., 2018). These data would need additional confirmations to be exploited in migraine of different origin. Interestingly, P2Y12 receptors are only expressed by SGCs in sensory ganglia upon nerve injury and their inhibition reduced mechanical and heat hypersensitivity (Sugawara et al., 2017), thus confirming P2Y12-mediated pro-algogenic actions in various painful conditions. Other members of the G protein-coupled P2Y receptor family expressed by SGCs are recruited in chronic pain, including the P2Y14 (Lin et al., 2019) and the P2Y2 subtypes (Magni et al., 2015) and likely represent additional interesting targets.
The pivotal role played by ionotropic P2X4 nucleotide receptors in promoting neuronal sensitization after nerve injury has been firmly established over the past 20 years. As mentioned above, nerve injury triggers a complex signaling pathway leading to receptor upregulation in microglia, which in turn promotes the release of BDNF sensitizing second order neurons and causing the development of allodynia, as extensively reviewed elsewhere (Inoue, 2019). It is worth mentioning that the involvement of microglial P2X4 receptors in pain is sexually dimorphic, occurring in males and not in females (Tam & Salter, 2020), thus adding further complexity to an already complex scenario and suggesting the issue of sex must be taken into serious consideration in clinical trials.
Upregulation of brainstem microglial P2X4 receptors, which in turn promotes the release of pro-algogenic CGRP, has been also observed in a mouse model of migraine triggered by the recurrent administration of nitroglycerin (Long et al., 2020). Interestingly, novel discoveries have demonstrated a dual neuronal and microglial localization for P2X4 receptors (with controversial data in astrocytes and oligodendrocytes), which are mainly found intracellularly under physiological conditions but whose membrane expression is fostered by pathological stimuli (Duveau et al., 2020). Although the lack of really selective pharmacological tools has sometimes slowed down the discrimination between neuronal and glial P2X4-mediated effects, increased nucleotide concentrations and receptor expression make it possible to foresee a targeted action of P2X4 ligands at sites of pathological neuron-glia crosstalk.
Finally, it has been known for years that nucleotide receptors orchestrate reactive astrogliosis (for review see: Franke & Illes, 2014), but their role in chronic pain has not been clarified yet.
The Emerging Role for Adenosine in Pain Modulation
Despite adenosine has been long considered as a simple neuromodulator with the main role to counterbalance and fine-tune nucleotide-mediated actions (Chen et al., 2013), this view has been progressively integrated with the demonstration that adenosine receptors, widely expressed throughout the body, play fundamental roles in many physiological and pathological conditions (Borea et al., 2018). This is particularly true for pathologies in which the local extracellular concentrations of nucleotides (and of their breakdown products nucleosides) rise several folds, such as tissue damage and hypoxia, but also during increased neuronal firing as in epilepsy and chronic pain. Many clinical trials involving adenosine receptor ligands have been carried out so far in various pathological conditions, but only a few compounds have been approved since 1990, i.e., the A2A receptor agonist Regadenoson as pharmacological stress agent for myocardial perfusion imaging (MPI) and the selective A2A receptor antagonist Istradefylline as an add-on to levodopa/carbidopa treatment for Parkinson’s disease (Jacobson et al., 2019; Chen & Cunha, 2020).
Concerning pain, adenosine receptors are expressed by glial cells and participate to their communication with neurons both in the CNS and in peripheral ganglia (Agostinho et al., 2020). Therefore, these receptors undoubtedly represent a promising approach to manage pain conditions characterized by a dysregulated cross-talk among different cell types. Available and sometimes contradictory data on the antinociceptive effects exerted by the administration of adenosine ligands in several preclinical models of acute and chronic pain have been recently extensively reviewed (Vincenzi et al., 2020). We shall now briefly highlight the most promising hints for their possible exploitation in humans as well.
The very first hypothesis of a contribution of adenosine receptors in pain was based on the role of the A1 and A2A subtypes but, despite their efficacy in preclinical studies, selective agonists could not be included in clinical trials due to significant cardiovascular side effects (Jacobson et al., 2020). Nowadays, the most promising compounds under development are A3 receptor agonists: preclinical data showed that they are able to revert signaling dysregulation in cancer, autoimmune disorders and different pain conditions (Doyle et al., 2020). When compared to A1 and A2A receptors, A3 receptors have low CNS expression levels, but are highly expressed in human immune and glial cells, including astrocytes, oligodendrocytes, microglia/macrophages and endothelial cells (Zhang et al., 2016), i.e., cell populations that are mostly involved in chronic painful conditions. In the last five years, the A3 receptor subtype has progressively emerged as innovative target for the control of pain, also thanks to the availability of selective pharmacological modulators, starting from IB-MECA and Cl-IB-MECA up to new more selective and potent agonists, including MRS5698 and MRS5980, which proved their efficacy in preclinical models of pain, including formalin-induced inflammatory pain and diabetic neuropathy (Magni et al., 2018; Jacobson et al., 2019; 2020).
Noteworthy, it has been demonstrated that dysregulation of A3 adenosine receptors recruitment is at the basis of chemotherapy-induced pain (Wahlman et al., 2018), but A3 receptor agonists do not interfere with antitumor effects of widely used chemotherapeutics; rather, they act as antitumor agents themselves. In fact, Cl-IB-MECA is currently in Phase II clinical trials for hepatocellular carcinoma as anticancer agent, and evidence suggest that activation of A3 receptors could provide dual benefits in the treatment of a variety of cancer-related pain states (Jacobson et al., 2020). As for chronic pain states, A3 agonists can be used as a monotherapy or in combination with opioids to improve their safety and efficacy against chronic pain, without reducing opioid’s antinociceptive effects (Doyle et al., 2020). Taken together, available data strongly support the further development of selective A3 receptor agonists for the treatment of different types of pain syndromes.
CONCLUSION
As for most of the discoveries on the purinergic system, the hypothesis of a purinergic modulation of pain plunges its roots in the intuitions of Geoffrey Burnstock who highlighted the P2X3 neuronal subtype as one of the fundamental receptors controlling visceral, inflammatory and neuropathic pain (Jarvis, 2020). However, several P2X3-selective antagonists have failed in clinical trials possibly due to limited bioavailability and difficulties in reaching effective concentrations at the site of action. Gefapixant, one recently developed compound which has been named after Geoff who contributed to its development, is currently undergoing clinical trials for chronic cough (Jarvis, 2020), thus confirming the key contribution of nucleotide receptors to sensory transmission. The main difficulty in translating exciting preclinical data summarized above on the purinergic modulation of glial cells to effective drugs (Figure 1) resides in the high complexity of this signaling system, on its intrinsic variability among different species, on its huge numbers of ligands, enzymes, transporters and receptor subtypes with a widespread expression which play key roles in many physiopathological conditions, thus leading to possible side effects. One recent example is represented by the demonstration that A1 receptors expressed by SCGs in rat DRGs reversed inflammation-induced mechanical allodynia (Xie et al., 2020). The use of agents targeting this receptor subtype would necessarily face the appearance of significant cardiovascular side effects, as long as locally-acting ligands or drug delivery strategies are applied. The use of allosteric modulators and/or partial agonists would be an additional strategy to selectively target receptors at affected sites.
[image: Figure 1]FIGURE 1 | Schematic representation of the most promising purinergic targets for the development of new analgesics expressed by glial cells in the central nervous system (CNS), in dorsal root ganglia/trigeminal ganglia (DRG/TG) and by peripheral cells. These nucleotide (i.e., the P2Y12 and P2X4 subtypes) and adenosine (i.e., the A3 subtype) receptors are involved in the modulation of neuronal firing in chronic pain conditions. Receptor antagonists are likely to represent the best analgesic option targeting P2Y12 and P2X4 subtypes. Conversely, selective A3 receptor agonists have proved effective in reducing pain in several preclinical models. See text for details. Created with BioRender.com.
Overall, the development of the first “purinergic analgesic” could be accelerated by already ongoing clinical studies for different indications. For example, selective and potent A3 adenosine receptor agonists are currently undergoing clinical trials for psoriasis (Phase III; Piclidenoson, CanFite BioPharma) and liver diseases (Phase II; Namodenoson, CanFite BioPharma). A phase I clinical trial with the P2X4 antagonist NC-2600 has been recently concluded by Nippon Chemiphar, showing safety and no serious side effects. Finally, novel pharmacological entities have now started to emerge which could overcome the evident difficulties in the successful delivery of “classical” chemical ligands. Monoclonal antibodies acting on human and mouse P2X4 have been synthesized showing enhanced blood-brain barrier permeability and which can be systemically delivered (Williams et al., 2019). The observed long-lasting analgesic effect in mouse models of neuropathic pain gives hope for their future clinical exploitation.
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Cl-IB-MECA, 1-[2-Chloro-6-[[(3-iodophenyl)methyl]amino]-9H-purin-9-yl]-1-deoxy-N-methyl-β-D-ribofuranuronamide; DRG, dorsal root ganglia; IB-MECA, 1-Deoxy-1-[6-[[(3-iodophenyl)methyl]amino]-9H-purin-9-yl]-N-methyl-β-D-ribofuranuronamide; MRS5698, (1S,2R,3S,4R,5S)-4-[6-[[(3-Chlorophenyl)methyl]amino]-2-[2-(3,4-difluorophenyl)ethynyl]-9H-purin-9-yl]-2,3-dihydroxy-N-methylbicyclo[3.1.0]hexane-1-carboxamide; MRS5980, (1S,2R,3S,4R,5S)-4-(2-((5-Chlorothiophen-2-yl)ethynyl)-6-(methylamino)-9H-purin-9-yl)-2,3-dihydroxy-N-methylbicyclo[3.1.0]hexane-1-carboxamide.
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In the last decades, the hypothesis of the role of purinergic receptors expressed by glial cells in the regulation of pain pathways has become a matter of fact. Although several painful conditions are undoubtedly of neuronal origin, the existence of an altered bidirectional signaling between neurons and activated glial cells has brought to the definition of pain as a “gliopathy” (Ji et al., 2013). In the central nervous system (CNS), neuronal excitability in pain pathways is enhanced by resident microglia, astrocytes, oligodendrocytes, and by infiltrating cells, such as T cells and macrophages, overall constituting the so-called “neuroimmune interface.” Following peripheral nerve damage, spinal cord microglia sense a variety of neuron-derived stimuli leading to their transition toward a reactive state (Grace et al., 2014), whose inhibition through the antibiotic minocycline has proven anti-hyperalgesic and anti-allodynic (Wieseler et al., 2017). Microglia activation is followed by immune cell recruitment and by the appearance of a neurotoxic astrocyte subpopulation, the so-called A1 astrocytes (Liddelow et al., 2017). The extension of microglial and astrocytic processes into and near the synaptic space induces alterations to thousands of synapses, resulting in altered neural networks, maladaptive synaptic reorganization and generating a pro-inflammatory milieu, whose effects can extend for months after the initial nerve damage and guide the transition from acute to chronic pain (Gwak et al., 2017; Skaper et al., 2018). Neuronal firing is also significantly modulated at the sensory ganglion level, where neuronal bodies are surrounded and wrapped by resident satellite glial cells (SCGs), which become activated upon inflammation or nerve damage (Donegan et al., 2013; Magni et al., 2015), release neurotransmitters and chemical mediators and contribute to neuronal sensitization (Spray & Hanani, 2019). On the other way round, both CNS and PNS sensitized neurons increase their firing and release of neurotransmitters and neuromodulators that act paracrinally on glial cells, giving rise to a vicious and autoamplifying circle. Glial cells become permanently activated as demonstrated both in animal models of chronic pain and in patients (Loggia et al., 2015).
In order to identify new potentially “druggable” targets, research is now focusing on the identification of the whole network of molecules involved in neuron-to-glia communication in pain. In this scenario, multiple adenosine and nucleotide receptors are expressed by glial cells involved in pain transmission (for review see Burnstock, 2017; Magni et al., 2018; Magni & Ceruti, 2019), and their pharmacological modulation could represent an innovative analgesic strategy. In the next sections we shall contribute with our point of view on the role of P2 nucleotide and P1 adenosine receptors expressed by glial cells in modulating pain transmission, with the aim of identifying new and more effective approaches to painful conditions with respect to currently available drugs, which mostly target neurons.
PURINERGIC AGENTS TARGETING GLIAL CELLS TO TREAT PAIN: WHAT IS CURRENTLY KNOWN
Nucleotide Receptors as Key Modulators of Glia Reaction to Injury and Inflammation
Microglial cells are physiological guardians and modulators of neuronal activity, which can protect brain tissue from excessive neuronal firing. This fundamental function is mostly achieved by the ability of microglia to sense ADP, generated by the rapid breakdown of neuronal ATP released as cotransmitter, through membrane P2Y12 receptors which in turn control microglia chemotaxis and process dynamics (Badimon et al., 2020) and triggers a cascade of inhibitory events on neurons (Merlini et al., 2021). However, under chronic inflammatory conditions, in the presence of nerve injury or in chronic migraine, microglia become overactivated and shift toward a detrimental state, which involves overexpressed P2Y12 receptors (Jing et al., 2019; Yu et al., 2019). Thus, P2Y12 selective antagonists (i.e., thienopyridines cangrelor and prasugrel and the more recent nonthienopyridine Ticagrelor), which have been utilized for decades as antiplatelet agents, represent the starting point for the development of a microglia-mediated approach to chronic pain. Actually, a reduction of migraine headache symptoms was observed in patients with patent foramen ovale receiving thienopyridines as antiplatelet therapy (Sommer et al., 2018). These data would need additional confirmations to be exploited in migraine of different origin. Interestingly, P2Y12 receptors are only expressed by SGCs in sensory ganglia upon nerve injury and their inhibition reduced mechanical and heat hypersensitivity (Sugawara et al., 2017), thus confirming P2Y12-mediated pro-algogenic actions in various painful conditions. Other members of the G protein-coupled P2Y receptor family expressed by SGCs are recruited in chronic pain, including the P2Y14 (Lin et al., 2019) and the P2Y2 subtypes (Magni et al., 2015) and likely represent additional interesting targets.
The pivotal role played by ionotropic P2X4 nucleotide receptors in promoting neuronal sensitization after nerve injury has been firmly established over the past 20 years. As mentioned above, nerve injury triggers a complex signaling pathway leading to receptor upregulation in microglia, which in turn promotes the release of BDNF sensitizing second order neurons and causing the development of allodynia, as extensively reviewed elsewhere (Inoue, 2019). It is worth mentioning that the involvement of microglial P2X4 receptors in pain is sexually dimorphic, occurring in males and not in females (Tam & Salter, 2020), thus adding further complexity to an already complex scenario and suggesting the issue of sex must be taken into serious consideration in clinical trials.
Upregulation of brainstem microglial P2X4 receptors, which in turn promotes the release of pro-algogenic CGRP, has been also observed in a mouse model of migraine triggered by the recurrent administration of nitroglycerin (Long et al., 2020). Interestingly, novel discoveries have demonstrated a dual neuronal and microglial localization for P2X4 receptors (with controversial data in astrocytes and oligodendrocytes), which are mainly found intracellularly under physiological conditions but whose membrane expression is fostered by pathological stimuli (Duveau et al., 2020). Although the lack of really selective pharmacological tools has sometimes slowed down the discrimination between neuronal and glial P2X4-mediated effects, increased nucleotide concentrations and receptor expression make it possible to foresee a targeted action of P2X4 ligands at sites of pathological neuron-glia crosstalk.
Finally, it has been known for years that nucleotide receptors orchestrate reactive astrogliosis (for review see: Franke & Illes, 2014), but their role in chronic pain has not been clarified yet.
The Emerging Role for Adenosine in Pain Modulation
Despite adenosine has been long considered as a simple neuromodulator with the main role to counterbalance and fine-tune nucleotide-mediated actions (Chen et al., 2013), this view has been progressively integrated with the demonstration that adenosine receptors, widely expressed throughout the body, play fundamental roles in many physiological and pathological conditions (Borea et al., 2018). This is particularly true for pathologies in which the local extracellular concentrations of nucleotides (and of their breakdown products nucleosides) rise several folds, such as tissue damage and hypoxia, but also during increased neuronal firing as in epilepsy and chronic pain. Many clinical trials involving adenosine receptor ligands have been carried out so far in various pathological conditions, but only a few compounds have been approved since 1990, i.e., the A2A receptor agonist Regadenoson as pharmacological stress agent for myocardial perfusion imaging (MPI) and the selective A2A receptor antagonist Istradefylline as an add-on to levodopa/carbidopa treatment for Parkinson’s disease (Jacobson et al., 2019; Chen & Cunha, 2020).
Concerning pain, adenosine receptors are expressed by glial cells and participate to their communication with neurons both in the CNS and in peripheral ganglia (Agostinho et al., 2020). Therefore, these receptors undoubtedly represent a promising approach to manage pain conditions characterized by a dysregulated cross-talk among different cell types. Available and sometimes contradictory data on the antinociceptive effects exerted by the administration of adenosine ligands in several preclinical models of acute and chronic pain have been recently extensively reviewed (Vincenzi et al., 2020). We shall now briefly highlight the most promising hints for their possible exploitation in humans as well.
The very first hypothesis of a contribution of adenosine receptors in pain was based on the role of the A1 and A2A subtypes but, despite their efficacy in preclinical studies, selective agonists could not be included in clinical trials due to significant cardiovascular side effects (Jacobson et al., 2020). Nowadays, the most promising compounds under development are A3 receptor agonists: preclinical data showed that they are able to revert signaling dysregulation in cancer, autoimmune disorders and different pain conditions (Doyle et al., 2020). When compared to A1 and A2A receptors, A3 receptors have low CNS expression levels, but are highly expressed in human immune and glial cells, including astrocytes, oligodendrocytes, microglia/macrophages and endothelial cells (Zhang et al., 2016), i.e., cell populations that are mostly involved in chronic painful conditions. In the last five years, the A3 receptor subtype has progressively emerged as innovative target for the control of pain, also thanks to the availability of selective pharmacological modulators, starting from IB-MECA and Cl-IB-MECA up to new more selective and potent agonists, including MRS5698 and MRS5980, which proved their efficacy in preclinical models of pain, including formalin-induced inflammatory pain and diabetic neuropathy (Magni et al., 2018; Jacobson et al., 2019; 2020).
Noteworthy, it has been demonstrated that dysregulation of A3 adenosine receptors recruitment is at the basis of chemotherapy-induced pain (Wahlman et al., 2018), but A3 receptor agonists do not interfere with antitumor effects of widely used chemotherapeutics; rather, they act as antitumor agents themselves. In fact, Cl-IB-MECA is currently in Phase II clinical trials for hepatocellular carcinoma as anticancer agent, and evidence suggest that activation of A3 receptors could provide dual benefits in the treatment of a variety of cancer-related pain states (Jacobson et al., 2020). As for chronic pain states, A3 agonists can be used as a monotherapy or in combination with opioids to improve their safety and efficacy against chronic pain, without reducing opioid’s antinociceptive effects (Doyle et al., 2020). Taken together, available data strongly support the further development of selective A3 receptor agonists for the treatment of different types of pain syndromes.
CONCLUSION
As for most of the discoveries on the purinergic system, the hypothesis of a purinergic modulation of pain plunges its roots in the intuitions of Geoffrey Burnstock who highlighted the P2X3 neuronal subtype as one of the fundamental receptors controlling visceral, inflammatory and neuropathic pain (Jarvis, 2020). However, several P2X3-selective antagonists have failed in clinical trials possibly due to limited bioavailability and difficulties in reaching effective concentrations at the site of action. Gefapixant, one recently developed compound which has been named after Geoff who contributed to its development, is currently undergoing clinical trials for chronic cough (Jarvis, 2020), thus confirming the key contribution of nucleotide receptors to sensory transmission. The main difficulty in translating exciting preclinical data summarized above on the purinergic modulation of glial cells to effective drugs (Figure 1) resides in the high complexity of this signaling system, on its intrinsic variability among different species, on its huge numbers of ligands, enzymes, transporters and receptor subtypes with a widespread expression which play key roles in many physiopathological conditions, thus leading to possible side effects. One recent example is represented by the demonstration that A1 receptors expressed by SCGs in rat DRGs reversed inflammation-induced mechanical allodynia (Xie et al., 2020). The use of agents targeting this receptor subtype would necessarily face the appearance of significant cardiovascular side effects, as long as locally-acting ligands or drug delivery strategies are applied. The use of allosteric modulators and/or partial agonists would be an additional strategy to selectively target receptors at affected sites.
[image: Figure 1]FIGURE 1 | Schematic representation of the most promising purinergic targets for the development of new analgesics expressed by glial cells in the central nervous system (CNS), in dorsal root ganglia/trigeminal ganglia (DRG/TG) and by peripheral cells. These nucleotide (i.e., the P2Y12 and P2X4 subtypes) and adenosine (i.e., the A3 subtype) receptors are involved in the modulation of neuronal firing in chronic pain conditions. Receptor antagonists are likely to represent the best analgesic option targeting P2Y12 and P2X4 subtypes. Conversely, selective A3 receptor agonists have proved effective in reducing pain in several preclinical models. See text for details. Created with BioRender.com.
Overall, the development of the first “purinergic analgesic” could be accelerated by already ongoing clinical studies for different indications. For example, selective and potent A3 adenosine receptor agonists are currently undergoing clinical trials for psoriasis (Phase III; Piclidenoson, CanFite BioPharma) and liver diseases (Phase II; Namodenoson, CanFite BioPharma). A phase I clinical trial with the P2X4 antagonist NC-2600 has been recently concluded by Nippon Chemiphar, showing safety and no serious side effects. Finally, novel pharmacological entities have now started to emerge which could overcome the evident difficulties in the successful delivery of “classical” chemical ligands. Monoclonal antibodies acting on human and mouse P2X4 have been synthesized showing enhanced blood-brain barrier permeability and which can be systemically delivered (Williams et al., 2019). The observed long-lasting analgesic effect in mouse models of neuropathic pain gives hope for their future clinical exploitation.
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ABBREVIATIONS
Cl-IB-MECA, 1-[2-Chloro-6-[[(3-iodophenyl)methyl]amino]-9H-purin-9-yl]-1-deoxy-N-methyl-β-D-ribofuranuronamide; DRG, dorsal root ganglia; IB-MECA, 1-Deoxy-1-[6-[[(3-iodophenyl)methyl]amino]-9H-purin-9-yl]-N-methyl-β-D-ribofuranuronamide; MRS5698, (1S,2R,3S,4R,5S)-4-[6-[[(3-Chlorophenyl)methyl]amino]-2-[2-(3,4-difluorophenyl)ethynyl]-9H-purin-9-yl]-2,3-dihydroxy-N-methylbicyclo[3.1.0]hexane-1-carboxamide; MRS5980, (1S,2R,3S,4R,5S)-4-(2-((5-Chlorothiophen-2-yl)ethynyl)-6-(methylamino)-9H-purin-9-yl)-2,3-dihydroxy-N-methylbicyclo[3.1.0]hexane-1-carboxamide.
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INTRODUCTION
The search for specific inhibitors of CD39 (ectonucleoside triphosphate diphosphohydrolase-1, NTPDase1, apyrase, ATPDase, ENTPD1, EC 3.6.1.5) and CD73 (5′-ribonucleotide phosphohydrolase, ecto-5′-NT, CD73, eNT, EC 3.5.1.5) is long underway. However, the history of this search has revealed crosstalk among components of the purinergic system, including nucleotides and nucleosides, enzymes and receptors, and the extracellular environment. This report aims to present an opinion about key features of inhibitors and antibodies against CD39/CD73 discussing their applications and limitations. Certainly, many questions have the potential to emerge, which are likely to be in accordance with new and old points of view. However, the most important questions raised in this opinion piece are: 1) what are the limitations of CD39 and CD73 inhibitor use? and 2) What information is needed to enhance our understanding of the complex purinergic network that allows cells to avoid compensatory mechanisms between cell components and the surrounding microenvironment?
NTPDase1/CD39 Inhibitors
The first step in the extracellular metabolism of ATP involves CD39, which hydrolyses ATP and ADP to AMP (Burnstock, 2017). The search for new, potent and specific inhibitors of CD39 has been a goal of many researchers throughout recent decades. In 2006, Robson and colleagues (Robson et al., 2006) observed that the failure to discover and identify specific inhibitors of NTPDase were major impediments to making further discoveries. The first inhibitors of CD39 identified are considered classical inhibitors, and include sodium azide (NaN3), suramin, chelators (EDTA and EGTA), ARL67156 (6-N, N-diethyl-D-b,g-dibromomethylene ATP), 8-BuS-ATP (8-thiobutyladenosine 50 –triphosphate) and BG0136 (1-naphthol-3, 6-disulfonic acid). These inhibitors may increase ATP and ADP levels to enhance purinergic signaling. However, inhibitors capable of binding to P2 receptors antagonize their effects (for example, suramin) (Munkonda et al., 2007). The fact that these inhibitors are not selective for CD39 is a limitation of their use. However, classical inhibitors are very useful for characterizing CD39 activity in different cell types (Battastini et al., 1991; Leal et al., 2005).
Among the new classes of CD39 inhibitors, the most studied are polyoxymetalates (POM´s) (Müller et al., 2006). These compounds have limited cell uptake, act mainly in the extracellular environment, and have a high degree of stability at physiological pH values (Sang-Yong et al., 2015). Studies indicate that POM´s induce conformational changes in enzymes, and consequently, prevent nucleotide hydrolysis (Zebisch et al., 2012). The most potent inhibitors of CD39 are compounds called POM-1 and POM-5 (Sang-Yong et al., 2015). Although POM-1 and POM-5 are potent enzyme inhibitors, they have low selectivity for CD39, and also inhibit activities of NTPDase-2, NTPDase-3, and NPP-1. While POM-5 is the most effective CD39 inhibitor, it only moderately inhibits other NTPDase isoforms, POM-1 has similar inhibition activity against NTPDase isoforms, and most strongly inhibits NPP-1 (Müller et al., 2006; Wall et al., 2008; Bastid et al., 2015; Sang-Yong et al., 2015). Further, POM-1 was the only POM assessed in vivo in different tumor models (Zhang et al., 2019). The rationale for POM-1 studies includes the fact that the molecule is well tolerated and is currently the only POM sold commercially.
Recent studies have aimed to enhance production of low molecular weight inhibitors with high selectivity for CD39 including Schiff bases of tryptamine (SBT´s) and quinoline derivatives (QD´s) (Hayat et al., 2019; Kanwal et al., 2019). Among SBT´s, the SBT-C6 compound strongly inhibits CD39, but with a low degree of selectivity. The inhibitor also inhibits other isoforms of NTPDases. On the other hand, SBT-C1 selectively inhibits CD39. Thus, it is a promising agent for in vivo studies (Hayat et al., 2019). However, SBT’s competitively inhibit, and thus, their use for inhibiting CD39 in the most requested microenvironments (ATP-rich sites) may be limited. QDs, on the other hand, include two selective CD39 inhibitors (compounds QD-3F and QD-3T), which have high inhibition efficiencies and are also promising agents for future studies. However, the type of enzymatic inhibition induced by the QD compounds has not yet been determined. It is known that some QD compounds non-competitively inhibit CD39, and it is possible that these compounds are superior to SBT´s (Kanwal et al., 2019).
In terms of purinergic signaling and the action of ectonucleotidases, POMs are noted for their ability to act exclusively in the extracellular environment. In contrast, due to their similarities with purines, SBTs and QDs can enter cells and may induce intracellular changes. Studies assessing the toxicity of these types of new compounds are lacking. Further in vivo studies and more advanced clinical tests have the potential to confirm the effectiveness SD and QD inhibitors in pathological processes.
Ecto-5′-NT (CD73) Inhibitors
The CD73 enzyme is the main source of extracellular adenosine, and it point of convergence between the canonical (through NTPDases) and non-canonical (through CD38/CD203a) pathways. In this way, CD73 connects the purinergic signaling pathway, on one side via ATP (P2 receptors) and on the other side via adenosine, which, in general, produces opposite effects by activating P1 receptors. Preliminary studies that assessed CD73 inhibitors aimed to characterize and clarify its kinetic properties. However, further studies revealed the role of the enzyme in the control of purinergic signaling in different pathological processes such as cardiovascular diseases, autoimmune processes, cancer and other diseases. These findings indicated a potential use for the enzyme as a novel therapeutic target. The first endogenous, powerful, competitive CD73 inhibitors were ATP and ADP (Burger and Lowenstein, 1970; Sullivan and Alpers, 1971). Burger and colleagues (1970) also reported that the nucleotide analogue α, β-methylene adenosine 5′-diphosphate (APCP) was a more potent inhibitor of CD73 than ADP and ATP. This ADP analogue remains one of the strongest known inhibitors of CD73. However, some of its characteristics such as its low bioavailability, low metabolic stability and off-target effects limit its therapeutic use (Ghoteimi et al., 2019). For this reason, APCP became a prototype for drug development (Bhattarai et al., 2015; Corbelini et al., 2015; Bhattarai et al., 2020). In addition, the recent availability of the crystal structures of ecto-5′-nucleotidases has led to the development of numerous docking and virtual screening studies (Knapp et al., 2012; Bhattarai et al., 2019; Viviani et al., 2020).
Available extracellular adenosine mediates immune evasion, which facilitates tumor growth and metastasis. This process has been the focus of numerous recent cancer studies (Antonioli et al., 2017). Some natural products capable of inhibiting CD73 have been reported to possess biological effects that include anticancer activities (Braganhol et al., 2007; Rockenbach et al., 2013). However, the search for natural products has become less intense than identifying synthetic products with similar activities (Dumontet et al., 2018; Iqbal et al., 2020). Recently, extensive studies of structure-activity relationships, structure-based drug design, and the optimization of pharmacokinetic properties culminated in the discovery of several different APCP analogues. To our knowledge, Prof Christa Müller’s group has found the most potent inhibitors of CD73, which are structurally related to the APCP skeleton. Bhattarai and cols (2015) prepared a series of selective and potent CD73 inhibitors with Ki values in the low nanomolar range in good yields and high purity using a multistep reactions. Importantly, the new compounds displayed high selectivity relative to other ecto-nucleotidases and ADP-activated P2Y receptors. More recently, the same group synthesized 5′- O-[(phosphonomethyl)phosphonic acid] derivatives. These uridine- and cytosine-derived α,β-methylene diphosphonates represent an entirely new class of CD73 inhibitors that proved to be potent inhibitors of rat and human CD73 with Ki values in the low nanomolar range, too (Junker et al., 2019). In addition, an orally bioavailable small-molecule CD73 inhibitor (OP-5244) was able to reverse immunosuppression via the blockage of adenosine production (Du et al., 2020). Recent published data has revealed another highly potent (Ki = 5 pM) and selective inhibitor of ecto-5′-NT/CD73 (AB680). Importantly, AB680 is well tolerated and exhibits a pharmacokinetic profile suitable for intravenous administration in humans (Bowman et al., 2019; Lawson et al., 2020). This and another small molecule inhibitor (LY3475070) are currently being evaluated in phase one clinical trials. In addition to APCP based inhibitors of CD73, descriptions of numerous other inhibitors of the enzyme can be found in the literature (Figueiró et al., 2014; Baqi, 2015; Yang et al., 2017; Ghoteimi et al., 2019; Iqbal et al., 2020; Viviani et al., 2020). Finally, nucleoside analogues with two carboxylate groups and benzothiazine derivatives are CD73 inhibitors for treating cancer that have been patented (Gong et al., 2018; Ghoteimi et al., 2019).
In summary, the field of research on CD73 inhibitors has been quite intense and, in our opinion, the use of small molecules to inhibit CD73 activity for clinical use is promising. It is likely that these therapeutics will be used in association with established chemotherapies and/or new immunotherapies strategies.
CD39/CD73 Axis as Pharmacological Target for Immunotherapy
No commercially available antibody blocks CD39. However, some antibodies with this activity are in preclinical or clinical trials in several cancer models. In preclinical trials, the CD39-blocking antibody OREG-103/BY40 alone, with the A2AR antagonist (SCH58261), or with ARL67156 was shown to improve CD4 and CD8 T-cell proliferation and enhance cytotoxicity induced by CD8 T-cells and NK cells against tumoral cell lines (Bastid et al., 2015), demonstrating its potential antitumor effects. These effects have been associated with reduced adenosine production, which occurs as a consequence of CD39 inhibition. The OREG-103/BY40 monoclonal antibody (mAb) was capable of blocking extracellular enzymatic activities and has been tested clinically in relation to its efficacy (Nikolova et al., 2011; Perrot et al., 2019). The anticancer potential of another antagonistic mAb (clone 9-8B) was assessed, which revealed that the compound slowed tumor development in a sarcoma model (Hayes et al., 2015).
A recent clinical study in phase one assessed IPH5201, an anti-CD39 antibody. The compound has been administrated as monotherapy, or in combination with immune checkpoint inhibitors, to enhance the antitumor immune response. Unlike BY40, IPH5201 blocks extracellular and soluble CD39, reducing ATP hydrolysis and adenosine production. This antibody increased antitumor activity when administrated with chemotherapeutic drugs, such as oxiplatin (Perrot et al., 2019). Other antibodies including anti-CD39, TTX-030, and SRF617 have been tested in phase one clinical trials, both as single agents and in combination with chemotherapy, with the aim of improving the antitumoral response (Moesta et al., 2020).
Since it was observed that CD39 deficient mice have altered platelet function, thrombotic events could be a concern because blocking CD39 may affect other biological functions of purinergic signaling. Activated platelets also release factors that contribute to the degradation of the extracellular matrix and the preparation of the metastatic niche (Palacios-Acedo et al., 2019), that can be a risk of CD39 blockade. However, it was recently shown that anti-CD39 administration in mice did not promote thrombosis (Allard et al., 2020). CD73 stimulate VEGF release in tumor cells through adenosine, inducing the angiogenesis in the tumor microenvironment, which facilitate the metastasis (Allard et al., 2014). Several studies have demonstrated the correlation between CD73 expression and/or activity with tumor cells capacity of adhere to extracellular matrix and invade different tissues. Then, CD39 and CD73 blockade can beneficially reduce tumor growth and metastasis by reducing tumor angiogenesis (Antonioli et al., 2021).
Moreover, it has been extensively shown that inhibiting CD73 may directly improve outcomes of conventional therapies by directly targeting cancer cells or by decreasing adenosine levels and, consequently, indirectly promoting antitumor-effector immune cells in the alleviation of the immunosuppressed microenvironment (Azambuja et al., 2019). In addition to clinical trials involving synthetic inhibitors, (e.g. LY3475070 and AB-680), mAbs are also currently being evaluated for activity against CD73, (e.g. oleclumab, CPI-006, AK119, TJ004309, NZV930, BMS-986179). Alternatively, bifunctional mAb (GS-1423) that target CD73 and TGF-β pathways have been assessed. These molecules are being investigated for use mostly as combined therapies for advanced cancer patients (www.clinicaltrials.gov). Monoclonal antibodies have been displayed fewer off target effects than natural or synthetic CD73 inhibitors. In this sense, in comparison to mAbs, classical molecular inhibitors AMPCP (CD73) and ARL67156/POM-1 (CD39) and their derivatives show inhibition capability over other purinergic targets and have been mostly studied in the preclinical field. In addition to specificity, pharmacokinetic characteristics and unexplored side-effects have contributed to the low translationality of small synthetic inhibitors (Jeffrey et al., 2020).
It has been widely demonstrated that CD39 and CD73 may be overexpressed in cancer cells, different immune cell subsets and stroma cells working in a coordinated way to arrest antitumor immunity via increasing levels of adenosine in the tumor microenvironment (TME) (Allard et al., 2017). Thus, especially from two pioneering works (Stagg et al., 2010; Sun et al., 2010), targeting the CD39/CD73 axis has become an immunotherapeutic strategy that aims to reduce adenosine levels and allow proinflammatory ATP to shift the cells from a protumoral to antitumoral immune response (Perrot et al., 2019). Considering the potential role of CD73, and possibly CD39, as adhesion molecules, the efficiency of blocking these proteins by specific antibodies may not be related only to their enzymatic activities and adenosine production. For example, some studies have shown that the blockage of CD73 may prevent its adhesion to extracellular matrix affecting the potential migration of cancer cells, an important event of tumor invasiveness (Zhou et al., 2007; Sadej et al., 2008; Cappellari et al., 2012). Although adverse effects must be carefully evaluated, the strategy considers that the enzymes are overexpressed in the TME and, therefore, drugs’ benefits can outweigh the possible risks. Cutting-edge research such as microRNA (Zhou et al., 2019), siRNA (Azambuja et al., 2020) interventions, antibody-drug conjugates (Abdollahpour-Alitappeh et al., 2019), mAbs or microRNA delivery by active targeting nanotechnology (Lin et al., 2020) may be the next wave of purinergic interventions used in the treatment of cancer.
CONCLUDING REMARKS
The purinergic system is an ancestral signaling system. Therefore, it can be expected that the system developed the capacity to participate in crosstalk with another signaling systems and components of the cell to create compensatory mechanisms to ensure cell survival. In fact, this ancestral system is able to regulate signaling processes by enhancing or decreasing enzyme activities and expression levels, nucleotide and nucleoside levels, and binding and expression levels of specific receptors. Then when using inhibitors, some features must be considered. First, the selectivity of the inhibitors is important. It must be ensured that inhibitors alter only the target component of the purinergic system. For example, an inhibitor should target one specific enzyme, but not block receptors of other cytosolic enzymes. Second, unexpected responses may occur as a consequence of crosstalk with the surrounding environment. The highly intricate TME and CD73/CD39 axis allows for the modulation of immune and cancer cells.
In our opinion, the use of inhibitors or immunotherapy for regulating CD39/CD73 axis could be a promising therapeutical approach by promoting the increase in the ATP and the decrease in the adenosine levels, causing strong immune and anti-tumor responses. In addition, inhibiting the adenosinergic system may modulate this immune checkpoint leading to a synergistic effect with the conventional anticancer treatments such as chemo- and radiotherapy and even with current immunotherapies.
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Adenosine triphosphate (ATP) is among the molecules involved in the immune response. It acts as danger signal that promotes inflammation by activating both P2X and P2Y purinergic receptors expressed in immune cells, including microglia, and tumor cells. One of the most important receptors implicated in ATP-induced inflammation is P2X7 receptor (P2X7R). The stimulation of P2X7R by high concentration of ATP results in cell proliferation, inflammasome activation and shedding of extracellular vesicles (EVs). EVs are membrane structures released by all cells, which contain a selection of donor cell components, including proteins, lipids, RNA and ATP itself, and are able to transfer these molecules to target cells. ATP stimulation not only promotes EV production from microglia but also influences EV composition and signaling to the environment. In the present review, we will discuss the current knowledge on the role of ATP in the biogenesis and dynamics of EVs, which exert important functions in physiology and pathophysiology.
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INTRODUCTION
Adenosine triphosphate (ATP) is a ubiquitous nucleotide that not only provides energy source within cells but acts as transmitter/signaling molecule mediating interactions among various cell types in the brain (Inoue, 2002; Hansson and Ronnback, 2003) and many other organs and systems.
Under physiological conditions, the concentration of extracellular ATP (eATP) is very low (400–1,000 nM), allowing a 106-fold gradient for ATP efflux (Trautmann, 2009). Larger increase in eATP levels occurs during metabolic stress or brain injury, and persists in the peritraumatic zone for many hours after the insult (Wang et al., 2004). Indeed, at the site of injury activated immune cells, i.e., lymphocytes (Filippini et al., 1990), macrophages (Sikora et al., 1999), microglia (Ferrari et al., 1997), and platelets (Beigi et al., 1999), release ATP and other purines, such as adenosine diphosphate (ADP) and uridine triphosphate (UTP) into the extracellular space mainly via exocytosis of secretory granules or transport through channels or transporters (Lazarowski, 2012).
eATP acts as a Danger Associated Molecular Patterns (DAMPs) and binds to specific surface receptors called P2 purinoceptors, promoting acute inflammation (Soni et al., 2019). There are two subsets of P2 receptors: P2Y and P2X receptors (Idzko et al., 2014). P2Y receptors (P2YR) are G-protein-coupled receptors, which mediate adenylyl cyclase, phospholipase C and ion channel activation (Abbracchio et al., 2006). On the contrary, P2X receptors (P2XR) are Ca2+-permeable, non-selective cation channels sensitive to micromolar concentration of eATP (Trautmann, 2009). Both P2YR and P2XR are expressed on microglia, the immune cells resident in the brain, along with receptors specific for the ATP metabolite Adenosine, and are necessary for the rapid microglial response to changes in brain homeostasis (Orr et al., 2009; Illes et al., 2020).
During inflammation, microglia undergo progressive modifications, including altered expression of cell surface markers and inflammation-related genes, process retraction and acquisition of an ameboid morphology, enhanced migration and phagocytic ability (Kettenmann et al., 2011). These changes in microglial functions are partly associated with changes in purinergic receptors expression that determine different responses to ATP. Process retraction is mainly due to upregulation of adenosine receptor A2A and downregulation of P2Y12 receptors (Orr et al., 2009), whereas migration is mediated by adenosine A1 and P2X4 (Li et al., 2013) as well as P2Y12 receptors (Haynes et al., 2006; Ohsawa et al., 2007). Phagocytosis is triggered by the upregulation of P2Y6R, which is activated by the release of UTP by dying cells (Inoue, 2007). Finally, the ATP-sensitive P2X7 receptor (P2X7R) has been shown to drive important morphological alterations in microglia as well as the release of pro-inflammatory/pathological agents via extracellular vesicles (EVs) (Ferrari et al., 2006).
The present review focuses on the role of ATP/P2X7R signaling axis in inducing EV shedding from immune and tumor cells, and on ATP involvement in the control of EV composition and dynamics of interaction with target cells.
ATP STIMULATES THE RELEASE OF EVS BY IMMUNE CELLS UPON P2X7R ACTIVATION
P2X7 receptor (P2X7R) is highly expressed on inflammatory cells (Faas et al., 2017) and requires a very high concentration (>100 µM) of ATP for its activation (Trautmann, 2009). Once stimulated, influx of Na+ and Ca2+ into the cell and efflux of K+ out of the cell occur, inducing cell proliferation (Nuttle and Dubyak, 1994; Bianco et al., 2006) and inflammasome activation (Yaron et al., 2015; Orioli et al., 2017). Furthermore, upon prolonged activation, P2X7R forms an aqueous pore at the cell membrane allowing the passage of hydrophilic molecules, that results in cell death (Faas et al., 2017).
Fifteen years ago, Verderio and colleagues demonstrated another fundamental function mediated by P2X7R activation in cultured microglia. P2X7R stimulation massively increases the shedding of large membrane vesicles from the plasma membrane (PM). These large extracellular vesicles (EVs), also known as microvesicles, are circular membrane structures enriched in bioactive molecules that play an important role in cell-to-cell communication (Bianco et al., 2009).
Differently from other members of the P2X family, P2X7R present a long cytoplasmic C terminus that contains several binding sites for Src kinases proteins, which phosphorylate and activate ROCK and p38 MAP kinases (Kanthou and Tozer, 2002; Pfeiffer et al., 2004). These signaling proteins induce the local disassembly of the cytoskeletal elements and the translocation to the PM of the enzyme acid sphigomyelinase (A-SMASE). A-SMASE hydrolyzes sphingomyelin, a phospholipid abundant in the outer leaflet of the PM, to ceramide, facilitating blebs formation and EV shedding (Figure 1A) (Bianco et al., 2009).
[image: Figure 1]FIGURE 1 | Panel (A): Scheme of ATP/P2X7R signaling axis inducing EV shedding from immune cells. Upon ATP stimulation, P2X7R activates p38 MAPK and ROCK through Src kinases. In turn, p38 and ROCK trigger the local disassembly of the cytoskeletal elements and the mobilization of A-SMASE from the luminal lysosomal compartment to the outer leaflet of the PM, where the enzyme hydrolyzes sphingomyelin to ceramide favoring blebs formation and the shedding of large vesicles carrying IL-1β (Bianco et al., 2005).P2X7R also regulates the release of small EVs. ATP-induced P2X7R stimulation drives the assembly and the activation of the inflammasome composed by regulatory proteins, NEK7, ASC and NLRP3, which are essential for caspase-1 activation. Caspase 1 is a protease implicated in IL-1β processing and in regulating the membrane trafficking pathways that control multivesicular bodies fusion with the PM and the release of IL-1β storing small EVs (Qu et al., 2009). Panel (B): Schematic representation of protein cargo and cytokine processing in large EVs released upon ATP stimulation. By activating P2X7R, ATP induces in large EVs the processing of inflammatory cytokines (Hide et al., 2000; Bianco et al., 2005; Ferrari et al., 2006) and sorting of proteins implicated in autophagy-lysosomal pathway, phagocytosis and endocytosis, energy metabolism and cell adhesion/extracellular matrix organization (Drago et al., 2017). Panel (C): Graphic representation of morphological changes of EVs isolated from human mast cell lines, human blood serum, mouse lung, and Saccharomyces cerevisiae as imaged by Cvjetkovic and colleagues (Cvjetkovic et al., 2017) (left), and of a single EV in motion at the cell surface of microglia (Prada et al., 2016) (right).
Notably, surface blebbing occurs in proximity of lipid rafts (Del Conde et al., 2005), where P2X7R localizes, and requires the loss of membrane asymmetry and the exposure of phosphatidylserine at the outer leaflet of PM. Vesicle shedding causes a decrease in PM capacitance (MacKenzie et al., 2001) and is markedly inhibited by removal of extracellular Ca2+ or treatment with either P2X7R antagonists (Bianco et al., 2005; Pizzirani et al., 2007) or p38 and rho kinases inhibitors (Pfeiffer et al., 2004). In accordance, membrane blebbing is increased by antagonism of the P2X7R negative regulator HSP90 (Adinolfi et al., 2003).
In addition to large EVs, P2X7R stimulation triggers release of small EVs, also called exosomes, originating in the endocytic compartment (Figure 1 Panel A) (Asai et al., 2015; Ruan et al., 2020).
The major finding related to P2X7R-dependent EV production from microglia and peripheral immune cells is linked to its involvement in the processing and release of inflammatory cytokines (MacKenzie et al., 2001; Bianco et al., 2005).
Several lines of evidence indicated that EVs are loaded with unprocessed pro-IL-1β, mature IL-1β and the IL-1β converting enzyme caspase-1, and express P2X7R in their membranes (Bianco et al., 2005; Pizzirani et al., 2007). Caspase-1 is activated upon P2X7R stimulation on the vesicle surface, and is responsible for conversion of the biological inactive IL-1β precursor into the active form of the cytokine (Bianco et al., 2005) (Figures 1A,B). Other reports showed that EVs act as carriers of the protease cathepsin D (Qu et al., 2009; Sarkar et al., 2009) besides caspase-1, and other cytokines such as TNF and IL-18 (Hide et al., 2000; Ferrari et al., 2006).
Specifically, Barbera-Cremades and colleagues showed that stimulation of P2X7R in macrophages leads to the release of EVs containing both TNF and the TNF-converting enzyme (TACE), that cleaves membrane-bound TNF, generating the soluble cytokine (Barbera-Cremades et al., 2017; Raffaele et al., 2020). Furthermore, a recent study demonstrated that ATP redirects TNF intracellular trafficking in activated macrophages, limiting the release of soluble TNF and preferentially packaging transmembrane TNF in EVs (Soni et al., 2019). Importantly, TNF-carrying EVs are biologically more potent than soluble TNF, and mediate significant lung inflammation in mice (Soni et al., 2019).
Through EV production, inflammatory proteins can be released at significant distance from donor cell, in possible proximity to target cells, thus preventing the dispersal and degradation of mediators in the extracellular environment.
In recent years, several studies investigated the physiological and pathological functions of EVs within the brain. These functions include control of neuronal development (Marzesco et al., 2005), synaptic activity (Antonucci et al., 2012; Gabrielli et al., 2015), axon-glial transfer of information (Prada et al., 2018), nerve regeneration (Lai and Breakefield, 2012) and myelin formation (Pusic et al., 2016; Van Niel et al., 2018; Lombardi et al., 2019); as well as disease-associated events, such as tumor progression, spreading of inflammation (Verderio et al., 2012) or dissemination of pathogenic proteins (Joshi et al., 2014; Asai et al., 2015; Eitan et al., 2016; Sardar Sinha et al., 2018; Crotti et al., 2019; Ruan et al., 2020). However, the contribution of ATP-induced EV shedding vs. constitutive EV release in brain disease pathogenesis is just emerging.
ATP-induced EVs may play a relevant pathogenic role in traumatic brain injury (TBI). After TBI, high concentrations of eATP activate P2X7R in microglia and increase EV production, while treatment of TBI-affecting rats with the P2X7R antagonist A804598 or the immune modulator FTY720, that inhibits A-SMase-dependent EV biogenesis (Verderio et al., 2012), significantly decreases the number of microglial EVs in the injured/adjacent regions and in cerebrospinal fluid (CSF), and improves disease outcome (Liu et al., 2017).
Another study implicated microglial EVs released upon ATP stimulation of P2X7R in the spreading of tau protein and disease progression in a tauopathy mouse model. Specifically, pharmacologic blockade of P2X7R with GSK1482160, an orally applicable and CNS-penetrant inhibitor, suppressed both secretion of small EVs (exosomes) and disease outcome in the early disease stages (Ruan et al., 2020).
Conversely, the role of ATP and P2X7R-mediated EV release in multiple sclerosis (MS), the prototypical neuroinflammatory disease, remains controversial. Treatment of EAE mice, a MS mouse model, with the specific P2X7R antagonists oxATP and BBG reduced disease severity (Matute et al., 2007), but P2X7R knockout mice displayed a more severe pathology (Chen and Brosnan, 2006). Furthermore, EAE ameliorated in A-SMASE knock-out mice, genetically impaired in ATP-evoked EV production (Verderio et al., 2012), but injection of the A-SMASE inhibitor imipramine did not significantly reduce the level of myeloid EVs in the CSF. The latter finding rules out a major role of ATP in sustaining EV production in a context of chronic neuroinflammation, where cytokines may mainly control EV release from myeloid cells (Colombo et al., 2018).
P2X7R-DEPENDENT EV PRODUCTION FROM TUMOR CELLS
The tumor microenvironment is rich in eATP, and the role of this nucleotide and its receptors, particularly P2X7R, in cancer has been the focus of numerous papers in recent years (Di Virgilio et al., 2018; Adinolfi et al., 2019; Lara et al., 2020). P2X7R is upregulated in solid cancer and onco-hematological conditions, and several preclinical studies have demonstrated that its blockade has good potential as an anticancer treatment (Adinolfi et al., 2012; De Marchi et al., 2019; Pegoraro et al., 2020). Recently, the association of P2X7R with EV release has been supported by a work showing an increase in cancer patient's serum concentration of soluble P2X7R, possibly expressed on the surface of EVs (Giuliani et al., 2019). As mentioned above, the activation of P2X7R is also associated with the release of EVs from the monocyte/macrophage cell lineage (Baroni et al., 2007; Pizzirani et al., 2007; Gulinelli et al., 2012). These vesicles carry several molecules, including cytokines and tissue factor, associated with cancer pathogenesis and progression but also with tumor immune eradication and immunosuppression (Graner, 2018). EVs released from both cancer and immune cells have shown to facilitate angiogenesis, cause extracellular matrix remodeling, prepare the pre-metastatic niche, and consequently cause organ tropism of disseminating tumor cells (Kuriyama et al., 2020; Schubert and Boutros, 2021). However, only few manuscripts have reported P2X7-dependent EV release from cancer cells (Gutierrez-Martin et al., 2011; Kholia et al., 2015; Park et al., 2019) and therefore evidence relating to P2X7R activity, EV content, and cancer function is far to be complete and will deserve further attention.
ATP STIMULATION INFLUENCES EV COMPOSITION
So far, only one study showed that ATP strongly influences the composition of EVs (Drago et al., 2017). Label free proteomics revealed that ATP stimulation induces sorting into microglial EVs of proteins implicated in autophagy-lysosomal pathway, phagocytosis and endocytosis, energy metabolism and cell adhesion/extracellular matrix organization (Drago et al., 2017).
The overexpression of degradative enzymes in EVs produced by ATP-stimulated microglia (ATP-EVs), compared to those released constitutively, may reflect the enhanced capacity of microglia to phagocyte apoptotic cells or synapses in response to ATP. By contrast, the abundance of metabolic enzymes necessary for glycolysis, lactate production, the oxidative branch of the pentose phosphate pathway, glutamine metabolism and fatty acid synthesis may reflect an increase in cellular metabolism to sustain ATP-dependent microglial functions, such as process scanning and phagocytic activity (Grabert et al., 2016).
Due to the higher content of proteins involved in extracellular matrix organization and cell adhesion, ATP-EVs adhere more and have stronger capacity to activate cultured astrocytes compared to constitutive EVs.
Collectively, these data indicate that ATP stimulation not only promotes EV production from microglia but also enhances their signaling to the environment.
ATP IS AMONG THE CARGO OF EVS
ATP is a component of EVs (Graner, 2018). A pioneer study by Ronquist and colleagues showed that small EVs generated in the endocytic compartment of prostate epithelial cells, also called prostasomes, can produce ATP by glycolysis. Prosteasomes contain glycolytic enzymes and their capacity to produce ATP from fructose or glucose has been proven by the luciferin/luciferase assay (Ronquist et al., 2013). Interestingly, glycolytic enzymes, generating ATP from glucose, have been systematically reported in EVs of different cell origin, including EVs produced by mesenchymal stem cells, which have the capacity to restore ATP levels when delivered to an ischemic tissue (Arslan et al., 2013). Among glycolytic enzymes, 3-phosphate dehydrogenase (GAPDH), pyruvate kinase (PKM), enolase-1 (ENO1), phosphoglycerate kinase 1 (PGK1), aldolase A (ALDOA), triosephosphate isomerase 1 (TPI1) and glucose-6-phosphate isomerase (GPI) are listed among the 100 proteins more often identified in EVs according to the database Vesiclepedia (http://microvesicles.org/), suggesting that ATP production by glycolysis may be a common feature of EVs (Figure 1B).
Furthermore, it has been recently shown that mitochondria, the main source of cellular ATP, can be also packaged into EVs (Figure 1B) (Hough et al., 2018; Zhang et al., 2020), further indicating that ATP can be generated in metabolically active EVs.
ATP CARGO MAY INFLUENCE THE DYNAMICS OF EV INTERACTION WITH RECIPIENT CELLS
Inside EVs ATP may represent a crucial source of energy, able to fuel active processes, such as the activity of ATP-dependent enzymes, e.g., V-type proton ATPase subunit B (Atp6v1b2), RNA helicase DDX25 (Ddx25), Sodium/potassium-transporting ATPase subunit alpha-1 and 3 (Atp1a1, Atp1a3), which are part of the proteome of microglial EVs (Figure 1B) (Drago et al., 2017). More importantly, vesicular ATP may support cytoskeleton rearrangements. Consistently, a large body of evidence has located actin inside EVs, a key component of the cellular cytoskeleton mediating cell migration and shape changes, and allowing cells to form adhesion with each other and with the extracellular matrix (Figures 1A,C) (Svitkina, 2018). Cryo-electron micrographs imaged actin-like filaments in a subpopulation of EVs isolated from different biological samples [fresh plasma, (Yuana et al., 2013); human ejaculate, (Hoog and Lotvall, 2015); human ejaculate and human mast cell cultures, (Cvjetkovic et al., 2017); HeLa cells, (Yang et al., 2020)] and its presence was confirmed by mass-spectrometry, western blot analysis or mRNA Microarray in EVs from most cell types (human dendritic cells, (Kowal et al., 2016); mouse microglia, (Drago et al., 2017); mesenchymal stem cells, (Adamo et al., 2019); HeLa cells, (Yang et al., 2020); osteoclasts, (Holliday et al., 2019); human blood, (Eguchi et al., 2020), and more), together with actin-binding proteins and regulators of actin cytoskeleton. Not surprisingly, actin beta (ACTB) and several actin network proteins (such as actinin alpha 4 (ACTN4) and alpha 1 (ACTN1), gelsolin (GSN), cofilin-1 (CFL1), talin-1 (TLN1), filamin alpha (FLNA)) are among the top 100 proteins more frequently detected in EVs on Vesiclepedia (Figure 1B Panel B). These data open up the fascinating possibility that EVs, exploiting actin complexes present in their lumen and ATP as energy source, may have an intrinsic capacity to change their shape to interact with target cells.
In support to this hypothesis, findings from Jan Lötvall’s and Johanna L Höög’s laboratories have shown that, among EVs either isolated from cell cultures, biological fluids or tissue, a part (albeit small) displays morphological changes detectable by time-lapse fluorescence imaging Cvjetkovic et al., 2017. EVs could round up starting from an elongated structure, glide one along the other, move inside a larger vesicle and, importantly, stretch out flexible protrusions (Figure 1C). Being exhibited also by EVs from Saccharomyces cerevisiae, these phenomena seem to be evolutionary conserved. Furthermore, time-lapse imaging revealed that single EVs, produced by microglia and gently placed in contact with other microglial cells by optical manipulation, can move after adhesion along the cell surface toward sites of internalization (Figure 1C) (Prada et al., 2016). These findings point at the possibility for EVs to undergo an ATP-dependent actin-mediated form of extracellular motion. Further experiments will be necessary to verify this captivating hypothesis. Intriguingly, intrinsic active motility would allow EVs to travel in the extracellular space at the cell surface, independently from fluid fluxes or cell-driven mechanisms (e.g., filopodia surfing/grabbing/pushing, (Heusermann et al., 2016), and we can speculate that it might even ease cell entry at specific sites of the PM. These perspectives are absolutely worth to be better explored in the future.
CONCLUSION
The interest for EVs released upon ATP stimulation has increased exponentially, given that they have become vehicle of inflammatory signals (Verderio et al., 2012), tumorigenic factors (Graner, 2018) or misfolded proteins in neurodegenerative diseases (Ruan et al., 2020), and their number is significantly augmented in the body fluids of patients affected by many neurological diseases (Verderio et al., 2012; Colombo et al., 2018). Since the analysis of EV cargo may provide indications on the activation state of donor cells and the pathological state of the brain, EVs are currently under intense investigation for a possible employment in clinical practice as prognostic biomarkers. In addition, further knowledge of EV dynamics and interaction with target cells may reveal new molecular targets to limit cancer metastasis and propagation of neurodegenerative lesions throughout the brain.
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The widespread distribution of heteroreceptor complexes with allosteric receptor-receptor interactions in the CNS represents a novel integrative molecular mechanism in the plasma membrane of neurons and glial cells. It was proposed that they form the molecular basis for learning and short-and long-term memories. This is also true for drug memories formed during the development of substance use disorders like morphine and cocaine use disorders. In cocaine use disorder it was found that irreversible A2AR-D2R complexes with an allosteric brake on D2R recognition and signaling are formed in increased densities in the ventral enkephalin positive striatal-pallidal GABA antireward neurons. In this perspective article we discuss and propose how an increase in opioid heteroreceptor complexes, containing MOR-DOR, MOR-MOR and MOR-D2R, and their balance with each other and A2AR-D2R complexes in the striatal-pallidal enkephalin positive GABA antireward neurons, may represent markers for development of morphine use disorders. We suggest that increased formation of MOR-DOR complexes takes place in the striatal-pallidal enkephalin positive GABA antireward neurons after chronic morphine treatment in part through recruitment of MOR from the MOR-D2R complexes due to the possibility that MOR upon morphine treatment can develop a higher affinity for DOR. As a result, increased numbers of D2R monomers/homomers in these neurons become free to interact with the A2A receptors found in high densities within such neurons. Increased numbers of A2AR-D2R heteroreceptor complexes are formed and contribute to enhanced firing of these antireward neurons due to loss of inhibitory D2R protomer signaling which finally leads to the development of morphine use disorder. Development of cocaine use disorder may instead be reduced through enkephalin induced activation of the MOR-DOR complex inhibiting the activity of the enkephalin positive GABA antireward neurons. Altogether, we propose that these altered complexes could be pharmacological targets to modulate the reward and the development of substance use disorders.
Keywords: G protein-coupled receptor, mu opioid receptor, dopamine D2 receptor, adenosine A2A receptor, morphine use disorder, cocaine use disorder, oligomerization, morphine
INTRODUCTION
The adenosine A2A receptor (A2AR)-dopamine D2 receptor (D2R) heteroreceptor complexes and their allosteric receptor-receptor interactions in the ventral striatal-pallidal GABA antireward neurons are of high relevance for understanding cocaine reward and cocaine use disorder (Trifilieff et al., 2011; Pintsuk et al., 2016; Borroto-Escuela et al., 2018a; Borroto-Escuela et al., 2018b; Wydra et al., 2020; Zhu et al., 2020). This pathway connects the ventral striatum, mainly nucleus accumbens, with the ventral pallidum and modulates the glutamate drive to the prefrontal cortex from the mediodorsal thalamic glutamate neurons (Groenewegen, 1988). It takes place via the ventral pallidal GABA pathway to the mediodorsal thalamic nucleus (Fuxe et al., 2008). The ventral striatal-pallidal GABA anti-reward pathway is linked to aversion and punishment as found in learning experiments using optogenetic techniques (Kravitz et al., 2013; Soares-Cunha et al., 2016). The concept of antireward neurons was introduced in the work of Koob and Le Moal (Everitt et al., 2008; Koob and Le Moal, 2008). It was found in rat that cocaine self-administration may produce pathological A2AR-D2R complexes having a strong and long-lasting brake on D2R recognition and signaling (Pintsuk et al., 2016; Borroto-Escuela et al., 2017b; Borroto-Escuela et al., 2018a; Borroto-Escuela et al., 2018b; Borroto-Escuela et al., 2020b). It appears to result in a maintained state of antireward and aversion since the D2R in these complexes cannot signal and no longer inhibit the activity of these antireward neurons leading to the development of cocaine use disorders. A new treatment of cocaine use disorder may therefore be represented by receptor interface-interfering peptides that impede the formation of these heteroreceptor complexes (Borroto-Escuela et al., 2018b).
The first indication for the existence of D2R-μ opioid receptor (MOR) complexes in the central nervous system (CNS) was obtained by Dai and colleagues in 2016 who demonstrated coimmunoprecipitation of MOR and D2R in the spinal cord of mice (Dai et al., 2016). Heterodimerization between MOR and D2R, ectopically expressed in HEK 293T and HeLa cells, was supported via several techniques such as BRET1, FRET and functional complementation (Vasudevan et al., 2019) (Figure 1). These findings are of interest since it shows that two major receptors linked to substance use disorders can physically interact. It should be noted that a D2R antagonist can diminish morphine tolerance in mice spinal cord (Dai et al., 2016).
[image: Figure 1]FIGURE 1 | A propose model on the existence of MOR, D2R and A2AR homo-and heteroreceptor complexes in balance with each other in the ventral striatal-pallidal GABA antireward neurons, shown as dimers. The MOR monomer and its intramolecular interactions are shown in the left panel. The orthosteric MOR receptor binding site is indicated in yellow to which e.g., the MOR agonist DAMGO (in green) can bind. The allosteric MOR binding site is shown in yellow. The intermolecular receptor-receptor interactions in adenosine, dopamine and opioid homo-and heteroreceptor complexes, shown as dimers, are indicated in the right panel. The balance between the oligomers is indicated by two arrows perpendicular to each other. It should be noted that A2R-dopamine D4 receptor (D4R) heteroreceptor complexes also exist in the rat forebrain, as demonstrated by the proximity ligation assay (Borroto-Escuela and Fuxe, 2019; Borroto-Escuela et al., 2020a). They were found in substantial densities in the prefrontal cortex, especially in the somatic membrane of the internal pyramidal cell layer V, and in the dorsal hippocampus, especially in the pyramidal cell layer (Borroto-Escuela and Fuxe, 2019). They also exist in high densities in the nucleus accumbens and dorsal striatum including both striosome and matrix compartments. Moreover, the D4Rs in the cortical regions have a role in cognition (Furth et al., 2013) that may be modulated by A2AR through the demonstrated A2AR-D4R heteroreceptor complexes in the prefrontal cortex and the hippocampus. Whether these receptor complexes have a role in cocaine and morphine use disorders, requires further analyses.
Taken together, these results open the possibility that A2AR-D2R [observed in rat (Borroto-Escuela et al., 2013b; Borroto-Escuela et al., 2017b; Feltmann et al., 2018), mice (Trifilieff et al., 2011) and human (Zhu et al., 2020)] and D2R-MOR [observed in rat (Vasudevan et al., 2019)] heteroreceptor complexes can both exist in the ventral striatal-pallidal GABA antireward neurons in balance with their respective monomers/homomer complexes (Borroto-Escuela et al., 2016; Feltmann et al., 2018; Moller et al., 2020). These neurons are well-known to contain enkephalins that can be released both from their nerve terminals and from soma-dendritic regions (Mongi-Bragato et al., 2016). Thus, there should be a balance between these two types of D2R heteroreceptor complexes in the antireward neurons. In addition, they can also contain MOR-δ opioid receptor (DOR) heteroreceptor complexes which have been observed in rodents and are important targets for morphine [see e.g., (Gomes et al., 2000; Gupta et al., 2010; Borroto-Escuela et al., 2013c; Kabli et al., 2014; Erbs et al., 2016; Derouiche and Massotte, 2019)] (Figure 1). There should also exist a balance between these two types of MOR complexes present in the antireward neurons.
The ventral striatal-pallidal GABA antireward neurons, also known as D2R positive medium spiny neurons of the nucleus accumbens (Kupchik and Kalivas, 2017), express both D2R homo and heteroreceptor complexes (Feltmann et al., 2018). However, the possibility should be considered that D2R-MOR heteroreceptor complexes may only exist in a proportion of the ventral striatal-pallidal GABA antireward neurons. This may also hold true for the A2AR-D2R and MOR-DOR heteroreceptor complexes. In the case of MOR-DOR heteroreceptor complexes, however, we propose that MOR-DOR complexes can also be formed in the GABA antireward neurons possessing D2R-MOR heteroreceptor complexes. This aspect of integration of multiple heteroreceptor complexes remains to be covered in future work. In the current perspective article, we only discuss the integration of multiple heteroreceptor complexes on the basis that they can be formed in the same ventral striatal-pallidal GABA antireward neuron but in a dynamic balance that can be critically altered e.g., in morphine use disorder.
One question that comes out is whether A2AR-D2R complexes may also play a significant role in animal models of morphine use disorder e.g., related to changes in the balance with D2R-MOR complexes and their balance with MOR-DOR complexes. The formation of the heteroreceptor complexes is dependent on several factors like the density of the two receptor protomers and the affinity of the two receptor protomers for each other. The GPCR complexes can also contain ion channel receptors, receptor tyrosine kinases (RTKs), sets of G protein interacting proteins and/or transmitter transporters increasing their integrative capability (Liu et al., 2000; Lee and Liu, 2004; Flajolet et al., 2008; Borroto-Escuela et al., 2012; Borroto-Escuela et al., 2013a). The presence of adaptor proteins in the receptor complex, like sigma 1 receptor, RAMPs, can also be a relevant factor and receptor agonists also modulate the receptor complexes through conformational changes leading to antagonistic or enhancing receptor-receptor interactions (Fuxe et al., 2009). To/day, there is a lack of knowledge on the stoichiometry of the participating receptor protomers in MOR heteroeceptor complexes. However, super-resolution imaging methods (Owen et al., 2013) and spatial intensity distribution analysis (Ward et al., 2015) have been developed which can be used to determine the stoichiometry in cellular models. An important issue is to consider that different receptor complexes can also compete for the same receptor protomer since they exist in balance with each other (Fuxe et al., 2014a; Fuxe et al., 2014b; Borroto-Escuela et al., 2015; Borroto-Escuela et al., 2016; Borroto-Escuela et al., 2017a). This is the case of a heteromer and its corresponding homomers and different heteromers sharing one or two receptor protomers (Borroto-Escuela et al., 2016; Borroto-Escuela et al., 2018a) (Figure 1).
The measure of the balance between these complexes in natural system without genetic modification or overexpression remains a challenge. However, the use of in situ Proximity Ligation Assay (Trifilieff et al., 2011; Borroto-Escuela et al., 2013b; Borroto-Escuela et al., 2016; Fuxe and Borroto-Escuela, 2018; Zhu et al., 2020) or a combination of this method with others (e.g., microscale thermophoresis, biophysical TR-FRET between protomer ligands (Albizu et al., 2010; Ciruela et al., 2014), and chemical crosslinking co-immunoprecipitation followed by SDS-PAGE/MSMS[Borroto-Escuela et al., 2011; Odagaki and Borroto-Escuela, 2019)] provide unambiguous and accurate information.
In this perspective we review literature data on the effects of A2AR agonists and antagonists in morphine self-administration and morphine withdrawal. We will then evaluate to which extent such alterations can be explained by changes in the balance of the A2AR-D2R, D2R-MOR and MOR-DOR heteroreceptor complexes in the ventral striatal-pallidal GABA antireward neurons. As two major receptors involved in addiction, D2R and MOR can form a receptor heteromer (Vasudevan et al., 2019) which likely exists in cocaine and morphine use disorders. We propose that changes in D2R-MOR heteroreceptor complexes may be a marker for development of morphine use disorders. So far, there are indications that the interaction in this heteromer may be antagonistic (Vasudevan et al., 2019). Also, the dopamine D2R antagonist appeared to disrupt the receptor-receptor interaction, leading to a reduction of morphine tolerance (Dai et al., 2016).
MODULATION OF MAINTENANCE OF MORPHINE SELF-ADMINISTRATION BY RECEPTOR PROTOMER AGONISTS AND ANTAGONISTS
In view of the existence of many D2R-MOR heteroreceptor complexes in the ventral striatal-pallidal GABA antireward neurons and their receptor-receptor interactions, it is suggested that they can participate in the modulation of maintenance of morphine self-administration by their receptor protomer activation or inhibition. These two receptors are both coupled to Gi/o proteins and under such conditions the two receptor protomers often interact through antagonistic receptor-receptor interactions (Harfstrand and Fuxe, 1987). In fact, blockade of D2Rs diminishes morphine tolerance in the spinal cord of the mouse (Dai et al., 2016). This implies that in the D2R-MOR complex of these neurons, D2R activation can reduce the MOR internalization and signaling of this complex to avoid excessive inhibition of the anti-reward neurons. In cellular models there also exists evidence that the D2R in this complex can reduce the speed of internalization of MOR by a MOR agonist (Vasudevan et al., 2019). Thus, it may be that the MOR protomer may stay longer in the plasma membrane but with reduced coupling to Gi/o, leading to reduced MOR signaling (Figure 2).
[image: Figure 2]FIGURE 2 | Understanding the role of the A2AR-D2R heteroreceptor complexes in modulating the changes in the activity of the ventral striatal-pallidal GABA antireward neurons induced by chronic morphine treatment or morphine self-administration. (A) Morphine (chronic) is shown to increase the density of D2R-D2R homomers (2 arrows pointing upwards). This causes enhanced inhibition of firing in the antireward neurons leading to a reduction of antireward activity. An increase of morphine self-administration is found. The D2R-MOR complex also becomes increased in density after morphine (chronic) mainly due to inhibition MOR internalization. This event will result in a reduction of MOR cycling, which impairs its signaling, and a reduction of recognition also develops due to antagonistic allosteric receptor-receptor interactions. As a result, an increase in morphine tolerance takes place since higher doses of morphine are needed to induce reward due to the malfunction of the MOR signaling. It is also proposed that an increased density of A2AR-D2R complexes develops upon exposure to chronic morphine as seen from the two red arrows indicated. As a result, the D2R function becomes reduced through an allosteric brake on D2R signaling. The MOR-DOR complex is well known to be increased in density upon chronic morphine treatment or morphine self-administration, shown by 2 arrows. Both receptor protomers remain functional by coupling to Gz protein. However, the morphine activation of the DOR protomer is known to produce a brake on MOR recognition via an allosteric receptor-receptor interaction. Therefore, an increase in morphine tolerance takes place. (B) Modulation of morphine effects by receptor protomer ligands. The D2R antagonist is known to block the inhibitory D2R homomer signaling over Gi/o and produces a marked reduction of morphine self-administration. In the case of the D2R-MOR complex, the D2R antagonist appears to disrupt the complex and set the MOR protomer free from D2R mediated allosteric inhibition. MOR internalization is therefore increased and its function restored, leading to a reduction of morphine tolerance due to enhanced MOR signaling induced by morphine. It is indicated that the A2AR agonist given in vivo should effectively inhibit the function of the D2R protomer of the A2AR-D2R complex, increased in density (see A). Thus, a reduction of the inhibitory Gi/o activity of the D2R protomer develops which results in an increase in the activity of the anti-reward GABA neurons. A reduction of morphine self-administration should develop. The DOR antagonist can target the DOR protomer and remove its allosteric inhibition of the MOR signaling, which reduces morphine tolerance.
It is also likely that MOR-DOR heteromers exist in the GABA antireward neurons since several techniques have demonstrated high densities of these receptor heteromers inter alia in the nucleus accumbens and dorsal striatum, especially after chronic morphine treatment, which increases their formation (Gupta et al., 2010; Erbs et al., 2016) (Figure 2). Bidirectional antagonistic allosteric receptor-receptor interactions between the MOR and DOR protomers have also been demonstrated using an agonist or antagonist for one of the protomers (Gomes et al., 2000; Gomes et al., 2004; Gomes et al., 2011). It was also postulated that the MOR-DOR heteromer no longer signals via the Gi/o proteins since pertussis toxin did not prevent its signaling. It was therefore postulated that this receptor heteromer signals by recruiting the Gz subunit (George et al., 2000). This subunit can be recruited inter alia to the MOR-DOR complex via e.g., morphine treatment, is not down-regulated by chronic treatment with morphine (Kabli et al., 2014) and can be involved in producing morphine use disorder. Furthermore, a MOR-DOR-biased agonist would reduce tolerance as well as physical dependence (Gomes et al., 2013; Portoghese et al., 2017) (Figure 2B).
Naloxone is a competitive MOR antagonist (Nakamura et al., 2020) and known to block MORs leading to reduction of opioid reward and MOR-induced psychological dependence (Nakamura et al., 2020; Reeves et al., 2020). Thus, as indicated in Figure 2, the mechanism in this process can involve the blockade of the MOR protomers in the D2R-MOR and MOR-DOR heterocomplexes located in a postjunctional position in the ventral striato-pallidal GABA anti-reward neurons as well as of MOR monomers/homomers (not shown). As a result of the naloxone-induced blockade of MOR induced inhibition of the GABA antireward neurons, the activity of these GABA antireward neurons is increased which reduces the reward impact of activity in the accumbal GABA reward neurons (Everitt et al., 2008; Koob and Le Moal, 2008).
In addition, it should also be considered that MOR exist also in the type 2 vesicular glutamate transporter positive glutamate neurons modulating opioid reward at the glutamate synapses (Reeves et al., 2020). It therefore seems possible that the cortico-accumbal glutamate neurons that drive the GABA anti-reward neurons possess MOR in their synapses. Thus, MOR may inhibit the GABA anti-reward neurons in two ways, one through inhibition of glutamate release onto these neurons and another through postjunctional inhibition of activity in the GABA anti-reward neurons. Naloxone should therefore be highly efficient in increasing activity in these GABA antireward neurons, leading to a reduction of the impact of the accumbal GABA reward neurons in the emotional circuits (Everitt et al., 2008; Koob and Le Moal, 2008). An advantage of the D2R-MOR heteroreceptor complex operating via Gi/o coupling (Figure 2) is that in this case the naloxone induced blockade of the MOR also removes the antagonistic reciprocal allosteric receptor-receptor interactions in this heterocomplex. Therefore, the inhibitory signaling of the D2R can even become increased helping to maintain a certain degree of increase in the GABA antireward neurons. It is not clear to which degree the DOR protomer operating via Gi/o can take over inhibitory function of the MOR protomer upon treatment with naloxone (Stockton and Devi, 2012; Derouiche and Massotte, 2019).
Furthermore, we should consider the role of large numbers of A2AR-D2R heteroreceptor complexes in the ventral striatal-pallidal GABA antireward neurons. It is suggested that a major mechanism involved could be the A2AR agonist induced activation of the A2AR protomer in the A2AR-D2R complex, leading to enhanced inhibition of the D2R recognition and signaling. Co-injection of an A2AR agonist CGS21680 and morphine for 11 days significantly reduced morphine self-administration. However, if instead the adenosine receptor antagonist DMPX was given prior to morphine infusions, a significant increase in morphine self-administration was observed (Sahraei et al., 1999). Since neither an adenosine A1 receptor (A1R) agonist nor an A1R antagonist altered the morphine self-administration (Sahraei et al., 1999), the conclusion was that the A2AR antagonist properties of DMPX led to the expression and/or development of morphine reinforcement. As a result of the antagonistic allosteric receptor-receptor interaction in the A2AR-D2R heteroreceptor complexes, the activation of the A2A protomer results in a brake of the D2R protomer. Therefore, a reduction of the inhibitory action by the D2R on the firing of the ventral striatal-pallidal GABA antireward neurons pathway can no longer be in operation and antireward activity is increased and morphine self-administration is reduced (Figure 2).
Based on the above, it seems possible that morphine self-administration is associated with an increase in the density of D2R-MOR, MOR-DOR heteroreceptor complexes and D2R homoreceptor complexes in the ventral striatal-pallidal GABA antireward neurons (Gomes et al., 2004; Gupta et al., 2010; Dai et al., 2016; Derouiche and Massotte, 2019) (Figure 2A). We now propose that this also holds true for A2A-D2R heteroreceptor complexes in view of the previous evidence obtained in a cocaine self-administration rat model (Pintsuk et al., 2016; Borroto-Escuela et al., 2017b). Thus, it was found that cocaine self-administration produced increases in the A2A-D2R heteroreceptor complexes in the nucleus accumbens with an enhancement of their antagonistic allosteric receptor-receptor interaction. Therefore, a higher contribution of the A2AR-D2R heteroreceptor complexes results in an increase in the activity in the GABA antireward neurons. This proposed mechanism can explain the inhibitory effects of A2AR agonists on morphine self-administration (Sahraei et al., 1999) and may contribute to reducing morphine use disorder.
Based on the reorganization of the homo- and heteroreceptor complexes described above, we should consider the altered modulation of the maintenance of morphine self-administration induced by the receptor protomer ligands of these complexes (Figure 2B). The D2R antagonist, targeting the D2R homomer, will produce an activation of the anti-reward neurons by removal of the inhibitory action of the D2R on the firing of the GABA anti-reward neurons. On the other hand, D2R antagonists will disrupt the D2R-MOR complex and set the MOR protomer free from the D2R protomer. MOR internalization is therefore increased and its function restored, leading to a reduction of morphine tolerance due to enhanced MOR signaling induced by morphine. It is also indicated that an A2AR agonist given in vivo should effectively inhibit the function of the D2R protomer of the A2AR-D2R complex, which will be expected to increase in density (see Figure 2A). Thus, a reduction of the inhibitory Gi/o activity of the D2R protomer develops, which results in an increase in the activity of the anti-reward GABA neurons. A reduction of morphine self-administration should develop. As to the DOR antagonist, it will enhance MOR signaling by removal of the DOR protomer induced inhibitory allosteric modulation of the MOR protomer function. In this way it would reduce morphine tolerance by increasing MOR recognition and signalling (Gomes et al., 2000; Borroto-Escuela et al., 2013c; Gomes et al., 2013; Portoghese et al., 2017; Derouiche and Massotte, 2019).
ON THE ROLE OF THE DYNAMIC BALANCE OF MOR AND D2R HETERORECEPTOR COMPLEXES FOR MORPHINE USE DISORDER DEVELOPMENT
The mechanism for the development of hypersensitive MOR in morphine withdrawal in the ventral striatal-pallidal GABA neurons is unknown. It may, however, be speculated that a compensatory increase in the formation of MOR homomers takes place in morphine withdrawal. As a result, the density of D2R-MOR complexes becomes reduced due to increased formation of hypersensitive MOR homoreceptor complexes. As a result, the density of the D2R-MOR complexes will be reduced since hypersensitive MOR may develop an increased affinity for each other and formation of MOR homoreceptor complexes becomes favored. More D2Rs will therefore be available to bind to A2ARs. This leads to increased formation of A2AR-D2R complexes with enhanced antagonistic A2AR-D2R interactions, which was in fact indicated from the pharmacological analysis. Thus, such a change in the balance between the D2R-MOR, MOR-MOR and A2AR-D2R in morphine withdrawal can also contribute to the development of morphine use disorder. The D2R being under increased allosteric A2AR inhibition can no longer by itself effectively inhibit the activity of the ventral striatal-pallidal GABA antireward neurons.
The major way to reduce anti-reward activity in these GABA neurons in morphine withdrawal is through agonist activation of the hypersensitive MOR involving MOR homoreceptor complexes with morphine or other opioids or enkephalins. This MOR activation leads to inhibition of the antireward neurons.
As discussed above, after chronic morphine treatment there is a marked increase in MOR-DOR complexes in the limbic brain circuits including also the ventral striatal-pallidal GABA antireward neurons (Gupta et al., 2010; Kabli et al., 2014). Instead, in morphine withdrawal, hypersensitive MORs develop which may enhance their affinity for each other and cause an increased formation of MOR-MOR homoreceptor complexes.
This hypothesis on the role of the dynamic balance of A2AR-D2R, D2R-MOR, MOR-MOR and MOR-DOR complexes in the GABA antireward neurons for morphine use disorder development opens up a new approach for understanding and treatment of this brain disease. Like in cocaine use disorder (Borroto-Escuela et al., 2018a), it becomes important to reduce the postulated increased formation of the A2A-D2R heteroreceptor complexes also in morphine use disorder in view of the A2AR brake on D2R signaling causing antireward and aversion. A2AR antagonists can be of help for treatment of morphine use disorder, but like in cocaine use disorder treatment, the design of interface interfering peptides and/or hetero-bivalent compounds with D2R agonist and A2AR antagonist pharmacophors may be necessary to develop (Borroto-Escuela et al., 2018a). By setting the D2R free from the A2AR brake, morphine activation of MOR is no longer the only way to bring down activity in the GABA antireward pathway and morphine use disorder should go away or be reduced.
In the scenario where one didn’t develop morphine use disorder yet but still under a morphine chronic treatment, the goal of pharmacotherapy is instead to reduce its use. As in the case of cocaine use, A2AR agonist treatment can be of help (Listos et al., 2008; Borroto-Escuela et al., 2018a). By reducing D2R signaling in the A2AR-D2R complex in the GABA antireward neurons through the antagonistic allosteric A2AR-D2R interaction the inhibition of the GABA antireward neurons will be reduced. The morphine induced activation of the MOR in these neurons will therefore not be as effective in reducing the firing of the GABA antireward pathway. The rewarding effects of morphine will therefore become weakened.
ON THE ROLE OF ENKEPHALINS IN THE VENTRAL STRIATAL-PALLIDAL GABA ANTIREWARD NEURONS IN MODULATING THE BALANCE OF THEIR MOR AND D2R HETERORECEPTOR COMPLEXES
The MOR and DOR exist in the GABA antireward neurons of the nucleus accumbens and can be activated by enkephalins released from these neurons (Mansour et al., 1995; Mongi-Bragato et al., 2018) involving their soma-dendrites and local collaterals followed by short distance volume transmission (Fuxe et al., 2005). The work of Mongi-Bragato and colleagues (Mongi-Bragato et al., 2016) has clearly demonstrated that the enkephalins play a major role in producing cocaine sensitization at the behavioral and molecular level. They also concluded that the enkephalins can be key players in mediating psychostimulant addiction like cocaine addiction by contributing to the changes in neuronal plasticity with increases in AMPA receptors, phosphorylation of tyrosine receptor kinase B and CREB causing the addiction development (Mongi-Bragato et al., 2018). These findings are of high interest and knockout of the proenkephalin gene abolished the development of cocaine sensitization as did treatment with the opioid receptor antagonist naloxone (Mongi-Bragato et al., 2016).
Based on the current hypothesis on the role of the balance of the A2AR-D2R, MOR-DOR, MOR-D2R, and MOR-MOR complexes in the GABA antireward neurons for the development of morphine use disorder the work by Mongi-Bragato and colleagues (Mongi-Bragato et al., 2016; Mongi-Bragato et al., 2018) implies that this balance is of relevance also for cocaine use disorder. The postulated increase, in the brake of the inhibitory D2R protomer signaling in the A2AR-D2R-Sigma1R complex in the enkephalin positive GABA anti-reward neurons in cocaine use (Borroto-Escuela et al., 2018a), may to begin with be compensated for by extracellular enkephalin release, activating the MOR-DOR complex. Increased met-enkephalin levels have been observed in nucleus accumbens upon cocaine treatment. Thus, via its Gi/o and/or Gαz coupling the MOR-DOR signaling may increase the inhibition of the activity of the GABA anti-reward neurons. However, cocaine use disorder may develop when the MOR-DOR and MOR-MOR complexes are no longer able to cause sufficient inhibition of the GABA anti-reward neurons due to an irreversible and permanent brake on the D2R signaling in the A2AR-D2R-Sigma1R complex and/or insufficient release of enkephalins from these neurons. Thus, the balance of the D2R-MOR, MOR-DOR and A2AR-D2R heteroreceptor complexes as well as of MOR-MOR homoreceptor complexes in the enkephalin positive GABA antireward neurons appears to be critical for understanding both morphine and cocaine use disorders.
CONCLUSION
Establishing the role of the balance of D2R-MOR, MOR-DOR and A2AR-D2R heteroreceptor complexes, including their corresponding homoreceptor complexes, in the GABA antireward neurons appears to be of high relevance for understanding the molecular basis of morphine and cocaine use disorder. Therefore, we should consider these receptor protomers as new targets for novel treatments of these brain diseases. Patients suffering from morphine dependence can become more dependent on morphine actions at MOR protomers in MOR-DOR and MOR-MOR complexes in the antireward GABA neurons in view of increased expression of A2AR-D2R complexes antagonizing inhibitory D2R signaling. As a consequence, morphine may produce inhibition of these neurons mainly through the activation of the Gi/o and Galphaz mediated inhibitory signaling of MOR in a receptor complex with DOR. The integration of signaling in D2R-MOR complex remains to be determined but is proposed to be reduced in density in morphine withdrawal due to a postulated increase in hypersensitive MOR-MOR homoreceptor complexes. Overall, the activation of the A2AR-D2R complex in the ventral striatal-pallidal GABA antireward neurons by favoring antireward and aversion may reduce morphine induced reward produced via activation of the MOR homo- and heteroreceptor complexes, inhibiting activity in these antireward neurons.
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INTRODUCTION
Neurocognitive Disorder due to Alzheimer’s Disease: A Brief Overview
According to DSM5, the term neurocognitive disorder (NCD) emphasizes that the cause of mental deficit lies in a pathology affecting neuronal circuits. The early clinical stages of NCD (mild-NCD/MCI) are characterized by functional preservation of everyday activities. Instead, if the disorder has a functional impact it is defined as major-NCD (dementia). On the other hand, the definition of the underlying pathology allows for the etiological classification of NCD (American Psychiatric Association, 2013; Sachdev et al., 2015). Based on the pathological deposition of proteins in brain tissue, NCD due to AD is characterized by a dual proteinopathy in which neurodegeneration is associated with the deposition of amyloid and phosphorylated TAU protein (pTAU). AD is the main age-related degenerative NCD progressively involving memory, complex attention, executive functions, language, and visual-perceptual functions. Personality and behavioural changes are also frequent further complicating the clinical course. On the other hand, due to the late involvement of the movement centers, motor function is usually spared until the most advanced stages of the disease. The AD syndromic evolution reflects the progressive spread of pTAU pathology from the allocortex (entorhinal cortex and hippocampus) to the neocortex (Elahi and Miller, 2017; Hanseeuw et al., 2019). Observing the neuropathology of AD is the starting point for deciphering its pathophysiological mechanisms and, therefore, identifying the biomarkers of the disease and the possible therapeutic targets. The macroscopic pathological feature characterizing advanced AD is diffuse brain atrophy due to widespread neurodegeneration causing synaptic and neuronal loss. Actually, the disease begins decades earlier with amyloid accumulation in the neocortex but amyloid deposition, which is very common even in physiological aging, is not sufficient to cause AD. The fundamental question is: what triggers neurodegeneration? Probably, the excess of amyloid-beta (Aβ) induces neurodegeneration through toxic oligomers. Indeed, soluble Aβ oligomers cause a synaptic reduction with a decrease in long-term potentiation and memory. Moreover, oligomers can reduce blood flow in brain capillaries and induce hyperphosphorylation of the AD-relevant epitopes of TAU protein (Selkoe and Hardy 2016; Nortley et al., 2019). Thus, Aβ load triggers neurodegeneration through oligomers which induce unbalanced activation of neuronal kinases resulting in excessive production of pTAU that, in turn, aggregates in pTAU toxic oligomers and spreads from its initial location in allocortex to neocortex. Together, oligomeric Aβ, synaptic pTAU aggregates and glial inflammatory activation are the main neurotoxic factors involved in the manifestation of a clinically relevant neurocognitive disorder (Perez-Nievas et al., 2013; Jack et al., 2018a). Typically, AD pathology shows extracellular accumulation of Aβ peptides (Aβ or senile plaques), as well as the hyperphosphorylated tau protein aggregates inside the dying neurons named neurofibrillary tangles (NFT) and neuropil threads (NT). Their combination constitutes the neuritic plaque (NP), which is the most typical feature of AD neuropathology. Thus, the neuropathological definition of AD requires a combination of scores for Amyloid, TAU (Braak stages), and NP (CERAD), which constitute the ABC criteria for the grading of AD related pathology (Mirra et al., 1991; Braak et al., 2006; Montine et al., 2012). Senile and neuritic plaques, consisting of protein and cellular debris, activate reactive and inflammatory processes by astrocytes and microglia which produce cytokines (IL-1β, IL-6) and NLRP3 inflammosome activation that, in turn, increase neurotoxic phenomena (Serrano-Pozo et al., 2016; Ising et al., 2019). On the basis of the neuropathological picture, several biomarkers have been developed for the in vivo definition of the pathology. Thus, the ATN system (Amyloid-TAU-Neurodegeneration) has been set up including 1) estimate of the amyloid load: Aβ decrease in cerebrospinal fluid (CSF) and/or Aβ cortical accumulation at amyloid-PET; 2) pTAU valuation: pTAU increase in CSF and/or pTAU cortical accumulation at TAU-PET; 3) extent of neurodegeneration: atrophic pattern at brain MRI and/or hypometabolism at FDG-PET and/or increase of total-TAU in CSF (Jack et al., 2018b; Chételat et al., 2020). These markers can allow for early diagnosis or even can identify those most at risk of developing AD in a preclinical phase (before mild-NCD) in order to implement timely therapeutic interventions (Dubois et al., 2016). Nonetheless, there is now no cure for AD and this approach poses ethical problems, as well as being invasive and expensive; therefore, an intensive search for biomarkers obtainable from peripheral blood is still in progress (Lewczuk et al., 2018; Molinuevo et al., 2018).
The early mechanisms leading to Aβ accumulation and initial generation of toxic molecules are elusive and multiple, and belong to the individual trajectory of cerebral aging linked to non-modifiable genetic factors (AD-related polymorphisms, APO-E4 allele, and pathogenic mutations in PSN-1-2 and APP genes, and Williamson et al., 2009; Vermunt et al., 2019), and to modifiable factors related to the individual’s personal history including favorable behaviors (regular physical and mental activity, high education, healthy diet, social engagement) and harmful conditions (midlife obesity, diabetes, hypertension, smoke, excessive alcohol, and hearing loss) (Lourida et al., 2019; Livingston et al., 2020). Early pathogenesis of sporadic AD is quite complex. Just as there are different forms of hepatitis that lead to cirrhosis, there are different pathophysiological paths that lead to AD. However, the sine qua non for the development of AD pathophysiology is the accumulation of amyloid in the cerebral cortex. Indeed, many efforts are being made to reduce the presence of amyloid in the cerebral cortex, especially through the use of costly monoclonal antibodies (e.g., phase3 trials: Aducanumab, Gantenerumab; phase2 trial: Crenezumab). Actually, amyloid reduction is only one aspect of the therapeutic approach and there is increasing attention to non-amyloid targets with 121 agents having clinical trials in course for the treatment of AD (Cummings et al., 2020). Particularly, a new challenge is the development of immunotherapies capable of blocking the toxic pTAU species (Bittar et al., 2020). The multifactorial nature of the AD would require an early, long-lasting, and multi-dimensional therapeutic approach which should be personalized and based on the patient’s clinical and biomarker characteristics (Sperling et al., 2011; Cummings et al., 2018; Hara et al., 2019). The current possible intervention strategies to improve the AD course depend on the stage of pathology and progressively include: prevention measures (healthy and active lifestyle, reduction of detrimental factors), disease modifying treatments (reduction of Aβ load and toxic oligomers, containment of TAU phosphorylation, toxic pTAU species and neuroinflammation, enhancement of neuronal resilience), symptomatic therapies (modulation of synaptic functions and improvement of synaptic efficiency, and Long and Holtzman 2019). Nonetheless, it should be taken into account that many senile cases of AD present mixed pathologies and in the extreme stages of senility it becomes unrealistic to stem neurodegeneration. In this framework, adenosine receptors, especially in the hippocampus, constitute a new and interesting therapeutic target through which it is possible to modulate and improve synaptic activity, obtaining symptomatic and perhaps disease-modifying effects.
ROLE OF A2A ADENOSINE RECEPTORS IN AD: STATE OF THE ART AND DISCUSSION
Adenosine is an ubiquitous autacoid derived by ATP dephosphorylation, that modulates several responses in CNS, by activating four G-protein coupled receptors, A1, A2A, A2B, and A3 present on both neuronal and glial cells (Borea et al., 2018). This nucleoside is generated at both intra– and extracellular level following AMP dephosphorylation by 5′-nucleotidases and its extracellular concentration is regulated both from equilibrative nucleoside transporters as well as through exocytosis by neurons and astrocytes (Borea et al., 2016).
Adenosine regulates several physiological functions including sleep, cognitive performances, and memory and its main role is to regulate neuron excitatory synaptic transmission by inhibitory A1 receptors and synaptic plasticity via facilitatory A2A receptors (Cunha, 2008; Cunha, 2016; Cieślak and Wojtczak, 2018). In particular, the A2A subtype, mainly present in striatal area, has been now recognized in other cerebral regions including cortex and hippocampus, where due to its expression at presynaptic level, it affects the release of excitatory neurotransmitters, like glutamate (Cunha et al., 1994; Lopes et al., 2002; Marchi et al., 2002). As for its synaptic expression in spite of episodic evidence (Canas et al., 2018), it is still debatable if there is A2A receptors expression in synapses, although it is well established that A2A receptors are located in hippocampal synapses, with a density about 20–time lower than in the striatum (Lopes et al., 2004; Rebola et al., 2005). Although in healthy human brains the A2A receptor may exert protective functions, by regulating other proteins as BDNF, its signaling is strongly modified in the hippocampus following aging (Rebola et al., 2003; Tebano et al., 2010; Temido-Ferreira et al., 2019; Temido-Ferreira et al., 2020). In this condition, there is a rise of A2A receptor and G proteins-coupling, leading to an increase in glutamate release, mGluR5-dependent NMDA receptor overstimulation, and enhanced calcium influx responsible for synaptic alterations and memory dysfunction (Temido-Ferreira et al., 2020). These findings suggest a role for this receptor subtype in the pathogenesis of different neurocognitive disorders and specifically AD (Costenla et al., 2011; Rebola et al., 2011; Horgusluoglu-Moloch et al., 2017; Temido-Ferreira et al., 2019). Indeed, synaptic dysfunction and damage are key features in early AD (Selkoe, 2002; Coleman et al., 2004). Interestingly, A2A receptor is overexpressed in both frontal cortex and hippocampus of aged and transgenic-AD animals as well as in AD patients (Lopes et al., 1999; Arendash et al., 2006; Albasanz et al., 2008; Espinosa et al., 2013; Li et al., 2015; Orr et al., 2015; Pagnussat et al., 2015; Gonçalves et al., 2019; Temido-Ferreira et al., 2020). APP/PS1 mouse model of AD amyloidosis show an upregulation and activation of A2A adenosine receptors hampering long-term synaptic potentiation (LTP) in hippocampal CA3 pyramidal cells (Viana da Silva et al., 2016). Several literature data report the use of pharmacological and genetic approaches to demonstrate that A2A adenosine receptors block prevents synaptic damage and cognitive impairments in animal models following Aβ exposure, suggesting that A2A receptor antagonists might reduce synaptotoxicity (Dall'Igna et al., 2007; Canas et al., 2009; Orr et al., 2018). Moreover, antagonism of A2A adenosine receptors in animal models of Tau pathology inhibits Tau hyperphosphorylation, hippocampal neuroinflammation, while protects spatial memory and hippocampal long-term depression (Laurent et al., 2016). Accordingly, overexpression of A2A adenosine receptors, in a tauopathy mouse model, increases tau hyperphosphorylation and consequent tau-dependent memory impairments (Carvalho et al., 2019).
Adenosine, deriving from an increase of ecto-5′-nucleotidase (CD73) activity in animal model of early AD, induced memory deficits, LTP impairment and synaptic markers reduction in a CD73 or A2A adenosine receptor-dependent way (Gonçalves et al., 2019). Indeed, among the early mechanisms involved in memory deterioration, synaptic dysfunction and selective synaptic degeneration stand out as one of the more robust and reproducible events. In fact, the early works on neuropathological changes associated with dementia established the loss of synaptic markers as a key process (Terry et al., 1991). More recent work showed that the loss of synapses is indeed of the earliest neuropathological changes in the brains of MCI and early AD patients, namely in the hippocampus (Scheff et al., 2007; Scheff et al., 2015). Accordingly, animal studies confirmed that synaptic dysfunction is an early event at the onset of memory perturbations (Canas et al., 2009; Viana da Silva et al., 2016; Silva et al., 2018). This justifies the proposal that AD is a synaptic-based disease (Selkoe, 2002) and that synaptic modulators may be paramount to control early AD (Coleman et al., 2004). Another crucial role for the A2A adenosine receptor is its important ability to modulate glial cell functions, affecting pro-inflammatory cytokines release and neuroinflammation (Illes et al., 2020). Specifically, it plays an essential role in activated microglia, located near amyloid plaques typical of AD (Franco et al., 2020), where its upregulation is responsible for a raise of M1 microglial markers (IL-1β, IL-6, TNF-α) and its antagonism prevents hippocampal LTP impairments, as well as IL-1β production, paventing a regulatory function for it in reducing memory dysfunction (Colella et al., 2018; Franco et al., 2019). Several studies support a role of A2A receptor as drug target in both neurons and microglia to revert memory deficit and neurodegeneration in AD (Santiago et al., 2014; Cunha, 2016). Recently, it has been reported that A2A subtypes interact with NMDA receptors producing A2A-NMDA heteromers, mainly in microglia, characterized by bidirectional cross-antagonism, where A2A receptor inhibition decreases hyperactivation of glutamatergic signalling by blocking NMDA receptor-mediated currents (Rebola et al., 2008; Mouro et al., 2018; Franco et al., 2020; Temido-Ferreira et al., 2020). In addition, it forms important complexes with CB2 cannabinoid receptor subtypes, presenting cross-interaction, thus modifying the pathway of each other. In this heteromer, A2A receptor antagonism provides an increase in CB2 receptor activity suggesting, for the first time, that A2A receptor block rises the neuroprotective action of endocannabinoids important for AD therapy (Franco et al., 2019). Interestingly, these receptorial complexes were enhanced in a transgenic AD mouse model (Franco et al., 2020). Although these heteromers might have a role, recently, A2A receptor-mediated effects in AD-related features have been attributed to monomeric forms (Temido-Ferreira et al., 2020).
Clinical data, based on the effect of caffeine consumption in elderly, encourage the use of A2A adenosine antagonists to prevent memory deficits. Indeed, caffeine is the most widely consumed psychostimulant substance, present in coffee, tea, cola, chocolate, and other foods, exerting benefical effects in dementia and AD (Eskelinen et al., 2009; Eskelinen and Kivipelto, 2010; Santos et al., 2010; Gelber et al., 2011; Liu et al., 2016; Sugiyama et al., 2016; Reyes and Cornelis, 2018; Domenici et al., 2019; Dong et al., 2020; Iranpour et al., 2020). Interestingly it has been reported that non-toxic doses/concentrations of caffeine mostly act on A2A receptors in the brain (Yu et al., 2009; Lopes et al., 2019). Accordingly, antagonism of A2A receptors is one of the main effects of caffeine (Jacobson et al., 2020).
Specifically, coffee consumption correlated with reduction of cognitive function, with significant effects obtained with three cups of coffee per day (Ritchie et al., 2007; van Gelder et al., 2007). Indeed, a retrospective analysis during 20 years before AD development, revealed a negative correlation between coffee intake and disease diagnosis, with lower quantity of caffeine at day assumed by patients with AD in contrast to higher amounts of caffeine in control subjects (Maia and de Mendonca, 2002). Furthermore, a prospective work evaluating the effect of coffee intake assumed every day on AD development, showed a reduction of AD risk by 31%, following 5 years examination (Lindsay et al., 2002). In addition, lower caffeine levels were observed in plasma of mild cognitive impairments patients developing later dementia, in comparison to those who did not develop the disease. Therefore, high levels of caffeine were related to the lack of dementia development in a window of 2/4 years (Cao et al., 2012). Accordingly, a high daily consumption of 3–5 cups of coffee reduced the risk of dementia and AD of 65–70 and 62–64%, respectively, in comparison to a lower assumption (Eskelinen et al., 2009). More generally, caffeine intake was associated to the absence of dementia and cerebral injuries typical of AD and to an increase of long-term memories consolidation in humans (Gelber et al., 2011; Borota et al., 2014; Favila and Kuhl, 2014).
In animal models of AD, administration of caffeine, has been associated to a reduced risk for memory decline and dysfunction, beta-amyloid production and tau hyperphosphorylation (Costa et al., 2008; Arendash et al., 2009; Canas et al., 2009; Cao et al., 2009; Eskelinen and Kivipelto, 2010; Santos et al., 2010; Laurent et al., 2014; Kaster et al., 2015; Kolahdouzan and Hamadeh, 2017). Finally, recent works support the utility of caffeine intake as antioxidant and antiinflammatory agent (Janitschke et al., 2019; Sinyor et al., 2020). However, it has to be remarqued that although caffeine is an abundant bioactive molecule in coffee beverages, these have over 2,000 other chemicals that may have biological effects. In this respect, it is interesting that it is the amounts of a caffeine metabolite, the obrominel, rather than caffeine levels in the CSF that correlate with amyloid/tau markers in demented patients (Travassos et al., 2015). Interestingly, the intake of chocolate, rich in the obromine, is inversely correlated with memory deterioration (Moreira et al., 2016).
It is important to remarque that the neuroprotective effects of caffeine, associated to A2A adenosine receptor inhibition, have been observed also in Parkinson’s disease, where much work has been carried out to demonstrate safety of the first A2A adenosine receptor antagonist, istradefylline, recently launched as a new drug for this pathology in Japan (Nouriast) and in the United States (Nourianz) (Borea et al., 2016, Borea et al., 2017; Chen and Cunha, 2020). Istradefylline has been also shown to exert protective effects by reducing memory dysfunction in animal models of AD and for the future it would be crucial to determine whether it could also induce memory improvement in patients with AD (Orr et al., 2018). However, it should be underlined that istradefylline has a narrow therapeutic window in aging and experimental models of AD and PD, leading to the hypothesis that age and other factors may affect safety of A2A receptor antagonists.
Finally, this opinion article has presented the main findings supporting the role of A2A adenosine receptor antagonists on AD. Even though further work is necessary to better elucidate the mechanisms involved in the shift of A2A receptor from beneficial target in normal synapses to detrimental one in aging and disease, its capability to modulate synaptotoxicity, glutamate-dependent NMDA signaling and calcium dysfunction, together with its effect on neuroinflammation, suggest a crucial role for its antagonism to prevent AD pathology.
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The development of GPCR (G-coupled protein receptor) allosteric modulators has attracted increasing interest in the last decades. The use of allosteric modulators in therapy offers several advantages with respect to orthosteric ones, as they can fine-tune the tissue responses to the endogenous agonist. Since the discovery of the first A1 adenosine receptor (AR) allosteric modulator in 1990, several efforts have been made to develop more potent molecules as well as allosteric modulators for all adenosine receptor subtypes. There are four subtypes of AR: A1, A2A, A2B, and A3. Positive allosteric modulators of the A1 AR have been proposed for the cure of pain. A3 positive allosteric modulators are thought to be beneficial during inflammatory processes. More recently, A2A and A2B AR allosteric modulators have also been disclosed. The A2B AR displays the lowest affinity for its endogenous ligand adenosine and is mainly activated as a consequence of tissue damage. The A2B AR activation has been found to play a crucial role in chronic obstructive pulmonary disease, in the protection of the heart from ischemic injury, and in the process of bone formation. In this context, allosteric modulators of the A2B AR may represent pharmacological tools useful to develop new therapeutic agents. Herein, we provide an up-to-date highlight of the recent findings and future perspectives in the field of orthosteric and allosteric A2B AR ligands. Furthermore, we compare the use of orthosteric ligands with positive and negative allosteric modulators for the management of different pathological conditions.
Keywords: adenosine receptors, allosteric modulators, A2B receptor, mesenchymal stromal cells, bone healing
INTRODUCTION
G-protein-coupled receptors (GPCRs) are a large family of membrane receptors that mediate the response to several extracellular stimuli. Thus, several efforts have been made to discover molecules acting on GPCRs that represent about one-fourth of marketed drugs approved in 2019 by the FDA (Salmaso and Jacobson, 2020). Among the GPCR family, Adenosine receptors (ARs) are mainly involved in the sensing of tissue damage rather than homeostatic regulators under physiological conditions (Xiao et al., 2019). Four subtypes of ARs (A1, A2A, A2B, and A3) mediate the response to the increase of extracellular adenosine concentrations in response to stressors (Chen et al., 2013). Adenosinergic pathways possess a dual face: on one side, elevated adenosine concentration restores an energy imbalance; on the other side, chronic exposure to high adenosine levels can switch to the promotion of pathological conditions such as uncontrolled inflammation, cytokine release, and fibrosis (Borea et al., 2017).
Particularly, the A2B AR has emerged as a possible therapeutic target in several physio-pathological conditions, including asthma (Cicala and Ialenti, 2013), colitis (Kolachala et al., 2008), cancer (Gao and Jacobson, 2019), cardiovascular, and metabolic disorders (Effendi et al., 2020). However, among all the ARs, the A2B subtype is the least characterized from a pharmacological point of view owing to the lack of X-ray structure and to its low affinity for the prototypic standard ligands commonly used to study ARs. Of note, the four AR subtypes, the A1, A2A, A2B, and A3, share a highly conserved binding (the “orthosteric” one) site of the endogenous agonist adenosine challenging the design of selective agonists. The design and development of positive (PAMs) as well as negative (NAMs) allosteric modulators binding to a less conserved, and topographically distinct site have emerged as an attractive strategy. Allosteric modulators can modulate the effects of the endogenous ligand in its site of production evidencing their ability to be spatially and temporally more selective than the orthosteric ones (Changeux and Christopoulos, 2016; Gregory et al., 2019; Congreve et al., 2020).
Biological Effects of the A2B AR
The coupling of the A2B AR with Gs causes, within the cells, the activation of adenylate cyclase with a consequent increase of cAMP levels. The increase of cAMP concentrations activates the protein kinase A (PKA) and Epac leading to the phosphorylation of cAMP response element-binding protein (CREB) and extracellular signal-regulated kinases (ERK) (Schulte and Fredholm, 2003; Giacomelli et al., 2018). Furthermore, the A2B AR is coupled with Gq11 that mediates the activation of Phospholipase C (PLC) to increase the levels of 1,4,5-inositol triphosphate (IP3)/diacylglycerol (DAG), leading to activation of Protein kinase C (PKC) and increase of Ca2+ levels (Figure 1) (Ciruela et al., 2010).
[image: Figure 1]FIGURE 1 | Schematic representation of the A2B AR signaling pathways upon adenosine binding and the biological effects exerted in different tissues.
Although there are no A2B AR ligands currently in clinical evaluation, several pre-clinical data have been reported to support their use to treat different conditions such as acute lung injury, ischemia, vascular leakage, metabolic disorders, and bone defects (Jacobson et al., 2019; Carluccio et al., 2020; Gnad et al., 2020) (Table 1). The A2B AR is highly expressed in the respiratory tract and its modulation has been related to the pathogenesis of chronic obstructive pulmonary disease (COPD) and pulmonary fibrosis (Zhong et al., 2005; Cronstein, 2011; Giacomelli et al., 2018). The A2B AR has been proposed as a potential target in acute lung injury (ALI): in fact, the administration of aerosolized BAY-60-6583 1 attenuates pulmonary edema and diminishes lung inflammation (Hoegl et al., 2015). The A2B AR expression has been related to the activation of the hypoxia-inducible factor in different cell types such as endothelial cells (Feoktistov et al., 2004), lung (Eckle et al., 2014), liver cancer cells (Kwon et al., 2019), intestinal epithelial cells (Kong et al., 2006). Its activation has been reported to be useful in the treatment of ischemic injury in different tissues such as the intestines (Hart et al., 2011), heart (Ni et al., 2018) and brain (Coppi et al., 2020).
TABLE 1 | Representative orthosteric ligands in pre-clinical and clinical trials and allosteric modulators of A2B AR.
[image: Table 1]In addition to the already known A2B AR activity, the A2B AR has been recently related to physiological processes and pathological conditions opening the way to new possible therapeuthic applications of the A2B AR ligands. In fact, the activity of the A2B AR has been linked to glucose homeostasis and insulin secretion and resistance (Merighi et al., 2015). Accordingly, it has been reported that the A2B AR is abundantly expressed in skeletal muscle (SKM) as well as brown adipose tissue (BAT), and its gene deletion in SKM cells causes sarcopenia, diminishes muscle strength, and reduces energy expenditure (Gnad et al., 2020). Similarly, the adipose tissue specific silencing exacerbates the age-related reduction of BAT. The same authors demonstrated that the receptor stimulation with the A2B AR agonist BAY-60-6583 1 ameliorates obesity (Gnad et al., 2020).
Elevated adenosine concentration is known to exert immunosuppressive action through activation of the ARs mainly by the A2A and A2B subtypes. Interestingly, the use of adenosine as A2A and A2B AR agonist has been proposed and tested as an effective treatment strategy for the recent COVID-19 (Correale et al., 2020; Falcone et al., 2020).
The role of the different ARs in orchestrating the mesenchymal stem cell (MSCs) differentiation has been the focus of several researches (Reviewed in Carluccio et al., 2020). The activation of the A1 AR promotes osteoclast differentiation reducing the MSC-osteoblast differentiation. Conversely, several evidence support the role played by the A2B AR in the adenosine-mediated commitment of MSC into osteoblast differentiation (Gharibi et al., 2011; Carroll et al., 2012; He et al., 2013; Mediero and Cronstein, 2013; Rao et al., 2015; Shih et al., 2019). The receptor activation promotes the expression of the osteogenic factor Runx2 and the phosphatase alkaline (ALP), favoring osteoblastogenesis (Gharibi et al., 2011). Adenosine levels raise up to micromolar concentrations during bone injury, thus triggering the activation of the A2B AR that is highly expressed in MSCs. Furthermore, the inflammation evoked during bone injury further enhances the anabolic responses evoked by A2B AR ligands (Daniele et al., 2017). These data support the role of the A2B AR as an interesting target in the treatment of bone defects such as osteoporosis. Accordingly, the A2B AR stimulation attenuates bone loss in ovariectomized mice, supporting its potential as a target for osteoporosis also consequent to estrogen deficiency (Shih et al., 2019).
Adenosine A2B AR Orthosteric vs Allosteric Ligands
It is beyond the scope of this perspective to review the whole available literature concerning A2B AR ligands. Instead, we have chosen to select a number of relevant (classes of) compounds to 1) offer a reliable overview of those drugs involved in both preclinical and clinical studies, and 2) briefly recapitulate the effects produced by a specific orthosteric or allosteric binding to the A2B AR.
The number of A2B AR agonists developed is the most limited among the ARs agonists, and no agonists for this AR subtype have yet entered clinical trials; nevertheless, some relevant A2B AR agonists have been proposed and subjected to preclinical studies. Among them, the most promising compound, the non-nucleoside agonist BAY-60-6583 1 (Table 1), showed to be useful in the treatment of acute lung injury as well as in cardiovascular diseases, such as atherosclerosis and coronary artery disorders (Eckle et al., 2008; Gao et al., 2014).
Conversely, several highly potent and selective A2B AR antagonists have been reported and some of these had entered in clinical trials in the past decades. CVT-6883 (2, Table 1, also known as GS-601), developed by Gilead along with various other compounds, such as, CGS15493 (3, Table 1, developed by Novartis), WO-00125210 (Bayer HealthCare Pharmaceuticals), IPDX (4, Table 1, Vanderbilt University), and ATL-907 (Adenosine Therapeutics) have entered phase I and II trials for the treatment of asthma (Chandrasekaran et al., 2019; Effendi et al., 2020). In addition, the dual A2B/A3 AR antagonist QAF-807 (5, Table 1, Novartis) had reached phase III clinical trial but it failed to attenuate PC20 AMP challenge as a marker of airway inflammation in mild asthmatic subjects (Wilson, 2008).
The discrepancy between the few drugs entered in clinical practice and the pivotal role of adenosinergic system in several pathological processes can be partially explained by the ubiquitous AR expression in almost all tissues, increasing the possibility of unwanted side effects. In this respect, small-molecules acting as allosteric modulators of the A2B AR might be worthy of investigation as they could represent a potential novel therapeutic strategy for pathological conditions characterized by an altered functionality of this AR subtype.
The first selective PAM, PD81,723, has been reported in 1990 for the A1 AR subtype (Bruns and Fergus, 1990). Since then, many research groups have performed extensive structure-activity relationship studies and reported several PAMs of different AR subtypes (Valant et al., 2012; Jacobson et al., 2018; Deb et al., 2019). Less has been reported regarding A2A and A2B AR allosteric modulators. In 2013, our research group serendipitously has discovered the first class of A2B AR allosteric modulators (Taliani et al., 2013). Specifically, adopting the strategy of designing AR antagonists starting from benzodiazepine receptor (BzR) ligands, the indol-3-ylglyoxylamide scaffold, previously exploited by us to develop BzR ligands (Da Settimo et al., 1996; Da Settimo et al., 1998; Primofiore et al., 2001; Primofiore et al., 2006; Primofiore et al., 2007; Taliani et al., 2009; Cosimelli et al., 2012; Salerno et al., 2012), has been structurally modified, providing a series of 1-benzyl-3-ketoindoles (6a-b, 7a-c, 8a-b, Table 1). These compounds possess two structural features characterizing most of the A2B AR antagonists: three lipophilic moieties linked to a heterocyclic ring and a group capable to establish hydrogen bonds.
No compounds show significant binding affinities toward A1, A2A,, and A3 ARs, except for 7a and 7b, which display moderate A1 AR affinity (sub-micromolar Ki values). Quite surprisingly, the new compounds act as selective human A2B AR modulators in a stably transfected cell line. In particular, 6a,b and 7a behave as PAMs of the A2B AR in functional assay by increasing the efficacy but not the potency of the A2B AR agonists (NECA, BAY 60-6583, adenosine) in stimulating cAMP accumulation. These compounds have been deeply investigated using competitive and kinetic binding experiments resulting in the hypothesis that they favor the receptor active state without altering the orthosteric site. Compounds 7b,c and 8a,b act as NAMs of the A2B AR by decreasing both efficacy and potency of agonists. Similar to the PAMs, the activity of these compounds have been also investigated with binding experiments. They probably interfer with receptor-Gs protein coupling and, consequently, with the agonist functional response favoring the receptor uncoupled state (Trincavelli et al., 2014).
The positive or negative profile of these compounds seems to be correlated to small structural differences. However, the limited number of compounds allowed to delineate only preliminary structure-activity relationships. In brief, compounds 6a, 6b, 8a, and 8b act as PAMs or NAMs depending on the nature of the linker between the indole nucleus and the lipophilic side chain, i.e. glyoxylamide for 6 and carboxamide for 8. Conversely, for compounds 7 the interaction with the protein strictly depends on the nature of the pendant aromatic ring: 7a with a phenyl ring is a PAM while 7b and 7c, featuring a furyl or a thienyl ring, respectively, are NAMs.
Based on the evidence that the A2B AR is the principal AR subtype implicated in MSC differentiation to osteoblasts and bone formation (Gharibi et al., 2011), the A2B AR PAM 6b has been selected for its specificity toward the A2B AR and evaluated for its effect on the agonist-mediated MSC differentiation to osteoblasts. Compound 6b potentiates the effects of either adenosine and synthetic orthosteric A2B AR agonists (NECA and BAY 60-6583 1) in promoting MSC differentiation to osteoblasts in vitro (Trincavelli et al., 2014b) by increasing the osteogenic marker expression and by favoring osteoblast mineralization. In addition, in the early stage of differentiation, 6b potentiates the physiological and A2B agonist-mediated reduction of IL-6 levels that in turn is necessary to support the differentiation process in MSCs. On the contrary, in the late differentiation phase, 6b improves the physiological and A2B agonist-mediated IL-6 increase, important to ensure a pro-survival effect in osteoblasts. These results provide the basis for a prospective therapeutic use of selective A2B AR PAMs in bone diseases.
Very recently, Barresi et al. (2021), to expand the knowledge about the pharmacophoric requirements for A2B AR allosteric modulation, have reported a series of novel derivatives chemically related to 6–8. Compounds from this library exhibit different degrees of similarity with the indoles 6, 7, and 8, including novel indole-based derivatives bearing various substitutions at 1- and/or 3-positions, and derivatives characterized by different aromatic heterocycles in place of indole. Interestingly, structure-activity relationships in terms of matrix mineralization stimulation activity in MSCs (either in the presence or in the absence of the agonist BAY60-6583 1) suggest that the indole nucleus and N1-arylalkyl group do not represent key pharmacophoric elements for a compound acting as A2B AR PAM. In this study compound 9 (Table 1), which possesses a peculiar chemical structure with respect to the reference N1-benzyl substituted indoles 6–8, has been identified to represent a novel lead structure for the development of novel A2B AR PAMs potentially acting as anti-osteoporosis agents.
DISCUSSION
Allosteric modulation is a fundamental mechanism in biology and the development of allosteric ligand on GPCRs is a fast-growing field. Allosteric modulators have the potential to inhibit, activate, or maintain the signaling of the GPCR receptor allowing their modulation based on the physiological requirement without blocking endogenous ligand binding. The research on this field has delivered hundred of candidates in the pipeline and also FDA-approved therapies.
Among the GPCRs, ARs have attracted considerable attention in drug developmemt. During the last fifty decades, several efforts have been made to develop small molecules acting as agonists, antagonists or allosteric enhancers of ARs. Most of these molecules failed in clinical trials and only three are currently approved for human use: adenosine, Regadenoson and Istradefylline. However, increasing evidence demonstrates the biological role played by ARs, particularly by the A2B subtype, in pathological conditions. The A2B AR is expressed under stress conditions in almost all human tissues, and exhibits a low affinity for its endogenous agonist adenosine. Based on the tissue, the nature of the stimuli and the time of exposure, the A2B AR can mediate positive or negative effects. Thus, in the last decade, the research has been focused, on one hand, on a deeper knowledge of the molecular mechanism evoked by the A2B AR activation in different pathological conditions; on the other hand, on the development of small molecules able to selectively bind to this receptor subtype. New A2B AR ligands are currently being developed and the discovery of allosteric modulators represents an attractive research topic. The use of a GPCR orthosteric agonist can always lead to undesired effects due to its activation in other tissues. The limitation of the use of an AR orthosteric agonists and antagonists can not be completely overcome by the use of an allosteric modulator. Of note, the use of an A2B AR agonist can lead to its activation in all the tissue (also where a low amount of adenosine is present) promoting undesired side effects. Conversely, allosteric modulators may represent a more physiologic alternative to orthosteric agonist and antagonist as they promote site-specific and event-specific responses mainly in damaged tissues, where adenosine is massively released. Thus, the development of potent and selective A2B AR PAMs can open the way to a new application of AR ligand in clinical practice likely reducing the side effects with respect to those potentially caused by orthosteric agonists.
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INTRODUCTION
Over the years, increasing data concerning the extracellular effect of guanine-based purines have been published. This class of molecules that embraces the well-known nucleotides GTP, GDP and GMP, the nucleoside guanosine (GUO) and the nucleobase guanine are necessary for the maintenance of important intracellular processes, such as nucleic acid structure, energetic metabolism, and signal transduction via G-proteins (Hepler and Gilman 1992). Besides that, guanine-based purines extracellular effects are also noteworthy, mainly through its nucleoside GUO.
In the central nervous system (CNS), GUO acts as a neuromodulator mediating several cellular processes, including cell growth, differentiation and survival (Lanznaster, et al., 2016; Schmidt, Lara, and Souza 2007). Also, GUO exerts protective effects in several models of neurotoxicity or neurological disorders (both in vitro and in vivo). GUO presents anxiolytic (Bettio et al., 2014), antidepressant-like (Bettio et al., 2012), antinociceptive (Schmidt et al., 2010), and anticonvulsant effects (Lara et al., 2001) in rodents. GUO treatment exerts neuroprotection on Alzheimer’s and Parkinson’s disease in vivo models, ameliorating behavior, cognitive and motor function (Su et al., 2009; Massari et al., 2017; Lanznaster, et al., 2016; Marques et al., 2019; da Silva et al., 2020). In vitro studies showed that GUO modulates glutamate uptake, decreases the production of reactive oxygen species (ROS), improves mitochondrial function and presents anti-inflammatory properties (Dal-Cim et al., 2012; Marques, et al., 2019; Frizzo et al., 2003; Dal-Cim et al., 2019). Regarding trophic effects, GUO increases the number of neurons in culture (Decker et al., 2019) and recently it was shown that GUO promotes neural stem cell proliferation and neuronal differentiation in vitro. Additionally, GUO in vivo treatment increases the number of dividing cells and also increases neurogenesis in the hippocampal dentate gyrus (Piermartiri et al., 2020).
Guanosine Interaction Sites
The intracellular signaling pathways related to GUO effects were the first targets to be identified. It was already shown that GUO effect on cell proliferation is dependent on cyclic AMP (cAMP) level increase (Gysbers and Rathbone 1996; Su et al., 2009). Also, some protective effects are directly related to Phosphoinositide 3-kinase/Protein kinase B (PI3K/Akt) pathway (Dal-Cim et al., 2013; Dal-Cim et al., 2012; Molz et al., 2011; D'Alimonte et al., 2007; Giuliani et al., 2015) and the mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway (Di Iorio et al., 2004; Dal-Cim et al., 2011). Recently, the involvement of protein kinase C (PKC) was also identified, as GUO effect of increasing the glial glutamate transporter-1 (Glt-1) membrane expression after an oxygen/glucose deprivation (OGD) protocol in astrocytes is abolished by PKC or MAPK/ERK inhibition (Dal-Cim et al., 2019).
Since GUO effects evoke intracellular signaling pathways, the need for a membrane receptor target is claimed. The effects of GUO are not altered by nucleosides transporter blockers (Oleskovicz et al., 2008; Giuliani et al., 2015; Decker et al., 2019), indicating that its effects are mediated through interaction with some molecular target at the cellular membrane not yet identified. Some studies pointed to a putative selective GUO receptor in rat brain membranes through [3H]GUO binding analysis (Traversa et al., 2002; Traversa et al., 2003). Additionally, a study from Volpini and collaborators suggested GUO interaction with a G-protein coupled receptor (GPCR) (Volpini et al., 2011). In this line of evidence, the pharmacological blockade of GUO neuroprotective effect against ischemia-like in vitro protocol with Pertussis toxin also indicates a GPCR interaction (Dal-Cim et al., 2013). While the extracellular effects of purinergic adenine-based nucleotides and nucleoside are better characterized and their respective P2 and P1 receptors are recognized (Palmer and Stiles 1995), guanine-based purines are still orphan molecules.
Apart from the purinergic system, it was shown that GUO effects may depend on a potassium channel interaction. GUO effects of increasing cellular viability in hippocampal slices subjected to OGD and in SH-SY5Y neuroblastoma cells subjected to mitochondrial damage are blocked by large (big) conductance calcium-activated potassium channels (BK) inhibitors (Oleskovicz et al., 2008; Dal-Cim et al., 2012; Dal-Cim et al., 2013). A couple of studies also suggested the relation of GUO effects with GPR23 (Di Liberto et al., 2012) or CD40 receptors (D'Alimonte et al., 2007). Although there is a suggestion for GUO receptors (a selective one, or other putative receptors), a great number of results support that GUO effects are mediated by adenosine receptors (Lanznaster, et al., 2016).
Guanosine Interaction With Adenosine Receptors
Adenosine plays a pivotal role as a neuromodulator and presents neurotrophic effects acting through its P1 receptors, which are composed of four different GPCRs (A1R, A2AR, A2BR, and A3R). A1R and A3R are typically coupled to Gi proteins and thus inhibit adenylyl cyclase activity, whereas A2AR and A2BR are coupled to Gs proteins and increase the production of cAMP (Zimmermann, 2011). P1 receptors are expressed in neurons, astrocytes, oligodendrocytes and microglia and their stimulation activates multiple functions, such as synaptic plasticity and presynaptic neuromodulation (Daré et al., 2007; Burnstock, Fredholm, and Verkhratsky 2011; Burnstock and Ulrich 2011). In addition, A1R and A2AR are the main responsible for adenosine actions on the CNS, while A1R is well expressed in the whole brain, A2AR is enriched in some particular areas such as the striatum, hippocampus, raphe nuclei and locus coeruleus (Palmer and Stiles 1995). And, to our knowledge, besides one study showing that a preferential A2BR antagonist partially decreased the mitogenic activity of GUO in astrocytes (Ciccarelli et al., 2000), only A1R and A2AR have been related to GUO effects.
Some results directly imply GUO effects with the A1R. Most of GUO known effects are abolished by previous incubation or treatment with the selective A1R antagonist DPCPX. In vitro protocols of brain ischemia in hippocampus slices and cortical astrocyte cultures demonstrated that DPCPX abolished the protective effects of GUO in ROS production, glutamate uptake, and cell viability (Dal-Cim et al., 2013; Dal-Cim et al., 2019). Similarly, DPCPX prevented GUO protective effect against mitochondrial oxidative stress in human neuroblastoma SH-SY5Y cells (Dal-Cim et al., 2012). Also, it was shown that in primary culture of both neurons and astrocytes, GUO increases global Small Ubiquitin-like MOdifier (SUMO)2/3-ylation at neuroprotective concentrations, an effect abolished by DPCPX preincubation (Zanella et al., 2020). In vivo protocols also display the same pattern related to A1R. In a reserpine-treated mice protocol, where animals develop a parkinsonian tremor and striatal damage, GUO reverses the motor impairment and decreases ROS level in the striatum, but GUO efficacy is lost when animals are pretreated with DPCPX (Massari et al., 2020). In a traumatic brain injury model in rats, it was seen that mitochondrial dysfunction in the cerebral cortex is reversed by GUO treatment. However, this effect is no longer seen if the animals are pretreated with DPCPX (Gerbatin et al., 2019). In the same way, DPCPX reversed the anxiolytic-like effect induced by GUO, as well as the GUO capacity of decreasing the synaptosomal K+-stimulated glutamate release (Almeida et al., 2017). It is important to mention that DPCPX is also considered to be an inverse agonist of A1R (Weyler et al., 2006). Additionally, reports are now revealing some molecules that display a biased agonism (a ligand-dependent differential intracellular signaling) on A1R, an issue that still needs additional studies (Vecchio et al., 2018). Taken together, these data could suggest that GUO effects are mediated by A1R activation. However, in heterologous transfection of A1R in HEK293 cells, GUO does not induce calcium mobilization as observed with an A1R agonist (R-PIA) treatment (as a positive control). Moreover, GUO has no effect upon R-PIA-inducing calcium mobilization through A1R (Lanznaster, et al., 2019).
Data regarding GUO dependence on the A2AR signaling are conflicting. While most data show that antagonism of A2AR has no impact on GUO promoting effects (Almeida et al., 2016; Almeida et al., 2017; Gerbatin et al., 2019; Massari et al., 2020; Zanella et al., 2020) some reports are showing otherwise (Dal-Cim et al., 2012; Decker et al., 2019). Surprisingly, the pharmacological use of the A2AR agonist CGS21680 shows a clear counteraction of GUO-mediating effects. Like the pretreatment with an A1R antagonist, A2AR agonist also abolishes the protective effects of GUO over ROS production, glutamate uptake, and cell viability on those in vitro protocols of brain ischemia (Dal-Cim et al., 2013; Dal-Cim et al., 2019). Recently, it was seen that in mice that do not express A2AR (i.e. A2AR Knock-out mice, A2AR−/-) the preventive GUO effect on ROS production and on cell viability is impaired (Lanznaster et al., 2019). Important to notice, GUO per se does not induce cAMP increase in HEK293 cells transfected with A2AR, neither interfere with cAMP level increase induced by the A2AR agonist CGS 26180 (Lanznaster et al., 2019).
The dubious effect of GUO on adenosine receptors can also be interpreted through the oligomeric interaction of these receptors.
Adenosine Receptors Forming-Oligomers
The understanding of GPCRs physiology and pharmacology has changed in the last 2 decades. This is due to the growing evidence that they can form homomers (homo-oligomerization, from the same GPCRs) and heteromers (hetero-oligomerization of different GPCRs). This oligomerization induces changes in biochemical properties of GPCRs. It is well established that adenosine receptors can form oligomers among themselves and with receptors for other neurotransmitters, such as dopamine receptors (Ginés et al., 2000; Fuxe et al., 2005; Ciruela et al., 2006; Navarro, et al., 2018; Borroto-Escuela et al., 2018; Ferré and Ciruela 2019; Cortés et al., 2019). It is known that A1 and A2A receptors form functional oligomers with each other and that the A1R-A2AR heteromer plays an important role in modulating the control of cortico-striatal function (Ciruela et al., 2006). This control takes place through the activation of the presynaptic A1R or A2AR, which depends on the concentration of adenosine, as a low concentration would activate A1R while a high concentration would activate A2AR, resulting in a lesser or greater release of glutamate, respectively (Ciruela et al., 2006). Moreover, the A1R-A2AR heteromer seems to have a role in glutamate clearance by modulating the expression of the excitatory amino acid transporter 2 (EAAT2) in astrocytes (Hou et al., 2020). Also, adenosine interaction with A1R-A2AR heteromer in astrocytes has been shown to control extracellular gamma-aminobutyric acid (GABA) uptake via modulation of GABA transporters (Cristóvão-Ferreira et al., 2013). In this way, it is proposed that A1R-A2AR heteromer works as an adenosine concentration-sensing device that implies a cross-communication between Gi and Gs proteins guided by the C-terminal tail of the A2AR (Navarro, Cordomí, Brugarolas, et al., 2018).
The structure of A1R and A2AR heterodimerization was recently proposed through in silico molecular modeling (Navarro et al., 2016; Navarro, Cordomí, Brugarolas, et al., 2018). A1R-A2AR heteromer may be organized as a tetramer structure composed of two homodimers of A1R and two homodimers of A2AR. The homodimerization of A1R and A2AR occurs through the transmembrane (TM) 4/5 interface while the heterodimerization takes place through the TM 5/6 interface of these receptors (Navarro, Cordomí, Brugarolas, et al., 2018).
In this line, using an in vitro approach with transfected HEK293 cells, we recently showed that GUO-induced effects require both A1R and A2AR co-expression. GUO was able to decrease A2AR binding affinity and cAMP response evoked by a selective A2AR ligand but only in cells expressing both A1R and A2AR. Also, GUO had no effect on A1R signaling in the presence or absence of A2AR co-expression (Lanznaster et al., 2019). Thereby, we interpret that GUO interacts with the adenosine receptors as a heteromeric entity, thus the most adjusted hypothesis is that GUO could be acting as a negative modulator of A2AR, but only in the presence of A1R. It is feasible to speculate that the physical interaction between A1R and A2AR could lead to an increase of A2AR affinity for GUO. CGS21680 could be directly interfering in the GUO signaling on A2AR, whereas DPCPX interacting with A1R may be responsible for allosteric modulation of GUO A2AR affinity upon the A1R-A2AR heteromers (Figure 1). Indeed, GUO modulation over other adenosine-forming heteromers could not be discarded and might be different among brain structures, once that it may depend on differential receptors expression. Intriguingly, the GUO protective effect is lost in hippocampal but not in striatal slices from A2AR−/- mice (Lanznaster et al., 2019; Massari et al., 2020). Therefore, more studies regarding GUO interactions with adenosine oligomers are necessary.
[image: Figure 1]FIGURE 1 | Guanosine (GUO) interaction with adenosine A1R-A2AR heteromer. Studies with heterologous adenosine receptors transfection showed GUO effects on ligand binding to receptors and intracellular signaling activation require both A1R and A2AR co-expression. Studies evaluating the neuroprotection promoted by GUO showed the protective is effect is abolished by A2AR agonist (CGS21680) and A1R antagonist (DPCPX). This pharmacological modulation also points to an interaction with the A1R-A2AR heteromer.
CONCLUSIONS AND PERSPECTIVES
The increasing evidence supporting GUO protective action and trophic effects in the CNS are undeniable. This nucleoside is still considered an orphan neuromodulator, although its importance as an integrative molecule between purinergic and glutamatergic transmission. Some evidences suggest a selective GUO interaction site, whereas several studies show a dependence of GUO effects on adenosine receptors interaction. Considering the new paradigms related to adenosine receptors pharmacology (as allosterism, bias agonism and oligomeric interactions), there is a multitude of new interaction sites to be explored. These new insights of GUO interaction within GPCR heteromerization and the understanding of GUO effects on adenosine A1R-A2AR heteromers could open a new window in therapeutic approaches toward purinergic signaling.
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INTRODUCTION
Purinergic signaling participates in physiological and pathophysiological processes in the developing and adult brain. Here, we discuss the state of the art of developments in P2 adenosine (ATP) and uridine (UTP) triphosphate activated purinergic receptor research and subsequent applications for the better understanding of the participation of purinergic signaling in neurodegeneration and neuroprotection.
In a seminal review in 2008, Burnstock (2008) already defined the most important features of purinergic P2 receptors in neurodegeneration, defining their roles in brain tissue damage by excessive extracellular ATP release, induction of neuroinflammation and interference in neural regeneration processes (scar formation, neuronal sprouting and adult neurogenesis). Professor Burnstock cited in this regard cerebral ischemia, Parkinson’s (PD), Alzheimer’s (AD) and Huntington’s (HD) diseases and concluded that hyper-expression and hyperactivities of some purinergic P2 receptors would be disease worsening, such as P2X7 receptors (P2X7R).
Neuroinflammation is strongly related to P2X7R activation, since danger associated molecular patterns (DAMPs), including extracellular ATP, are released (Ribeiro et al., 2020). Hence, ATP-induced activation of P2X7R prompts downstream release of proinflammatory mediators, such as interleukin 1β (IL-1β), through the assembling of the NLRP3 inflammasome (Bartlett et al., 2014). Thus, the NLRP inflammasome is followed by a downstream pro-apoptotic signaling cascade involved in neurodegenerative diseases (Heneka et al., 2010). Neuroinflammation involves the activation of microglia and astrocytes (Beamer et al., 2016), and the P2X7R can be found at highest density in the microglia (Weisman et al., 2012b). Its hyper-activation promotes the over-release of neurotransmitters from neuronal presynaptic terminals, contributing to apoptosis (Sperlágh and Illes, 2014). Further, we have shown that P2X7R are important inhibitors for neural phenotype determination using mouse pluripotent stem cells (Glaser et al., 2014; Glaser et al., 2020b), and promotion of glial differentiation (Yuahasi et al., 2012), aggravating tissue repair.
Inducing endogenous neurogenesis or implanting in vitro obtained neurons or their precursors are promising strategies for neurodegeneration prevention or neuronal recovery. Our laboratory has been contributing to the field of neurogenesis by detailed investigation of P2 receptor subtype expression and activity pattern along the course of neural differentiation (reviewed by Burnstock and Ulrich, 2011). Correspondingly, we clarified the neuroprotective features exerted by P2Y2 receptors (P2Y2R) during neural progenitor differentiation (Resende et al., 2008; Ulrich et al., 2012).
The P2Y2R is a Gq-coupled receptor sensitive to activation by ATP and UTP/UDP, interacting with integrins and growth factor receptors (Weisman et al., 2012a) as well as inducing neuronal differentiation through activation of NGF/TrkA signaling, as shown for PC12 cells. Thus, this receptor can also promote proliferation of glioma C6 cells through the Ras–ERK pathway (Homolya et al., 1999; Arthur et al., 2005; Franke and Illes, 2006). Recently we demonstrated P2Y2R roles in favoring GABAergic phenotype determination (Glaser et al., 2020b). In addition, a novel concept in the neurodegeneration field characterizes the P2X7R as a trigger of pro-inflammatory responses, while the P2Y2R has neuroprotective properties. In this opinion article, we compare the role of both receptors in different neurodegenerative diseases we are working on.
BALANCE OF P2Y2R AND P2X7R IN MOTOR SYSTEM-RELATED DISEASES
In a previous review article, we discussed the intercorrelation between two basal ganglia disorders that compromise the motor system, HD and PD (Oliveira-Giacomelli et al., 2018; Glaser et al., 2020a). Reinforcing this idea, administration of the P2X7R antagonist Brilliant Blue G (BBG) could restore dyskinesia, a common symptom between both diseases (Fonteles et al., 2020).
Huntington’s Disease
HD is a genetic degenerative and fatal disorder characterized by the loss of GABAergic neurons in the basal ganglia in the earlier stages, and extensive cortex degeneration later on, causing motor, cognitive and psychiatric dysfunctions. The mutation causing the disease consists of an expansion of repeated CAG triplets in the huntingtin gene (HTT), encoding for an expanded polyglutamine (polyQ) stretch.
Some previous works using mutant huntingtin expressing neurons or HD transgenic mouse models demonstrated roles for P2X7R in HD pathophysiology (Díaz-Hernández et al., 2009). In vitro, elevated levels of P2X7R and P2X7R-mediated calcium influx in soma and terminals of HD neurons increased susceptibility to apoptosis. In vivo administration of the P2X7R-antagonist BBG to a HD mouse model prevented neuronal apoptosis and attenuated body weight loss and motor-coordination deficits. In the last year, a study using postmortem striatum of HD patients corroborated the previous animal data. In both studies, the full-length form of the P2X7R protein and the naturally occurring trunked C-terminus region variant, showed upregulated expression levels. Taken together, P2X7R activity is prejudicial to brains of HD subjects.
In a recent work, we showed that neural precursor cells derived from embryonic stem cells regulate spontaneous calcium oscillations that control the translocation of phosphorylated CREB into the nucleus, activating the ASCL-1 pro-neuronal gene, thereby favoring neurogenesis towards the GABAergic phenotype (Glaser et al., 2020b). Consistently, our data from human neural precursor cells derived from induced pluripotent stem cells of HD subjects demonstrated impaired P2Y2R-mediated intracellular calcium mobilization and absent calcium spontaneous oscillations related to ASCL-1 activation (Glaser et al., 2020b).
Parkinson’s Disease
PD is a motor disorder caused by the degeneration of the substantia nigra, thereby decreasing the amount of released dopamine in the basal ganglia. Due to intense neuroinflammation, mitochondrial dysfunction and neuronal degeneration of PD, the P2X7R has been extensively studied. PD patients exhibit the 1513A→C single nucleotide polymorphism in the P2X7R gene, which induces loss-of-function (Gu et al., 2001) and elevated risks of sporadic/late-onset PD development (Liu et al., 2013). In the striatal 6-hydroxydopamine (6-OHDA) lesion, increased binding of radioligands to the P2X7R was found in the striatum and substantia nigra of rodents (Crabbé et al., 2019). Corroborating these results, P2X7R gene expression was gradually increased within 5 weeks after forebrain bundle lesion by 6-OHDA in rats (Oliveira-Giacomelli et al., 2019).
Antagonism of P2X7R demonstrated promising results. 6-OHDA-injured rats treated with BBG restored dopaminergic fibers in the striatum and dopaminergic neurons in the substantia nigra (Ferrazoli et al., 2017; Oliveira-Giacomelli et al., 2019). Importantly, P2X7R blockade prevented motor impairment, mitochondrial dysfunction and dopamine deficit as well as decreased pro-apoptotic regulator expression and micro/astrogliosis induced by 6-OHDA (Marcellino et al., 2010; Carmo et al., 2014; Kumar et al., 2017; Oliveira-Giacomelli et al., 2019). BBG also alleviated dyskinesia, the aberrant balance between D1 and D2 receptors expression and micro/astrogliosis associated with L-DOPA treatment, the current gold standard treatment for PD (Fonteles et al., 2020).
In vitro, [image: image]-synuclein induced P2X7R activation in SH-SY5Y-derived dopaminergic neurons that modulated mitochondrial dysfunction, ATP release, recruitment of pannexin-1 and decreased ATP degradation, with consequent cell death (Wilkaniec et al., 2017, Wilkaniec et al., 2020).
Preventing and Recovering Basal Ganglia Lesions
As we highlighted here, strong evidence points at the P2X7R as a neurodegeneration inducer for both PD and HD through neuroinflammation. Pharmacological tools, such as blockade of the P2X7R over activation by BBG, may prevent the further damage. We believe that endogenous neurogenesis inducers, such as the P2Y2R, may add therapeutic strength by promoting the delivery of newly born neurons from the subventricular zone to the site of degeneration and recovering the lesioned striatum and movement control.
BALANCE OF P2Y2R AND P2X7R IN COGNITIVE-RELATED DISEASES
Both AD and epileptic seizures impair cognition and steadily damage hippocampal circuitry, leading to progressive memory loss. Neuronal hyperexcitability induced by seizures amplifies the synaptic release of the main component of senile plaques found in the brain of AD patients, such as beta amyloid peptide (Aβ), enhancing cell death and cognitive decline. Nowadays, strong evidence indicates epilepsy as a comorbidity of AD, which is corroborated by P2X7R and P2Y2R functions in these brain disorders (Noebels, 2011).
Alzheimer’s Disease
P2X7R expression is upregulated in AD patients and animal models (Parvathenani et al., 2003; McLarnon et al., 2006; Ryu and McLarnon, 2008). Receptor expression augments in microglia surrounding Aβ plaques, occurring in parallel with AD progression (Lee et al., 2011). Aβ aggregation triggers neuroinflammation in AD, as patients may have Aβ deposits as early as 10 years prior to first AD symptoms (Vermunt et al., 2019). Upon ATP binding, the P2X7R activates microglia, leading to a proinflammatory state that can promote amyloid-precursor protein (APP) release and oxidative stress in AD pathology, leading to synaptic dysfunction/loss and cell death.
In SH-SY5Y neuroblastoma cells, BzATP stimulated the release of APP, and the use of antagonists or knockdown with siRNA confirmed P2X7R dependence of APP release (Delarasse et al., 2011). AD animal models showed that the P2X7R function is as necessary for Aβ deposition. The treatment with P2X7R antagonists decreased the size and number of 8 months old J20 mice hippocampal amyloid plaques (Diaz-Hernandez et al., 2012), while 10 months old P2X7R knock-out APP/PS1 mice displayed less Aβ lesions, improved cognitive deficits and synaptic plasticity (Martin et al., 2019). Aβ plaques promoted the release of IL-1β, an event depending on P2X7R activation (Sanz et al., 2009). This occurred at least in part through Aβ-induced generation of pore-like structures, allowing ATP leakage into extracellular environments and binding to P2X7R, enhancing excitatory synaptic activity (Sáez-Orellana et al., 2016). The inflammatory process resulting from hyperexcitability is one of the key factors in AD (Busche and Konnerth, 2015). Lastly, high levels of reactive oxygen species (ROS) are commonly detected in postmortem brains of AD patients (Tönnies and Trushina, 2017). P2X7R activation is associated with Aβ-induced microglial H2O2 release through NADPH oxidase activation (Soo et al., 2007). P2X7R-positive microglial cells located around Aβ plaques expressed the catalytic NADPH subunit, and P2X7R upregulation combined to ROS release was associated to Aβ deposition increase and synaptotoxicity in AD (Lee et al., 2011).
Adversely, in vitro and in vivo studies corroborate neuroprotective roles of P2Y2R activation in AD. Postmortem studies showed that P2Y2R immunoreactivity is preserved in the occipital cortex (minimally affected region) while it is reduced in the parietal cortex (highly affected region) of AD patients. Interestingly, decreased expression of P2Y2R in the parietal cortex is correlated with AD neuropathologic scores and markers of synapse loss (Lai et al., 2008).
In human 1321N1 astrocytoma cells, P2Y2R stimulation enhanced non-amyloidogenic processing of APP. Corroborating these results, P2Y2R activation in rat primary cortical neurons treated with IL-1β enhanced the release of α-amyloid protein (Kong et al., 2009). In addition, treatment with P2Y2R agonists (ATP and UTP) enhanced the uptake and degradation of Aβ, while Aβ application increased P2Y2R gene expression in mouse primary microglial cells (Kim et al., 2012). The role of P2Y2R has also been investigated in transgenic mice bearing human APP with Swedish and Indiana mutations, an animal model of AD. In these animals, haploinsufficiency of P2Y2R augmented plaque formation and enhanced Aβ levels in the cerebral cortex and hippocampus as well as led to neurological deficits within 10 weeks (Ajit et al., 2014). Moreover, P2Y2R deletion induced premature death in these transgenic mice (Ajit et al., 2014).
Epilepsy
Epilepsy can impact cognitive function, since the seizures cause excitotoxicity and cell death (Helmstaedter, 2013). Similarly to AD, P2X7R protein levels are upregulated in regions damaged by seizures and in the hippocampus of animal models. As previously summarized (Engel et al., 2012; Engel et al., 2016), the lack of the P2X7R promotes susceptibility to status epilepticus, while P2X7R antagonists are potent anticonvulsants (Engel et al., 2012; Engel et al., 2016; Beamer et al., 2017; Zeng et al., 2017; Burnstock and Knight, 2018; Song et al., 2019; Doǧan et al., 2020; Hong et al., 2020; Morgan et al., 2020). P2Y2R knockout animals present higher glutamate release in the hippocampus (Alhowail et al., 2020), and uridine triphosphate administration had sleep-promoting and anti-epileptic actions, improved memory function and affected neuronal plasticity (Dobolyi et al., 2011; Alves et al., 2017).
Preventing and Restoring Cognition
Both AD and Epilepsy harm cognition capabilities, mainly through microglial activity, thus damaging the hippocampus. P2X7R sensitization promotes the accumulation of plaques, while P2Y2R activity enhances their uptake and degradation. In this case, we have two major players, the good and the evil, one stimulated by ATP and the other by UTP, like a Yin Yang effect.
DISCUSSION AND PERSPECTIVES
Pharmacological intervention of purinergic signaling provides promising therapeutic avenues. We focused in this Opinion article on beneficial and harmful actions of purinergic receptors, affecting neuroinflammation and neuronal repair (Figure 1). In this scenario, two main players have been identified: 1) The P2X7R, known to counteract neuronal differentiation during development, which supposedly has similar effects on adult neurogenesis and also limits the available neural stem cell pool (Oliveira et al., 2016). This receptor is also directly connected to ATP induced inflammasome activation, mediating sterile inflammation of the brain; 2) The P2Y2R, shown to promote neuronal differentiation and neuronal phenotype determination of stem cells, has been associated with neuroprotective features in various brain disorders, including AD, HD as well as in epilepsy. The P2Y2R is highly expressed in axonal projections in the striatum and substantia nigra (Amadio et al., 2007) as well as in microglia, mediating the uptake of toxic peptides such as Aβ (Kim et al., 2012). In this sense, we hypothesize that the P2Y2R participates in the phagocytic process of α-synuclein in PD. However, the P2Y2R is unexplored in the PD pathogenesis, evidencing a gap in the literature and a promising target for future research. IL-1β induces P2Y2 receptor expression (Peterson et al., 2013); thereby, we propose that P2Y2R activity acts as an effort to restore brain homeostasis.
[image: Figure 1]FIGURE 1 | The yin and yang effects of P2Y2R and P2X7R activities. A thin balance between P2Y2R and P2X7R activities is required to maintain a healthy communication between neural cells. Increased P2Y2R activation (Health—left) induces neuroprotective effects, like neurogenesis, clearance of debris from apoptotic cells and amyloid precursor protein (APP) non-amyloidogenic processing in Alzheimer’s Disease. P2X7R expression and activity is augmented in the diseased brain (Disease—right), inducing neurodegeneration, microglia activation, demyelination, and mitochondrial dysfunction. At the cellular level, ATP is intensely released during neurodegeneration. Released ATP by activating P2X7R increases intracellular Ca2+ levels and can induce detrimental effects such as mitochondrial dysfunction and neurodegeneration. In glial cells, P2X7R activation induces the release of more ATP and interleukins, such as IL-1β. ATP and UTP can bind to P2Y2R inducing neuroprotective effects, including: debris clearance by glial phagocytosis; increase in the sensibility of TrkA receptors and stimulation of the neural growth factor pathway; amyloid-β (Aβ) uptake and degradation as well as non-amyloidogenic APP processing (in Alzheimer’s Disease). Increased ATP release can also be triggered by Aβ exposure. Created with BioRender.com.
Several BBB-permeant small molecule P2X7R antagonists were developed (for a review, see Andrejew et al., 2020), and some of them are undergoing clinical trials for the treatment of neurodegeneration: CE22,535, already tested in phase 2 and 3 clinical trials; and JNJ541754467 tested in a phase 1 clinical trial (for a detailed review, see Calzaferri et al., 2020). Therapeutic P2Y2R agonists include diquafosol (Lau et al., 2014) and Denufosol tetrasodium (Deterding et al., 2007). However, BBB-permeant P2Y2R activators need yet to be developed. P2X7R antagonists and P2Y2R agonists could be administered alone or in combination with conventional drug therapy. An interesting pharmacological approach would be based in the combination of P2X7R antagonist and P2Y2R agonist.
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INTRODUCTION
Major depressive disorder (MDD) is the most prevalent psychiatric disorder worldwide, and the leading disability causes a well-documented syndrome (Liu et al., 2020). MDD treatments are often ineffective, leading to a sizable economic impact onto society and governments (Mauskopf et al., 2009), demanding over 238.3 billion dollars per year in the United States alone (Breslow et al., 2019). Noteworthy, although MDD symptomatology can be found in Hippocratic writings, its pathophysiology remains to be established (Wong and Licinio, 2001). The ability to increase monoamine levels (Rosenblat and McIntyre, 2020) shared by antidepressant agents is the basis for the monoaminergic hypothesis of depression (Hirschfeld, 2000). Although such a neurochemical oriented hypothesis of depression was pioneer and revolutionary in the development of psychopharmacology (Pereira and Hiroaki-Sato, 2018), it has also led to a lack of diversity of strategies in the development of antidepressant agents. As a result until 2009, except for the nonmainstream agomelatine (Norman and Olver, 2019), all antidepressants in the clinic acted by modulating monoaminergic neurotransmission (Berton and Nestler, 2006). Yet 50–60% of the patients do not attain complete remission (Kok and Reynolds, 2017), and respondents require 4–6 weeks for therapeutic effect (Brent, 2016). Developing innovative and fast-acting antidepressants is thus decisive for treating MDD.
The observation of abnormal plasma and cerebrospinal glutamate levels in MDD patients (Machado-Vieira et al., 2009) prompted the suggestion that the glutamatergic system plays a role in the MDD pathogenesis (Scarr et al., 2003; Hashimoto et al., 2007). The hypothesis that modulating the glutamatergic system can be the basis of a new strategy to improve MDD symptomatology was advanced by preclinical models. Various glutamatergic inhibitors exhibit antidepressant-like effect in mice submitted to the forced swim test (FST) (Maj et al., 1992a; Maj et al., 1992b; Moryl et al., 1993; Przegaliński et al., 1997), the tail suspension test (TST) (Trullas and Skolnick, 1990; Layer et al., 1995), and in the chronic stress protocols (Papp and Moryl, 1994; Ossowska et al., 1997; Skolnick et al., 2009). A landmark in this developing line of reasoning was the observation by Berman and collaborators on the rapid and robust antidepressant effect of sub-anesthetic doses of the glutamate NMDA receptor ketamine (Berman et al., 2000), subsequently confirmed by double-blinded clinical trial (Zarate et al., 2006).
Besides the well-documented ketamine mechanism of action in glutamatergic neurotransmission, advances in its pharmacological effect demonstrate that ketamine significantly enriches purinergic metabolism (Weckmann et al., 2017; McGowan et al., 2018). Systemic ketamine increases ATP/ADP and decreases the GTP/GDP ratios in mice hippocampi (Weckmann et al., 2017). A single dose of ketamine administered to mice before contextual fear conditioning-induced depression reveal, by metabolomic analysis, a significantly ATP, AMP, GTP, and GDP increased in the prefrontal cortex, and ADP, AMP, GTP, and GDP boost in the hippocampus, while HYPOX, IMP, and INO levels were found to be decreased in these same structures (McGowan et al., 2018). Changes in purine metabolism were still present after 2 weeks of the ketamine challenge, apparently a pattern for those responsive to ketamine treatment (McGowan et al., 2018). The ketamine incremental effect on nucleotide levels is in line with the demonstration that ketamine enriches the pyrimidine and purine intermediates (Weckmann et al., 2014; McGowan et al., 2018). A possible interpretation is that ketamine can increase the activity of salvage pathways; another is an increase in biosynthesis coupled to a decreased conversion of nucleotides into nucleosides. In any case, increased levels of purine intermediates corroborate the hypothesis raised by Ali-Sisto and colleagues that a hyperactive purine degradation cycle is present in untreated MDD patients (Ali-Sisto et al., 2016).
The pentose phosphate pathway (PPP) is composed by oxidative and non-oxidative phases (Ge et al., 2020); the oxidative phase converts glucose-6-phosphate into ribose-5-phosphate and produces two NADPH molecules (Ge et al., 2020). Ribose-5-phosphate and NADPH are key substrates to protein synthesis, redox balance, and cell integrity (Ge et al., 2020). A single ketamine administration increases mice plasma levels of PPP intermediates (D-ribose-5-phosphate and D-ribulose-5-phosphate), the substrates for purine de novo synthesis (McGowan et al., 2018). In agreement with these findings, it has been shown that a single administration of ketamine increased PPP 6-phospho-d-gluconate metabolite in mice hippocampal (Weckmann et al., 2014). Since the metabolites 6-phospho-D-gluconate and D-ribulose-5-phosphate are the result of enzymatic reactions (glucose-6-phosphate dehydrogenase, 6-phosphoglucolactonase, and 6-phosphogluconate dehydrogenase) in a pathway that reduces NADP + to NADPH (Ge et al., 2020), it is plausible to expect that ketamine also increased the NADPH/NADP + ratio. An increased in NADPH/NADP + ratio is in line with the ketamine-induced downstream neuroplasticity-related pathways (e.g., BDNF and mTORC1) (Zanos et al., 2016), protein synthesis, and synaptic plasticity (Zanos et al., 2016; Molero et al., 2018). Since ketamine also modulates purinergic neurotransmission, the ketamine-induced nucleotide and NADPH augmentation might be, at least in part, responsible for the cell proliferation, morphogenesis, and protein synthesis observed after ketamine administration, all of which are relevant for its antidepressant effect.
Adenine-Based Purines as Antidepressants
Substantial preclinical and clinical data advanced and sustained the involvement of adenosine nucleoside in MDD; see Yamada et al. (2014), López-Cruz et al. (2018), Calker et al. (2019), Bartoli et al. (2020) for reviews. Antidepressant-like effect was obtained by enhancing ATP release from astrocytes, which activated P2X2 receptors in the prefrontal cortex of mice subjected to the social stress depression model (Cao et al., 2013). On the contrary, blocking astrocytic ATP release led to extended depression-like phenotype in the same model (Ren et al., 2018). The relevance of the P2X2 receptor was shown comparing the antidepressant effects of ATP alone and ATP combined with Cu2+, a P2X2 receptor enhancer; whereas ATP (4 µM) combined with Cu2+ substantially decreased the immobility time in the FST, while ATP (4 µM) alone did not (Cao et al., 2013). Of relevance to antidepressant activity are the data associated with ATP neuroprotection (Jacobson et al., 2012; Ulrich and Illes, 2014; Gampe et al., 2015; Miras-Portugal et al., 2016). ATP can activate GSK3 phosphorylation (at Ser9/21 residues) inhibiting GSK3 activity, thus facilitating neuronal survival and/or function restoration (Jope and Roh, 2006). Ketamine, by affecting purine metabolism and increasing the extracellular nucleotide availability, can activate neuronal and glial nucleotide receptors and regulate intracellular kinases pathways (e.g., PI3K/Akt, GSK3, and ERK1,2) associated with synapto/neurogenesis (Scheuing et al., 2015; Deyama and Duman, 2020). Although these evidences were supported by robust data, several preclinical studies have indicated that the antidepressant effect can also result from P2X7 receptor antagonism (Krügel, 2016; Cheffer et al., 2018). As an immune-modulatory receptor, P2X7 activation is involved with neuroinflammation through microglial activation and interleukin-1β production and also associated with MDD (Krügel, 2016; Cheffer et al., 2018). In fact, the pharmacological inhibition or genetic manipulation of P2X7 has been suggested as a strategy for treating MDD (Iwata et al., 2016; Yue et al., 2017; Farooq et al., 2018; Aricioglu et al., 2019).
In 2005, Calker and Biber (van Calker and Biber, 2005) reported the antidepressant effects of A1 adenosine agonists, and the antidepressant effect of extracellular adenosine signaling was reinforced by others (Hines et al., 2013; Serchov et al., 2015). The enhancement in neuronal A1 receptor expression exerts prophylactic antidepressant effect, while A1 receptor knockout (KO) mice increased depressive-like behavior and were resistant to antidepressant effects of sleep deprivation (Serchov et al., 2015). Additionally, caffeine, a nonselective adenosine receptor antagonist, prevented depressive-like behavior and synaptic changes induced by chronic unpredictable stress (Kaster et al., 2015). Coherent with preclinical observation, important reviews also sustain that caffeine consumption decreases the incidence of depression and suicide risk in patients (Kawachi et al., 1996; Lucas et al., 2014). In the same way, the selective antagonism of A2a adenosine receptors KW6002 or the A2a genetic inactivation mice model of depression seems key to the antidepressant activity (Yacoubi et al., 2001; Kaster et al., 2004; Yamada et al., 2013; Kaster et al., 2015).
Guanine-Based Purines as Antidepressants
Guanine-based purines, including the nucleotides guanosine 5′-triphosphate (GTP), guanosine 5′-diphosphate (GDP), and guanosine 5′-monophosphate (GMP), the nucleoside guanosine (GUO), and the nucleobase guanine (GUA), have received less attention than classic neurotransmitter as targets in psychiatry. GUO protects against a wide range of deleterious effects in various animal models of neurological disorders (Sopko et al., 2008; Khan et al., 2012). It has been postulated that GTP (as ATP) acts as neurotransmitter (Santos et al., 2006), supporting the idea of a guanine-based purine signaling system (Schmidt et al., 2007). The hypothesis is that various brain insults augment nucleotide release, followed by increased extracellular nucleoside levels, working as part of a restorative arrangement (Pimentel et al., 2013).
The antidepressant-like effect obtained with systemic (i.p.) or central (i.c.v.) GUO in mice models with predictive validity [tail suspension test (TST) and forced swimming test (FST)] was reported in 2012; GUO antidepressant–like activity was blocked by selective inhibitors suggesting the involvement of glutamate NMDA receptors, l-arginine-NO-cGMP, and PI3K-mTOR pathways (Bettio et al., 2012). Prior to this identification of GUO antidepressant-like, it was reported that GUO and guanine derivatives can act as competitive inhibitors of NMDA receptors, prevent NMDA-induced neurotoxicity, and protect against quinolinic acid–induced seizures (Schmidt et al., 2007). Differently than the ketamine modulation in different NMDAR isoforms [selectively inhibition on NMDAR expressed on GABAergic inhibitory interneurons or extra-synaptic GluN2B-containing NMDARs (Zanos and Gould, 2018)], the NMDAR involvement on GUO mechanism of action needs further investigation. Of note, aside for the antidepressant effect, ketamine and GUO share other biological effects, such as amnesic, antinociceptive, and neuroprotective.
Additionally, systemic GUO was also effective in diminishing acute restraint stress-induced depressive-like behavior in the same species (Bettio et al., 2014); biochemical correlates included the attenuation of the stress-induced hippocampal malondialdehyde increase the prevention of changes in the activity of antioxidant enzymes such as glutathione peroxidase (GPx), glutathione reductase (GR), catalase (CAT), and the superoxide dismutase (SOD)/CAT activity ratio (Bettio et al., 2014). Chronic (21 days) orally administered GUO decreased the immobility time in the TST in female mice, positively correlated with increased neuronal differentiation in the ventral (but not dorsal) hippocampal dentate gyrus (Bettio et al., 2016). GUO antidepressant effects were also reported with the combination of subthreshold doses of GUO and ketamine in the novelty-suppressed feeding test (NSFT) (Camargo et al., 2020). Neurochemical analysis showed that 60 min after GUO, there was an increase in mTOR phosphorylation (Ser2448) and phospho-p70S6K immunocontent (but no changes in PSD-95, GluA1, and synapsin) in the hippocampus, whereas no changes in phospho-mTOR and phospho-p70S6K were seen in the prefrontal cortex, which presented increased PSD-95, GluA1, and synapsin immunocontent (Camargo et al., 2020). The prefrontal cortex (especially the medial portion), the lateral habenula, and the hippocampus (ventral region) have been consistently implicated in MDD and in antidepressants efficacy (Kupfer et al., 2012; Bettio et al., 2014; Yang et al., 2018).
Using logistic regression, clinical longitudinal studies showed that serum GUO levels are decreased in MDD patients in comparison with healthy controls (Ali-Sisto et al., 2016). Increased uric acid levels were also reported in MDD patients (Kesebir et al., 2014), reinforcing the hypothesis of a hyperactive purine degradation cycle in MDD. Such boosted turnover of nucleotides to nucleosides can be interpreted as an attempt to reestablish the redox homeostasis altered in MDD (Bartoli et al., 2020), congruent with the effect of ketamine on purine metabolism (Weckmann et al., 2017; McGowan et al., 2018). Reinforcing that PI3K/Akt/mTOR is required for GUO antidepressant–like effects, Rosa and colleagues (Rosa et al., 2019) reported that sub-effective doses of GUO combined with GSK-3β inhibitors reduced immobility at the TST, a result compatible with the PI3k/Akt ability to inhibit GSK-3β signaling. To explain the increased β-catenin content found at the hippocampus and prefrontal cortex cell nuclear fractions, the same authors suggested that GSK-3β is inhibited by GUO, resulting in cytosol β-catenin accumulation and subsequent translocated into the nucleus (Rosa et al., 2019). GUO antidepressant–like effects were blocked by MEK1/2 inhibitors, suggesting that GUO can also activate the MAPK/ERK pathway, further reinforcing the involvement of the mTOR signaling in GUO effects. GUO antidepressant–like effects were abolished by the co-administration of GUO and HO-1 inhibitors, while systemic GUO increased the nuclear factor Nrf-2 in the hippocampus and prefrontal cortex (Rosa et al., 2019) observations compatible with the known MAPK/ERK and/or GSK-3β/PI3K/Akt activation of Nrf2.
The bilateral olfactory bulbectomy (OBX) is considered as the best suited rodent model to investigate novel fast-onset antidepressants (Ramaker and Dulawa, 2017). We established that a single intraperitoneal injection of GUO (7.5 mg/kg) reversed the OBX-induced anhedonia-like behavior and recognition memory impairment in mice (Almeida et al., 2020). As the effects of GUO and ketamine were comparable at OBX and both abolished by rapamycin, the study provided additional evidence for the requirement of the mTOR pathway in GUO and ketamine mechanism of action as antidepressant agents (Almeida et al., 2020).
Ketamine antidepressant effects apparently require the activation of molecular targets downstream to mTOR (primarily the protein kinase p70S6K) (Duman et al., 2012; Fraga et al., 2020), ultimately facilitating protein translation, cell growth, proliferation, formation, maturation, and function of new spine synapses (Zito et al., 2009). Considering that (Liu et al., 2020), GUO and ketamine show fast-onset antidepressant-like effect requiring the mTOR pathway (Bettio et al., 2012; Mauskopf et al., 2009). GUO and ketamine modify purine metabolism (Almeida et al., 2017; McGowan et al., 2018) and (Breslow et al., 2019) that the in vitro (Su et al., 2013) and in vivo (Bettio et al., 2012) GUO neurotrophic and neuritogenic effects involve the same pathways reported for ketamine; it is tempting to speculate that scrutiny of neurochemical correlates of compounds that present fast-onset antidepressant effects might reveal a common set of molecular targets (Weckmann et al., 2017; McGowan et al., 2018).
Although ketamine opened a whole new avenue and hope for a more efficacious management of MDD, other compounds with fast-onset antidepressant agents did not come forward. Exploratory studies support the potential of GUO as a fast-onset antidepressant, with a safe profile (Molz et al., 2011; Tasca et al., 2018). The use of ketamine is limited by its adverse profile, including psychomotor and addictive effects (Lener et al., 2017). On the contrary, compelling evidence shows that GUO is safe, well tolerated, and not associated with major side effects (Molz et al., 2011; Tasca et al., 2018), which increase the chance of well tolerability in long-term treatments. The commonalities of ketamine and GUO mechanisms of action suggest that a better understanding on the role of guanine-based purines in MDD is relevant and necessary for innovation in the field.
DISCLAIMER
This is an opinion article based on literature review. No experiments have been conducted or data collected.
AUTHOR CONTRIBUTIONS
RFA conceived the manuscript. TPF, CVCD, PCAS, and SAS performed literature review, collected relevant data, and contributed to the initial drafting of the manuscript. RFA, ALSR, and EE developed the initial draft. RFA and EE produced the final version of the manuscript. The authors are grateful to Roberto Regensteiner and David C. Oren for language review.
FUNDING
This study was supported by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), by Fundação de Amparo à Pesquisa do Estado de Minas Gerais (FAPEMIG), the Programa de Pós Graduação em Ciências Biológicas at UFOP, and UFOP/PROPP 19/2020 (No. 23109.000929/2020-88).
REFERENCES
 Ali-Sisto, T., Tolmunen, T., Toffol, E., Viinamäki, H., Mäntyselkä, P., Valkonen-Korhonen, M., et al. (2016). Purine metabolism is dysregulated in patients with major depressive disorder. Psychoneuroendocrinology 70, 25–32. doi:10.1016/j.psyneuen.2016.04.017
 Almeida, R. F., Comasseto, D. D., Ramos, D. B., Hansel, G., Zimmer, E. R., Loureiro, S. O., et al. (2017). Guanosine anxiolytic-like effect involves adenosinergic and glutamatergic neurotransmitter systems. Mol. Neurobiol. 54 (1), 423–436. doi:10.1007/s12035-015-9660-x
 Almeida, R. F., Pocharski, C. B., Rodrigues, A. L. S., Elisabetsky, E., and Souza, D. O. (2020). Guanosine fast onset antidepressant-like effects in the olfactory bulbectomy mice model. Sci. Rep. 10 (1), 8429. doi:10.1038/s41598-020-65300-w
 Aricioglu, F., Ozkartal, C. S., Bastaskin, T., Tüzün, E., Kandemir, C., Sirvanci, S., et al. (2019). Antidepressant-like effects induced by chronic blockade of the purinergic 2X7 receptor through inhibition of non-like receptor protein 1 inflammasome in chronic unpredictable mild stress model of depression in rats. Clin. Psychopharmacol. Neurosci. 17 (2), 261–272. doi:10.9758/cpn.2019.17.2.261
 Bartoli, F., Burnstock, G., Crocamo, C., and Carrà, G. (2020). Purinergic signaling and related biomarkers in depression. Brain Sci. 10 (3), 160. doi:10.3390/brainsci10030160
 Berman, R. M., Cappiello, A., Anand, A., Oren, D. A., Heninger, G. R., Charney, D. S., et al. (2000). Antidepressant effects of ketamine in depressed patients. Biol. Psychiatry 47 (4), 351–354. doi:10.1016/s0006-3223(99)00230-9
 Berton, O., and Nestler, E. J. (2006). New approaches to antidepressant drug discovery: beyond monoamines. Nat. Rev. Neurosci. 7 (2), 137–151. doi:10.1038/nrn1846
 Bettio, L. E. B., Cunha, M. P., Budni, J., Pazini, F. L., Oliveira, Á., Colla, A. R., et al. (2012). Guanosine produces an antidepressant-like effect through the modulation of NMDA receptors, nitric oxide-cGMP and PI3K/mTOR pathways. Behav. Brain Res. 234 (2), 137–148. doi:10.1016/j.bbr.2012.06.021
 Bettio, L. E. B., Freitas, A. E., Neis, V. B., Santos, D. B., Ribeiro, C. M., Rosa, P. B., et al. (2014). Guanosine prevents behavioral alterations in the forced swimming test and hippocampal oxidative damage induced by acute restraint stress. Pharmacol. Biochem. Behav. 127, 7–14. doi:10.1016/j.pbb.2014.10.002
 Bettio, L. E. B., Neis, V. B., Pazini, F. L., Brocardo, P. S., Patten, A. R., Gil-Mohapel, J., et al. (2016). The antidepressant-like effect of chronic guanosine treatment is associated with increased hippocampal neuronal differentiation. Eur. J. Neurosci. 43 (8), 1006–1015. doi:10.1111/ejn.13172
 Brent, D. A. (2016). Antidepressants and suicidality. Psychiatr. Clin. North America 39 (3), 503–512. doi:10.1016/j.psc.2016.04.002
 Breslow, A. S., Tran, N. M., Lu, F. Q., Alpert, J. E., and Cook, B. L. (2019). Depression treatment expenditures for adults in the USA: a systematic review. Curr. Psychiatry Rep. 21 (10), 105. doi:10.1007/s11920-019-1083-3
 Calker, D., Biber, K., Domschke, K., and Serchov, T. (2019). The role of adenosine receptors in mood and anxiety disorders. J. Neurochem. 151 (1), 11–27. doi:10.1111/jnc.14841
 Camargo, A., Dalmagro, A. P., Zeni, A. L. B., and Rodrigues, A. L. S. (2020). Guanosine potentiates the antidepressant-like effect of subthreshold doses of ketamine: possible role of pro-synaptogenic signaling pathway. J. Affect. Disord. 271, 100–108. doi:10.1016/j.jad.2020.03.186
 Cao, X., Li, L. P., Wang, Q., Wu, Q., Hu, H. H., Zhang, M., et al. (2013). Astrocyte-derived ATP modulates depressive-like behaviors. Nat. Med. 19 (6), 773–777. doi:10.1038/nm.3162
 Cheffer, A., Castillo, A. R. G., Corrêa-Velloso, J., Gonçalves, M. C. B., Naaldijk, Y., Nascimento, I. C., et al. (2018). Purinergic system in psychiatric diseases. Mol. Psychiatry 23 (1), 94–106. doi:10.1038/mp.2017.188
 Deyama, S., and Duman, R. S. (2020). Neurotrophic mechanisms underlying the rapid and sustained antidepressant actions of ketamine. Pharmacol. Biochem. Behav. 188, 172837. doi:10.1016/j.pbb.2019.172837
 Duman, R. S., Li, N., Liu, R. J., Duric, V., and Aghajanian, G. (2012). Signaling pathways underlying the rapid antidepressant actions of ketamine. Neuropharmacology 62 (1), 35–41. doi:10.1016/j.neuropharm.2011.08.044
 Farooq, R. K., Tanti, A., Ainouche, S., Roger, S., Belzung, C., and Camus, V. (2018). A P2X7 receptor antagonist reverses behavioural alterations, microglial activation and neuroendocrine dysregulation in an unpredictable chronic mild stress (UCMS) model of depression in mice. Psychoneuroendocrinology 97, 120–130. doi:10.1016/j.psyneuen.2018.07.016
 Fraga, D. B., Costa, A. P., Olescowicz, G., Camargo, A., Pazini, F. L., Freitas, A. E., et al. (2020). Ascorbic acid presents rapid behavioral and hippocampal synaptic plasticity effects. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 96, 109757. doi:10.1016/j.pnpbp.2019.109757
 Gampe, K., Stefani, J., Hammer, K., Brendel, P., Pötzsch, A., Enikolopov, G., et al. (2015). NTPDase2 and purinergic signaling control progenitor cell proliferation in neurogenic niches of the adult mouse brain. Stem Cells 33 (1), 253–264. doi:10.1002/stem.1846
 Ge, T., Yang, J., Zhou, S., Wang, Y., Li, Y., and Tong, X. (2020). The role of the pentose phosphate pathway in diabetes and cancer. Front. Endocrinol. 11, 365. doi:10.3389/fendo.2020.00365
 Hashimoto, K., Sawa, A., and Iyo, M. (2007). Increased levels of glutamate in brains from patients with mood disorders. Biol. Psychiatry 62 (11), 1310–1316. doi:10.1016/j.biopsych.2007.03.017
 Hines, D. J., Schmitt, L. I., Hines, R. M., Moss, S. J., and Haydon, P. G. (2013). Antidepressant effects of sleep deprivation require astrocyte-dependent adenosine mediated signaling. Transl. Psychiatry 3, e212. doi:10.1038/tp.2012.136
 Hirschfeld, R. M. A. (2000). History and evolution of the monoamine hypothesis of depression. J. Clin. Psychiatry 61 (Suppl. 6), 4–6. 
 Iwata, M., Ota, K. T., Li, X. Y., Sakaue, F., Li, N., Duman, R. S, et al. (2016). Psychological stress activates the inflammasome via release of ATP and stimulation of the P2X7 receptor. Biol. Psychiatry 80, 12–22. doi:10.1016/j.biopsych.2015.11.026
 Jacobson, K. A., Balasubramanian, R., Deflorian, F., and Gao, Z. G. (2012). G protein-coupled adenosine (P1) and P2Y receptors: ligand design and receptor interactions. Purinergic Signal. 8 (3), 419–436. doi:10.1007/s11302-012-9294-7
 Jope, R., and Roh, M.-S. (2006). Glycogen synthase kinase-3 (GSK3) in psychiatric diseases and therapeutic interventions. Curr. Drug Targets 7 (11), 1421–1434. doi:10.2174/1389450110607011421
 Kaster, M. P., Rosa, A. O., Rosso, M. M., Goulart, E. C., Santos, A. R., and Rodrigues, A. L. S. (2004). Adenosine administration produces an antidepressant-like effect in mice: evidence for the involvement of A1 and A2A receptors. Neurosci. Lett. 355 (1, 2), 21–24. doi:10.1016/j.neulet.2003.10.040
 Kaster, M. P., Machado, N. J., Silva, H. B., Nunes, A., Ardais, A. P., Santana, M., et al. (2015). Caffeine acts through neuronal adenosine A2A receptors to prevent mood and memory dysfunction triggered by chronic stress. Proc. Natl. Acad. Sci. USA 112 (25), 7833–7838. doi:10.1073/pnas.1423088112
 Kawachi, I., Willett, W. C., Colditz, G. A., Stampfer, M. J., and Speizer, F. E. (1996). A prospective study of coffee drinking and suicide in women. Arch. Intern. Med. 156 (5), 521–525. doi:10.1001/archinte.156.5.521
 Kesebir, S., Tatlıdil Yaylacı, E., Gültekin, Ö., and Gultekin, B. K. (2014). Uric acid levels may be a biological marker for the differentiation of unipolar and bipolar disorder: the role of affective temperament. J. Affect. Disord. 165, 131–134. doi:10.1016/j.jad.2014.04.053
 Khan, A., Faucett, J., Lichtenberg, P., Kirsch, I., and Brown, W. A. (2012). A systematic review of comparative efficacy of treatments and controls for depression. PLoS one 7 (7), e41778. doi:10.1371/journal.pone.0041778
 Kok, R. M., and Reynolds, C. F. (2017). Management of depression in older adults. JAMA 317 (20), 2114–2122. doi:10.1001/jama.2017.5706
 Krügel, U. (2016). Purinergic receptors in psychiatric disorders. Neuropharmacology 104, 212–225. doi:10.1016/j.neuropharm.2015.10.032
 Kupfer, D. J., Frank, E., and Phillips, M. L. (2012). Major depressive disorder: new clinical, neurobiological, and treatment perspectives. The Lancet 379 (9820), 1045–1055. doi:10.1016/S0140-6736(11)60602-8
 Layer, R. T., Popik, P., Olds, T., and Skolnick, P. (1995). Antidepressant-like actions of the polyamine site NMDA antagonist, eliprodil (SL-82.0715). Pharmacol. Biochem. Behav. 52 (3), 621–627. doi:10.1016/0091-3057(95)00155-p
 Lener, M. S., Kadriu, B., and Zarate, C. A. (2017). Ketamine and beyond: investigations into the potential of glutamatergic agents to treat depression. Drugs 77 (4), 381–401. doi:10.1007/s40265-017-0702-8
 Liu, Q., He, H., Yang, J., Feng, X., Zhao, F., and Lyu, J. (2020). Changes in the global burden of depression from 1990 to 2017: findings from the global burden of disease study. J. Psychiatr. Res. 126, 134–140. doi:10.1016/j.jpsychires.2019.08.002
 López-Cruz, L., Salamone, J. D., and Correa, M. (2018). Caffeine and selective adenosine receptor antagonists as new therapeutic tools for the motivational symptoms of depression. Front. Pharmacol. 9, 526. doi:10.3389/fphar.2018.00526
 Lucas, M., O’Reilly, E. J., Pan, A., Mirzaei, F., Willett, W. C., Okereke, O. I., et al. (2014). Coffee, caffeine, and risk of completed suicide: results from three prospective cohorts of American adults. World J. Biol. Psychiatry 15 (5), 377–386. doi:10.3109/15622975.2013.795243
 Machado-Vieira, R., Salvadore, G., Ibrahim, L., Diaz-Granados, N., and Zarate, C. (2009). Targeting glutamatergic signaling for the development of novel therapeutics for mood disorders. Curr. Pharm. Des. 15 (14), 1595–1611. doi:10.2174/138161209788168010
 Maj, J., Rogóz, Z., Skuza, G., and Sowińska, H. (1992a). The effect of CGP 37849 and CGP 39551, competitive NMDA receptor antagonists, in the forced swimming test. Pol. J. Pharmacol. Pharm. 44 (4), 337–346.
 Maj, J., Rogóż, Z., Skuza, G., and Sowińska, H. (1992b). Effects of MK-801 and antidepressant drugs in the forced swimming test in rats. Eur. Neuropsychopharmacol. 2 (1), 37–41. doi:10.1016/0924-977x(92)90034-6
 Mauskopf, J. A., Simon, G. E., Kalsekar, A., Nimsch, C., Dunayevich, E., and Cameron, A. (2009). Nonresponse, partial response, and failure to achieve remission: humanistic and cost burden in major depressive disorder. Depress. Anxiety 26 (1), 83–97. doi:10.1002/da.20505
 McGowan, J. C., Hill, C., Mastrodonato, A., LaGamma, C. T., Kitayev, A., Brachman, R. A., et al. (2018). Prophylactic ketamine alters nucleotide and neurotransmitter metabolism in brain and plasma following stress. Neuropsychopharmacology 43 (9), 1813–1821. doi:10.1038/s41386-018-0043-7
 Miras-Portugal, M. T., Gomez-Villafuertes, R., Gualix, J., Diaz-Hernandez, J. I., Artalejo, A. R., Ortega, F., et al. (2016). Nucleotides in neuroregeneration and neuroprotection. Neuropharmacology 104, 243–254. doi:10.1016/j.neuropharm.2015.09.002
 Molero, P., Ramos-Quiroga, J. A., Martin-Santos, R., Calvo-Sánchez, E., Gutiérrez-Rojas, L., and Meana, J. J. (2018). Antidepressant efficacy and tolerability of ketamine and esketamine: a critical review. CNS Drugs 32 (5), 411–420. doi:10.1007/s40263-018-0519-3
 Molz, S., Dal-Cim, T., Budni, J., Martín-de-Saavedra, M. D., Egea, J., Romero, A., et al. (2011). Neuroprotective effect of guanosine against glutamate-induced cell death in rat hippocampal slices is mediated by the phosphatidylinositol-3 kinase/Akt/glycogen synthase kinase 3β pathway activation and inducible nitric oxide synthase inhibition. J. Neurosci. Res. 89 (9), 1400–1408. doi:10.1002/jnr.22681
 Moryl, E., Danysz, W., and Quack, G. (1993). Potential antidepressive properties of amantadine, memantine and bifemelane. Pharmacol. Toxicol. 72 (6), 394–397. doi:10.1111/j.1600-0773.1993.tb01351.x
 Norman, T. R., and Olver, J. S. (2019). Agomelatine for depression: expanding the horizons?Expert Opin. Pharmacother. 20 (6), 647–656. doi:10.1080/14656566.2019.1574747
 Ossowska, G., Klenk-Majewska, B., and Szymczyk, G. (1997). The effect of NMDA antagonists on footshock-induced fighting behavior in chronically stressed rats. J. Physiol. Pharmacol. 48 (1), 127–135.
 Papp, M., and Moryl, E. (1994). Antidepressant activity of non-competitive and competitive NMDA receptor antagonists in a chronic mild stress model of depression. Eur. J. Pharmacol. 263 (1, 2), 1–7. doi:10.1016/0014-2999(94)90516-9
 Pereira, V. S., and Hiroaki-Sato, V. A. (2018). A brief history of antidepressant drug development: from tricyclics to beyond ketamine. Acta Neuropsychiatr. 30 (6), 307–322. doi:10.1017/neu.2017.39
 Pimentel, V. C., Zanini, D., Cardoso, A. M., Schmatz, R., Bagatini, M. D., Gutierres, J. M., et al. (2013). Hypoxia-ischemia alters nucleotide and nucleoside catabolism and Na+,K+-ATPase activity in the cerebral cortex of newborn rats. Neurochem. Res. 38 (4), 886–894. doi:10.1007/s11064-013-0994-3
 Przegaliński, E., Tatarczyńska, E., Dereń-Wesołek, A., and Chojnacka-Wojcik, E. (1997). Antidepressant-like effects of a partial agonist at strychnine-insensitive glycine receptors and a competitive NMDA receptor antagonist. Neuropharmacology 36 (1), 31–37. doi:10.1016/s0028-3908(96)00157-8
 Ramaker, M. J., and Dulawa, S. C. (2017). Identifying fast-onset antidepressants using rodent models. Mol. Psychiatry 22 (5), 656–665. doi:10.1038/mp.2017.36
 Ren, Q., Wang, Z. Z., Chu, S. F., Xia, C. Y., and Chen, N. H. (2018). Gap junction channels as potential targets for the treatment of major depressive disorder. Psychopharmacology 235 (1), 1–12. doi:10.1007/s00213-017-4782-7
 Rosa, P. B., Bettio, L. E. B., Neis, V. B., Moretti, M., Werle, I., Leal, R. B., et al. (2019). The antidepressant-like effect of guanosine is dependent on GSK-3β inhibition and activation of MAPK/ERK and Nrf2/heme oxygenase-1 signaling pathways. Purinergic Signal. 15 (4), 491–504. doi:10.1007/s11302-019-09681-2
 Rosenblat, J. D., and McIntyre, R. S. (2020). “Pharmacological treatment of major depressive disorder,” in Major depressive disorder ed . Editor R. S. McIntyre (Amsterdam, Netherlands: Elsevier). 103–119. doi:10.1016/b978-0-323-58131-8.00008-2
 Santos, T. G., Souza, D. O., and Tasca, C. I. (2006). GTP uptake into rat brain synaptic vesicles. Brain Res. 1070 (1), 71–76. doi:10.1016/j.brainres.2005.10.099
 Scarr, E., Pavey, G., Sundram, S., MacKinnon, A., and Dean, B. (2003). Decreased hippocampal NMDA, but not kainate or AMPA receptors in bipolar disorder. Bipolar Disord. 5 (4), 257–264. doi:10.1034/j.1399-5618.2003.00024.x
 Scheuing, L., Chiu, C. T., Liao, H. M., and Chuang, D. M. (2015). Antidepressant mechanism of ketamine: perspective from preclinical studies. Front. Neurosci. 9, 249. doi:10.3389/fnins.2015.00249
 Schmidt, A. P., Lara, D. R., and Souza, D. O. (2007). Proposal of a guanine-based purinergic system in the mammalian central nervous system. Pharmacol. Ther. 116 (3), 401–416. doi:10.1016/j.pharmthera.2007.07.004
 Serchov, T., Clement, H. W., Schwarz, M. K., Iasevoli, F., Tosh, D. K., Idzko, M., et al. (2015). Increased signaling via adenosine A1 receptors, sleep deprivation, imipramine, and ketamine inhibit depressive-like behavior via induction of Homer1a. Neuron 87 (3), 549–562. doi:10.1016/j.neuron.2015.07.010
 Skolnick, P., Popik, P., and Trullas, R. (2009). Glutamate-based antidepressants: 20 years on. Trends Pharmacol. Sci. 30 (11), 563–569. doi:10.1016/j.tips.2009.09.002
 Sopko, M. A., Ehret, M. J., and Grgas, M. (2008). Desvenlafaxine: another “me too” drug?Ann. Pharmacother. 42 (10), 1439–1446. doi:10.1345/aph.1k563
 Su, C., Wang, P., Jiang, C., Ballerini, P., Caciagli, F., Rathbone, M. P., et al. (2013). Guanosine promotes proliferation of neural stem cells through cAMP-CREB pathway. J. Biol. Regul. Homeost Agents 27 (3), 673–680.
 Tasca, C. I., Lanznaster, D., Oliveira, K. A., Fernández-Dueñas, V., and Ciruela, F. (2018). Neuromodulatory effects of guanine-based purines in health and disease. Front. Cell. Neurosci. 12, 376. doi:10.3389/fncel.2018.00376
 Trullas, R., and Skolnick, P. (1990). Functional antagonists at the NMDA receptor complex exhibit antidepressant actions. Eur. J. Pharmacol. 185 (1), 1–10. doi:10.1016/0014-2999(90)90204-j
 Ulrich, H., and Illes, P. (2014). P2X receptors in maintenance and differentiation of neural progenitor cells. Neural Regen. Res. 9 (23), 2040–2041. doi:10.4103/1673-5374.147925
 van Calker, D., and Biber, K. (2005). The role of glial adenosine receptors in neural resilience and the neurobiology of mood disorders. Neurochem. Res. 30 (10), 1205–1217. doi:10.1007/s11064-005-8792-1
 Weckmann, K., Labermaier, C., Asara, J. M., Müller, M. B., and Turck, C. W. (2014). Time-dependent metabolomic profiling of Ketamine drug action reveals hippocampal pathway alterations and biomarker candidates. Transl Psychiatry 4 (11), e481. doi:10.1038/tp.2014.119
 Weckmann, K., Deery, M. J., Howard, J. A., Feret, R., Asara, J. M., Dethloff, F., et al. (2017). Ketamine's antidepressant effect is mediated by energy metabolism and antioxidant defense system. Sci. Rep. 7 (1), 15788. doi:10.1038/s41598-017-16183-x
 Wong, M. L., and Licinio, J. (2001). Research and treatment approaches to depression. Nat. Rev. Neurosci. 2 (5), 343–351. doi:10.1038/35072566
 Yacoubi, M. E., Ledent, C., Parmentier, M., Bertorelli, R., Ongini, E., Costentin, J., et al. (2001). Adenosine A2A receptor antagonists are potential antidepressants: evidence based on pharmacology and A2A receptor knockout mice. Br. J. Pharmacol. 134 (1), 68–77. doi:10.1038/sj.bjp.0704240
 Yamada, K., Kobayashi, M., Mori, A., Jenner, P., and Kanda, T. (2013). Antidepressant-like activity of the adenosine A2A receptor antagonist, istradefylline (KW-6002), in the forced swim test and the tail suspension test in rodents. Pharmacol. Biochem. Behav. 114-115, 23–30. doi:10.1016/j.pbb.2013.10.022
 Yamada, K., Kobayashi, M., and Kanda, T. (2014). Involvement of adenosine A2A receptors in depression and anxiety. Int. Rev. Neurobiol. 119, 373–393. doi:10.1016/B978-0-12-801022-8.00015-5
 Yang, Y., Cui, Y., Sang, K., Dong, Y., Ni, Z., Ma, S., et al. (2018). Ketamine blocks bursting in the lateral habenula to rapidly relieve depression. Nature 554 (7692), 317–322. doi:10.1038/nature25509
 Yue, N., Huang, H., Zhu, X., Han, Q., Wang, Y., Li, B., et al. (2017). Activation of P2X7 receptor and NLRP3 inflammasome assembly in hippocampal glial cells mediates chronic stress-induced depressive-like behaviors. J. Neuroinflammation 14 (1), 1–15. doi:10.1186/s12974-017-0865-y
 Zanos, P., and Gould, T. D. (2018). Mechanisms of ketamine action as an antidepressant. Mol. Psychiatry 23 (4), 801–811. doi:10.1038/mp.2017.255
 Zanos, P., Moaddel, R., Morris, P. J., Georgiou, P., Fischell, J., Elmer, G. I., et al. (2016). NMDAR inhibition-independent antidepressant actions of ketamine metabolites. Nature 533 (7604), 481–486. doi:10.1038/nature17998
 Zarate, C. A., Singh, J. B., Carlson, P. J., Brutsche, N. E., Ameli, R., Luckenbaugh, D. A., et al. (2006). A randomized trial of an N-methyl-D-aspartate antagonist in treatment-resistant major depression. Arch. Gen. Psychiatry 63 (8), 856–864. doi:10.1001/archpsyc.63.8.856
 Zito, K., Scheuss, V., Knott, G., Hill, T., and Svoboda, K. (2009). Rapid functional maturation of nascent dendritic spines. Neuron 61 (2), 247–258. doi:10.1016/j.neuron.2008.10.054
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Almeida, Ferreira, David, Abreu e Silva, dos Santos, Rodrigues and Elisabetsky. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		OPINION
published: 13 April 2021
doi: 10.3389/fphar.2021.653561


[image: image2]
P2X3 Receptor Ligands: Structural Features and Potential Therapeutic Applications
Andrea Spinaci, Michela Buccioni, Diego Dal Ben, Gabriella Marucci, Rosaria Volpini* and Catia Lambertucci
Medicinal Chemistry Unit, School of Pharmacy, University of Camerino, Camerino, Italy
Edited by:
Peter Illes, Leipzig University, Germany
Reviewed by:
Andrea Nistri, International School for Advanced Studies (SISSA), Italy
Rashid Giniatullin, University of Eastern Finland, Finland
* Correspondence: Rosaria Volpini, rosaria.volpini@unicam.it
Specialty section: This article was submitted to Experimental Pharmacology and Drug Discovery, a section of the journal Frontiers in Pharmacology
Received: 14 January 2021
Accepted: 25 February 2021
Published: 13 April 2021
Citation: Spinaci A, Buccioni M, Dal Ben D, Marucci G, Volpini R and Lambertucci C (2021) P2X3 Receptor Ligands: Structural Features and Potential Therapeutic Applications. Front. Pharmacol. 12:653561. doi: 10.3389/fphar.2021.653561

Keywords: P2X3 receptor, P2X3-P2X2/3 receptor ligands, P2X3 receptor agonists, P2X3 receptor antagonists, drug discovery, Chronic cough, pain
INTRODUCTION
The ionotropic P2X3 receptor (P2X3R) subtype is one of the seven mammalian P2X1-7 receptor belonging to the P2 purinergic receptor family together with the metabotropic P2Y1-2, 4-6,11-14 ones (Fredholm et al., 2011). As the other P2X ion channels, it is a trimeric cell surface receptor permeable to Na+, K+, and Ca2+ cations and it is activated by the natural ligand adenosine-5′-triphosphate (ATP, 1, Figure 1). Each subunit is constituted by two trans-membrane domains connected by a large glycosylated extracellular loop, which contains many disulfide bonds and the ATP binding site (Browne et al., 2010). P2X3Rs are assembled as homotrimers, constituted by three subunits of P2X3Rs, or heterotrimers, constituted by two P2X3Rs and one P2X2R subunits (P2X2/3Rs) (Lewis et al., 1995). A difference between the two forms is represented by their fast or slow desensitization after prolonged exposure to agonists; hence P2X3Rs undergo rapid inactivation/desensitization during exposure to ATP or to the selective agonist α,β-methyleneATP (α,β-meATP, 2, Figure 1), which is accelerated by increasing the agonist dose, while P2X2/3Rs shows either mixed (two-component) or slow-type desensitization (Giniatullin and Nistri, 2013).
[image: Figure 1]FIGURE 1 | P2X3R ligand structures.
P2X3 RECEPTORS AS TARGET FOR POTENTIAL DRUGS
Both the homotrimeric P2X3 and heteromeric P2X2/3Rs are expressed on terminals of primary afferent sensory neurons of dorsal root ganglia (DRG), spinal cord and brain and their activation by ATP mediates pain sensation, hyperalgesia and allodynia in rodents (Jarvis, 2003). Notably, unlike rodents, the P2X3 subtype is the predominant ATP receptor subtype in human DRG sensory neurons (Serrano et al., 2012). On the other hand, the expression of the P2X2/3 heteromers is higher in afferents of viscera with respect to the somatic innervation, leading to potential different therapeutic approaches to treat visceral or somatic pain (with a P2X3 selective or a dual P2X3-P2X2/3 antagonist) (Ford, 2012). The injection of ATP or α,β-meATP into rodent skin induced nociceptive behavior (Kennedy, 2005; De Logu and Geppetti, 2019), whereas the use of the P2X3R antagonist 2′,3′-O-(2,4,6-trinitrophenyl)adenosine-5′-triphosphate (TNP-ATP, 3, Figure 1) mediated antinociceptive effects (Honore et al., 2002). Hence, these receptors represent attractive targets to treat pain related disorders (Burnstock, 2018). P2X3 and P2X2/3Rs are functionally expressed also into the lamina propria, urothelium and detrusor smooth muscle of urinary bladder (Ford and Cockayne, 2011). It has been demonstrated that ATP or α,β-meATP dose dependently stimulated bladder overactivity in conscious rats and this effect was antagonized by TNP-ATP. Hence, P2X3 and P2X2/3R antagonists are recognized as potential drugs to treat urological dysfunction, such as overactive bladder (Ford et al., 2006; Andersson, 2016). It is worthwhile to note that extracellular ATP, released in terminals of primary afferents in airway tissue or at the level of their central synapses, mediates protective reflex responses including cough, through interaction with P2X3 and P2X2/3Rs (Weigand et al., 2012). This finding constitute the rationale for the use of these receptors antagonists in patient affected by chronic obstructive pulmonary disease (COPD) and chronic cough (Dicpinigaitis et al., 2020).
P2X3 RECEPTOR LIGANDS
Most of the P2X3 agonists reported so far derived from modification of the ATP molecule, however, the search for molecules that activate these receptors is mainly of experimental interest. Due to the above mentioned therapeutic applications, in the last years many efforts have been directed through the discovery of potent and selective P2X3 and P2X2/3R antagonists derived both from high throughput screening of large compound libraries and rational design by molecular modeling studies, which were facilitated by the publication of the crystallographic structures of the P2X receptors. Beside in silico studies carried out with the development of theoretical 3D models of the P2X3 receptor (Grimes and Young, 2015). more recent works were based on experimental structures of the same protein. At present, several X-Ray structures of the P2X3 receptors are available in complex with agonists, i.e. ATP or 2-methylthioATP (2-MeSATP, 4), and ATP competitive (orthosteric) antagonists like TNP-ATP and 5-[[[(3-phenoxyphenyl)methyl][(1S)-1,2,3,4-tetrahydro-1-naphthalenyl]amino] carbonyl]-1,2,4-benzenetricarboxylic acid (A-317491, 5) or non-competitive (allosteric) antagonists like 5-(2,4-diamminopyrimidin-5-yloxy)-4-isopropyl-2-methoxybenzenesulfonamide (AF-219, also called MK-6274 or gefapixant, 6, Figure 1) (Mansoor et al., 2016; Wang et al., 2018; Li et al., 2019).
Agonists
The natural ligand ATP (1; EC50 = 0.5 μM) (Jarvis and Khakh, 2009) is able to activate P2XRs with various degrees of affinity. Extracellular ATP is rapidly hydrolized by ecto-nucleotidas to form ADP, AMP, and then adenosine. Compared to ATP, ADP show weaker activity at P2X3Rs (Lewis et al., 1995; North and Surprenant, 2000). Chemical modification of ATP led to P2X3R agonists and also antagonists (Lambertucci et al., 2015). In particular, the introduction of substituents in the 2-position of ATP slightly increased the P2X3R affinity leading to the unselective agonist 2-MeSATP (4; EC50 = 0.35 μM) (Jarvis and Khakh, 2009), which binds also the other P2X subtypes, especially the P2X1Rs. On the contrary, the 2-substituted p-aminophenylethylthioATP (PAPET-ATP, 7; EC50 = 0.017 μM) resulted a potent and selective P2X3R agonist at rat receptor (Jacobson et al., 2006). Recent experiments of X-Ray crystallography were reported showing the binding mode of both ATP and 2-MeSATP at the human P2X3R, with information about the roles of the triphosphate chain and the 2′- and 3′-hydroxyl groups in the ligand-target interaction (Mansoor et al., 2016; Li et al., 2019). Since the triphosphate chain of the ATP derivatives is easily and rapidly hydrolyzed by ectonucleotidases, stable analogues like α,β-meATP, which activate P2X3Rs with EC50 in the sub μM range, were synthesized. Modification of the ATP sugar moiety resulted in the potent agonist benzoylATP (BzATP, 8; EC50 = 0.08 μM) (Jarvis and Khakh, 2009), which is a mixture of the 2′- and 3′-benzoyl esters, while its replacement with open chains gave acyclic nucleosides like 2-iodo-9-butyladenine triphosphate (9; EC50 = 0.08 μM), which showed responses of 60% of the maximal effect elicited by α,β-meATP in patch-clump assay, so behaving as partial agonist (Volpini et al., 2009).
Some naturally occurring diadenosine polyphosphates were found as unselective P2X agonists with micro- or submicromolar activities, with the tetra- and triphosphonate derivatives Ap4A (10, Figure 1) and Ap3A showing full and partial rP2X3R agonist profile, respectively (both molecules being endowed with higher potency than ATP) (Wildman et al., 1999). Ap4A showed ability to readily desensitize hP2X3R at nanomolar concentrations (McDonald et al., 2002). In a recent work, chemically stable analogues of this molecule showed a similar ability to desensitize the human and rat P2X3Rs, with a weak partial agonist profile only at high concentrations (Viatchenko-Karpinski et al., 2016). Chemical modifications of the diadenosine polyphosphates led to development of the so-called nitrogen-containing bisphosphonates (NBPs), which are of clinical relevance in particular for bone diseases. Among these molecules, ApppI (11, Figure 1) showed to rapidly desensitize rat P2X3R at low nanomolar concentration (Ishchenko et al., 2017). The high-potency activation of the P2X3 by these molecules, followed by rapid desensitization, makes them de facto inhibitors of this receptor, with a clinical potential as analgesics.
Antagonists
While most of the P2X3 agonists reported so far derived from modification of the ATP molecule, the antagonists belong to various chemical classes. The first orthosteric antagonists to be identified were the polysulphonated naphthylurea suramin, its derivatives and various histochemical dyes (Jacobson et al., 2002). Suramin (12; IC50 = 3.0 μM) (Lewis et al., 1995) and its derivatives behave as nonselective antagonists with IC50 in the micromolar range at P2X3Rs, with the exception of NF110 (13, IC50 = 0.09 μM), which displayed submicromolar activity at rat receptors. The ATP derivative 3′-deoxy-3’-(3,5-dimethoxybenzamido)ATP (DT-0111, 14; IC50 3.0 μM), bearing a dimethoxyphenyl amido group in place of the hydroxyl in 3′-position of the ribose, is recognized as a novel small water soluble molecule that behaves as a selective antagonist at P2X2/3Rs. When administered as an aereosol in in vivo experiments, the compound inhibited bronchoconstriction and cough induced by ATP (Pelleg et al., 2019; Illes et al., 2020). The linking of the 2′ and 3′ ATP hydroxyl groups by a trinitrophenyl ring gave the compound TNP-ATP (3; IC50 = 0.001 μM), which resulted the most potent competitive antagonist with potency in the low nanomolar range (Lewis et al., 1998) (Lambertucci et al., 2015). Molecular modeling studies led to the design of derivatives in which the trinitrophenyl group of TNP-ATP was replaced by cycloalkyl or aromatic rings (Dal Ben et al., 2015; Dal Ben et al., 2017). Among them, the 2′,3′-O-cyclohexylideneATP (15, Figure 1) displayed an IC50 = 0.083 μM. Modification of the triphosphate chain of this derivatives gave the α,β-methylene stable analogue 16, which displayed an IC50 = 17.5 μM at human and 0.127 μM at rat P2X3Rs, being selective vs. the other P2X subtypes (Dal Ben et al., 2019). The substitution of the cycloalkyl group of 15 with a small alkyl moiety maintained the antagonist activity, with the isopropylidene function being the smallest group allowed (Dal Ben et al., 2019).
The small non-nucleotide molecule A-317491 (5; IC50 = 0.02 μM) was the first identified potent and selective P2X3 and P2X2/3R competitive blocker. However, although in its structure are present three carboxylic groups, it is endowed with low water solubility and oral bioavailability (Jarvis et al., 2002). X-Ray crystallography experiments showed that A-317491 and TNP-ATP bind in the same cavity of ATP hence confirming the ATP-competitive mechanism of action, with the tetracarboxylic acid moiety of A-317491 occupying the same position adopted by the triphosphate chain of TNP-ATP (Mansoor et al., 2016).
Few years later, medicinal chemistry efforst by AstellasPharma led to the development of imidazopyridine derivatives with activity on P2X2/3 receptors (Kakimoto et al., 2008). Among these compounds, minodronate (17, Figure 1) was approved to market in Japan for the treatment of osteoporosis given its ability to inhibit of farnesyl pyrophosphate synthase; its additional activity on P2X2/3 resulted an advantage to reduce low back pain in patients (Ohishi and Matsuyama, 2018).
Later on, a number of diaminopyrimidine derivatives were reported by the company Roche as potent and selective negative allosteric modulators of P2X3 and P2X2/3Rs like the 5-(5-iodo-2-isopropyl-4-methoxyphenoxy)pyrimidine-2,4-diamine (RO-4 or AF-353, 18; IC50 = 3.16 nM) or gefapixant (6; IC50 of 0.03 and 0.250 μM at P2X3 and P2X2/3Rs, respectively), which are endowed with favorable pharmacokinetic profile (Carter et al., 2009; Gever et al., 2010; Ford and Undem, 2013). X-Ray crystallography experiments showed that gefapixant binds the P2X3 at the interface between the receptor subunits, in a different binding pocket than ATP. Interestingly, the substituted benzyl moiety of this molecule occupies a sub cavity that is partially occupied also by the trinitrophenyl group of TNP-ATP (Mansoor et al., 2016; Wang et al., 2018). Replacement of the pyrimidine scaffold of these molecules with a purine led to derivatives that, although less potent, retained the ability to block the receptors (Lambertucci et al., 2013). Given the interesting therapeutic potential of molecules that block P2X3 and P2X2/3Rs, in recent years a number of antagonists endowed with a good pharmacokinetic profile and reasonable oral bioavailability have been discovered and reported in numerous patents by pharmaceutical companies (Marucci et al., 2019). Among the diaminopyrimidine derivatives, the most promising one reported from Roche and developed by Merck is the above cited gefapixant (6), which was studied in clinical trials for different pathologies like idiopathic bladder disorders, osteoarthritic joint pain, and pulmonary cystic fibrosis (Jarvis, 2021). In patients with refractory chronic cough, gefapixant dose dependently reduced awake cough frequencies, however it induced alteration of taste sensitivity (dysgeusia) and, in some cases, the completed loss of taste (ageusia). The loss of taste response seems to be due to its unselective block of P2X3 and P2X2/3Rs. Although these side effects, the medical need for patients suffering of this pathology, encouraged Merck to continue the development of gefapixant, which has recently completed two Phase III clinical trials (called COUGH-1 and COUGH-2; NCT03449134, 2020; NCT03449147, 2020) for refractory or unexplained chronic cough (Muccino et al., 2020). In these studies, gefapixant at the dose of 45 mg twice daily induced a significant reduction in 24-h cough frequency with mild to moderate alteration of taste sensitivity (Merck News release, 2020).
Also arylamide derivatives were found as potent and selective P2X3R antagonists. In particular, the 5-(5-isobutyltetrazol-1-yl)-4′-methylbiphenyl-3-carboxylic acid ((S)-2-hydroxy-1-methylethyl)amide (19; pIC50 = 8.8), reported by Roche company, resulted the most active compound at P2X3Rs in in vitro functional experiment performed using FLIPR (Fluorometric Imaging Plate Reader) Assay (Dillon et al., 2015). Another potent and selective P2X3R antagonist belonging to the arylamide derivatives was found by Merk. This compound, named MK-3901 (N-[1(R)-(5-fluoropyridin-2-yl)ethyl]-3-(5-methylpyridin-2-yl)-5-[5(S)-(2-pyridyl)-4,5-dihydroisoxazol-3-yl]benzamide, 20), was tested in a Ca2+ mobilization FLIPR assay (FLIPR IP = 21 nM) and showed an efficacy comparable to that of naproxen in a rat inflammatory model and a very good bioavailability in different species. However, it was shown to induce hyperbilirubinemia in preclinical studies, so it was modified in order to avoid this effect and to improve its pharmacokinetic properties and in vivo potency. In fact, in a preclinical inflammatory pain model, MK 3901 showed and EC90 = 3 μM while its improved derivative 21 exerted an EC90 of 0.16 μM (Ginnetti et al., 2018). The allosteric potent and selective P2X3R antagonist belonging to arylamide derivatives 3-(5-methylthiazol-2-yl)-5-(((R)-tetrahydrofuran-3-yl)oxy)-N-((R)-1-(2-(trifluoromethyl)pyrimidin-5-yl)ethyl)benzamide (eliapixant also called BAY-1817080, 22; IC50 = 8 nM), developed by Bayer, showed a dose dependent reduction in cough frequency with low effect on taste perception in a phase IIb clinical trials. Very recently for this compound the company planed Phase II clinical trials for different pathology like diabetic neuropathies and overactive bladder and Phase I clinical trial for endometriosis (NCT04545580, 2020; NCT04614246, 2020).
Also pyrrolinone derivatives have been identified as a novel class of P2X3 receptor antagonists by Shionogi company. Among them, the 5-cyclohexyl-3-hydroxy-1-(4-(isoxazol-4-yl)phenyl)-4-(4-methoxybenzoyl)-1,5-dihydro-2H-pyrrol-2-one (23) resulted a very potent antagonist of P2X3Rs with an IC50 of 0.025 μM and a good analgesic efficacy in an acetic acid induced writhing test. Its selectivity was proved respect to 41 receptors and 17 enzymes (Tobinaga et al., 2018).
Among selective P2X3R antagonists there are novel imidazo-pyridine developed by Biopharmaceutical Company BELLUS Health with the aim to avoid the unpleasant loss of taste which characterized P2X3 and P2X2/3Rs unselective ligand. The most promising seemed to be methyl (S)-3-((2-(2,6-difluoro-4-(methylcarbamoyl)phenyl)-7-methylimidazo [1,2-a]pyridin-3-yl)methyl)piperidine-1-carboxylate (BLU-5937, 24; IC50 of 0.025 μM and >24 μM at human P2X3 and P2X2/3Rs, respectively) (Pharmacompass, 2018), a compound that demonstrated a good oral availability and pharmacokinetic profile. Differently from gefapixant, BLU-5937 did not affect taste function, even at high doses, in a two bottle taste study (Garceau and Chauret, 2019). The lack of this side effect was demonstrated also in a Phase II clinical study, however it didn’t reach the primary endpoint since it did not achieve statistical significance, at any dose tested, for the reduction of cough frequency vs. placebo (Evaluate Ltd, 2020). BLU-5937 is currently under clinical evaluation (phase II) for the treatment of chronic pruritus in adult subjects with atopic dermatitis (NCT04693195, 2021).
Another selective P2X3 allosteric blocker, S-600918, developed by Shionogi (structure not reported), is currently being studied in Phase II clinical trials in patients suffering from refractory chronic cough (Dicpinigaitis et al., 2020; Jacobson et al., 2020). This compound showed to induce a reduction of cough frequency vs. placebo with moderate alteration of taste sensitivity in a Phase IIa (JapicCTI-184027, 2019) clinical trial (Niimi et al., 2019). Recruitment is already terminated for the Phase IIb (NCT04110054, 2020) clinical trial, consistent in a randomised, double-blind, placebo-controlled study to assess the onset of efficacy and determine the optimal dose (Ishihara et al., 2020).
DISCUSSION
The limited distribution of P2X3 and P2X2/3Rs and their role in mediating painful stimuli in the primary sensory neurons of DRG make these receptors attractive targets in different pathologies. In fact, P2X3 and P2X2/3R antagonists, which inhibit ATP mediating effects on these receptors, represent very interesting tools that could lead to potential analgesic drugs. The advantage of these molecules is their peripheral action, which avoids sedation, gastrointestinal or cardiovascular side effects typical of the current analgesic drugs. In fact, while the availability of selective agonists of these receptors is still a challenge, in recent years many research efforts have led to the discovery of orthosteric and allosteric antagonists belonging to different chemical class. The availability of reliable experimental 3D structures of the P2X3R is a critical factor for the depiction of the mechanism of action of known orthosteric and allosteric ligands and for computational studies aimed at virtually screening or structure-based designing novel potential modulators. Nevertheless, for some compounds endowed with an allosteric mechanism of inhibition and structurally unrelated to the co-crystallized compound gefapixant, the structural determinants at the basis of their interaction with the receptor are still unknown. Molecular modeling studies or further X-Ray crystallography or electron cryomicroscopy experiments could be of help to depict their mechanisms of action and for the design of novel inhibitors.
Compared to marketed orally bioavailable analgesic drugs, the first generation of P2X3 antagonists preclinically showed a not suitable drug-like profile based on their poor P2X subtype selectivity and/or unfavorable pharmacokinetic/pharmacodynamic profile (i.e. limited adherence to the Lipinski rules, toxicity, interaction with other drugs) (Gum et al., 2012). These factors compromised their clinical development. An example is given by the first P2X3 antagonist preclinical candidate discovered by Merck, MK-3901 (20, Figure 1). As already mentioned, in preclinical studies this molecule showed relevant side effects (hyperbilirubinemia), low metabolic stability, and cytochrome P450 inhibition potentially leading to drug-drug interaction (Ginnetti et al., 2018).
More recent P2X3 antagonists were hence developed with improved chemical-physical properties to achieve a drug-like profile combined with high efficacy at the P2X3 receptors. At present, four P2X3 and P2X2/3R allosteric antagonists are under evaluation in different phases of clinical trials for the treatment of patients suffering of overactive bladder, diabetic neuropathies, endometriosis, and refractory chronic cough. For this last pathology, it seems that unselective ligands which bock both the P2X3 and P2X2/3Rs led to a loss of taste as undesirable side effect that seems to be avoided with the use of selective P2X3R antagonists. In fact, the selective allosteric blocker BLU-5937 did not affect taste function, however failed to reach its primary point. Hence, the selective blocker eliapixant or the unselective antagonist gefapixant, which has recently completed two Phase III clinical trials could be the new approved drug for the treatment of refractory chronic cough.
PERSPECTIVES
Treatment of pain associated to diseases is still a challenge, and a small percentage of sufferers receive adequate prescription for treatment. The restricted localizations of P2X3 and P2X2/3Rs on nociceptive neurons make them an attractive target for the management of inflammatory, neuropathic, and visceral pain states and chronic and refractory chronic cough. The lack of central, gastrointestinal and cardiovascular effects of molecules that block these receptors has greatly stimulated the synthesis of P2X3R antagonists. Most of these molecules are allosteric modulators and some of them are under evaluation in clinical trials. The most relevant side effect of gefapixant is the dysgeusia, which is attenuated or absent in the case of eliapixant and BLU-5937. For the refractory and chronic cough BLU-5937 did not reach its primary end point while gefapixant, although its effect on taste perception, completed phase III clinical trial. Blu is at present evaluated in clinical trial for endometriosis associated pain and chronic pruritus associated atopic dermatitis while eliapixant is under evaluation for endometriosis and chronic cough. We are confident that in the next future these molecules will reach the market as new analgesic and antitussive drugs.
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INTRODUCTION
Schizophrenia is a severe and chronic mental disorder, mainly characterized by the presence of the so-called “positive” (delusions, hallucinations, disorganized thinking) and “negative” (anhedonia, blunted affect, social withdrawal) symptoms, as well as cognitive dysfunctions. Although several interrelated causes have been associated with the development of the pathology, it is generally accepted that the hyperfunction of dopaminergic and/or hypofunction of glutamatergic transmission (i.e., the so-called “combined glutamate/dopamine hypothesis of schizophrenia”) might underlie the symptoms of schizophrenia (Howes et al., 2015; Snyder and Gao, 2020). Clinical indications demonstrate that positive symptoms respond well to conventional antipsychotic medications, which mainly act as dopamine D2 receptor (D2R) antagonists, while negative symptoms and cognitive impairments are more difficult to be counteracted. Several non-D2R related mechanisms of action of antipsychotic drugs have been proposed over the last decades, but none has conclusively been proven effective. Furthermore, while the newer antipsychotic drugs produce fewer motor side effects than conventional “first generation” drugs, safety and tolerability concerns about weight gain and endocrinopathies often limit their use (Li et al., 2016). Thus, there is an urgent necessity for more effective and better-tolerated antipsychotic drugs, as well as to identify new molecular targets and develop mechanistically novel compounds that can address the various symptom dimensions of schizophrenia. Due to the complexity of the pathology, it seems likely, however, that a multi-target strategy, i.e., the use of multifunctional drugs or a combination of drugs affecting distinct targets, will lead to more effective therapeutic approaches.
Based on this background and recent findings, the present opinion paper was conceived to critically review possible interactions between adenosine and kynurenic acid (KYNA) in this context. These two neuromodulators may be pathophysiologically associated with schizophrenia, and a deeper understanding of their interactions may lead to the development of innovative strategies for the treatment of schizophrenia.
Adenosine and Schizophrenia
It is well recognized that, beside dopamine and glutamate systems, the purinergic system may be also involved in the pathophysiology of schizophrenia (Lara and Souza, 2000; Krügel, 2016; Cheffer et al., 2018). In fact, the so-called “adenosine hypothesis of schizophrenia” (Lara et al., 2006; Boison et al., 2012; Hirota and Kishi, 2013; Rial et al., 2014) postulates that a reduced adenosine tone is involved in the dysregulation of glutamatergic and dopaminergic activity in schizophrenia patients. Accordingly, based on informative studies in experimental animals, adenosine receptor agonists may act as atypical antipsychotic drugs (Krügel, 2016).
Adenosine A2A receptors (A2ARs), which are highly expressed in the striatum and the olfactory tubercle, exert fine regulation of individual synapses (Hines and Haydon, 2014; Krügel, 2016), and their activation facilitates glutamate release and potentiates N-methyl-D-aspartate (NMDA) receptor function. As a consequence, A2ARs regulate synaptic plasticity by promoting adequate (or aberrant) adaptive responses in neuronal circuits (Azdad et al., 2009; Boison and Aronica, 2015; Krügel, 2016). In general, adenosine and A2AR agonists induce behavioral effects similar to those of dopamine receptor (DR) antagonists used as antipsychotics (Rimondini et al., 1997; Wardas, 2008; Shen et al., 2012; Borroto-Escuela et al., 2020). In fact, A2AR agonists inhibit hyperlocomotion and sensorimotor gating deficits induced by DR agonists and/or NMDA receptor channel blockers in rodents (Krügel, 2016). More specifically, converging evidence suggests that heteroreceptor complexes containing AR and DR protomers, especially adenosine A2AR-D2R heteroreceptor complexes, exert strong inhibitory modulation of dorsal and ventral striato-pallidal GABA neurons (Ferrè et al., 1991; Fuxe et al., 2008; Borroto-Escuela et al., 2018; Borroto-Escuela et al., 2020). Thus, A2AR agonists reduce D2R recognition and function by acting on the A2A-D2 heteroreceptor complexes located in the dorsal and ventral striato-pallidal anti-reward GABA pathway. Upon activation of this pathway, the brain circuit involved increases the glutamate drive to the frontal cortex from the medial dorsal thalamic nucleus, and transfer of anti-reward information takes place (Fuxe et al., 2008; Borroto-Escuela et al., 2017; Borroto-Escuela et al., 2018; Borroto-Escuela et al., 2020). Thus, it was suggested more than a decade ago (Fuxe et al., 2008) and recently demonstrated (Borroto-Escuela et al., 2020; Valle-León et al., 2020) that drugs promoting A2AR-D2R heteromer formation might constitute an alternative strategy for the treatment of schizophrenia. Furthermore, A2AR agonists can allow a reduction of the dose of the D2R antagonists which should reduce the side effects of classical and atypical antipsychotic drugs. These findings moved A2AR agonists into the focus of interest for adenosinergic therapeutic options in the disease.
The adenosine A1 receptor (A1R), too, has been proposed as a potential antipsychotic drug target (Ossowska et al., 2020). A1Rs are coupled to the Gi/o family of G-proteins, are abundantly present throughout the central nervous system, and appear to generally exert an inhibitory and neuroprotective ‘tone’ (Chen et al., 2014; Krügel, 2016). Activation of presynaptic A1Rs inhibits the release of neurotransmitters (e.g., glutamate, GABA, dopamine, serotonin and acetylcholine) and depresses postsynaptic neuronal signaling by inducing hyperpolarization (Paul et al., 2011). Notably, pre- and post-synaptic A1R activation, leading to reduced glutamate and GABA release as well as impaired NMDA receptor and D1R function, respectively, plays a major role in the “adenosine hypothesis” of schizophrenia (Fuxe et al., 2008; Krügel, 2016). Thus, as the pathophysiologically significant NMDA receptor hypofunction in the disease can be traced mainly to fast-spiking GABA neurons (Nakazawa and Sapkota, 2020), a reduction of A1R signaling should benefit critical neuronal circuits and consequently have positive effects on schizophrenia symptoms. In line with this view, A2AR agonists might exert part of their antipsychotic action by activating the A2AR protomer in a prejunctional A1-A2A receptor complex. Through this antagonistic receptor-receptor interaction, A2AR agonists could lower the affinity of the A1R protomer and thus the inhibitory action of the A1R protomer on glutamate release (Ciruela et al., 2006; Franco et al., 2008; Borroto-Escuela et al., 2020). Antagonists of A1R receptors have indeed been shown to reduce memory impairment in experimental animals (Boison et al., 2012).
On the other hand, since activation of A1Rs on dopaminergic nerve terminals inhibits dopamine release (Paul et al., 2011; Zhang and Sulzer, 2012), A1R agonists, too, may counteract schizophrenia symptoms. In fact, preclinical findings have indicated that stimulation of A1Rs may have antipsychotic effects, although cognitive dysfunctions must be expected to be associated with the treatment (Ossowska et al., 2020). Specifically, recent studies demonstrated that the selective A1R agonist 5-Chloro-5′-deoxy-N6-(±)-(endo-norborn-2-yl)adenosine (5′-Cl-5′-deoxy-ENBA) reduces the hyperlocomotion caused by amphetamine or the non-competitive NMDA receptor antagonist dizolcipine (MK-801; Eyjolfsson et al., 2006; Ossowska et al., 2020). Inhibition of amphetamine- and MK-801-mediated hyperlocomotion may also be caused by allosteric interaction of D1R signaling in the A1R-D1R heteroreceptor complex, which is located in striato-nigral and striato-entopeduncular GABA neurons as well as in D1R-rich GABA neurons in the nucleus accumbens (Rimondini et al., 1997; Fuxe et al., 2007; Fuxe et al., 2008; Fuxe et al., 2020; Franco et al., 2008; Pérez-de-la-Mora et al., 2020).
Kynurenic Acid and Schizophrenia
KYNA, an astrocyte-derived neuromodulator, has been repeatedly linked to the cognitive deficits that are observed in individuals with schizophrenia. KYNA is a metabolite of the kynurenine pathway (KP), which accounts for more than 90% of the degradation of the essential amino acid tryptophan (Cervenka et al., 2017). Through a series of enzymatic steps, the evolutionarily preserved KP generates not only KYNA but also a considerable number of other biologically active compounds, several of which play increasingly appreciated roles in brain physiology and pathology (Schwarcz et al., 2012). KYNA is produced directly from the pivotal KP metabolite kynurenine, either by oxidation (Ramos-Chávez et al., 2018) or by irreversible transamination by kynurenine aminotransferases (KATs; Guidetti et al., 2007). These enzymes are preferentially localized in astrocytes, which promptly release newly formed KYNA into the extracellular compartment (Turski et al., 1989; Guidetti et al., 2007). Though other molecular targets may be of relevance as well, the neurobiological effects of endogenous KYNA are mediated primarily through its actions as an antagonist of both the NMDA and the α7nAChR function, i.e. two receptors that are critically involved in cognitive processes (Moroni et al., 2012; Stone et al., 2013; Phenis et al., 2020). Consequently, as shown consistently in experimental animals, elevated brain KYNA levels are associated with a number of cognitive deficits, such as impairments in contextual learning and memory and abnormal visuospatial working memory (Schwarcz et al., 2012; Muneer, 2020). These effects are likely related to the fact that even relatively small fluctuations in KYNA levels bi-directionally affect the extracellular levels of neurotransmitters that play major roles in cognitive functions, including dopamine, acetylcholine, glutamate and GABA (Wu et al., 2007; Zmarowski et al., 2009; Konradsson-Geuken et al., 2010; Beggiato et al., 2013). Notably, selective pharmacological inhibition of KYNA formation has been shown to have pro-cognitive effects in several established animal models (Kozak et al., 2014; Pocivavsek et al., 2019).
The observation that KYNA concentrations are significantly elevated in cortical brain regions and cerebrospinal fluid of individuals afflicted with schizophrenia (Erhardt et al., 2001; Schwarcz et al., 2001; Nilsson et al., 2005; Sathyasaikumar et al., 2011; Linderholm et al., 2012) raised the possibility that KYNA may be causally involved in the cognitive dysfunctions seen in these patients (cf. reviews by Wonodi and Schwarcz, 2010; Erhardt et al., 2017; Plitman et al., 2017; Muneer, 2020). This hypothesis is compatible with the fact that the expression of KYNA’s key biological targets (i.e., NMDA receptors and α7nAChRs) was found to be reduced in the brain of patients with schizophrenia (Guan et al., 1999; Young and Geyer, 2013; Hu et al., 2015). Together with the insights gained from the pre-clinical studies, these findings suggest that interventions leading to a decrease in brain KYNA may constitute a useful strategy for effecting cognitive improvement in the clinical population.
Adenosine and Kynurenic Acid Interactions: Are They Relevant for Schizophrenia Treatments?
Although neurobiological properties of adenosine may be linked to KYNA, interactions between the adenosine system and the KP have not been carefully examined so far. However, in an in vivo microdialysis study performed in rats, local perfusion of adenosine was shown to rapidly and concentration-dependently raise extracellular KYNA levels in the striatum (Wu et al., 2004). Interestingly, this effect was mimicked by perfusion of the A1R agonist N6-cyclopentyladenosine (CPA), whereas the selective A2AR agonist 2-p-(2-carboxyethyl) phenylethylamino-5′-N-ethylcarboxamidoadenosine hydrochloride (CGS-21680) was ineffective. Furthermore, local perfusion of the A1R antagonist 8-cyclopentyltheophylline (CPT) attenuated the effect of adenosine on extracellular KYNA levels. As the effect of adenosine on KYNA was not observed in the excitotoxically lesioned, i.e., neuron-depleted, striatum, it appears that neuronal A1R activation influences glial KYNA synthesis indirectly (Wu et al., 2004).
While A2AR activation does not appear to affect KYNA levels in the brain under physiological conditions, it is noteworthy that A2ARs not only interact physically with D2Rs (see above) but also with the NMDAR (Agnati et al., 2005; Liu et al., 2006). An A2AR agonist may therefore inhibit the activity of the D2R protomer both in the A2AR-D2R heteromer (Borroto-Escuela and Fuxe, 2019) and in a putative A2AR-D2R-NMDAR heteromer, and thereby indirectly enhance NMDAR activity. By this mechanism, A2AR stimulation could counteract and reduce the cognitive dysfunction caused by the elevated brain levels of the endogenous NMDAR antagonist KYNA in pathological situations (e.g., schizophrenia).
Furthermore, based on the postulated action of A2AR agonists on prejunctional A1-A2A heteroreceptor complexes (Ciruela et al., 2006), it also seems possible that A2AR agonists, in addition to inhibition of D2R signaling, cause a reduction in KYNA levels by allosteric inhibition of A1R signaling. In view of the study of Wu et al. (2004); see above), this mechanism, too, may only operate under pathological conditions.
Taken together, these phenomena may have implications for the proposed use of adenosine receptor agonists in the treatment of schizophrenia (Borroto-Escuela et al., 2020). Thus, the beneficial antipsychotic effects of A1R agonists, which are predicted from studies in experimental animals (Boison et al., 2012; Ossowska et al., 2020), may also result in cognitive deficits due to a A1R-induced increase in KYNA levels. Co-treatment with drugs that are able to reduce brain KYNA levels may therefore ameliorate the untoward side effects of A1R agonists. Inhibitors of kynurenine aminotransferase II (KAT II), the principal enzyme responsible for the synthesis of rapidly mobilizable KYNA in the mammalian brain (Guidetti et al., 2007), deserve particular attention in this context (Rossi et al., 2010; Nematollahi et al., 2016; Plitman et al., 2017; Blanco-Ayala et al., 2020). Notably, the beneficial effects of KAT II inhibitors may be further enhanced by A2AR agonists and may also improve negative symptoms in schizophrenia patients via allosteric inhibition of D2R signaling in A2AR-D2R heteroreceptor complexes of ventral striatal-pallidal GABA neurons (Borroto-Escuela et al., 2020).
CONCLUSION
The considerations outlined here indicate a possible relevance of adenosine and KYNA interactions in the pathophysiology and treatment of schizophrenia, and emphasize the need to investigate this issue in detail in future preclinical studies. Specifically, the effects of combined approaches with adenosine receptor ligands and compounds able to reduce brain KYNA levels (e.g., KAT II inhibitors) have not been assessed experimentally so far. Hypothesis testing in rats that were prenatally exposed to kynurenine, which have deficits resembling several of the cognitive impairments seen in schizophrenia patients (Hahn et al., 2018), may be particularly informative for this purpose. These studies may support the development of new multi-target therapeutic strategies that focus on both the purinergic system, especially in relation to adenosine receptor containing heteroreceptor complexes, and brain KYNA function.
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INTRODUCTION
The pharmacological treatment of chronic pain is still unsatisfactory. The cellular and molecular mechanisms at the basis of pain chronification are still poorly understood.
The commercially available drugs for treating chronic pain, including neuropathic pain, are effective in few patients and own several side effects that often limit the compliance of the patients. In addition, the opioids, which are the most potent analgesics, often fail in chronic pain conditions, especially in neuropathic pain syndromes. Moreover, it is well known that opiates can lead to addiction, tolerance and hyperalgesia. Therefore, new targets for treating neuropathic pain are needed. Purines, including ATP, ADP and adenosine and their receptors are deeply involved in the pathophysiology of neuropathic pain, particularly in the immune-mediated reactions that are responsible for the induction of the tactile allodynia, that represents the main symptom of neuropathic pain. The first response to the insult is mediated by the production of ATP and the activation of P2X receptors (Jacobson et al., 2020). In particular, the P2X4 receptors on microglia have been identified to be essential for the involvement of microglia cells in the pain pathophysiology (Trang et al., 2012). Beside the P2X, the P2Y receptors tend to boost the immune cells in response to nucleotides, with their ligands acting as immediate danger signals (Cekic and Linden, 2016). The subsequent stimulation of the metabotropic P1 adenosine receptors (ARs), of which are known four subtypes (A1, A2A, A2B, and A3), is overall associated with the reduction of both immunoinflammatory response and pain (Vincenzi et al., 2020).
In the present opinion paper we will focus on the role of the P1 adenosine receptors in the pathophysiology of chronic neuropathic pain. The involvement of P2X and P2Y receptors in chronic pain has been discussed elsewhere (Jacobson et al., 2020).
SUBSECTIONS RELEVANT FOR THE SUBJECT
A1 Adenosine Receptor in Chronic Pain
The role of the A1AR in pain and nociception has been well described in both preclinical and clinical studies. Preclinical evidence showed a potent beneficial effect of several A1AR agonists in different animal models of chronic pain (Sowa et al., 2010; Luongo et al., 2012; Kan et al., 2018). It has been suggested that A1AR stimulation in peripheral nerves, might represents the molecular mechanism through which acupuncture exerts an antinociceptive effect (Goldman et al., 2010). A1AR knock out (KO) mice were used to evaluate the role of the A1AR in nociception. Under normal conditions, as well as during inflammatory or neuropathic pain, A1AR KO animals showed a lower thermal threshold as compared to the wild-type (WT) mice. A1AR KO mice also showed a reduced antinociceptive response to morphine given intrathecally, but not systemically (Wu et al., 2005). This is in agreement with other data showing that intrathecal morphine generates an antiallodynic effect through A1AR activation (Zhang et al., 2005). A1AR is widely expressed in the nervous system. A1AR activation induces presynaptic inhibition of primary afferent fibers at the dorsal horn level. This inhibition is associated with decreased release of glutamate, substance P, and other proinflammatory mediators from primary afferents fibers to the spinal cord. A1AR also hyperpolarizes dorsal horn neurons by increasing K+ conductance and reducing Ca2+ influx (Bai et al., 2017).
Moreover, recent evidence also highlights the expression of the A1AR in primary microglia cell cultures (Luongo et al., 2014), assuming its potential role also in neuroinflammatory processes at the basis of the induction of tactile allodynia. Clinical studies also have been carried out for A1AR agonists. However, several side effects, especially at the cardiovascular level were associated to the use of those compounds (Zylka, 2011).
A2A and A2B Adenosine Receptors in Chronic Pain
The role of the A2AAR in pain is still a matter of debate since both pronociceptive and antinociceptive effects have been reported in animal models of inflammatory and neuropathic pain. Several reports highlighted the long lasting antiallodynic effect of the spinally-injected A2AAR agonists (Loram et al., 2009; Kwilasz et al., 2018). CGS21680, a selective A2AAR agonist, reduced the formalin-induced nocifensive behavior in both the early (0–15°minutes) and late (15–60°minutes) phases in a mouse model of formalin-induced inflammatory pain (Nalepa et al., 2010).
On the other hand, several papers showed a facilitative role of the A2AAR on nociceptive threshold. In particular, it has been suggested that mice lacking the A2AAR are less responsive to the noxious stimuli and, in these mice, the spinal cord neurons seems to be less active (Hussey et al., 2007; Hussey et al., 2010). Moreover, A2AAR KO mice showed reduced tactile allodynia as compared to the wild type animals in a mouse model of neuropathic pain due to the sciatic nerve injury (Bura et al., 2008).
A3 Adenosine Receptor in Chronic Pain
The role of the A3AR emerged only recently in the pain field. The analgesic effect of adenosine was, in fact, believed to be mediated mainly by A1AR stimulation and, at least in part, by A2AAR (Sawynok, 2016; Kwilasz et al., 2018). In addition, A1AR and A2AAR modulating drugs, although effective in the preclinical models, did not reach clinical experimentation for their important cardiovascular side effect (Zylka, 2011; Jacobson et al., 2020). Contrary to what emerged from the early studies showing A3AR levels in the brain that were difficult to detect (Rivkees et al., 2000), the A3AR is expressed in different areas of the central nervous system (CNS) of both rodents and humans (Yaar et al., 2002; Jacobson et al., 2018). Besides the A3AR expression in neurons, which is lower as compared to the A1AR and A2AAR in physiological conditions, there is a high expression of this receptor in immune cells in the periphery and CNS. Indeed, it has been demonstrated that A3AR is expressed by astrocytes, oligodendrocytes, microglia, and endothelial cells, including in human tissue (Zhang et al., 2016). This is important since recent evidence highlighted the key role of the microglia and astrocytes in the induction and maintenance of tactile allodynia, which represents a major symptom associated with neuropathic pain.
After early confusing reports about the involvement of the A3AR in chronic pain, recent evidence supports a pivotal role of this receptor in the reduction of tactile allodynia in different preclinical models of neuropathic pain. The recent synthesis of highly selective agonists for A3AR (>10,000-fold in comparison to other AR subtypes) and the possibility to use A3AR KO animals paved the way for more definitively investigating these receptors in the pain axis. In fact, the selective pharmacological stimulation of the A3AR induced pronounced and prolonged antiallodynic effects in traumatic nerve-injury, chemotherapy-induced and other models of neuropathic pain (Bar-Yehuda et al., 2011; Chen et al., 2012; Fishman et al., 2012; Janes et al., 2015; Little et al., 2015; Tosh et al., 2015; Terayama et al., 2018; Wahlman et al., 2018; Stockstill et al., 2020). Moreover, A3AR-selective agonists reduced the formalin-induced nocifensive behaviour and diabetic neuropathy (Yan et al., 2016; Petrelli et al., 2017). The A3AR seems to exert its beneficial effect at different levels of the pain axis. Indeed, the receptors can be activated at the spinal cord (SC) and rostral ventromedial medulla (RVM) levels, where the mRNA has been found (Little et al., 2015). Moreover, the selective activation of the A3AR can recruit several downstream pathways (Cohen and Fishman, 2019; Kim et al., 2019). These pleiotropic mechanisms might be the reason for the high efficacy of the A3AR agonists. Among several downstream mechanisms, the A3AR stimulation has been shown capable of reducing the expression of proinflammatory cytokines including tumor necrosis factor (TNFα) and interleukin-1β (IL-1β), and enhancing the expression of antiinflammatory cytokines, such as interleukin-10 (IL-10) and interleukin-4 (IL-4) in the SC (Janes et al., 2015; Wahlman et al., 2018). Intriguingly, it has also been observed that the A3AR signaling is associated with a spinal mechanism of action that modulates the chloride potassium symporter 5 (KCC2 transporter), which has been shown to be downregulated and, in turn, responsible for the GABAergic gradient shift from inhibitory to excitatory signaling in neuropathic pain (Ford et al., 2015). This latter mechanisms is very important for the establishment of tactile allodynia, which also involves microglia cells (Coull et al., 2005). Coppi and coworkers also highlighted the capability of A3AR agonists to inhibit the pronociceptive N-type Ca2+ currents and cell excitability in dorsal root ganglion (DRG) neurons (Coppi et al., 2019). This latter mechanism has also been suggested by Lucarini and colleagues in a model of visceral pain in rats (Lucarini et al., 2020).
Very recently, it has been demonstrated that the morphine-induced tolerance could also be mediated by the A3AR, suggesting a possible use of the A3AR agonists as adjuvant therapy in combination with opioids (Doyle et al., 2020). Coadministration of an A3AR agonist at a low dose also reduced withdrawal behavior following morphine administration in rats, without reducing morphine’s antinociceptive effect. A scheme summarizing the molecules acting on the A3AR in different preclinical models of neuropathic pain is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The figure illustrates the several A3AR agonists use in different preclinical model of neuropathic pain of various origins.
DISCUSSION
Purinergic signaling is involved in pain transmission. Data from different laboratories suggested that adenosine metabotropic receptors play key role in chronic pain models. In the previous years, the focus on adenosine in pain was mostly directed to the A1 and A2A receptors and their pharmacological manipulation. Cardiovascular side effects are the most limiting for the use of these compounds clinically.
More recent research has revealed the central role of the A3AR and its pharmacological manipulation for chronic pain of various origins. The efficacy of the A3AR agonists could be due to their pleiotropic mechanism of action, without exerting pronounced cardiovascular side effects. Interestingly, the antinociceptive effect of the A3AR pharmacological stimulation is independent from the recruitment of the opioid or cannabinoid systems, it does not alter physiological pain, thus, avoiding the problems related to the tolerance and abuse (Janes et al., 2016). Worthy of note is also the capability of A3AR to synergize with other drugs commonly used for treating chronic pain including opioids, amitriptyline and gabapentin (Chen et al., 2012).
To conclude, it is clear that the purines deserve further research attention in the pain field offering very promising results indicative of future potential. In particular, A3AR seems to represent a promising candidate for developing safer and more effective drug treatment for neuropathic pain.
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INTRODUCTION
The ubiquitous purinergic system is composed by adenine- and guanine-based compounds, their converting enzymes (Yegutkin, 2014), and by the adenosine (P1) G protein-coupled receptors (GPCRs) and the nucleotide (P2) receptors, which are further classified into P2X1-7 ion channels and P2Y1,2,4,6,11–14 GPCRs (Burnstock, 2011). The activation of these receptors has been correlated to a number of patho-physiological conditions such as neurodegenerative diseases, cancer, ischemia and inflammation (Burnstock, 2018). Guanine-based purines (GBPs) are endogenous molecules comprising the nucleotides guanosine 5′-triphosphate (GTP), guanosine 5′-diphosphate (GDP) and guanosine 5′-monophosphate (GMP), the nucleoside guanosine (GUO) and the nucleobase guanine (GUA) (Schmidt et al., 2007).
GBPs inspired numerous studies in the late ‘90s, followed by a long period of sporadic works with a renewed research interest only in recent years. The reason why GBPs have been neglected likely relies on the lack of specific GBPs receptors able to confer them a real therapeutic potential.
GBPs share many structural and functional similarities with ABPs (Santos et al., 2006): they are released by many cell types, interconverted by soluble and membrane-bound ecto-enzymes and either taken up by selective nucleoside transporters or further metabolized up to the formation of uric acid (Zimmermann and Braun, 1996). Specifically, extracellular GUO is converted by purine nucleoside phosphorylase (PNP) to GUA that, in turn, is metabolized to xanthine (XAN) by guanine deaminase (GDA) (Yuan et al., 1999; Giuliani et al., 2016; Shek et al., 2019).
This brief work illustrates the most recent findings regarding GBPs and sheds light on the new therapeutic potential of Guanylates and their converting enzymes in cancer and age-related diseases.
ROLES OF GBPS IN THE CNS
GBPs have been classically described as neuromodulators, playing neurotrophic and neuroprotective effects in the central nervous system (CNS) (Schmidt et al., 2007).
Indeed, there is a general consensus about GBPs behaving as a repair system upon brain injury in both in vitro and in vivo models (Lanznaster et al., 2016; Ribeiro et al., 2016). Accordingly, 1) higher extracellular levels of GBPs but not ABPs are detected in cultured astrocytes upon hypoxic or hypoglycaemic conditions (Ciccarelli et al., 1999) ii) GBPs, especially GUO, interferes with glutamatergic system by preventing glutamate excitotoxicity (Tasca et al., 2004; Lanznaster et al., 2017); iii) GBPs demonstrate anxiolytic, antidepressant and anticonvulsant effects (Tavares et al., 2008; Kovacs et al., 2015; Bettio et al., 2016; Frinchi et al., 2020); iv) GUO administration prevents NMDA-evoked neurotoxicity and apoptosis in hippocampal slices (Molz et al., 2008), inhibits the neurotoxin 6-hydroxydopamine (6-OHDA)-mediated apoptosis in a model of Parkinson’s disease (Giuliani et al., 2012b), induces neuroprotection in hippocampal slices subjected to oxygen/glucose deprivation (OGD) and ischemia (Ganzella et al., 2012; Dal-Cim et al., 2013); v) GUO stimulates neural stem cells and astrocyte proliferation (Ciccarelli et al., 2000; Su et al., 2013), as well as neurogenesis (Bau et al., 2005; Decker et al., 2007; Piermartiri et al., 2020); vi) GTP induces differentiation of C2C12 skeletal muscle cells and PC12 cells via Ca2+-activated K+ channel, upon phospholipase C (PLC)/inositol triphosphate (IP3)/diacylglycerol (DAG) activation (Gysbers and Rathbone, 1996; Guarnieri, Fanò et al., 2004; Pietrangelo, Fioretti et al., 2006; Mancinelli, Pietrangelo et al., 2012) vii) GUA improves learning and memory formation (Giuliani et al., 2012a; Zuccarini et al., 2018b).
The molecular mechanisms underlying GBPs-induced neuroprotection involve the activation of Phosphoinositide 3-kinase (PI3K)/Protein kinase B (PKB)/Glycogen Synthase Kinase3β (GSK3β), Protein kinase C (PKC), extracellular signal-regulated kinases (ERK) and Heme Oxygenase-1 (HO-1) signaling transduction pathways (Molz et al., 2011; Bellaver et al., 2015; Giuliani et al., 2015).
For an in-depth description of the pathophysiological roles of GBPs in the central nervous system we direct readers to these reviews (Di Liberto et al., 2016; Tasca et al., 2018; Mancinelli et al., 2020).
GBPS IN AGING DISORDERS
Reactive oxygen species (ROS) are involved in a wide number of age-related disorders in many organs and tissues. The end-products of GBPs metabolism, namely XAN and uric acid (UA), have been associated to ROS production and are, therefore, considered potential targets for anti-ageing strategies.
Thus, XAN-generating GDA has been evaluated in skin disorders such as Riehl’s melanosis (hyperpigmentary lesions of neck and face), psoriasis and, more in general, epidermal senescence (Kizaki et al., 1977). This enzyme is abundantly expressed in melasma, an hyperpigmentation caused by UV irradiation and inflammation (Noh et al., 2014). Upon chronic exposure to UVA or UVB radiations, GDA expressed in keratinocytes may trigger seborrheic keratosis by generating XAN, which is further metabolized to UA leading to the production of ROS and DNA damage (i.e., upregulation of γ-H2AX) (Cheong and Lee, 2020). ROS, in turn, can react with GUA and generate 8-oxo-7,8-dihydroguanine (8-oxoG) which is known to induce DNA damage and skin senescence (Valavanidis et al., 2009). Of note, GDA has also a direct role in skin lesions by interacting with several cytokines and growth factors, thus promoting melanogenesis (Jung et al., 2020).
Furthermore, in a murine model of lower urinary tract dysfunction (LUTD), 6 weeks-treatment with a PNP-inhibitor, 8-aminoguanine (8-AG), ameliorated LUTD symptoms (bladder structure and functions alterations and insensitivity) and reversed the age-associated up-regulation of several pro-apoptotic factors such as cleaved caspase-3, p16 and cleaved Poly (ADP-ribose) polymerase (PARP), a downstream effector of oxidative damage (Birder et al., 2020a). In addition, 8-AG decreased urinary levels of hypoxanthine but did not modify those of GUO. The protective effect of 8-AG in the urinary tract has been detected also in age-related urinary incontinence in female rats (Birder et al., 2020a). In this study, the PNP inhibitor reverted mitochondrial injury in urethra smooth and striated muscle and normalized oxidative and nitrosative markers.
GBPS AND CANCER
Over the last few years there has been a growing interest about the role of GBPs in cancer progression. As a matter of fact, GUA is not only a building block of DNA and RNA but also an extracellular signaling molecule involved in cell metabolism and proliferation.
DNA and RNA exhibit guanine (G)-rich sequences, namely GROs, able to self-assembly and form G-quadruplexes. G-quadruplex based aptamers showed therapeutic potential in several diseases such as HIV and cancer by targeting DNA promoter regions of oncogenes such as c-MYC, HIF-1α, VEGF (Collie and Parkinson, 2011). For example, the aptamer AS1411 was able to reduce tumor cell proliferation in human leukemic T cell lymphoblasts by targeting nucleolin, NF-kB and bcl-2 and is currently under phase II clinical trials for metastatic renal cell carcinoma (Bates et al., 1999; Soundararajan et al., 2008; Rosenberg et al., 2014). The cytotoxic activity of these nucleic acid drugs likely relied on the massive production of GBPs that would unbalance nucleotides/nucleosides ratio and subvert DNA repair mechanisms (Wang et al., 2019). Specifically, concerning the antiproliferative effect of guanine-based biomolecules, it has been demonstrated that in the leukemic T-cell lymphoblast the IC50 values were 14–18 μM (Zhang et al., 2015).
A recent study showed that the upregulation of inosinates and guanylates was associated with radiotherapy (RT)-resistance in glioblastoma multiforme (GBM) (Zhou et al., 2020). In this work, RT-sensitive cells (U118 MG, DBTRG-05MG, and GB-1) were exposed to nucleosides (cytidine, guanosine, uridine and thymidine at concentrations 80–240 μM) and showed a decreased RT ability to induce DNA double-stranded breaks (DSBs), thus promoting DNA repair and tumor cell survival. Interestingly, cell treatment with Mycophenolic acid (MPA) (10 μM), an inhibitor of inosine monophosphate dehydrogenase (IMPDH), an enzyme involved in de novo synthesis of guanine nucleotides, radiosensitized RT-resistant cell lines (U87 MG and A172). IMPDH inhibitors, responsible for increased IMP levels and reduced de novo synthesis of GTP and XMP have been developed as antiviral, antineoplastic (Cuny et al., 2017) and antimicrobial drugs (Shah and Kharkar, 2015). In line with these findings, Garozzo et al. previously reported that glioblastoma cell growth was inhibited by GUA, GUO and GMP with GI50 values of 44 ± 2.8, 137 ± 9.1 and 140 ± 10.2 µM, respectively (Garozzo et al., 2010).
In addition to the nucleobase GUA, a key role seems to be played by GUA-generating (PNP) and GUA-removing (GDA, Hypoxanthine Guanine Phosphoribosyltransferase-HGPRT) enzymes. PNP converts GUO into GUA and inosine (INO) into hypoxanthine (HYPO); GDA deaminates GUA into xanthine (XAN); HGPRT converts H YPO and GUA into IMP and GMP, respectively.
PNP inhibitors have been developed for the treatment of leukemia wherein they caused cell death via up-regulation of the apoptotic caspase-8, -9, and -3 and dGTP accumulation (Balakrishnan et al., 2006; Tong et al., 2009). PNP has also been employed in a gene-directed enzyme prodrug therapy (GDEPT), where the bacterial PNP metabolizes the substrate adenine analogue to the cytotoxic 2-Fluoroadenine (Balakrishnan et al., 2006; Afshar et al., 2009).
The chemotherapeutic effect of another purine nucleoside analogue, namely the deoxyguanosine analogue CNDAG, was reported in leukemias and linked to single- and double-strand breaks in DNA (Liu et al., 2020).
Furthermore, in leukemic cells lacking the expression of Sterile alpha motif and HD domain-containing protein 1 (SAMHD1), an enzyme degrading deoxyribonucleoside triphosphates (dNTPs), the administration of the PNP inhibitor, forodesine, caused cell apoptosis upon deoxyguanosine triphosphate (dGTP) overload (Kicska et al., 2001; Davenne and Rehwinkel, 2020). The antiproliferative activity of dGTP and deoxyguanosine (dGUO) was described in T- and B-lymphoid cells, although the molecular mechanism behind this effect remains as yet unclear (Chan, 1978).
In oncology, HGPRT plays a crucial role as it is considered a reporter gene able to detect somatic mutant cells and the related risk of cancer, therefore serving as cancer biomarker (Russo et al., 2004). Akin to PNP, HPRT has been used to activate the pro-drug deoxy-6-thioguanosine-5′-triphosphate which is responsible for cell apoptosis due to DNA mispairing (Yan et al., 2003). In a recent study, high levels of circulating uric acid in patients affected by gastric and pulmonary adenocarcinomas has been observed (Dumanskiy et al., 2020).
DISCUSSION
The lack of identified specific GBPs receptors able to provide a potential therapeutic target represents the main reason for the low interest in GBPs related research. Interestingly, a binding site for GUO has been already detected and it was recently reported that GUO would exert neuroprotection by interacting with A1R-A2AR heteromer (Traversa et al., 2002; Lanznaster et al., 2019). Moreover, several GTP binding sites were identified in excitable cells likely belonging to Gi/0 protein-coupled receptor family and associated with [Ca2+]i elevation (Pietrangelo et al., 2002).
The role of GBPs as neuromodulators is now well-documented (Tasca et al., 2018). GBPs and their converting enzymes have been studied in urinary dysfunctions and skin diseases (melasma, Riehl’s melanosis, seborrheic keratosis) where XAN- and UA-mediated ROS generation seems to promote DNA damage in age-related oxidative stress (Birder et al., 2020b). In the urinary tract, the accumulation of GUO and INO following PNP inhibition has a double protective role since it hampers the generation of urotoxic compounds and preserves the anti-inflammatory and protective nucleosides (Liu et al., 2009). As aging positively correlates with extracellular matrix (ECM) remodeling, the role of GDA, which is able to interact with ECM components (Zuccarini et al., 2018a), may be evaluated too.
A large body of evidence suggests a possible role of GBPs in cancer, with purine salvage pathway being the fuel of nucleotide pool maintenance and correct cell division. Several findings support the anti-proliferative effect of GUO, GUA and GMP in glioblastoma cells, prostate cancer cells, lung adenocarcinoma cells and myeloid leukemia cells (Garozzo et al., 2010; Zhang et al., 2015; Oliveira et al., 2017). The cytotoxic effect is due to their genotoxic activity that signals cell cycle arrest (Wang et al., 2019), although a recent study revealed that guanylates and inosinates would promote radio-therapy resistance and DNA breaks repair (Zhou et al., 2020).
Extracellular and intracellular GBPs amounts are related to the activity of GBPs converting enzymes, therefore their deficiency negatively correlates with GBPs effects. To reinforce this hypothesis, GDA gene knockout in dGUO insensitive HeLa cells induced cell response to the antiproliferative effect of dGUO. Vice versa, cell transfection with pCMV-Myc-GDA plasmid into the sensitive human embryonic kidney HEK293 cells prevented dGUO-mediated arrest at the S phase (Wang et al., 2019). More in general, the same authors suggested that in those cells were GDA expression was lower, GBPs antiproliferative effect resulted to be greater. A crucial role is played by PNP, HGPRT and IMPDH. These enzymes are part of de novo and salvage pathways and their modulation allow cells to meet metabolic needs and proliferate, as they ultimately lead to nucleotides synthesis (Tong et al., 2009).
The PNP inhibitor, forodesine, has shown therapeutic effects in the treatment of leukemias (Tong et al., 2009). It is worth to mention that most of these enzymes (i.e. GDA and IMPDH) exhibit a non-enzymatic activity; for example, SAMPHD1 and IMPDH can both interact with nucleic acids and are regulated by epigenetic mechanisms (Seamon et al., 2015). Importantly, the presence of GBPs metabolic enzymes both inside and outside the cell, makes it difficult to distinguish the origin of single nucleotides or nucleosides without inhibiting the respective enzymes.
In cancer therapy, GBPs demonstrated innovative therapeutic potential as they were used in gene-directed enzyme prodrug therapy (GDEPT) or in G-quadruplex based aptamers.
The greatest challenge about therapeutic applications of GBPs is represented by their ubiquitous expression and their involvement in pleiotropic circuits which may lead to unfavorable side effects in other organ/tissues. Therefore, it is extremely important to fine-tune purinergic signaling by controlling the expression/activity of these enzymes, with an eye on the complex network of simultaneously activated pathways.
Taken together, these recent findings unravel the high translational potential of GBPs not only in neuromodulation but also in age-related diseases and cancer (Figure 1), where an unbalance in nucleotides/nucleosides/nucleobase ratio become crucially important as it directs cells toward senescence/apoptotic processes or uncontrolled cell proliferation.
[image: Figure 1]FIGURE 1 | Schematic representation of the roles of Guanine-Based Purines and their metabolizing enzymes in cancer and aging disorders. At extracellular level, guanine-based nucleosides are metabolized up to the formation of uric acid (UA), they can also interact with adenosine (A1/A2A)/unknown metabotropic receptors, or enter the cell via specific equilibrative nucleoside transporters (ENT and NBT). At intracellular level, de novo and purine salvage pathways restore the purine nucleotide pool. Pharmacological manipulation of purine-converting enzymes demonstrated a therapeutic potential in LUTD, oxidative damage and leukemia (PNP), skin disorders (GDA), viral and microbial infections (IMPDH). Ecto-NTPDase: Ecto-nucleoside Triphosphate diphosphohydrolase; PNP: Purine Nucleoside phosphorylase; GDA: Guanine deaminase; XO: Xantine oxydase; HGPRT: Hypoxanthine-guanine phosphoribosyltransferase; 5′-NT II: Cytosolic 5′-nucleotidase II; IMPDH: Inosine Monophosphate dehydrogenase.
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The STriatal-Enriched protein tyrosine phosphatase STEP is a brain-specific tyrosine phosphatase that plays a pivotal role in the mechanisms of learning and memory, and it has been demonstrated to be involved in several neuropsychiatric diseases. Recently, we found a functional interaction between STEP and adenosine A2A receptor (A2AR), a subtype of the adenosine receptor family widely expressed in the central nervous system, where it regulates motor behavior and cognition, and plays a role in cell survival and neurodegeneration. Specifically, we demonstrated the involvement of STEP in A2AR-mediated cocaine effects in the striatum and, more recently, we found that in the rat striatum and hippocampus, as well as in a neuroblastoma cell line, the overexpression of the A2AR, or its stimulation, results in an increase in STEP activity. In the present article we will discuss the functional implication of this interaction, trying to examine the possible mechanisms involved in this relation between STEP and A2ARs.
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INTRODUCTION
P1 adenosine receptors are the most investigated purinergic receptors within the central nervous system (CNS). Since their identification in the late 70s, they have been the subject of numerous studies that established their widespread distribution in the brain and their pivotal role in the functioning of the CNS. The adenosine A2A receptor (A2AR) is one of the four G protein coupled receptor subtypes (A1, A2A, A2B, and A3), it is coupled with Gs protein and its stimulation activates adenylate cyclase causing an increase in intracellular cAMP levels (Borea et al., 2018). With the exception of the dorsal and ventral striatum, where A2AR is present at remarkably high levels, in the rest of the brain the expression of the receptor is quite low (Rosin et al., 2003). Despite this, the huge importance of A2AR in the CNS is witnessed by its role in the regulation of fundamental functions such as movement, cognition and emotions and, for this reason, it has attracted the interest of researchers as a potential therapeutic target (Borah et al., 2019). Indeed, the A2AR antagonist istradefylline (Nourianz®) has recently been approved in the United States, after its first registration in Japan, for the treatment of Parkinson’s disease, as an add-on to levodopa (Chen and Cunha, 2020).
One of the peculiarities of A2AR is the ability to modulate the activation and function of several other receptors, such as dopamine D2, cannabinoid CB1, metabotropic glutamate 5 receptor (mGlu5R), as well as adenosine A1 receptors, by forming heteroreceptor complexes (Cabello et al., 2009; Tebano et al., 2012; Moreno et al., 2018; Ferré and Ciruela, 2019). Recently, we identified a novel role of A2ARs in the rodent brain and in neuronal cells. Specifically, we demonstrated that the stimulation of A2ARs results in the activation of the STriatal-Enriched protein tyrosine phosphatase STEP, a brain-specific tyrosine phosphatase involved in several functions, including learning and memory (Goebel-Goody et al., 2012; Chiodi et al., 2014; Mallozzi et al., 2020).
In this article we will present some recent results on the A2ARs/STEP interaction and on the possible mechanisms involved. The physiological implication of this new receptor function will be discussed.
STRIATAL-ENRICHED PROTEIN TYROSINE PHOSPHATASE
In the early 90s, Paul J. Lombroso and collaborators isolated a new protein tyrosine phosphatase in the brain, particularly enriched in the striatum, that strongly colocalized with DARPP32 and tyrosine hydroxylase-positive neurons, which was denominated STEP (Lombroso et al., 1991, 1993). STEP exists in several isoforms that differ in intracellular localization and functions, and all originate by alternative splicing of a single Ptpn5 gene (Boulanger et al., 1995). The two major isoforms are STEP61, associated with membrane compartments, and the cytosolic protein STEP46, and both carry the consensus sequence required for the phosphatase catalytic activity and a kinase-interacting motif (KIM), that allows the interaction with the substrates. When phosphorylated at the specific Ser residues (221 for STEP61 and 49 for STEP46) within the KIM domains, STEP61 and STEP46 become inactive since they lose their ability to bind to the substrates (Bult et al., 1996; Pulido et al., 1998; Kamceva et al., 2016). STEP activity is regulated by quite complex phosphorylation/dephosphorylation mechanisms, in which calcineurin (a calcium/calmodulin-activated serine/threonine phosphatase, also known as PP2B) and protein kinase A (PKA) play a major role (Figure 1). Calcineurin activates STEP through protein phosphatase 1 (PP1), which dephosphorylates the regulatory serine residue and activates STEP (Paul et al., 2000). The activation of PKA results in the inhibition of STEP activity either through the direct phosphorylation of STEP61 and STEP46 at the specific serine residues and, indirectly, through the phosphorylation of DARPP-32 and the inhibition of PP1(Paul et al., 2000; Valjent et al., 2005; Giralt et al., 2011). Several neurotransmitter receptors, such as dopamine D1 receptor and nicotinic α7 nAChR, are able to modulate STEP activity (Paul et al., 2000; Zhang et al., 2013). Moreover, mGlu5R has been shown to increase STEP translation at dendritic levels that mediates AMPA receptor endocytosis, a mechanism that could be involved in DHPG-induced LTD. (Moult et al., 2002; Zhang et al., 2008; Goebel-Goody et al., 2012; Chen et al., 2013). As already mentioned, and as we will discuss later, STEP activity is also modulated by A2AR (Chiodi et al., 2014; Mallozzi et al., 2020).
[image: Figure 1]FIGURE 1 | Schematic representation of the possible mechanisms involved in the regulation of STEP activity by A2ARs. Activation of A2ARs, directly with the selective A2AR agonist CGS 21680 or indirectly with cocaine, increases STEP activity through a peculiar mechanism involving mGlu5R, intracellular Ca++ increase and calcineurin recruitment. On the contrary, activation of PKA by forkolin promotes STEP inactivation through phosphorylation of Ser residue.
Several substrates of STEP have been identified. The glutamate receptor subunits GluN2B and GluA1/GluA2 of the NMDA and AMPA receptors, respectively, are important STEP substrates whose dephosphorylation at specific tyrosine residues promotes receptor internalization and reduces NMDA- and AMPA-mediated synaptic transmission, having a strong impact on synaptic plasticity (Won and Roche, 2021). Pyk2 and Fyn, two other STEP substrates, are also involved in the modulation of synaptic transmission and synaptic plasticity by influencing several mechanisms, including the direct or indirect phosphorylation of glutamate receptor subunits (Huang et al., 2001; Giralt et al., 2017; Matrone et al., 2020). Moreover, STEP shows a role at presynaptic level, modulating glutamate neurotransmitter release (Bosco et al., 2018). Additional STEP substrates are the extracellular signal-regulated kinases 1 and 2 (ERK1/2), involved in memory processes and in synaptic plasticity, and p38, implicated in cell death and survival, and both are inactivated by dephosphorylation of specific tyrosine residues upon STEP activation (Goebel-Goody et al., 2012).
STEP appears to be strongly involved in neurological disorders where synaptic dysfunctions have been identified, as well as in diseases where excitotoxicity play a major role.
Indeed, in the last years a dysregulation of STEP has been found in several neuropsychiatric diseases and its modulation, by genetic or pharmacological tools, was accompanied by the attenuation of the symptoms in animal models of diseases (Karasawa and Lombroso, 2014; Kulikova and Kulikov, 2017). The general idea is that elevated STEP levels or activity have detrimental effects on cognition by negatively influencing synaptic strengthening through the dephosphorylation of substrates regulating synaptic plasticity (Pelkey et al., 2002; Fitzpatrick and Lombroso, 2011). Indeed, high levels of STEP expression have been found in animal models of Alzheimer’s and Parkinson’s diseases (neurodegenerative diseases characterized by cognitive impairment), and in the hippocampus of aged mice, rats and rhesus monkeys and in the brain of individuals with mild cognitive impairment (Xu et al., 2012; Kurup et al., 2015; Castonguay et al., 2018). Furthermore, STEP over-expression induced memory deficits in mice, and its inhibition ameliorates memory performances in aged rats and in animal models of neuropsychiatric diseases (Castonguay et al., 2018). However, during aging reduced STEP activity and expression have also been reported (Rajagopal et al., 2016; Cases et al., 2018).
Beside its role in modulating synaptic plasticity and cognition, STEP is emerging as a key regulator of neuronal survival and death. As demonstrated by Choi et al. (2007), STEP increases neuronal vulnerability to excitotoxic cell death in primary hippocampal cultures and the sensitivity of neurons to excitotoxicity induced by Status Epilepticus in mice. These effects were due to the blockade of neuroprotective responses initiated by the ERK/MAPK signaling pathway. On the other hand, in an in vivo model of cerebral ischemia, where excitotoxic cell death plays a major role, STEP exerts a neuroprotective effect by inhibiting the p38 MAPK signaling pathway. In fact, administration of the STEP-derived peptide prevents p38 MAPK activation and reduces ischemic brain damage in STEP KO mice (Deb et al., 2013). In order to reconcile those apparently conflicting results, it should be considered that, depending on the level of calcium increase following NMDA receptors stimulation, STEP activity can be increased and promote neuroprotection by reducing p38 activation or, in case of a prolonged insult, the resulting STEP degradation will facilitate cell death pathways by increasing the phosphorylation of p38 MAPK (Poddar et al., 2010). In addition, the stimulation of synaptic or extrasynaptic NMDA receptors differently impacts on STEP expression, resulting in the activation of ERK1/2 or p38 MAPK, respectively, and promoting cell survival or death (Xu et al., 2009).
Another well identified role for STEP is the modulation of the effects of psychostimulant drugs such as cocaine and amphetamine (Valjent et al., 2005; Hopf and Bonci, 2009; Sun et al., 2013; Siemsen et al., 2018). As for cocaine effects, initial studies demonstrated that following acute cocaine treatment in mice, the increase in ERK1/2 phosphorylation (pERK1/2) in a subpopulation of dopamine D1R-containing striatal neurons was mediated, at least in part, by D1R-mediated STEP inactivation (Valjent et al., 2005). However, in condition of chronic cocaine consumption, such as in models of cocaine self-administration, a decrease in STEP phosphorylation and pERK1/2 are observed in the rat prefrontal cortex, that could represent early events in withdrawal mechanisms (Sun et al., 2013). More recently, cocaine-induced STEP activation has been demonstrated in the early phase of abstinence, which mediates the decrease in p-ERK observed in the pre-limbic cortex of cocaine-seeking rats (Siemsen et al., 2018). These studies demonstrate an active role of STEP in cocaine-mediated effects. In line with this, as we will describe below, we found that the synaptic depression exerted by cocaine in the striatum involved STEP activation through the stimulation of A2ARs (Chiodi et al., 2014), suggesting an interaction between the receptor and the phosphatase.
EVIDENCE OF A FUNCTIONAL INTERACTION BETWEEN A2AR AND STRIATAL-ENRICHED PROTEIN TYROSINE PHOSPHATASE
The first evidence of an involvement of STEP in A2AR-mediated effects came from our study investigating the synaptic effects of cocaine in the striatum (Chiodi et al., 2014). We found that cocaine reduced striatal synaptic transmission, evaluated by recording extracellular field potentials and AMPA- and NMDA-mediated currents in whole cell patch-clamp experiments in corticostriatal slices. Cocaine effects were reduced by A2AR antagonist, by inhibitor of protein tyrosine phosphatases, by a calcineurin inhibitor and by TAT-STEP, a substrate trapping mutant peptide that makes STEP enzymatically inactive. In addition, the effect of cocaine was strongly reduced in A2AR knock-out mice. In order to understand the relationship among cocaine, A2ARs and tyrosine phosphatases (and STEP in particular), we evaluated the enzimatic activity of the total tyrosine phosphatases, and of STEP in particular, in mice striatal tissue after cocaine stimulation. We could show that cocaine increased tyrosine phosphatase activity, and in particular STEP activity, in A2AR-dependent manner. In fact, cocaine failed to activate STEP in the presence of the A2AR antagonist or in A2AR knock-out mice. These results suggested that a possible mechanism through which cocaine reduced synaptic transmission is the recruitment of A2AR and STEP activation. Indeed, STEP activation results in the dephosphorylation and internalization of NMDA and AMPA receptor subunits causing depression of excitatory synaptic transmission (Zhang et al., 2008; Zhang et al., 2010; Zhang et al., 2011; Kurup et al., 2010). Moreover, the involvement of calcineurin suggests the need of intracellular calcium increase. These mechanisms have been very nicely examined and depicted by Robert Yasuda (Yasuda, 2020) who recapitulated the way through which A2AR modulates cocaine-induced synaptic depression and, possibly, cocaine self-administration, via STEP activation.
In a recent paper, in order to confirm and further investigate the relationship between A2AR and STEP, we used cellular, genetic, and pharmacological approaches to evaluated STEP activity in different condition of A2AR stimulation and in different brain areas (Mallozzi et al., 2020). We took advantage of a transgenic rat strain overexpressing A2AR in the brain (Chiodi et al., 2016) in which we evaluated STEP activity in the striatum and hippocampus. In basal conditions, we found a significant increase in STEP activity in the striatum and hippocampus of A2AR overexpressing rats with respect to wild type. Moreover, in the striatum the selective A2AR agonist CGS21680 increased STEP activity in wild type but not in A2AR overexpressing rats (where STEP activity was already high), while ZM241385, the A2AR antagonist, reduced STEP activity in overexpressing rats (up to wild type levels), without any effects in wild type animals. In addition, in A2AR overexpressing rats we found a decrease in the phosphorylation levels of GluN2B and Pyk2, two well-known STEP substrates, consistent with an increased phosphatase activity (Mallozzi et al., 2020).
Similar results have been obtained in the neuroblastoma cell line SH-SY5Y, which expresses both STEP and A2ARs, where we confirmed that the stimulation of A2AR with CGS21680 causes an increase in STEP activity, evaluated also by western blotting analysis as a decrease in STEP phosphorylation status.
An interesting point to address is by which mechanism the stimulation of A2ARs results in STEP activation. It is demonstrated, in fact, that the activation of the cAMP/PKA pathway, as it occurs with the activation of Gs-coupled receptors (and the A2AR belongs indeed to the family of Gs-coupled receptors), rather results in the phosphorylation and inactivation of STEP (Paul et al., 2000). Actually, also in our hands the treatment of SH-SY5Y cells with forskolin (Mallozzi et al., 2020), which induces activation of the cAMP/PKA pathway, causes an up-regulation of phosphoSTEP, consistent with the inactivation of the phosphatase. Thus, a different mechanism must be hypothesized to explain A2AR-mediated STEP activation.
To assess if a physical interaction between A2AR and STEP could be necessary, we performed Bioluminescence Resonance Energy Transfer (BRET) assays (Molinari et al., 2008; Casella et al., 2011) in SH-SY5Y cell populations co-expressing a green fluorescent version of STEP61 with either luminescent-A2AR (a kind gift from Francisco Ciruela) or luminescent-β-arrestin 2 protein (a well recognized G-protein independent signal transducer) (Sachs et al., 2005). In our experiments, exposure of these cells to the A2AR agonist CGS21680 failed to enhance the BRET signal over the level of unstimulated samples, suggesting that STEP61 is probably not an A2AR interacting partner (unpublished data) and that the signaling route of A2AR to STEP61 probably does not depend on their direct interaction. However, to definitively exclude a direct interaction between A2AR and STEP, BRET experiments should be performed also by using other STEP isoforms (i.e., STEP46).
In a recent paper Won and collaborators used mass spectrometry to study STEP binding proteins and identified 315 candidate proteins and, among them, the authors recognized mGlu5R as an interactor of STEP (Won et al., 2019). This finding is particularly interesting since it is well known that A2AR and mGlu5R physically and functionally interact in several brain areas, that activation of A2ARs exerts a permissive role on mGluR5R-mediated effects (Ferre et al., 2002; Domenici et al., 2004; Tebano et al., 2005; Krania et al., 2018) and, most importantly, that mGlu5R stimulation results in an increase in STEP translation and, presumably, activation (Zhang et al., 2008). Moreover, mGlu5R interacts with Gq proteins and its stimulation enables the activation of PLC signaling and intracellular calcium increase (Conn and Pin, 1997). Interestingly, in our recent paper we found that A2AR-induced STEP activation is calcium-dependent since in SH-SY5Y cells it is prevented by the calcium chelator BAPTA-AM and by the calcineurin inhibitor FK506 (Mallozzi et al., 2020). Thus, on the basis of this calcium dependence, the mGlu5R could be a good candidate to mediate A2AR effects on STEP activity. Therefore, in preliminary experiments we verified in the SH-SY5Y cell line the effect of the selective A2AR agonist CGS 21680 on STEP activity in the presence of the mGlu5R antagonist MPEP, and we found that by blocking mGlu5R, CGS 21680 was no longer able to increase STEP activity (unpublished results). Even though additional experiments are needed, these results clearly suggest that A2ARs modulate STEP activity through the involvement of mGlu5R (Figure 1).
DISCUSSION AND CONCLUSION
The studies presented above provide a clear demonstration of a functional interaction between A2ARs and STEP in the striatum and hippocampus of the rat and mouse brain, which has been confirmed in the SH-SY5Y neuroblastoma cell line, suggesting that this interaction can occur in different cell types. The mechanism through which A2AR and STEP interact is still not clearly identified, but the calcium dependence and the involvement of mGlu5R are both very likely. Even though a strong evidence that this interaction occurs also in vivo is still lacking, a review of the scientific literature shows that in some neuropathologic conditions STEP and the A2AR are dysregulated in a similar way. For example, STEP levels are elevated in rodent models of Alzheimer’s disease, in postmortem brains of patients with Alzheimer’s disease and in the brain of individuals with mild cognitive impairment (Zhang et al., 2011; Xu et al., 2012; Castonguay et al., 2018). In the same way, A2ARs are upregulated in Alzheimer’s disease, both in animal models and in the brain of patients (Arendash et al., 2006; Albasanz et al., 2008; Orr et al., 2015; Temido-Ferreira et al., 2020). More interestingly, during aging both STEP and A2ARs are upregulated and show an enhanced activity in animal models and in the human aged brain, and inhibition of STEP activity or the blockade of A2ARs improved memory performances (Castonguay et al., 2018; Orr et al., 2018; Ferré and Ciruela, 2019; Temido-Ferreira et al., 2019; Temido-Ferreira et al., 2020). Finally, STEP over-expression induced memory impairment in adult mice (Castonguay et al., 2018), and the same occurs in conditions of increased A2ARs activation (Gimenez-Llort et al., 2007; Li et al., 2015; Pagnussat et al., 2015). Accordingly, in A2AR overexpressing rats, in which we demonstrated an increased basal STEP activity in the striatum and hippocampus, working memory deficits have been reported (Gimenez-Llort et al., 2007; Mallozzi et al., 2020). Very recently, Ferrante et al. (2021) demonstrated that STEP protein expression and activity were increased in Fragile X mice and normalized by the A2AR antagonist KW6002 treatment, which improved the behavioral phenotype as well.
Thus, one important conclusion is that the modulation of STEP activity could contribute to the effects of A2ARs on cognitive functions (Chen, 2014; Uchida et al., 2014; Temido-Ferreira et al., 2019). As for Parkinson’s disease, an interesting consideration is that long-term treatment of patients with istradefylline could result not only in the improvement of motor deficits but also in beneficial effects on cognitive dysfunction, and that the inhibition of STEP could play a major role in this effect. In fact, STEP levels are increased in human brains and in animal models of Parkinson’s disease, which may contribute to the cognitive impairment that occurs in the disease (Kurup et al., 2015).
In conclusion, the interaction between A2AR and STEP (possibly through the involvement of mGlu5R) could have clinical relevance and its possible consequences should be contemplated when proposing drugs targeting the A2ARs. Notably, particular attention should be payed when considering A2AR agonists as potential treatment for human pathologies (Borea et al., 2018; Borah et al., 2019), given their potential to impair cognitive performance by increasing STEP activity.
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Neuroblastoma arises from neural crest cell precursors failing to complete the process of differentiation. Thus, agents helping tumor cells to differentiate into normal cells can represent a valid therapeutic strategy. Here, we evaluated whether guanosine (GUO), a natural purine nucleoside, which is able to induce differentiation of many cell types, may cause the differentiation of human neuroblastoma SH-SY5Y cells and the molecular mechanisms involved. We found that GUO, added to the cell culture medium, promoted neuron-like cell differentiation in a time- and concentration-dependent manner. This effect was mainly due to an extracellular GUO action since nucleoside transporter inhibitors reduced but not abolished it. Importantly, GUO-mediated neuron-like cell differentiation was independent of adenosine receptor activation as it was not altered by the blockade of these receptors. Noteworthy, the neuritogenic activity of GUO was not affected by blocking the phosphoinositide 3-kinase pathway, while it was reduced by inhibitors of protein kinase C or soluble guanylate cyclase. Furthermore, the inhibitor of the enzyme heme oxygenase-1 but not that of nitric oxide synthase reduced GUO-induced neurite outgrowth. Interestingly, we found that GUO was largely metabolized into guanine by the purine nucleoside phosphorylase (PNP) enzyme released from cells. Taken together, our results suggest that GUO, promoting neuroblastoma cell differentiation, may represent a potential therapeutic agent; however, due to its spontaneous extracellular metabolism, the role played by the GUO-PNP-guanine system needs to be further investigated.
Keywords: SH-SY5Ydifferentiation, neuroblastoma, guanosine, purine nucleoside phosphorylase, guanine, protein kinase C, guanylate cyclase, heme oxygenase
INTRODUCTION
Neuroblastoma (NB) is the most common extracranial solid tumor of childhood accounting for approximately 10% of all pediatric cancers, with most cases diagnosed before 5 years of age. NB prognosis and clinical course are extremely variable and depend on the patient’s age, tumor stage, and location. Thus, patients can be classified into three pretreatment risk groups (low, intermediate, and high risk) with different outcomes ranging from “very good” in the low-risk group, with the possibility of spontaneous regression, to “poor” outcome in the high-risk group with reduced chances of survival (Whittle et al., 2017; Newman et al., 2019).
Treatment is tailored according to the risk assignment. A very intensive approach is used for high-risk patients, with treatment options including chemotherapy, surgical resection, high-dose chemotherapy with autologous stem cell rescue, radiotherapy, immunotherapy, and differentiating therapy (Smith and Foster, 2018). Interestingly, this last approach is based on the knowledge that NB derives from neural crest cell precursors failing to differentiate, thus remaining blocked at an undifferentiated stage. Therefore, agents able to induce cell differentiation are an attractive therapeutic approach. However, few agents are available to this aim, and retinoic acid (RA) is the most commonly used but, unfortunately, resistance to this agent is frequent (Reynolds et al., 2003). This highlights the need of developing new potential differentiating agents.
Guanine-based purines are a group of naturally occurring purines including guanosine mono-, di-, and tri-phosphate nucleotides (GMP, GDP, and GTP, respectively), the nucleoside guanosine (GUO), and the nucleobase guanine (GUA). In addition to well-known intracellular roles (i.e., regulation of G-protein activity linked to metabotropic receptors; formation of the second messenger cyclic GMP–cGMP-), growing evidence pointed out important extracellular effects of GTP and GUO, suggesting that they maybe considered as neuromodulatory signaling agents regulating many different physiological functions at both the central and peripheral nervous system (Di Liberto et al., 2016; Tasca et al., 2018). Among these, it is potentially relevant to NB management the GUO capacity to induce the differentiation of several cell types, as demonstrated by in vivo and in vitro studies. Indeed, GUO treatment stimulated neurogenesis in a rat model of Parkinson’s disease (Su et al., 2009), and its chronic administration increased differentiated neurons in mouse hippocampal dentate gyrus (Bettio et al., 2016). Again, in hippocampal, cerebellar, and pheochromocytoma (PC12) cell cultures, GUO stimulated neurite outgrowth, and in PC12 cells, this effect was enhanced by the copresence of nerve growth factor (Gysbers and Rathbone, 1996; Böcklinger et al., 2004; Bau et al., 2005). GUO also promoted B16F10 melanoma cell differentiation and inhibited cell motility, leading to a decreased melanoma malignancy (Naliwaiko et al., 2008). Noteworthy, Guarnieri et al. (2009) reported that extracellular GUO induced a mature neuronal phenotype in NB cells, but the signaling pathways involved have not been investigated.
Altogether, these findings represented the natural premise that prompted us to further investigate the differentiation effect of GUO on a human NB cell line, SH-SY5Y, trying to identify some pathways involved in this potential effect. In parallel, we evaluated the activity of purine nucleoside phosphorylase (PNP), the enzyme involved in GUO conversion into GUA, since it is expressed in almost all tissues (Moriwaki et al., 1999) and might deeply affect the activity of GUO on cells. In our opinion, results obtained in this study could open the way to identify new therapeutic agents to implement the differentiation-based therapies in NB.
MATERIALS AND METHODS
Materials and Chemicals
The human SH-SY5Y cell line was purchased from European Collection of Authenticated Cell Cultures (Salisbury, United Kingdom); NG-nitro-L-arginine methyl ester (L-NAME), GF109203X, dipyridamole, and LY294002 from Tocris (Milan, Italy); and all other drugs, antibodies, and reagents were obtained from Sigma-Aldrich unless otherwise stated.
Cell Culture and Treatment
SH-SY5Y cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)/F12 medium supplemented with 2 mM L-glutamine and 1% penicillin/streptomycin and different concentrations of inactive fetal bovine serum (FBS, 0–10%) and maintained in a humidified atmosphere of 5% CO2 at 37°C. For evaluating the neuritogenic effect of GUO, cells were treated with various concentrations (GUO 1–300 µM) for different times (24–96 h). Medium containing GUO was changed every 48 h. When used, the inhibitors of nucleoside transporters, propentofylline 100 µM, S-(4-nitrobenzyl)-6-thioinosine (NBTI) 10 μM, and dipyridamole 10 μM were added to the medium 1 h before and during 48 h GUO treatment. In some experiments, cells were treated 30 min before and during all GUO treatment, with the A1 adenosine receptor antagonist (1,3-dipropyl-8-cyclopentylxanthine-DPCPX-100 nM), the A2A receptor antagonist ([4-(2-[7-amino-2-{2-furyl}{1,2,4}triazolo{2,3a}{1,3,5}triazin-5-ylamino]ethylphenol]-ZM241385–50 nM), or with the selective inhibitors of 1) phosphatidyl inositol-3-kinase (PI3K) (LY294002, 25 µM), 2) protein kinase C (PKC) (GF109203X, 1 µM), 3) soluble guanylate cyclase (sGC) (oxadiazolo[4,3-a]quinoxalin-1-one–OQD-, 10 µM), 4) nitric oxide synthase (NOS) (L-NAME, 5 µM), or 5) heme oxygenase (HO) (zinc protoporphyrin IX -ZnPP-1 µM).
Neurite Outgrowth Assay
To evaluate the effect of test compounds on neurite outgrowth, at the end of each experiment, cells were photographed using an Axiocam MRC 5 camera connected to an upright Zeiss Axiovert 200 microscope equipped with an objective 20X Plan-Apo/0.75 NA, total magnification 200x (Zeiss, Jena, Germany). Pictures were taken from 3 to 5 independent microscopic fields from at least 3 independent experiments under blind conditions. Images were acquired using the AxioVision software in bright field settings (Zeiss). For each experiment, at least 100 cells were counted and the number of neuron-like differentiated cells, defined as cells with one or more neurites longer than the diameter of the cell body, was determined to evaluate the percentage of neurite-bearing cells.
Immunocytochemistry
SH-SY5Y cells were seeded in a six-well culture plate containing rectangular glass coverslips and exposed to different substances. Briefly, at the indicated time, cells were fixed in 2% paraformaldehyde for 30 min and washed with phosphate-buffered saline. Then, cells were permeabilized with Triton X-100 for 5 min and subsequently blocked with a solution containing 1% serum bovine albumin and 5% normal goat serum (1 h, 37°C). Cells were incubated at 4°C overnight with primary antibodies: mouse anti-β-tubulin antibody (1:250), mouse anti-MAP2 antibody (1:250), or mouse anti-NeuN antibody (1:100). Cells were then washed and stained with the secondary antibody (1 h, 37°C). Coverslips were rinsed and mounted with DABCO-glycerol. The observations were made with a fluorescence microscope Nikon Eclipse E800 and images acquired by a DMX 1200 photo camera.
Measurement of Extracellular Guanosine and Guanine Levels and Enzyme Activity Assay
To evaluate the concentration of extracellular GUO and GUA, at the indicated time, an aliquot of the medium was taken and immediately heat-inactivated for 5 min at 70°C to prevent any further metabolic degradation. After centrifugation, the supernatant was filtered through 0.2 µm filters (Millipore, Vindrome, Italy) and analyzed by HPLC as reported below.
Samples containing PNP were obtained as described by Giuliani et al. (2017). Briefly, SH-SY5Y cells were incubated in serum-free medium without or with 100 µM GUO. After 6 and 24 h, the medium was taken and the enzyme present was concentrated using Amicon Ultra 2 ml filters (cutoff 10 K, Merck Millipore), while cells were scraped in lysis buffer (5 mM HEPES pH 8.5, 2 mM EDTA, and protease inhibitor cocktail) and sonicated to obtain cytosolic extracts. Protein content was quantified using a colorimetric protein assay kit (Bio-Rad, Segrate, Italy). PNP activity was evaluated by measuring the transformation of GUO, the enzyme’s substrate, into GUA by HPLC analysis as previously reported (Giuliani et al., 2016). Briefly, the enzymatic reaction occurs in HEPES (50 mM; pH 7.0) containing 50 mM inorganic phosphate plus an aliquot of the concentrated medium or a cytosolic sample as a source of PNP. 100 µM GUO was then added and the mixture was incubated by shaking at 37°C for 15 min. In the experiments aimed to evaluate the specificity of the enzyme assay, the PNP inhibitor, forodesine 1 µM (D.B.A, Segrate, Italy), was added to the reaction mixture before GUO. The reaction was stopped by heating the mixture at 70°C for 5 min. After centrifugation, the supernatant was filtrated before HPLC analysis.
The HPLC (Agilent 1,100 Series, Waldbronn, Germany) was equipped with a thermostated column compartment, a diode array detector, and a fluorescence detector. The separation was achieved by a Phenomenex Kinetex pentafluorophenyl analytical column (Phenomenex INC., Bologna, Italy) kept at 35°C and applying a 15-min nonlinear gradient with a flow rate of 1 ml/min (for further details see Giuliani et al., 2016). The fluorescents GUO and GUA were monitored at an excitation wavelength of 260 nm and an emission wavelength of 375 nm. PNP activity was expressed as milli-international units (mIU) being 1 IU of enzyme the amount of PNP that catalyzes the conversion of 1 μmol of substrate per min.
Statistical Analysis
Data were analyzed by one-way or two-way ANOVA followed by Tukey’s or Dunnett’s post hoc test for multiple comparisons using GraphPad Prism software. All data were expressed as mean ± SEM of at least three independent experiments in duplicate or triplicate. p values <0.05 were considered statistically significant.
RESULTS
Guanosine Induces Differentiation of Human Neuroblastoma SH-SY5Y Cells
Although serum present in the culture medium provides optimal conditions for cell growth, it can interfere with the differentiation process, thus differentiation is usually performed by reducing serum concentrations (Brunner et al., 2010; Magalingam et al., 2020). However, serum deprivation can cause cell death (Braun et al., 2011; Rashid and Coombs, 2019). Therefore, we first evaluated the lowest serum concentration that did not affect SH-SY5Y cell survival. To this aim, cell viability was assessed by MTT assay in cultures incubated for 24 h up to 96 h with a medium containing different serum concentrations (0–10%). As detailed in the Supplements, either serum-free medium or medium containing 0.5% serum decreased cellular viability after 48 h, while the presence of 1% FBS did not modify it. Conversely, medium containing 5 or 10% FBS caused a time- and concentration-dependent proliferative effect (Supplementary Figure S1). Thus, we performed the subsequent experiments using a culture medium containing 1% serum.
Then, we investigated the effect of increasing concentrations of GUO (1–300 µM) on NB cell differentiation by calculating the number of cells bearing neurites with a length major than the cell body. The GUO effect was first evaluated by exposing cells to 48 h treatment, a time previously reported as suitable for GUO to affect PC12 cell differentiation (Gysbers and Rathbone, 1992; Bau et al., 2005). In comparison to untreated cells, which showed few and very short neurite-like projections, GUO-treatment increased in a dose-dependent manner the number of neuron-like differentiated cells (Figures 1A,B). The maximum effect was reached at the concentration of 100 μM, whereas the calculated EC50 value was 49.67 ± 6.22 µM. Next, to appreciate the neuritogenic activity of GUO over time, we performed a time-course study using 50 and 100 µM GUO, able to cause half and maximal differentiation effects, respectively. In untreated cultures, the percentage of neuron-like cells was quite constant, varying from 10 to 20% throughout the observation period. As expected, differentiation was greater in cells treated with 100 µM GUO than in those exposed to 50 μM, although in both cases, the maximal effect was reached after 48–72 h treatment (Figure 1C).
[image: Figure 1]FIGURE 1 | Guanosine induces SH-SY5Y neuroblastoma cell differentiation in a dose- and time-dependent manner. (A) For the concentration-response curve, increasing concentrations (1–300 µM) of GUO were added for 48 h in medium containing 1% FBS. A non-linear regression analysis was performed and Emax and EC50 were calculated. (B) Representative images of SH-SY5Y cells cultures treated with 0, 50, and 100 μM GUO in medium with 1% FBS after 48 h. (C) For the time-dependent curve, cell cultures were incubated with GUO (50–100 µM) for different times (0–96 h) in a medium culture containing 1% FBS. In all cases, the number of differentiated cells, defined as cells having neurites more than one cell body length, was determined using a upright Zeiss Axiovert 200 microscope, total magnification 200x (Zeiss, Jena, Germany). Values are expressed as a percentage of neurite-bearing cells vs untreated cells and represent the mean ± SEM from at least three to five independent experiments.
To further characterize SH-SY5Y cells cultured under our conditions, we also performed immunocytochemical staining for specific mature neuronal markers such as βIII tubulin, MAP2 (microtubule-associated protein 2), and NeuN, a nuclear neuron-specific marker (Soltani et al., 2005; Borsani et al., 2020). We also compared these results with those obtained with the most common and established differentiating agent, RA 10 µM (Kovalevich and Langford, 2013). We found that like RA 10 μM, Guo 100 µM for 48 h increased the expression of the neuronal markers related to the differentiation compared to untreated cells (Figure 2). Furthermore, by using phalloidin staining we monitored the change in F-actin reorganization and appreciate a time-dependent emersion and extension of neurites (Supplementary Figure S2).
[image: Figure 2]FIGURE 2 | Guanosine increases the expression of specific mature neuronal markers in SH-SY5Y neuroblastoma cells. SH-SY5Y cells were cultured for 48 h without treatment (a) or in the presence of 100 µM GUO (b) or 10 µM RA (c). βIII-Tubulin and MAP2 filaments are highlighted in green while nuclei are stained in blue with DAPI. For NeuN expression, on the left side of the image nuclei are stained in green with NeuN while on the right side of the image nuclei are stained in blue with DAPI. Images are representative of one of three independent experiments.
The Effect of Guanosine on SH-SY5Y Neuron-Like Cell Differentiation Involves Different Mechanisms
To evaluate if the GUO differentiating effect was due to its extracellular activity, as previously reported for some effects (Giuliani et al., 2012a; Giuliani et al., 2015), nucleoside transporter blockers (10 µM NBTI plus 100 µM propentofylline-PPF- and 10 µM dipyridamole-DYP-) were added 1h before and during GUO treatment (100 μM, 48 h). The uptake inhibitors produced only a partial reduction of about 20% of the GUO-induced effect (Figure 3A), without affecting untreated cell differentiation when administered alone (data not shown). Since GUO effects might be due to adenosine receptor activation (Dal-Cim et al., 2012), we next assessed adenosine receptors involvement by adding selective antagonists for A1 (DPCPX, 100 nM), or A2A receptors (ZM241385, 50 nM) to cell cultures treated with GUO 100 µM for 48 h. Neither DPCPX nor ZM241385 altered the ability of GUO to enhance SH-SY5Y cell differentiation (Figure 3A), as well as neither by themselves, affected the behavior of untreated cells (data not shown).
[image: Figure 3]FIGURE 3 | Mechanisms involved in guanosine-induced SH-SY5Y neuroblastoma cell differentiation. (A) Nucleoside transporter blockers (10 µM NBTI plus 100 µM propentofylline–PPF-plus 10 µM dypiridamole -DIP-) were simultaneously added to the medium containing 1% serum 1 h before GUO (100 µM) treatment and until the end of the experiment (48 h), while the antagonist of A1 and A2A adenosine receptor, DPCPX (100 nM) and ZM241385 (50 nM), respectively, were added 30 min before and until the end of the 48 h GUO (100 µM) treatment period. (B) The selective inhibitors of PI3K (25 µM LY294002), PKC (1 µM GF109203X), and sGC (10 µM OQD) or (C) the selective inhibitors of NOS (5 μM L-NAME), HO (1 µM ZnPP) and sGC (10 µM OQD) were added to cultures before the addition of GUO (100 µM) and during all the GUO treatment. In all cases, after 48 h, the total number of neurite-bearing cells was determined. Each value represents the mean ± SEM of at least five independent experiments in duplicate and is expressed as a percentage of neurite-bearing cells vs. untreated cells. Statistical analysis was performed using one-way ANOVA with the Dunnett’s or Turkey’s post-hoc multiple comparisons test; *p < 0.05, **p < 0.02, ****p < 0.001 compared with untreated cells; #p < 0.05, # #p < 0.02, # # #p < 0.01 compared with GUO treated cells.
Finally, we investigated some possible signaling pathways involved in GUO-induced neuron-like cell differentiation. As known, pathways such as that of PI3K, PKC, and cGMP play a key role in many physiological functions including cell differentiation (Heikkilä et al., 1993; Kimura et al., 1994; Bau et al., 2005). Thus, we analyzed their participation in the GUO effect, adding selective inhibitors of PKC (GF1094002, 1 µM), or PI3K (LY294002, 25 µM), or sGC (ODQ, 10 µM) to the culture medium treated with GUO 100 µM for 48 h. The PKC and sGC inhibitors reduced GUO-induced differentiation by about 24 and 31% respectively, while the PI3K inhibitor did not affect it (Figure 3B). Since either HO-1 or NOS can stimulate sGC (Cary and Marletta, 2001), to further investigate the upstream pathways involved in cGMP formation, cells were exposed, to L-NAME (5 µM) or ZnPP (1 µM), the selective inhibitors of NOS or HO activity, respectively. As shown in Figure 3C, the HO inhibitor, but not the NOS inhibitor, significantly reduced the GUO effect on neuron-like cell differentiation.
Exogenous Guanosine Added to SH-SY5Y Cell Cultures was Metabolized to Guanine
It is known that GUO is intracellularly metabolized to GUA by PNP enzyme. We recently found that PNP is also present in human plasma (Giuliani et al., 2016) and that rat C6 glioma cells, astrocytes, and microglial cells (Giuliani et al., 2017; Peña-Altamira et al., 2018), can release PNP in the extracellular milieu. Thus, to better analyze the impact of GUO on cell differentiation, we examined the metabolic fate of GUO in our cultures. By HPLC analysis, we found that GUO (100 µM) added to the cell cultures was no longer present extracellularly after 48 h, while the concentration of GUA, its direct metabolite, was 112 ± 18 µM. To avoid interference with serum, in which PNP is present, a serum-free medium was used and cell cultures were treated with 100 µM GUO for 24 h, a time period in which cell viability was not modified by serum absence (Supplementary Figure S1). In this condition, exogenous GUO levels decreased over time, while increasing concentrations of GUA concurrently appeared in the medium (Figure 4A).
[image: Figure 4]FIGURE 4 | Metabolic fate of extracellular guanosine and purine nucleoside phosphorylase (PNP) activity in SH-SY5Y cell cultures. (A) GUO (100 µM) was added to the culture medium containing 0% serum. At the indicated times, an aliquot of the medium was taken and analyzed by HPLC as described in materials and methods. (B) PNP activity was measured within SH-SY5Y neuroblastoma cells or (C) in the culture medium. For this purpose, SH-SY5Y cells were incubated in a serum-free medium supplemented or not with 100 µM GUO. After 6 and 24 h, an aliquot of the medium was taken and the enzyme present was concentrated using Amicon Ultra filters while cells were scraped in lysis buffer and cytosolic extracts were prepared. PNP activity was assayed using 100 μM GUO as substrate plus 50 mM Pi as co-substrate for 15 min at 37°C. The concentration of the newly formed product, GUA, was measured by HPLC analysis. PNP activity was expressed as milli-International Units (mIU) per mg protein or ml of culture medium. Values are the mean ± SEM of at least five independent experiments, each run in duplicate. Statistical analysis was performed using a two-way ANOVA followed by Turkey’s multiple comparison test, *p < 0.05 compared with untreated cells at 6 h and #p < 0.05 compared with GUO treated cells at 6 h.
We also evaluated PNP activity inside and outside cells. At the two time periods considered (6 and 24 h), in both untreated and GUO-treated cells, the intracellular PNP activity was constant over time (Figure 4B) and was always higher than the extracellular one (Figure 4C). On the contrary, outside the cells, the enzyme activity was higher after 24 h either in untreated and treated cells (Figure 4C), indicating that these cells were able to release PNP that accumulated in the extracellular milieu. Interestingly, GUO treatment was not effective in modulating PNP release since PNP activity was not modified vs. untreated cells (Figure 4C). When added to the reaction mixture, the PNP inhibitor, forodesine 1 μM, prevented the formation of GUA, thus confirming the specificity of the enzymatic assay.
DISCUSSION
The treatment of patients with high-risk NB remains a challenge since even after surgical resection, chemo- and radiotherapy, relapse is common and can depend on the presence of poorly differentiated cells (Whittle et al., 2017). For this reason, differentiating agents are used in the attempt to eradicate minimal residual disease, thus improving the clinical outcome. Even if some differentiating agents have been identified, only RA is used but, unfortunately, resistance to this treatment is frequent (Whittle et al., 2017), highlighting the need to identify new potential agents. Among purine compounds, GUO may behave as a potential differentiating agent; thus, this study was designed to evaluate its neuritogenic effect on NB cells. Here, we have chosen the SH-SY5Y cells since it is a human-derived NB cell line and this should avoid species differences in the interpretation of data. Furthermore, since serum present in the culture medium contains many substances that can affect cell differentiation (Brunner et al., 2010) and its composition can vary from one lot to the next, to reduce serum interferences and experimental variations, we used a culture medium containing the lowest concentration of serum that did not affect cell survival, that is, 1% FBS, as the most suitable experimental condition.
Upon these experimental conditions, we showed that GUO was effective in inducing SH-SY5Y cell differentiation in a time- and concentration-dependent manner, as revealed by the increased number of neurite-bearing cells. Furthermore, the changes in cell morphology and neurite length were also associated with an increased presence of mature neuronal markers indicating their differentiation into neuronal-like cells. Although several studies have shown that GUO promotes cell differentiation of different cell types (Di Liberto et al., 2016), here we presented further new data for SH-SY5Y cells. Noteworthy, GUO was effective in inducing differentiation of PC12 cells and B16F10 melanoma cells (Gysbers and Rathbone, 1996; Bau et al., 2005; Naliwaiko et al., 2008) that, like SH-SY5Y NB cells, share a common neural crest origin. Furthermore, in melanoma cells, GUO strongly decreased cell motility, thereby contributing to reduce tumor malignancy. GUO has also been evaluated as a potential therapeutic agent in several types of neoplasms such as lung cancer and hepatoma (Yang et al., 2005; Su et al., 2010) and it has been shown to increase the antitumor effect of chemotherapeutic agents such as 5′-deoxyfluorouridine, acriflavine, and temozolomide (Iigo et al., 1987; Kim et al., 1997; Oliveira et al., 2017). Furthermore, while chemotherapeutic agents can upregulate several pro-metastatic and pro-survival factors and are associated with high toxicity to non-tumor cells (Ratajczak et al., 2013), there is no evidence of serious adverse effects after systemic administration of GUO (Schmidt et al., 2010; Jackson and Mi, 2014). Overall, these considerations suggest GUO as an interesting potential antitumor agent to be used, maybe, in combination with other conventional agents in a multimodal fashion.
After having established that GUO stimulated neuron-like cell differentiation, we next investigated the possible mechanism of action and the signaling pathways behind this effect. Importantly, GUO-mediated neuritogenesis was not abolished when its uptake was blocked by nucleoside transporter inhibitors, thus indicating that this effect was mainly exerted by extracellular GUO. These data agree with our previous findings (Giuliani et al., 2012a; Giuliani et al., 2015) confirming that, besides displaying several intracellular roles, GUO can be considered an extracellular signaling molecule. However, while specific GUO binding sites have been found on rat brain membranes (Traversa et al., 2002; Traversa et al., 2003; Volpini et al., 2011; Frinchi et al., 2020), the identity of these membrane proteins have not yet been unequivocally identified. Interestingly, an indirect mechanism has been proposed by which GUO exerts its effect via adenosine receptor-mediated signaling, in particular A1, A2A receptors, and A1/A2A receptor heteromers (Dal-Cim et al., 2012; Lanznaster et al., 2019). However, in our hands, neither the A1 nor the A2A selective receptor antagonists modified the GUO-mediated differentiation effect. These results corroborate the hypothesis that GUO might act through putative specific sites distinct from adenosine A1 and A2A receptors.
Many diseases, such as cancers, require treatment with a combination of drugs to obtain superior effects or to prevent the emergence of resistance. Therefore, the identification of molecular mechanisms involved in GUO-induced differentiation is of fundamental relevance since combination of drugs that target different cellular pathways may work synergistically to cell killing. Starting from the evidence that GUO activated some signaling pathways including PI3K, PKC, and sGC (Bau et al., 2005; Nailiwaiko et al., 2008; Dal-Cim et al., 2012; Giuliani et al., 2015), which have long been recognized to be also involved in neurite outgrowth (Heikkila et al., 1993; Kimura et al., 1994; Bau et al., 2005), here we tested the activity of selective inhibitors of those signals on GUO-mediated neurite outgrowth. While the PI3K pathway was not involved, PKC and sGC signaling pathways are required for the GUO effect since their inhibition strongly attenuated differentiation. However, since neither PKC nor sGC inhibitor completely abolished GUO-effect, we believe that GUO-induced differentiation requires the activation of further signal transductions, such as a cyclic adenosine monophosphate pathway, as reported in other cells (Gysbers and Rathbone, 1996). This aspect needs to be still investigated in SH-SY5Y cells.
Noteworthy, since GUO signal is also linked to the activation of enzymes such as HO or NOS, leading to increased production of CO or NO, respectively, which in turn stimulate sGC to generate cGMP (Cary and Marletta, 2001; Cary et al., 2006; Ryter et al., 2006), we investigated whether HO or NOS were involved in the GUO-induced effect. Our data demonstrated that HO or sGC inhibitors decreased the GUO effect while the NOS inhibitor was ineffective. These data corroborate those observed in PC12 cells (Bau et al., 2005) and strengthen the importance of the HO/sGC pathway in GUO-induced differentiation.
Finally, we could not overlook that cell purine homeostasis is ensured by a complex network of enzymes, localized both intra- and extracellularly, and by membrane transporters, and that enzymes controlling purine metabolism play a key role in regulating the biological effects of extracellular purines (Volonté and D’Ambrosi, 2009). Thus, since GUO was added to the culture medium for a long time, we studied its metabolic fate in the extracellular medium. Indeed, after 48 h exogenously administered, GUO was no longer present in the culture medium, whereas we detected only GUA. Exogenous GUO could be taken up into the cells, transformed into GUA, and then released outside the cells. Indeed, we found a strong PNP activity inside SH-SY5Y cells. Nonetheless, there is also the possibility that GUO could be metabolized extracellularly. Unlike ectonucleotidases (that convert nucleotides into nucleosides), the presence of extracellular enzymes metabolizing purine nucleosides and nucleobases is still a matter of debate. However, since no GUO kinase exists in mammals (Ipata, 2001), the first step in the metabolism of exogenous GUO should be its transformation into GUA by extracellular PNP. Noteworthy, the PNP presence in the culture medium was not due to cell death since cell viability was not modified as evaluated by MTT test, and PNP activity increased along time without modification upon GUO treatment. Overall, these data corroborate those already found in rat glioma C6 cells and in rat astrocytes and microglial cells (Giuliani et al., 2017; Peña-Altamira et al., 2018) and further support the existence of a constitutive release of PNP from cells that, in these experiments, was unaffected by GUO treatment. Data on GUO metabolic fate raise some questions. Indeed, recent studies highlighted biological effects also for GUA (Giuliani et al., 2012b; Zuccarini et al., 2018), although some signaling pathways involved in the GUO pro-differentiating effect are peculiar of GUO rather than GUA (e.g., HO and PKC) (Zuccarini et al., 2018). In this perspective, it is noteworthy that Garozzo et al. (2010) found that GUA, more than GUO, can exert antiproliferation effects in human glioma cell lines; however, this effect was mainly due to an intracellular effect, while in the present study, the GUO effect was mainly extracellularly mediated since nucleoside transporter inhibitors did not abolish it. The evaluation of a potential GUA role in NB cell differentiation is currently being tested, and some preliminary pilot experiments conducted using forodesine, to inhibit the degradation of exogenous added GUO, did not seem to modify GUO-induced differentiation, but further experiments will be addressed to unravel the interplay between GUO, PNP, and GUA to identify new therapeutic targets.
In conclusion, findings from this study demonstrate that GUO is effective in inducing NB cell differentiation, activating a process in which some molecular mechanisms have in part been identified (such as PKC, HO, and sGC cascades). Indeed, these results open a new perspective for NB treatment, thus further investigation on the role of GUA and the functioning of the complex guanine-based purine signaling in NB cell differentiation might yield relevant implications for NB therapeutic purposes.
DATA AVAILABILITY STATEMENT
The datasets presented in this article are not readily available because the raw data supporting the conclusions of the article will be made available by the authors, upon reasonable request, to any qualified researcher. Requests to access the datasets should be directed to Patricia Giuliani, patricia.giuliani@unich.it.
AUTHOR CONTRIBUTIONS
All the authors listed have made a substantial, direct, and intellectual contribution to the work, and approved it for publication. All the authors want to dedicate this work in memory of Professor Natale Belluardo who left us so suddenly.
FUNDING
This work was supported by the University of Chieti-Pescara with funds (n. AT Giuliani 2019) and equipment to carry on the studies.
ACKNOWLEDGMENTS
The authors would like to acknowledge Dr Simone Guarnieri for his excellent technical assistance.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.658806/full#supplementary-material
REFERENCES
 Böcklinger, K., Tomaselli, B., Heftberger, V., Podhraski, V., Bandtlow, C., and Baier-Bitterlich, G. (2004). Purine nucleosides support the neurite outgrowth of primary rat cerebellar granule cells after hypoxia. Eur. J. Cel. Biol. 83 (2), 51–54. doi:10.1078/0171-9335-00362
 Bau, C., Middlemiss, P. J., Hindley, S., Jiang, S., Ciccarelli, R., Caciagli, F., et al. (2005). Guanosine stimulates neurite outgrowth in PC12 cells via activation of heme oxygenase and cyclic GMP. Purinergic Signal 1 (2), 161–172. doi:10.1007/s11302-005-6214-0
 Bettio, L. E. B., Neis, V. B., Pazini, F. L., Brocardo, P. S., Patten, A. R., Gil-Mohapel, J., et al. (2016). The antidepressant-like effect of chronic guanosine treatment is associated with increased hippocampal neuronal differentiation. Eur. J. Neurosci. 43 (8), 1006–1015. doi:10.1111/ejn.13172
 Borsani, E., Buffoli, B., Bonazza, V., Brunelli, G., Monini, L., Inchingolo, F., et al. (2020). In vitro effects of concentrated growth factors (CGF) on human SH-SY5Y neuronal cells. Eur. Rev. Med. Pharmacol. Sci. 24 (1), 304–314. doi:10.26355/eurrev_202001_19927
 Braun, F., Bertin-Ciftci, J., Gallouet, A. S., Millour, J., and Juin, P. (2011). Serum-nutrient starvation induces cell death mediated by bax and puma that is counteracted by p21 and unmasked by bcl-xL inhibition. PLoS One 6 (8), e23577. doi:10.1371/journal.pone.0023577
 Brunner, D., Frank, J., Appl, H., Schöffl, H., Pfaller, W., and Gstraunthaler, G. (2010). Serum-free cell culture: the serum-free media interactive online database. ALTEX 27 (1), 53–62. doi:10.14573/altex.2010.1.53
 Cary, S. P. L., and Marletta, M. A. (2001). The case of CO signaling: why the jury is still out. J. Clin. Invest. 107 (9), 1071–1073. doi:10.1172/JCI12823
 Cary, S. P. L., Winger, J. A., Derbyshire, E. R., and Marletta, M. A. (2006). Nitric oxide signaling: no longer simply on or off. Trends Biochem. Sci. 31 (4), 231–239. doi:10.1016/j.tibs.2006.02.003
 Dal-Cim, T., Molz, S., Egea, J., Parada, E., Romero, A., Budni, J., et al. (2012). Guanosine protects human neuroblastoma SH-SY5Y cells against mitochondrial oxidative stress by inducing heme oxigenase-1 via PI3K/Akt/GSK-3β pathway. Neurochem. Int. 61, 397–404. doi:10.1007/s11302-019-09679-w
 Di Liberto, V., Mudò, G., Garozzo, R., Frinchi, M., Fernandez-Dueñas, V., Di Iorio, P., et al. (2016). The guanine-based purinergic system: the tale of an orphan neuromodulation. Front. Pharmacol. 7, 158. doi:10.3389/fphar.2016.00158
 Frinchi, M., Verdi, V., Plescia, F., Ciruela, F., Grillo, M., Garozzo, R., et al. (2020). Guanosine-mediated anxiolytic-like effect: interplay with adenosine A1 and A2A receptors. Int. J. Mol. Sci. 21 (23), 9281. doi:10.3390/ijms21239281
 Garozzo, R., Sortino, M. A., Vancheri, C., and Condorelli, D. F. (2010). Antiproliferative effects induced by guanine-based purines require hypoxanthine-guanine phosphoribosyltransferase activity. Biol. Chem. 391, 1079–1089. doi:10.1515/BC.2010.106
 Giuliani, P., Romano, S., Ballerini, P., Ciccarelli, R., Petragnani, N., Cicchitti, S., et al. (2012a). Protective activity of guanosine in an in vitro model of Parkinson's disease. Panminerva Med. 54, 43–51.
 Giuliani, P., Buccella, S., Ballerini, P., Ciccarelli, R., D'Alimonte, I., Cicchitti, S., et al. (2012b). Guanine-based purines modulate the effect of L-NAME on learning and memory in rats. Panminerva Med. 54, 53–58.
 Giuliani, P., Ballerini, P., Buccella, S., Ciccarelli, R., Rathbone, M. P., Romano, S., et al. (2015). Guanosine protects glial cells against 6-hydroxydopamine toxicity. Adv. Exp. Med. Biol. 837, 23–33. doi:10.1007/5584-2014-73
 Giuliani, P., Zuccarini, M., Buccella, S., Peña-Altamira, L. E., Polazzi, E., Virgili, M., et al. (2017). Evidence for purine nucleoside phosphorylase (PNP) release from rat C6 glioma cells. J. Neurochem. 141 (2), 208–221. doi:10.1111/jnc.14004
 Giuliani, P., Zuccarini, M., Buccella, S., Rossini, M., D’Alimonte, I., Ciccarelli, R., et al. (2016). Development of a new HPLC method using fluorescence detection without derivatization for determining purine nucleoside phosphorylase activity in human plasma. J. Chromatogr. B. Analyt. Technol. Biomed. Life Sci. 1009-1010, 114–121. doi:10.1016/j.jchromb.2015.12.012
 Guarnieri, S., Pilla, R., Morabito, C., Sacchetti, S., Mancinelli, R., Fanò, G., et al. (2009). Extracellular guanosine and GTP promote expression of differentiation markers and induce S‐phase cell‐cycle arrest in human SH‐SY5Y neuroblastoma cells. Int. J. Dev. Neurosci. 27 (2), 135–147. doi:10.1016/j.ijdevneu.2008.11.007
 Gysbers, J. W., and Rathbone, M. P. (1992). Guanosine enhances NGF-stimulated neurite outgrowth in PC12 cells. Neuroreport 3 (11), 997–1000. doi:10.1097/00001756-199211000-00013
 Gysbers, J. W., and Rathbone, M. P. (1996). Neurite outgrowth in PC12 cells is enhanced by guanosine through both cAMP-dependent and -independent mechanisms. Neurosci. Lett. 220 (3), 175–178. doi:10.1016/s0304-3940(96)13253-5
 Heikkilä, J., Jalava, A., and Eriksson, K. (1993). The selective protein kinase C inhibitor GF 109203X inhibits phorbol ester-induced morphological and functional differentiation of SH-SY5Y human neuroblastoma cells. Biochem. Biophysical. Res. Commun. 197 (3), 1185–1193. doi:10.1006/bbrc.1993.2602
 Iigo, M., Miwa, M., Ishitsuka, H., and Nitta, K. (1987) Potentiation of the chemotherapeutic action of 5′-deoxy-5-fluorouridine in combination with guanosine and related compounds. Cancer Chemother. Pharmacol. 19, 61–64. doi:10.1007/bf00296258
 Ipata, P. L. (2011). Origin, utilization, and recycling of nucleosides in the central nervous system. Adv. Physiol. Educ. 35 (1), 92–94. doi:10.1152/advan.00068.2011
 Jackson, E. K., and Mi, Z. (2014). The guanosine-adenosine interaction exists in vivo. J. Pharmacol. Exp. Ther. 350 (3), 719–726. doi:10.1124/jpet.114.216978
 Kim, S. G., Kim, C. W., Ahn, E. T., Lee, K. Y., Hong, E. K., Yoo, B. I., et al. (1997). Enhanced anti-tumour effects of acriflavine in combination with guanosine in mice. J. Pharm. Pharmacol. 49, 216–222. doi:10.1111/j.2042-7158.1997.tb06783.x
 Kimura, K., Hattori, S., Kabuyama, Y., Shizawa, Y., Takayanagi, J., Nakamura, S., et al. (1994). Neurite outgrowth of PC12 cells is suppressed by wortmannin, a specific inhibitor of phosphatidylinositol 3-kinase. J. Biol. Chem. 269 (29), 18961–18967. doi:10.1016/s0021-9258(17)32260-3
 Kovalevich, J., and Langford, D. (2013). Considerations for the use of SH-SY5Y neuroblastoma cells in neurobiology. Methods Mol. Biol. 1078, 9–21. doi:10.1007/978-1-62703-640-5_2
 Lanznaster, D., Massari, C. M., Marková, V., Šimková, T., Duroux, R., Jacobson, K. A., et al. (2019). Adenosine A1-A2A receptor-receptor interaction: contribution to guanosine-mediated effects. Cells 8, 1630. doi:10.3390/cells8121630
 Magalingam, K. B., Radhakrishnan, A. K., Somanath, S. D., Md, S., and Haleagrahara, N. (2020). Influence of serum concentration in retinoic acid and phorbol ester induced differentiation of SH-SY5Y human neuroblastoma cell line. Mol. Biol. Rep. 47 (11), 8775–8788. doi:10.1007/s11033-020-05925-2
 Moriwaki, Y., Yamamoto, T., and Higashino, K. (1999). Enzymes involved in purine metabolism—a review of histochemical localization and functional implications. Histol. Histopathol. 14 (4), 1321–1340. doi:10.14670/HH-14.1321
 Naliwaiko, K., Luvizon, A. C., Donatti, L., Chammas, R., Mercadante, A. F., Zanata, S. M., et al. (2008). Guanosine promotes B16F10 melanoma cell differentiation through PKC-ERK 1/2 pathway. Chemico-Biol. Interact. 173 (2), 122–128. doi:10.1016/j.cbi.2008.03.010
 Newman, E. A., Abdessalam, S., Aldrink, J. H., Austin, M., Heaton, T. E., Bruny, J., et al. (2019). Update on neuroblastoma. J. Pediatr. Surg. 54 (3), 383–389. doi:10.1016/j.jpedsurg.2018.09.004
 Oliveira, K. A., Dal-Cim, T. A., Lopes, F. G., Nedel, C. B., and Tasca, C. I. (2017). Guanosine promotes cytotoxicity via adenosine receptors and induces apoptosis in temozolomide-treated A172 glioma cells. Purinergic Signal 13, 305–318. doi:10.1007/s11302-017-9562-7
 Peña-Altamira, L. E., Polazzi, E., Giuliani, P., Beraudi, A., Massenzio, F., Mengoni, I., et al. (2018). Release of soluble and vesicular purine nucleoside phosphorylase from rat astrocytes and microglia induced by pro-inflammatory stimulation with extracellular ATP via P2X7 receptors. Neurochem. Int. 115, 37–49. doi:10.1016/j.neuint.2017.10.010
 Rashid, M. U., and Coombs, K. M. (2019). Serum‐reduced media impacts on cell viability and protein expression in human lung epithelial cells. J. Cel. Physiol. 234 (6),7718–7724. doi:10.1002/jcp.27890
 Ratajczak, M. Z., Jadczyk, T., Schneider, G., Kakar, S. S., and Kucia, M. (2013). Induction of a tumor-metastasis-receptive microenvironment as an unwanted and underestimated side effect of treatment by chemotherapy or radiotherapy. J. Ovarian Res. 6, 95. doi:10.1186/1757-2215-6-95
 Reynolds, C. P., Matthay, K. K., Villablanca, J. G., and Maurer, B. J. (2003). Retinoid therapy of high-risk neuroblastoma. Cancer Lett. 197 (1-2), 185–192. doi:10.1016/s0304-3835(03)00108-3
 Ryter, S. W., Alam, J., and Choi, A. M. K. (2006) Heme oxygenase-1/carbon monoxide: from basic science to therapeutic applications. Physiol. Rev. 86 (2), 583–650. doi:10.1152/physrev.00011.2005
 Schmidt, A. P., Paniz, L., Schallenberger, C., Böhmer, A. E., Wofchuk, S. T., Elisabetsky, E., et al. (2010). Guanosine prevents thermal hyperalgesia in a rat model of peripheral mononeuropathy. J. Pain 11, 131–141. doi:10.1016/j.jpain.2009.06.010
 Smith, V., and Foster, J. (2018). High-risk neuroblastoma treatment review. Children 5 (9), 114. doi:10.3390/children5090114
 Soltani, M. H., Pichardo, R., Song, Z., Sangha, N., Camacho, F., Satyamoorthy, K., et al. (2005). Microtubule-associated protein 2, a marker of neuronal differentiation, induces mitotic defects, inhibits growth of melanoma cells, and predicts metastatic potential of cutaneous melanoma. Am. J. Pathol. 166 (6), 1841–1850. doi:10.1016/S0002-9440(10)62493-5
 Su, C., Picard, P., Rathbone, M. P., and Jiang, S. (2010). Guanosine-induced decrease in side population of lung cancer cells: lack of correlation with ABCG2 expression. J. Biol. Regul. Homeost. Agents 24, 19–25.
 Su, C., Elfeki, N., Ballerini, P., D’Alimonte, I., Bau, C., Ciccarelli, R., et al. (2009). Guanosine improves motor behavior, reduces apoptosis, and stimulates neurogenesis in rats with parkinsonism. J. Neurosci. Res. 87 (3), 617–625. doi:10.1002/jnr.21883
 Tasca, C. I., Lanznaster, D., Oliveira, K. A., Fernández-Dueñas, V., and Ciruela, F. (2018). Neuromodulatory effects of guanine-based purines in health and disease. Front. Cel. Neurosci. 12, 376. doi:10.3389/fncel.2018.00376
 Traversa, U., Bombi, G., Di Iorio, P., Ciccarelli, R., Werstiuk, E. S., and Rathbone, M. P. (2002). Specific [3 H]-guanosine binding sites in rat brain membranes. Br. J. Pharmacol. 135, 969–976. doi:10.1038/sj.bjp.0704542
 Traversa, U., Bombi, G., Camaioni, E., Macchiarulo, A., Costantino, G., Palmieri, C., et al. (2003). Rat brain guanosine binding site. Bioorg. Med. Chem. 11, 5417–5425. doi:10.1016/j.bmc.2003.09.043
 Volonté, C., and D’Ambrosi, N. (2009) Membrane compartments and purinergic signalling: the purinome, a complex interplay among ligands, degrading enzymes, receptors and transporters. FEBS J. 276, 318–329. doi:10.1111/j.1742-4658.2008.06793.x
 Volpini, R., Marucci, G., Buccioni, M., Dal Ben, D., Lambertucci, C., Lammi, C., et al. , (2011). Evidence for the existence of a specific G protein-coupled receptor activated by guanosine. ChemMedChem 6, 1074–1080. doi:10.1002/cmdc.201100100
 Whittle, S. B., Smith, V., Doherty, E., Zhao, S., McCarty, S., and Zage, P. E. (2017). Overview and recent advances in the treatment of neuroblastoma. Expert Rev. Anticancer Ther. 17 (4), 369–386. doi:10.1080/14737140.2017.1285230
 Yang, S. C., Chiu, C. L., Huang, C. C., and Chen, J. R. (2005). Apoptosis induced by nucleosides in the human hepatoma HepG2. World J. Gastroenterol. 11, 6381–6384. doi:10.3748/wjg.v11.i40.6381
 Zuccarini, M., Giuliani, P., Frinchi, M., Mudò, G., Serio, R. M., Belluardo, N., et al. (2018). Uncovering the signaling pathway behind extracellular guanine-induced activation of NO system: new perspectives in memory-related disorders. Front. Pharmacol. 9, 110. doi:10.3389/fphar.2018.00110
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Belluardo, Mudò, Di Liberto, Frinchi, Condorelli, Traversa, Ciruela, Ciccarelli, Di Iorio and Giuliani. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		BRIEF RESEARCH REPORT
published: 27 April 2021
doi: 10.3389/fphar.2021.654104


[image: image2]
Annexin A2-Mediated Plasminogen Activation in Endothelial Cells Contributes to the Proangiogenic Effect of Adenosine A2A Receptors
María D. Valls1, María Soldado1, Jorge Arasa1,2, Miguel Perez-Aso3, Adrienne J. Williams3, Bruce N. Cronstein3,45, M. Antonia Noguera1,6, M. Carmen Terencio1,2 and M. Carmen Montesinos1,2*
1Departament of Pharmacology, Faculty of Pharmacy, Universitat de València, Valencia, Spain
2Instituto Interuniversitario de Investigación de Reconocimiento Molecular y Desarrollo Tecnológico (IDM), Universitat Politècnica de València, Universitat de València, Valencia, Spain
3Division of Translational Medicine, Department of Medicine, NYU School of Medicine, New York, NY, United States
4Division of Rheumatology, Department of Medicine, NYU School of Medicine, New York, NY, United States
5Medical Science Building, NYU Langone Health, New York, NY, United States
6Instituto Universitario de Biotecnología y Biomedicina (BIOTECMED) Universitat de València, Valencia, Spain
Edited by:
Peter Illes, Leipzig University, Germany
Reviewed by:
Anni Vedeler, University of Bergen, Norway
Pei Yuen Ng, National University of Malaysia, Malaysia
Lodewijk Dekker, University of Nottingham, United Kingdom
* Correspondence: M. Carmen Montesinos, m.carmen.montesinos@uv.es
Specialty section: This article was submitted to Experimental Pharmacology and Drug Discovery, a section of the journal Frontiers in Pharmacology
Received: 15 January 2021
Accepted: 16 March 2021
Published: 27 April 2021
Citation: Valls MD, Soldado M, Arasa J, Perez-Aso M, Williams AJ, Cronstein BN, Noguera MA, Terencio MC and Montesinos MC (2021) Annexin A2-Mediated Plasminogen Activation in Endothelial Cells Contributes to the Proangiogenic Effect of Adenosine A2A Receptors. Front. Pharmacol. 12:654104. doi: 10.3389/fphar.2021.654104

Adenosine A2A receptor mediates the promotion of wound healing and revascularization of injured tissue, in healthy and animals with impaired wound healing, through a mechanism depending upon tissue plasminogen activator (tPA), a component of the fibrinolytic system. In order to evaluate the contribution of plasmin generation in the proangiogenic effect of adenosine A2A receptor activation, we determined the expression and secretion of t-PA, urokinase plasminogen activator (uPA), plasminogen activator inhibitor-1 (PAI-1) and annexin A2 by human dermal microvascular endothelial cells stimulated by the selective agonist CGS-21680. The plasmin generation was assayed through an enzymatic assay and the proangiogenic effect was studied using an endothelial tube formation assay in Matrigel. Adenosine A2A receptor activation in endothelial cells diminished the release of PAI-1 and promoted the production of annexin A2, which acts as a cell membrane co-receptor for plasminogen and its activator tPA. Annexin A2 mediated the increased cell membrane-associated plasmin generation in adenosine A2A receptor agonist treated human dermal microvascular endothelial cells and is required for tube formation in an in vitro model of angiogenesis. These results suggest a novel mechanism by which adenosine A2A receptor activation promotes angiogenesis: increased endothelial expression of annexin A2, which, in turn, promotes fibrinolysis by binding tPA and plasminogen to the cell surface.
Keywords: annexin A2, microvascular endothelial cells, plasminogen activator inhibitor-1, tissue plasminogen activator, urokinase plasminogen activator, adenosine receptors
INTRODUCTION
Adenosine is a ubiquitous nucleoside that participates actively in regulating different physiological processes involved in tissue repair and wound healing, inflammatory and immune responses, or formation of new blood vessels (Valls et al., 2009; Borea et al., 2018). Among the four distinct extracellular G protein-coupled adenosine receptors (ARs) named A1, A2A, A2B and A3, that mediate its effects, A2A receptor activation has been reported to promote wound healing (Shaikh and Cronstein, 2016; Colangelo et al., 2020; Troncoso et al., 2020). The contribution of adenosine A2A receptor in wound healing has been further confirmed in A2A-deficient mice, characterized by reduced blood vessel network and delayed granulation tissue formation (Montesinos et al., 2002). Furthermore, the adenosine A2A receptor agonist CGS-21680 stimulates both vasculogenesis and angiogenesis at an early stage (<3 days) of wound repair (Montesinos et al., 2004).
Plasminogen and its active form plasmin belong to an enzymatic system involved in intravascular and extravascular fibrinolysis, as well as in tissue repair and remodeling by regulating extracellular matrix degradation, cell migration, tissue formation, angiogenesis, and embryogenesis (Rubina et al., 2017; Plekhanova et al., 2019). The activity of this system is self-regulated by several factors such as tissue-type plasminogen activator (t-PA), urokinase-type plasminogen activator (u-PA) or the plasminogen activator principal inhibitor PAI-1 (Simone et al., 2015). In addition, there are other molecules that interact with the fore mentioned plasminogen factors resulting in the modulation of their activity. Annexin A2 is a member of a family of calcium-dependent membrane-binding proteins that acts as co-receptor for plasminogen and t-PA (Liu and Hajjar, 2016; Mirsaeidi et al., 2016). Consequently, annexin A2 deficient mice present deficiencies in plasmin generation through a mechanism dependent on t-PA (Ling et al., 2004).
Our previous results confirm that adenosine A2A receptor activation promotes wound closure by a mechanism that depends on t-PA, but not on u-PA expression (Montesinos et al., 2015). We also found that increased revascularization of the wound bed upon treatment with agonists of adenosine A2A receptors occurs via a mechanism dependent on t-PA (Montesinos et al., 2015). In this study, we sought to provide insight into the pharmacological promotion of angiogenesis by an adenosine receptor agonist through a mechanism dependent upon plasminogen activation. We showed that adenosine A2A receptor activation diminishes PAI-1 production and promotes tubular network formation in human dermal microvascular endothelial cells (HDMVEC). This proangiogenic effect observed upon adenosine A2A receptor activation is supported by the upregulation of annexin A2 associated with t-PA.
MATERIALS AND METHODS
Materials
The adenosine 2A receptor agonist CGS-21680 (2-p-[2-carboxyethyl] phenethyl-amino-5′-N-ethylcarboxamido-adenosine) was obtained from Tocris bioscience (Cat #1063). Polyclonal goat antibodies against tPA (Cat #387), uPA (Cat #398) and PAI-1 (Cat 395G) were obtained from American Diagnostica inc.; monoclonal mouse antibody against annexin A2 from BD Transduction Laboratories (Cat #610069); rabbit antibody against ß-actin from Sigma Chemical Co. (Cat #A2066); Alexa fluor® 488 goat anti-mouse (Cat #A1101) antibody from Molecular Probes Ltd. All other materials were the highest quality that could be obtained.
Cell Culture
Human dermal microvascular endothelial cells (HDMVEC) from neonate foreskin (Lonza, Cat #CC-2505) were cultured up to 80–90% confluence in supplemented EGM-2MV medium (Lonza, Cat #CC-3202) at 37°C and 5% CO2 in a humidified atmosphere. Cells used in all experiments were between passages 5 and 7. The night prior the experiments, medium was replaced to 0.1% Bovine Serum Albumin (BSA, ELISA grade, Sigma Chemical Co., Cat #A7030) supplemented EBM-2 medium (Lonza, Cat #CC-3156). All experiments were carried out in 0.1% BSA basal medium.
ELISA
HDMVEC, cultured in 24 well plates, were incubated in the absence (control) or presence of increasing concentrations (10−7–10–5 M) of the selective A2A adenosine receptor agonist CGS-21680 in 0.1% BSA basal medium for 24 h at 37 °C and 5% CO2. Supernatants were collected and frozen at -80 °C until ELISA determination. Cell viability was determined by cellular reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 0.2 mg/ml, Sigma Chemical Co. Cat #M2003) to formazan, solubilization in DMSO and absorbance measurement at 490 nm. Concentration of total tPA, uPA and PAI-1 antigens present in conditioned media were determined using commercially available assays: IMUBIND® tPA (Cat #860), uPA (Cat #894) or PAI-1 (Cat #822) ELISA (American Diagnostica Inc.). Sensitivity of the kit for tPA is 0.2 ng/ml, for uPA is 0.02 ng/ml and for PAI-1 is 1 ng/ml. Results were normalized to 105 viable cells per well.
Real Time RT-PCR
Total RNA (1 µg) isolated from cultured cells using Trizol reagent (Invitrogen Cat# 15596018) was transcribed into cDNA (RT) using the RNA PCR Core Kit (Applied Biosystems™ N8080143). Aliquots of RT were subjected to real-time PCR using the Mx3005P system (Stratagene, La Jolla, CA), SYBR-Green Brilliant Master Mix (Stratagene Cat #600548) and specific primers for t-PA (Forward 5′-CCC​AGA​TCG​AGA​CTC​AAA​GC-3′ Reverse 5′-TGG​GGT​TCT​GTG​CTG​TGT​AA-3′, NCBI Reference Sequences: NM_000921 and NM_033011), u-PA (Forward 5′-ATT​CAC​CAC​CAT​CGA​GAA​CC-3′ Reverse 5′-TCC​ACC​TCA​AAC​TTC​ATC​TCC-3′, NCBI Reference Sequence: NM_002658), PAI-1 (Forward 5′-CTG​GTT​CTG​CCC​AAG​TTC​TC–3′ Reverse 5′-GAC​TGT​TCC​TGT​GGG​GTT​GT-3′, NCBI Reference Sequence: NM_000602), and GAPDH (Forward 5′-AAC​ATC​ATC​CCT​GCC​TCT​AC–3′ Reverse 5′-CCC​TGT​TGC​TGT​AGC​CAA​AT-3′); Annealing Temperature: 60°C. All values were normalized to GAPDH as described (Che et al., 2007). All primers were designed in a way that the PCR products spanned an intron.
Cell Immunofluorescence Microscopy
HDMVEC were grown on chamber slides (Nalge Nunc International, Cat #177402). After treatment, medium was discarded, and cells were fixed in ice cold 70% ethanol and blocked with 2% BSA in 0.01% (vol/vol) Tween 20 PBS - (PBST). Slides were incubated with primary antibodies against proteins of interest and subsequently incubated with Alexa Fluor 488 secondary antibodies, nuclei were counterstained with Hoerschst 33342 (Molecular Probes Inc. Cat #H21492) and slides were mounted in fluorescence mounting medium (DakoCytomaton, Glostrup, Denmark). Negative controls were run in parallel without the primary antibody. Fluorescence was detected with a Nikon Eclipse e800 microscope coupled with an automated imager Nikon ACT-1 (Nikon Instruments Inc. Melville, NY) and fluorescence intensity was blindly quantified with MetaMorph software (Molecular Devices Corporation, Downington, PA) by an independent observer.
Confocal Laser Scanning Microscopy
HDMVEC were seeded on poly-l-lysine (100 μg/ml) coated 24 mm diameter glass coverslips in six-well plates. After treatment, calcium-dependent translocation of annexin A2 to the membrane (Monastyrskaya et al., 2007) was induced by addition of 10−6 M ionophore A23187 (Sigma Chemical Co., Cat #C7522) for 5min. Then, medium was discarded and cells were fixed in ice cold 70% ethanol, blocked with 2% BSA in 0.01% (vol/vol) Tween 20 PBS - (PBST), incubated with primary antibodies against annexin A2, subsequently incubated with Alexa Fluor 488 goat anti-mouse antibody and nuclei were counterstained with Hoerschst 33342. Confocal images were obtained on a LEICA TCS SP2 (DM-IRB) laser-scanning microscope. A z-series of images were acquired at 2 µm steps to produce individual z-stacks. The resulting images were overlaid and analyzed using the Leica software, v2.61 (Leica Geosystems AG, Heerbrugg, Suiza).
Western Blot Analysis
HMVEC, cultured in 6 well plates, were incubated in the absence (control) or presence of the selective A2A adenosine receptor agonist CGS-21680 in 0.1% BSA basal medium for 24 h at 37°C and 5% CO2. Supernatants were removed and cells were rinsed in ice-cold phosphate-buffered saline (PBS), pH 7.4 and lyzed at 4°C in lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.1% SDS, 1% Nonidet P-40 and 0.5% sodium deoxycolate) plus protease inhibitors (leupeptin, aprotinin and PMSF). Following centrifugation (10000g, 10 min) equal amounts of protein (5 or 25 µg/lane) were separated by 10% SDS-PAGE under reducing conditions and electrophoretically transferred onto poly-(vinylidene difluoride) (PVDF) membranes, blocked with 3% nonfat milk in 0.1% (vol/vol) Tween 20 phosphate buffered saline (PBST) and then incubated with specific antibodies against the protein of interest. After extensive washes, blots were incubated with a horseradish peroxidase-conjugated secondary antibody and the immunoreactive bands were visualized by enhanced chemiluminescence (Amersham Biosciences, Cat #RPN2232) using the AutoChemi image analyzer and Labworks 4.6 software (UVP, Inc. Upland, CA).
Co-Immunoprecipitation
After treatment, HDMVEC cultured in T25 flasks were lyzed with 1 ml of lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.1% SDS, 1% Nonidet P-40 and 0.5% sodium deoxycolate) containing protease inhibitors (leupeptin, aprotinin and PMSF). Whole cell lysates were precleared for 30 min at 4°C with 0.25 µg of appropriate control (normal) IgG, corresponding to the host species of the primary antibody (Mouse IgG, Sigma Chemical Co., Cat #I5381), and 20 µL of protein A/G-agarose (Santa Cruz Biotechnology, Inc. Cat #sc-2003). The precleared cell lysates were subsequently incubated with 2 µg of the monoclonal antibody against annexin A2 for 2 h at 4°C before the addition of 20 µL of protein A/G-agarose, and the incubation was continued overnight at 4°C with constant rotation. Next, the agarose beads were pelleted by centrifugation at 2500 rpm (1,000g) for 5 min at 4°C. After extensive washes with ice-cold lysis buffer, beads were resuspended in sample loading buffer, boiled for 4–5 min, and subject to Western blotting with specific antibody against tPA.
Plasmin Generation Test
Plasminogen activation was determined as the ability of generated plasmin to degrade a specific fluorogenic substrate by membrane bound exogenous tPA (Diaz et al., 2004). HDMVEC (104 cells/well) were cultured in 96 well microplate, black, clear bottom (Corning Incorporated, Cat #CLS3603). After treatment, supernatants were removed, and cells were washed twice with PBS and incubated with 10 nM of single-chain recombinant tPA (American Diagnostica inc. Cat #173) in PBS-BSA 2% for 30 min. After washing three times with PBS to remove unbound tPA, 100 nM Glu-plasminogen (Calbiochem, manufactured by EMD Biosciencies, Inc.; Cat #528180) and 50 µM of the fluorogenic substrate D-Ala-Leu-Lys-7-amido-4-methylcoumarin (Sigma Chemical Co., Cat #A8171) in buffer 0.05 M Tris-HCl, 0.1 M NaCl, 0.01% Tween 20, pH 7,4 were added. Plasmin formation was monitored at 360-nm excitation/460-nm emission setting in a spectrofluorimeter plate reader (Perkin-Elmer WALLAC Victor2 1420, Perkin-Elmer life sciencies, Turku, Finland) at 5- or 30-min intervals for 6 h at 37°C. The basal fluorescence obtained at 0 min was subtracted from each time point. Additionally, we performed a control chemical reaction without cells to monitor the kinetics of the reaction. To determine the role of plasminogen binding to HDMVEC, these assays were also performed including 6-aminocaproic acid (6-ACA, Sigma Chemical Co., Cat #A2504; 1 mM) in the final reaction mixture as antagonist of this binding.
In vitro Angiogenesis Assay
200 µL of HDMVECs cell suspension (5 × 104 cells/ml from passage 4) in EGM-2MV medium were seeded on 50 µL of polymerized (37°C for 30 min) Matrigel® (BD Biosciences, Cat #354234) in a 96 well plate. After 18 h incubation (37°C and 5% CO2), Fluorophore/calcein AM (Molecular Probes, Inc. Cat #C1430) was added to stain cells. Image acquisition of tubular network was achieved by fluorescence microscopy (Nikon Eclipse e800 microscope coupled with an automated imager Nikon ACT-1, Nikon Instruments Inc. Melville, NY) and Sigma Scan Pro software (SPSS, Chicago, IL) was used to determine tube surface area (Perez-Aso et al., 2014; Vicente et al., 2016).
Statistical Analysis
Differences between groups in the in vitro studies were analyzed by means of one-way analysis of variance (ANOVA) by Dunnet’s multiple comparison test performed by GraphPad Prism 4 software (GraphPad Software, Inc. San Diego, CA).
RESULTS
An Adenosine A2A Receptor Agonist Diminishes PAI-1 Production Without Modifying tPA and uPA Production in Human Dermal Microvascular Endothelial Cells
The expression of the key components of the plasminogen activation system, uPA and its receptor (uPAR), as well as its inhibitor PAI-1, is induced early during re-epithelialization in the migrating epithelial sheet in incisional wounds in mice (Sulniute et al., 2016). In contrast, the vascular endothelium is considered to be the major site of synthesis and release of tPA (Emeis et al., 1997). Since we have previously shown that adenosine A2A receptor activation promoted wound revascularization by promoting both angiogenesis and vasculogenesis (Montesinos and Valls, 2010), we investigated its effect on human dermal microvascular endothelial cells (HDMVEC).
HDMVEC secreted both types of plasminogen activators, tPA and uPA, in lesser amounts than their inhibitor PAI-1 (Figures 1A–C). The addition of increasing amounts of the selective A2A receptor agonist did not produce any appreciable change in the secretion of tPA and uPA, but significantly diminished the levels of PAI-1 present in the conditioned media of HDMVEC (79.3 ± 12.1 ng/ml in 10−6 M CGS-21680 treated vs. 171.2 ± 9.3 ng/ml in untreated HDVECs, ***p < 0.001, n = 4, Figure 1C). Real time RT-PCR determination of the mRNA levels for tPA, uPA and PAI-1 showed that A2A adenosine receptor activation did not affect tPA and uPA mRNA expression in HDMVECs while decreasing PAI-1 message levels (39% reduction from control by 10–6 M CGS-21680, p = 0.050, n = 3, Figures 1D–F). Therefore, the effect of adenosine A2A receptor activation on the level of uPA, tPA and PAI-1 expression correlated with the effect on released proteins to the condition media.
[image: Figure 1]FIGURE 1 | uPA, tPA and PAI-1 production by microvascular endothelial cells: HDMVEC (80–90% confluence) were incubated in the absence (control, vehicle treated) or presence of the selective adenosine A2A receptor CGS-21680 for 24 h for protein detection or 4 h for mRNA expression. Supernatants were collected and frozen at −80°C until used and cells were lyzed in Trizol solution for total RNA extraction. Total tPA (A), uPA (B), and PAI-1 (C) content in supernatants were determined by ELISA. Results were normalized to 105 cells. Data are presented as the mean ± SEM of four experiments in triplicate (n = 4). mRNA expression of tPA (D), uPA (E), and PAI-1 (F) were assessed by real-time PCR and normalized to GAPDH as described. Results are expressed as mean of percentage of control ± SEM, of 3 experiments in duplicates (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs. control, ANOVA followed by Dunnet’s postest.
Adenosine A2A Receptor Activation Increases Annexin A2 Expression in HDMVEC
Since we had observed that CGS-21680 treatment did not affect the expression and the release of tPA by HDMVEC, we decided to investigate the production of annexin A2, a protein that acts as an endothelial cell membrane co-receptor of plasminogen and tPA (Hajjar et al., 1994). Annexin A2 is an abundant protein (∼36 KD) in HDMVECs with mainly perinuclear localization. The activation of A2A adenosine receptors by CGS-21680 significantly increased the overall levels of this protein, shifting its localization toward the cellular membrane (Figures 2A,C). These findings were further confirmed by confocal laser scanning microscopy (Figure 2D).
[image: Figure 2]FIGURE 2 | Annexin A2 production by microvascular endothelial cells: HDMVEC (80–90% confluence) were incubated in the absence (control, vehicle treated) or presence of the selective A2A adenosine receptor CGS-21680 (10−6 M) for 24 h. (A) Whole cell lysates (5 μg/lane) were separated by 10% SDS-PAGE and annexin A2 and ß-actin were detected by immunoblotting. Protein expression was measured by optical densitometry of the bands and results were expressed as % integrated optical density (IOD) respect control and normalized to ß-actin and are presented as the mean ± SEM (n = 16). **p < 0.01 vs. control, t de Dunnet. (B) Co-immunoprecipitation of tPA and Annexin A2. Precleared cell lysates were immunoprecipitated with a monoclonal antibody against annexin A2, resuspended in sample loading buffer and tPA was detected by immunoblotting. Shown is a representative experiment of four. WL: Whole lysate; IP: immunoprecipitates. (C) ethanol fixed cells were immunostained with a monoclonal antibody against annexin A2 and a secondary antibody Alexa Fluor 488-conjugated goat antimouse, counterstained with Hoechst 33342 and visualized by fluorescence microscopy (original magnification ×400). Average fluorescence intensity of annexin A2 immunostained HDMVEC was determined with MetaMorph® software. Results are expressed in intensity arbitrary units for 30 cells per condition and presented as the mean ± SEM of 5 experiments in triplicate (n = 5). *p < 0.05 vs. control, ANOVA followed by Dunnet’s postest. Negative: negative control without primary antibody. (D) A z-series of images were acquired at 2 µm steps by confocal laser scanning microscopy of ethanol fixed cells immunostained with a monoclonal antibody against annexin A2 and a secondary antibody Alexa Fluor 488-conjugated goat antimouse and counterstained with Hoechst 33342. The resulting images were overlaid and analyzed using the Leica software, v2.61. Results are expressed in intensity arbitrary units per condition and presented as the mean ± STDV (n = 2).
In order to determine whether there is any physical interaction between endogenous tPA and annexin A2, we immunoprecipitated annexin A2 and observed that the amount of tPA (∼60 KD) that co-precipitated with annexin A2 increased markedly in the CGS21680-treated cells (Figure 2B).
Increased Annexin A2 Production Contributes to Cell Associated-tPA Plasmin Generation by Adenosine A2A Receptor Stimulated HDMVEC
We determined the functionality of the increased annexin A2 production by an indirect test of plasminogen activation, through the degradation of a specific substrate for the newly generated plasmin. As a control, we performed the assay in the absence of cells and confirmed the selectivity of the substrate, which was only degraded after activation of plasminogen by recombinant tPA (Figure 3A). We observed that the low amounts of plasminogen activators, tPA and uPA, endogenously produced by both untreated and adenosine A2A agonist treated HDMVEC were not sufficient to activate plasminogen to plasmin (Figure 3B). To detect exclusively membrane-bound tPA-associated plasminogen activation it was necessary to incubate exogenous recombinant tPA for 30 min and then washed away before the addition of substrate and Glu-plasminogen. The lag time observed in plasmin generation by HDMVEC-surface bound tPA, about 20–30 min, is similar to that described for cerebral microvascular endothelial cells (Semov et al., 2005), but much longer than for pancreatic or breast cancer cells (Diaz et al., 2004; Sharma et al., 2010).
[image: Figure 3]FIGURE 3 | Plasminogen activation by microvascular endothelial cells: (A) Chemical control reaction reagents were added to wells with no cells. Fluorescence was detected at 360-nm excitation/460-nm emission setting over time. Subs: fluorogenic substrate (50 mM), PLG: Glu-plasminogen (100 nM), rtPA: recombinant tPA (10 nM). (B) HDMVEC (80–90% confluence) were incubated in the absence (control, vehicle treated) or presence of the selective A2A adenosine receptor CGS-21680 (10−6 M) for 24 h. Time-course plasmin generation by cell bound-tPA was determined in cells after washing twice with PBS and incubation with 10 nM rtPA for 20 min. After two PBS washes, Glu-plasminogen (100 nM) and the substrate (50 µM) were added and fluorescence was detected. C: control vehicle-treated cells; CGS: 10−6 M CGS-21680-treated cells. (C) In other set of experiments for plasmin generation by cell bound-tPA after 6 h, monoclonal antibody anti-annexin A2 (4 μg/ml) was added 10 min prior the addition of rtPA and 6-ACA (1 mM) was incubated for 10 min prior addition of the Glu-plasminogen and the substrate. Results are expressed as mean relative fluorescence units (rfu) + SEM (n = 6 in quadruplicate). **p < 0.01, ***p < 0.001 vs. control cells, ANOVA followed by Dunnet’s postest.
CGS-21680 pre-treatment produced an increase in membrane bound tPA-associated plasmin generation by HDMVEC (Figures 3B,C). Both preincubation with a specific antibody against annexin A2 (4 μg/ml) before binding of recombinant tPA, or the presence of the plasmin inhibitor 6-ACA (1 mM) in the final reaction, markedly inhibited plasmin generation and completely abolished the CGS-21680-mediated increase in cell associated-plasmin generation (Figure 3C).
Plasmin and Annexin A2 Participates in the Proangiogenic Effect of an Adenosine A2A Receptor Agonist
Once we established that adenosine A2A receptor activation increased annexin A2 expression resulting in an increase in cell-bound tPA and thereby accelerated plasminogen activation, we evaluated the contribution of this system in another functional assay, the endothelial cell formation of a tubular network on a three-dimensional matrix. In a previous study, we demonstrated that A2A receptor activation stimulates endothelial network formation in Matrigel and established the concentration dependent effect for the agonist CGS-21680 in this model (Desai et al., 2005). For the present study we selected the concentration of 1 μM, which had shown a maximal effect that could be abrogated by a selective A2A antagonist (Desai et al., 2005). HDMVEC network formation was significantly inhibited by the plasmin inhibitor 6-ACA (1 mM) and a murine monoclonal antibody against annexin A2, but not a control murine antibody (Figure 4). In contrast, antibodies against tPA, uPA and PAI-1 did not affect basal network formation. Interestingly, adenosine A2A receptor-mediated increases in network formation were blocked by 6-ACA and antibodies against PAI-1 and tPA but not uPA or annexin A2 (Figure 4).
[image: Figure 4]FIGURE 4 | Microvascular endothelial cell network formation in vitro: HDMVEC (104 cells, passage 4) were seeded in 200 µL of EGM-2MV onto 50 µL of polymerized Matrigel in 96 well plates. Cells were treated with either vehicle or CGS-216080 (10−6 M) in absence or presence of either the plasmin inhibitor 6-ACA (1 mM), blocking antibodies against annexin A2 (4 μg/ml), PAI-1, tPA or uPA (20 μg/ml) or their corresponding control mouse or goat IgG (20 μg/ml). For fluorescence detection of tubular network (A), fluorophore/calcein AM (5 μM) was added after 18h incubation and image acquisition of tube formation was achieved by fluorescence microscopy (original magnification ×40). Total area of the cellular networks (B) was determined with SigmaScan Pro software and expressed as arbitrary area units (AAU). Results are presented as mean ± SEM (n = 3 or 4 in triplicate) *p < 0.05, **p < 0.01 vs. control; ^p < 0.05 vs. anti-annexin A2 control; +p< 0.05 vs. anti-uPA control, ANOVA followed by Dunnett’s postest.
DISCUSSION
We report here evidence for a novel mechanism by which adenosine receptors promote angiogenesis: stimulation of adenosine A2A receptors promotes the expression of annexin A2 on the surface of endothelial cells, which binds tPA to the surface of the cells, providing for localized activation of plasminogen to plasmin. Moreover, adenosine A2A receptor stimulation diminishes endothelial PAI-1 production as well. In the absence of tPA, adenosine receptor activation does not promote wound healing (Montesinos et al., 2015) and, when this mechanism is interrupted, adenosine A2A receptor activation does not stimulate angiogenesis in vitro.
Endothelial cells derived from dermal microvasculature secreted small quantities of tPA into the culture medium, results which contrast with a prior report that human umbilical vein endothelial cells release much larger quantities of tPA (Speiser et al., 1987). Agents that increase intracellular cAMP levels (prostacyclin, isoproterenol, forskolin, cholera toxin) and cAMP analogs induce a dose and time-dependent acute release of tPA and Von Willebrand factor from HUVEC (Hegeman et al., 1998). Since signaling of adenosine A2A receptor is supposed to occur through the activation of adenylate cyclase (Fredholm et al., 2011), we expected that selective doses of CGS21680 would induce tPA release from HDMVEC as well. However, we did not observe any appreciable change in tPA release, in agreement with an earlier report showing that cAMP analogs did not modify tPA secretion in non-stimulated HUVEC but potentiated the phorbol ester-induced secretion of tPA, and inhibited both basal and phorbol ester-increased PAI-1 secretion in HUVEC (Levin et al., 1989). Similarly, in this study we observed that adenosine A2A receptor activation decreased the high levels of secreted PAI-1 in microvascular endothelial cells by decreasing both message expression and its subsequent release. This effect could be of clinical relevance, since high plasma levels of PAI-1 have been associated with vascular dysfunction and increased cardiovascular risks in several chronic pathological disorders such as hypertension, diabetes and metabolic syndrome (Naya et al., 2007; Lijnen, 2009; Sillen and Declerck, 2020).
The calcium-dependent phospholipid-binding protein annexin A2 is a proposed endothelial cell membrane co-receptor for plasminogen that can stimulate tPA–mediated plasminogen activation in the complete absence of fibrin (Hajjar et al., 1994) and plays an important role in angiogenesis by localizing plasmin activity on the endothelial cell surface (Ling et al., 2004). We then tried to explore a new hypothesis, that tPA could be indirectly involved in the promotion of wound revascularization by adenosine A2A receptor activation through annexin A2. Selective doses of CGS21680 markedly augmented annexin A2 production by HDMVEC, which interacted with endogenously generated tPA. However, our results do not exclude the possibility that this interaction happened post-extraction, and it is not clear if the localization of annexin A2 is in the inner or outer leaflet of the plasma membrane of endothelial cells when its translocation was promoted by ionophore A23187 treatment.
Recently, controversy has emerged concerning the role of annexin A2 in binding plasminogen (Brodsky et al., 2001). The involvement of annexin A2 in the proteolytic activity of cell-bound tPA was confirmed since antibodies against the C-terminus of annexin A2 markedly reduced plasmin generation, although did not inhibited it completely, probably by blocking plasminogen binding to the lysine 307 at the C-terminus of annexin A2 (Liu and Hajjar, 2016). Similarly, the plasmin inhibitor 6-ACA which acts by blocking the plasminogen and plasmin binding site to lysine residues in either fibrin or the cell surface (Hatziapostolou et al., 2003), markedly inhibited cell-bound tPA-induced plasmin generation, although certain residual plasmin activity was still detectable, suggesting that in the cell microenvironment there are other proteases that could activate unbound plasminogen, since, as we observed in the absence of cells, the substrate is not degradable by inactive plasminogen.
The contribution of the different components of the plasminogen/plasmin system to the angiogenic process has been previously determined (Brodsky et al., 2001; Kruithof and Dunoyer-Geindre, 2014). The Matrigel®in vitro assay had previously been used to study the proangiogenic effect of adenosine A2A agonists (Desai et al., 2005) and the involvement of plasmin in the endothelial cell tubular network formation (Semov et al., 2005). Given that often incomplete lumen formation occurs (Stefansson et al., 2003), determination of total area constitutes a standardized method that facilitates comparisons among different conditions. Our results confirm that plasmin contributes to the angiogenic process, since the plasmin inhibitor 6-ACA suppressed endothelial cell tubular network formation, in a similar way as previously shown for cerebral microvascular endothelial cells (Semov et al., 2005). In contrast, antibodies against either uPA or tPA produced a small non-significant reduction in tube formation. Nevertheless, the anti-tPA antibody and the plasmin inhibitor prevented the stimulatory effect of the adenosine A2A receptor agonist (characterized by formation of larger tubules), whereas the anti-uPA antibody had no effect, suggesting that plasminogen activation to plasmin by tPA participates in the proangiogenic effect of adenosine. Similarly, an antibody against PAI-1 did not block HDMVEC tubular formation on Matrigel, but prevented the stimulatory effect of CGS-21680. The role of PAI-1 in angiogenesis is controversial, while some authors have described PAI-1 as a limiting factor of in vitro angiogenesis assays (Stefansson et al., 2003), others have shown that PAI-1 expression is increased during tissue repair and remodeling to maintain the integrity of the fibrin matrix necessary for proper cellular migration (Isogai et al., 2001), probably through its interaction with vitronectin (Basu et al., 2009).
Tube formation by HDMVEC was greatly hindered by a neutralizing antibody against the C-terminus of annexin A2, which was modestly reversed by adenosine A2A receptor activation, suggesting that the role of this protein in angiogenesis is not only due to its interaction with tPA. Annexin A2 belongs to the annexin family of proteins, which can bind membranes via negatively charged phospholipids and Ca2+ ions (Monastyrskaya et al., 2007). This could allow them to organize the interface between the cytoplasm and the cytoplasmic face of cellular membranes (Rescher and Gerke, 2004). The N-terminus of annexin A2 binds p11/S100A10 leading to the formation of a heterotetramer, resulting in a several fold increase in the Ca2+ sensitivity of membrane aggregation (Zibouche et al., 2008; Madureira et al., 2012). In addition, active cathepsin B, bound to the subunit p11/S100A10 of the annexin A2 heterotetramer (AIIt), partially localized to caveolae of human umbilical vein endothelial cells (HUVEC) in extracellular matrix degradation during tube formation (Cavallo-Medved et al., 2009). Blockade of annexin A2 function in vivo, by gene ablation or by a diet leading to hyper-homocysteinemia, leads to loss of endothelial cell surface plasmin generation, reducing endothelial cell migratory capacity that leads to angiogenic failure (Flood and Hajjar, 2011). Our results corroborate the more prominent role for Annexin A2 in plasminogen activation involved in angiogenesis, indistinctly of the heterotetramer formation with p11/S100A10, since blockade of the C-terminus markedly compromises both branching and tube length in the Matrigel® assay. However, we cannot rule out the potentiating role of the two S100A10 molecules, which facing away from the membrane, create a platform for interaction with tPA in the extracellular space (Weisz and Uversky, 2020).
The results presented here corroborate the proangiogenic effect of adenosine A2A receptor activation suggesting an indirect contribution of the tissue plasminogen activator through diminished release of its main inhibitor PAI-1 and increased expression of its cell surface receptor annexin A2.
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The purinergic signalling has a well-established role in the regulation of energy homeostasis, but there is growing evidence of its implication in the control of food intake. In this review, we provide an integrative view of the molecular mechanisms leading to changes in feeding behaviour within hypothalamic neurons following purinergic receptor activation. We also highlight the importance of purinergic signalling in metabolic homeostasis and the possibility of targeting its receptors for therapeutic purposes.
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INTRODUCTION
The purinergic system consists of a ubiquitous and complex network of intracellular and extracellular components that mediates cell growth and differentiation, neuroprotection, inflammation, and several neuroendocrine functions including energy homeostasis and food intake (Coccurello and Volonté, 2020; Jain and Jacobson, 2020). The regulatory role of the purinergic system is determined by the activity of adenine- and guanine-based compounds, their converting enzymes, as well as P1 and P2 receptors (Burnstock, 2011; Yegutkin, 2014). Specifically, P1 include four adenosine (Ado) receptors (A1, A2A-B, A3), whereas P2 receptors bind both nucleotides and nucleotide sugars (ATP, ADP, UTP, UDP, UDP-glucose) (Fredholm et al., 2011). A1 and A3 metabotropic receptors couple to the Gi/o family and inhibit cyclic AMP (cAMP) production, whereas A2A and A2B are stimulatory Gs-protein coupled receptors enhancing cAMP production; P2X1-7 receptors are ligand-gated ion channels that, following ATP binding, open the pore permeable to Na+, K+, and Ca2+; P2Y1-2-4-11 are metabotropic receptors activating phospholipase C (PLC)/inositol triphosphate (IP3)/Ca2+ axis via Gq/G11 proteins whereas P2Y12–13–14 are coupled to Gi/Go (Burnstock, 2020). After being released in the extracellular milieu, ATP is hydrolyzed to Ado via a sequential series of enzymatic reactions catalyzed by several ecto-nucleotidases: ecto-nucleoside triphosphate diphosphorylases (CD39), ecto-5′-nucleotidase (CD73), ecto-nucleotide pyrophosphatase/phosphodiesterases (NPP) and alkaline phosphatases (APs) (Zimmermann et al., 2012; Losenkova et al., 2018). Extracellular nucleosides are, then, taken up by the cells via equilibrative nucleoside transporters (ENTs) and concentrative nucleoside transporters (CNTs) and ultimately interconverted to generate purine nucleotides by de novo synthesis or via the purine salvage pathway.
The dysregulation of the purinergic signaling has been associated with important pathophysiological conditions including neurodegenerative diseases, cancer, inflammation and metabolic disorders such as obesity (Tozzi and Novak, 2017; Burnstock and Gentile, 2018; Boison and Yegutkin, 2019).
P1 and P2 receptors are expressed in metabolically active tissues (e.g., brain, adipose tissue, skeletal muscle, immune system, pancreas, liver) where they regulate gluconeogenesis, inflammation, lipolysis/lipogenesis, insulin sensitivity, energy expenditure, thermogenesis and food intake (Table 1). For an exhaustive review, (Jain and Jacobson, 2020).
TABLE 1 | Purinergic receptors in food intake and cell metabolism.
[image: Table 1]Purinergic receptors are ubiquitously expressed in the central nervous system (CNS) including the hypothalamus, an integral part of the limbic system consisting of a complex architecture of neurons organized in small nuclei that are involved in the regulation of several neuroendocrine functions (Lechan, 2016), including the control of food intake (Timper and Brüning, 2017).
Activation of Agouti-related peptide (AgRP) neurons, a small subset of neurons in the hypothalamic arcuate nucleus (ARC), potently promotes rapid feeding (Aponte et al., 2011), whereas ablation of AgRP neurons results in satiety (Gropp et al., 2005).
The abundant expression of purinergic receptors in the ARC, lateral hypothalamus (LH), paraventricular nucleus (PVN) and, specifically, in hypocretin/orexin neurons, suggests that the purinergic system may play a major role in the regulation of food intake (Florenzano et al., 2006). Anatomically, an abundant expression of P2X2,4,6 receptors is found in the neurons of the ARC, whereas a similar receptorial density of P2X1-6 receptors is expressed in the PVN where ATP release elicits fast excitatory synaptic transmission (Cham et al., 2006).
Noteworthy, recent studies highlighted the coordinated action of different brain cells (tanycytes, astrocytes, microglia) as well as neuronal-glial interactions in the orchestration of energy homeostasis Andermann, M. L., and Lowell, B. B. (2017). Toward a wiring diagram under-standing of appetite control. Neuron, 95 (4),757–778. https://doi.org/10.1016/j.neuron. 2017.06.014). Astrocytes and microglia are secretory cells that release neuroactive compounds, including purines, in the extracellular milieu, thus contributing to regulate synaptic plasticity and cell adaptation under different stimuli (Peña-Altamira et al., 2018; García-Cáceres et al., 2019). Beyond their well-documented role of structural support and neurotransmission, astrocytes and microglia have been drawing attention for their effect in nutrients and hormone sensing, by virtue of the expression of purinergic, GABAergic and Toll-like receptors (Kettenmann et al., 2011; García-Cáceres et al., 2016). Accordingly, it has been reported that an hypercaloric diet enhance astrogliosis in the ARC, thus suggesting a role of these cells in the pathogenesis of obesity (Balland and Cowley, 2017).
In the present review we illustrate the state-of-the-art of purine modulation of food intake, by taking into account the complex interaction between purinergic signaling with hormones and brain circuits within the hypothalamus and the surrounding regions.
Role of Purinergic Signalling in Food Intake
Food intake is the result of metabolic, autonomic, environmental and neuroendocrine factors integrated within the hypothalamus, the central hub regulating energy homeostasis (Bernardis and Bellinger, 1996). There is a compelling evidence that purinergic receptors have highly overlapping expression patterns as well as binding profiles in hypothalamic regions (Abbracchio et al., 2009).
Neurophysiologic findings demonstrated that ATP administration on hypothalamic slices induced a dose dependent increase in spike frequency of orexin neurons (Wollmann et al., 2005) and dorsomedial hypothalamic neurons (Matsumoto et al., 2004) and that the entire population of orexigenic neurons express the purinergic subtype receptor P2X2R (Florenzano et al., 2006). Specifically, strong P2X2R immunoreactivity is found in cell bodies of orexigenic NPY/AGRP/GABA neurons in the ARC (Colldén et al., 2010).
The latest and most specific evidence regarding the potential therapeutic usage of purinergic compounds in obesity arises from physiological studies at the receptor level using transgenic mice and synthetic ligands. Recent evidence of the involvement of the purinergic system in the regulation of food intake suggest that also the UDP-activated P2Y6R is expressed in AgRP neurons (Steculorum et al., 2015b). In obesity, hypothalamic UDP concentrations are elevated as a result of an increased circulating source of uridine, and this elevation might overstimulate feeding via P2Y6-dependent activation of AgRP neurons (Steculorum et al., 2015b). The development of selective antagonists for purinergic receptors has corroborated the evidence that pharmacologic inhibition of P2Y6R signaling in AgRP neurons reduces food intake and improves systemic insulin sensitivity in obese mice (Steculorum et al., 2017a).
Functional studies in animal models have produced exciting discoveries on the role of purinergic signaling in the regulation of food intake. Changes in feeding conditions, from ad libitum to intermittent restriction, have proved to alter the hypothalamic P2Y1 receptor expression in rats (Seidel et al., 2006a). Immunohistochemical staining indicated that P2Y1 receptors and neuronal nitric oxide synthase (nNOS) co-localize in neurons of the ventromedial hypothalamic nucleus (VMH) and LH (Kittner et al., 2006), two functionally antagonistic regions involved in the regulation of food intake (Timper and Brüning, 2017) in which activation of VMH neurons inhibits feeding, whereas stimulation of LH neurons enhances food intake (Brown et al., 1984; Takaki et al., 1992). A direct coupling between purinergic signaling and NOS activity during adaptive feeding processes was tested in rats with microinjections of P2Y1 agonists into both VMH and LH (Kittner et al., 2006). The authors demonstrated that ATP/ADP, acting as extracellular signal molecules in the rat brain, are involved in the regulation of food intake, plausibly depending on P2Y1-receptor-mediated nitric oxide production (Kittner et al., 2004) (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic representation of purinergic signalling in hypothalamus. In the hypothalamus, purinergic signalling is involved in several complex aspects regulating food intake. Endogenous appetite stimulants such as ghrelin promotes food intake inactivating the anorexigenic proopiomelanocortin (POMC) neurons activity, while leptin inhibits the orexogenic signalling of AgRP/NPY neurons. Purinergic receptors are abundantly expressed in the ARC, paraventricular nucleus (PVN), lateral hypothalamus (LH). Strong P2X2R immunoreactivity is found in cell bodies of orexigenic NPY/AGRP/GABA neurons in the ARC and only occasionally in cell bodies of neurons expressing anorexigenic peptides. AgRP neurons also express UDP-activated P2Y6R. The ventromedial (VMH) and lateral hypothalamus (LH) are brain regions with antagonistic functions in the regulation of food intake in which activation of VMH neurons inhibits feeding, whereas stimulation of LH neurons enhances food intake. Peripheral stimulation of purinergic receptors in brown adipose tissue, pancreatic β-cells or taste buds regulates the circulating levels of leptin, insulin and other factors involved in food intake. Stimulation of A2A/A2B receptors induces browning of adipose tissue that in turn increases thermogenesis thus preventing fat accumulation.
It has been very recently reported that adenosine receptors may play a central role in the management of obesity and metabolic disorders (D'Antongiovanni et al., 2020; de Oliveira et al., 2020). Stimulation of A2A and A2B receptors by specific agonists increased lipolysis and brown adipose tissue (BAT) thermogenesis, and protected mice from diet-induced obesity (Gnad et al., 2014). Increasing thermogenesis via the metabolic activity of BAT has been considered as a pharmacological intervention able to fight the energy imbalance underlying weight gain and obesity (Gnad et al., 2014). Therefore, the thermogenic/lipolytic effects of Ado via activation of BAT and, subsequently, fat catabolism, could be a promising approach to address metabolic disorders. An increased expression of A1R in thermoregulatory neurons has been associated with obesity in mice, whereas stimulatory doses of the purine alkaloid caffeine, a non-selective A1R antagonist, was able to decrease body weight and increase brown adipose tissue (BAT) thermogenesis in rats fed a HFD (Collden et al., 2010; Wu et al., 2017). Research efforts have also provided a direct evidence that adenosine receptors in hypothalamic glia cells could play a role in feeding responses (Yang et al., 2015). Combined chemical genetics, cell-type-specific electrophysiology, pharmacology, and feeding assays demonstrated that stimulation of astrocytes within the medial basal hypothalamus reduces both basal- and ghrelin-evoked food intake (Yang et al., 2015). Specifically, activation of A1 receptors mediated the astrocytic inhibition of food intake and the firing rate of AGRP neurons suggesting that the glial circuit could be a novel target for therapeutic intervention in the treatment of appetite disorders (Yang et al., 2015).
Recent interest on the role of glia cells in food intake focuses on the roles of hypothalamic tanycytes, chemosensitive glial cells with a unique morphology. Hypothalamic tanycytes are in contact simultaneously with the cerebrospinal fluid (CSF) in the third ventricle and with major neural populations in the hypothalamic parenchyma (Bolborea and Dale, 2013; Goodman and Hajihosseini, 2015). Physiologically, tanycytes can sense nutrients such as glucose and amino acids in the CSF evoking robust ATP-mediated Ca2+ responses (Frayling et al., 2011; Orellana et al., 2012). The release of ATP in response of glucose or amino acids results in the activation of purinergic receptors in hypothalamic neurons of the arcuate and ventromedial nucleus (Bolborea et al., 2020). Specifically, optogenetic studies demonstrated that tanycytes can activate purinergic receptors in orexigenic NPY-expressing neurons in the ARC to induce acute hyperphagia when activated by light (Bolborea et al., 2020). Taken together, tanycytes sense the elevation of glucose and amino acids in plasma and CSF following a meal, and in response, they release ATP into hypothalamic neurons activating anorexigenic pathways to reduce appetite.
There is a consensus that ATP and adenosine are also involved in the rewarding effects of feeding in a functionally antagonistic manner (Krügel et al., 2003; Kittner et al., 2004).
Animal studies demonstrated that stimulation of ADP/ATP sensitive P2 receptors in the nucleus accumbens (NAc), a primary site mediating reward behaviour, reinforced their dopaminergic responses and enhanced food intake (Krügel et al., 2001), while the blockade of P2 receptors decreased their feeding responses associated with dopamine release (Kittner et al., 2000). In an elegant behavioural study where microdialysis was combined with encephalographic measurements, injections of non-selective P2 and P1 receptor antagonists in the NAc of rats, PPADS and 8-SPT respectively, interacted antagonistically in the regulation of feeding behaviour and feeding-induced changes of EEG activity (Kittner et al., 2004). Other evidence indicate that adenosine suppressed dopamine release via agonism of the A2A receptors in the NAc and this was accompanied with the reduction in food intake (Krügel et al., 2003), whereas the agonism of the A1 receptor was not involved in feeding responses (Krügel et al., 2003; Mingote et al., 2008). This might suggest that selective blockage of purinergic receptors in the NAc modulates the rewarding effects of feeding behaviour. Beyond the established hypothalamic-mesolimbic pathway circuitry for the regulation of food intake, a diverse array of detectors in the oral cavity including taste receptors in the tongue play a pivotal role in the modulation of energy homeostasis mechanisms (Chaudhari and Roper, 2010; Depoortere, 2014).
Taste buds are a collection of gustatory sensory cells that release ATP, among other neurotransmitters such as acetylcholine, serotonin, norepinephrine or GABA in response to gustatory stimulation (Khan et al., 2020). The release of these molecules enhance the communication with the gustatory centre of the brain (i.e. the insular cortex and then hypothalamus) through cranial nerves including the glossopharyngeal nerve, the facial nerve and the vagus nerve (Frank and Hettinger, 2005). Specifically, in response to gustatory stimulation, ATP and neurotransmitters are released to enable chemical signalling within the taste bud itself or with afferent sensory nerves that express P2X2/P2X3 receptors on the nerve fibers innervating the taste buds. (Chaudhari and Roper, 2010).
Taste buds are divided in four morphological subtypes: Types I, II, III, and IV and among these subtypes, type II cells are the most characterised (Nelson et al., 2001; Depoortere, 2014). ATP is released by Type 2 cells in response to sweet, bitter or umami testants (Besnard et al., 2016) and genetic inactivation of P2X2/P2X3 receptors in nerve fibres is associated with decreased salty and sour tastes (Finger et al., 2005). Once released, ATP can also activate adjacent Type 3 cells triggering the release of serotonin which contribute to prolong the transmission of the taste signals to the brain (Besnard et al., 2016).
In the obese, the number and density of the taste buds is reduced by 25% compared to healthy individuals suggesting that overeating could be associated with impairments in purinergic afferent reward-induced signalling (Proserpio et al., 2015; Coccurello and Maccarrone, 2018; Kaufman et al., 2018).
DISCUSSION
During the past 4 decades, purinergic signalling has received considerable attention regarding its involvement in the fine regulation of food intake. The advent of new molecular tools, conditional knockout strategies targeting specific neuronal populations as well as animal behavioural models have shed further light on this function. For example, since when hypothalamic gliosis was associated with inflammation resulting from high-fat diet feeding in both rodents and human (Thaler et al., 2012), several investigations on non-neuronal cells have since been reported in energy homeostasis and obesity pathogenesis (Douglass et al., 2017). There are direct evidence that adenosine receptors, in particular A1R, in hypothalamic glia cells play a role in feeding responses (Yang et al., 2015), as endogenous Ado inhibited basal food intake and counter-regulated the ghrelin-elicited feeding by inactivating the orexigenic AGRP neurons in the ARC.
Moreover, nutrient sensing tanycytes activate the arcuate neuronal network releasing ATP and promoting acute hyperphagia (Bolborea et al., 2020). It has been demonstrated that the long-term exposure to high fat diet induces hypothalamic gliosis (Douglass et al., 2017) and given the dramatic increase in childhood obesity, the question whether homeostasis-challenging circumstances on purinergic signalling early in life could predispose to a multifactorial and complex disease in adulthood, is still a matter of debate.
Purinergic signalling also plays a major role in the regulation of peripheral sensory pathways of the gustatory system for the regulation of food intake (Besnard et al., 2016). To date, the majority of anti-obesity agents targeting signalling pathways in metabolic tissues such as liver, adipocytes and skeletal muscles have failed to deliver significant clinical results (Rodgers et al., 2012). Targeting the gustatory signalling pathways could represent a promising and effective strategy that can provide clinically relevant anti-obesity agents.
The protection from diet-induced obesity through the thermogenic/lipolytic effects of Ado, may be mediated by the metabolic activity of BAT via the autonomic nervous system stimuli originating from the dorsomedial hypothalamic nucleus (DMN) in a loop mechanism.
The multiple roles of the purinergic signalling in the regulation of food intake are both an opportunity for therapeutic interventions, but also a concern when considering the risk of side effects of a new compound. Noteworthy, the translation from studies in mice to clinical trials in humans is still a big challenge due to many factors, including the heterogeneity of the cells forming the neuronal circuits which are difficult to study singularly and attribute them an univocal function separated from the dynamic microenvironment, as well as the ubiquitous expression of purinergic receptors that, in the absence of specific agonist/antagonist, generate compensatory mechanisms blurring their specific role. The neuro-anatomical interactions of purinergic signalling within hypothalamic circuits and the nucleus accumbens might suggest the design of multifunctional compounds able to target their respective receptors separately, which may result in a greater therapeutic effect for the cure of obesity and immunometabolic disorders. Among others, P2Y6R, P2X7R or A1 specific inhibitors may represent novel therapeutic tools in the management of diet-induced obesity.
Taken together, purinergic signalling between brain regions involved in motivation, reward and energy homeostasis present a novel and valid target for the control of feeding behaviour, where selective pharmacological intervention might produce promising results.
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Mechanosensing and mechanotransduction are vital processes in mechanobiology and play critical roles in regulating cellular behavior and fate. There is increasing evidence that purinergic P2 receptors, members of the purinergic family, play a crucial role in cellular mechanotransduction. Thus, information on the specific mechanism of P2 receptor-mediated mechanotransduction would be valuable. In this review, we focus on purinergic P2 receptor signaling pathways and describe in detail the interaction of P2 receptors with other mechanosensitive molecules, including transient receptor potential channels, integrins, caveolae-associated proteins and hemichannels. In addition, we review the activation of purinergic P2 receptors and the role of various P2 receptors in the regulation of various pathophysiological processes induced by mechanical stimuli.
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INTRODUCTION
Mechanotransduction refers to the conversion by cells of external mechanical signals into internal biochemical signals (Maurer and Lammerding, 2019). Mechanotransduction enables living organisms to sense a range of mechanical stimuli, including shear stress, stretch-induced strain and osmotic pressure (Wang et al., 2019). Mechanosensors are an important class of molecules that directly and rapidly convert mechanical signals into biochemically relevant signals (Cox et al., 2019). Activation of mechanosensors is the first step in mechanotransduction. There are extensive reviews on mechanotransduction and the ways in which mechanical forces regulate cellular function (Wu et al., 2018; Ozkale et al., 2020). An increasing body of evidence indicates that purinergic P2 receptors (P2Rs) are involved in multiple mechanotransduction pathways.
P2Rs are specialized membrane receptors, which are ubiquitously expressed in various cells and induce biological effects by selectively combining with extracellular nucleotides, such as tri-phosphate nucleosides and di-phosphate nucleosides (Coddou et al., 2011; Di Virgilio et al., 2018). P2Rs encompass a complex network of membrane receptors, including P2X purinergic receptors (P2XRs) and P2Y purinergic receptors (P2YRs). P2XRs are ligand-gated ion channels, while P2YRs are members of seven-membrane-spanning G protein-coupled receptors. Based on differences in their structural and functional characteristics, P2XRs and P2YRs are further subdivided into seven P2X (1–7) subtypes and eight P2Y (1, 2, 4, 6, 11–14) subtypes, respectively (Antonioli et al., 2019).
Adenosine triphosphate (ATP) release and subsequent activation of purinergic receptors are critical in mechanotransduction (Moehring et al., 2018). Cells can directly respond to mechanical stress in the extracellular environment through G protein-coupled receptors and mechanosensitive cation channels (Kefauver et al., 2020; Marullo et al., 2020). In this review, we summarize recent findings on P2R-mediated mechanotransduction and review the role of P2Rs in mechanical force-mediated pathophysiological process.
MECHANISMS OF P2RS AS MECHANOTRANSDUCERS
The response of cells to mechanical stimuli involves activation of P2Rs and subsequent initiation of intracellular downstream signaling. Elucidation of the mechanisms underlying P2Rs-mediated mechanotransduction could shed light on the optimum approach to target P2Rs in the clinical setting. Multiple mechanosensitive molecules, including transient receptor potential (TRP) channels, integrins, caveolae-associated proteins, hemichannels and piezo1, have been identified that are involved in P2Rs-mediated mechanotransduction.
Interactions of P2Rs With TRP Channels
The TRP channel family is a type of tetrameric complex located mainly in the plasma membrane, which can be activated directly by a mechanical stimulus (Liu and Montell, 2015; Haustrate et al., 2020). There is evidence supporting mechanical signals inducing interactions between TRP channels and P2Rs, which is mainly reflected in ATP release-mediated coupling of them. For example, in gastrointestinal epithelia, stretch-induced activation of transient receptor potential vanilloid 4 (TRPV4) triggers vesicular nucleotide transporter (VNUT)-mediated ATP exocytosis and increases plasma membrane permeability, resulting in ATP release. ATP release then leads to the activation of P2Rs, and further regulates the production of visceral pain. These findings imply that TRPV4 plays an essential role in P2Rs activation (Mihara et al., 2020). An interaction between transient receptor potential vanilloid 1 (TRPV1) and P2XRs in bladder afferent neurons also appears to be essential for the mechanotransduction during bladder filling (Grundy et al., 2018). Thus, TRPV1 may play a role in mediating bladder mechanosensitivity.
Moreover, in an experiment on cutaneous wound healing, ATP release triggered by mechanical stress activated P2Y2R, which induced long-lasting Ca2+ influx into keratinocytes through transient receptor potential canonical 6 (TRPC6) (Takada et al., 2014). In another study, under the action of fluid, endogenously released ATP affected the opening of the TRPV4 and transient receptor potential canonical 1 (TRPC1) by activating P2X4R, thereby regulating the intracellular Ca2+ concentration of endothelial cells (Li et al., 2015). Thus, current research strongly suggests that interactions between TRP channels and P2Rs regulate mechanosensory signal transduction. However, as apparent in these studies, P2Rs are not intrinsically mechanosensitive. Whether other interactions between P2Rs and TRP channels exist that do not depend on ATP deserves further study. Studies on the conformation and distribution of P2Rs and TRP channels could shed light on other potential protein–protein interactions.
Interactions of P2Rs With Integrins
The integrin family forms integrin adhesion sites with various enzymes and membrane-associated proteins located between the extracellular matrix and the cytoskeleton (Osugi et al., 2019). These adhesion sites are essential for integrin-dependent cell adhesion, proliferation, migration and survival (Nolte and Margadant, 2020). A remarkable feature of integrin-mediated adhesion is mechanosensitivity (Sun et al., 2016).
Based on the membrane colocalization of P2Rs and integrins, Cabahug-Zuckerman et al. utilized immunohistochemistry combined with structured illumination super-resolution microscopy for further exploration and then they observed the ‘osteocyte mechanical body’, a specialized mechanotransduction complex, which composed of pannexin 1, P2X7R, T-type Ca2+ channel and αVβ3 integrins (Cabahug-Zuckerman et al., 2018). The presence of this specialized mechanotransduction complex may help to explain the remarkable mechanosensitivity of osteocytes. Such unique mechanotransduction mediated by P2X7R and αVβ3 integrin also appears to be an ATP-based signaling pathway. As P2X7R may mediate the release of ATP (Johnsen et al., 2019), it is necessary to identify the source of ATP. Previous research has also shed light on the role of interactions between P2Y2R and αVβ3/5 integrins in human umbilical vein endothelial cells. Differed from the ATP-based way, the novel spot focused on the Arg-Gly-Asp integrin-binding domain in this research. This domain directly mediates the coupling of P2Y2R and αVβ3/5 integrins. Subsequently, integrin signaling pathways mediated by P2Y2R activate cofilin-1, which modulates shear stress-induced endothelial cytoskeletal alterations, wound closure, and cell alignment (Sathanoori et al., 2017).
As is clear from the above, the interplay between integrins and P2R is vital in maintaining mechanotransduction. Investigations of P2X7R-mediated ATP release are important because both the ligand required for P2X7R and the substance it releases may be ATP. Furthermore, analyses of protein–protein interaction domains of P2Y2R and integrins may reveal potential targets for drug therapy.
Interaction of P2Rs With Caveolae-Associated Proteins
Caveolae-associated proteins, such as caveolin-1 (Cav-1), caveolin-2 (Cav-2) and caveolin-3 (Cav-3), are essential for the formation and maintenance of the structure of caveolae in cell membranes (Low and Nicholson, 2015). As one of the main raft scaffolding proteins, Cav-1 is involved in mechanotransduction by coupling membrane-bound receptors to downstream signaling molecules (Martinez et al., 2016). Existing evidence points to an important role for Cav-1 in P2R-mediated mechanotransduction. For example, when enterochromaffin cells are mechanically stimulated, Cav-1 associated with cholesterol-rich micro-domains in caveolae forms a scaffold to support the activation of P2Y1R, subsequently leading to the release of 5-hydroxytryptamine (5-HT), which is involved in mucosal secretory reflexes, motility and transmission of information related to visceral pain sensations (Linan-Rico et al., 2016). A recent study using a mechanical injury model system revealed the presence of P2Y2R in Cav-1 raft micro-domains of astrocytoma cells (Martinez et al., 2019). In this study, Cav-1 modulated the cell survival rate by regulating Akt and ERK1/2 phosphorylation, mediated by P2Y2R. The resulting scaffold formed by Cav-1 is essential for P2Y2R signaling. Moreover, P2Y2R and Cav-1 also play a functional role in alveoli via ATP-dependent way, resulting in the regulation of surfactant secretion. Noteworthy, P2Y2R does not exist in the scaffold formed by Cav-1. In this process, in response to mechanical distension, ATP release from alveolar type Ⅰ cells stimulates exocytosis of lamellar bodies of alveolar type Ⅱ cells by increasing the intracellular Ca2+ level (Diem et al., 2020).
The interaction of Cav-1 with P2XRs has been previously reported, including Cav-1 acting as a regulatory switch to ensure the efficient activity of P2Rs. In osteoblasts, Cav-1 attenuates P2X7R-mediated mechanotransduction via endocytosis. During this process, Cav-1 detaches from P2X7R and is transported to the cytoplasm (Gangadharan et al., 2015). Additionally, shear stress seems to induce mitochondrial ATP generation of endothelial cells through Cav-1. ATP-mediated P2X4R activation then evokes a Ca2+ wave (Yamamoto et al., 2018). In terms of the interaction between Cav-1 and P2Rs, there has been little study on the contact sites or domains between Cav-1 and P2Rs. More research is needed to provide evidence of a direct relation between Cav-1 and P2Rs.
Functional Interplay of P2Rs With Pannexin and Connexin Hemichannels
There is compelling evidence to support a crucial role of ATP release-mediated coupling of mechanosensitive hemichannels and P2Rs in mechanotransduction. The pannexin family is a class of channel-forming proteins that form large, non-selective plasma membrane channels, which enable the movement of molecules and ions (Chiu et al., 2018; Michalski et al., 2020). The pannexin 1-P2X7R signaling complex is important in mechanotransduction in bone and urinary system (Negoro et al., 2014; Seref-Ferlengez et al., 2016). A pannexin 1-dependent mechanosensitive mechanism modulates ATP signaling and is essential for load-induced skeletal responses and transmission of bladder wall distension signaling (Negoroet al., 2014; Seref-Ferlengez et al., 2019). Under mechanical stretch applied to atrial myocytes, ATP released by pannexin 2 activates P2Rs to induce macrophage migration (Oishi et al., 2012). However, the identity of the specific P2Rs involved in the aforementioned processes remains unknown. In addition, a pannexin 1-dependent mechanosensitive mechanism that modulates P2YRs rather than P2XRs promoted the survival of metastatic cells during the process of intravascular deformation induced by membrane stretch (Furlow et al., 2015).
Connexins, in particular connexin 43, are post-translational phosphorylated proteins involved in mechanotransduction (Plotkin et al., 2015; Delvaeye et al., 2018). P2Rs are known to be involved in connexin channel-dependent mechanotransduction. For instance, in human periodontal ligament cells, continuous compressive forces induce ATP release from connexin 43. During this process, ATP increases the expression and the synthesis of osteopontin and receptor activator of nuclear factor kB ligand by binding to P2Rs (Luckprom et al., 2011). Similarly, in response to mechanical loading, connexin 43-dependent ATP release in chondrocyte accelerated the synthesis of proteoglycan by activating P2Rs (Garcia and Knight, 2010). Coupling of P2Rs and other connexin family members mediated by ATP release has been demonstrated (Svenningsen et al., 2013). In this study, ATP release mediated by connexin 30 and subsequent P2Y2R activation played an important role in regulating renal salt and water reabsorption, maintaining fluid and the electrolyte balance and normal blood pressure. In another study, when bovine corneal endothelial cells underwent severe short-term deformation in response to a local mechanical stimulus, connexin 43-dependent ATP release induced the activation of P2Y1R and P2Y2R on plasma membrane of adjacent cells and subsequent Ca2+ wave propagation (Iyyathurai et al., 2016).
As mentioned above, coupling of the hemichannels and P2Rs mediated by ATP release is essential for mechanotransduction. Supplementary Table S1 lists down the key components in the above-mentioned purinergic receptor signaling. Remarkable, the functional characteristics of piezo1 channels are similar to those of hemichannels, as outlined in a recent comprehensive review (Wei et al., 2019). Despite this similarity, the relationship of mechanically activated cation piezo2 with P2Rs has not been reported. Additionally, as a prominent mechanical cue, extracellular matrix stiffness regulates the chondrogenic response of mesenchymal stem cells to hydrostatic pressure by altering P2Rs sensitivity or by some other mechanism that is downstream of P2Rs activation, although the exact type of P2Rs is still unclear (Steward et al., 2016). Based on the current literature on mechanosensor-mediated activation of the purinergic signaling pathway, extracellular mechanical stimuli cannot induce P2R activation directly. Further work is needed to shed light on the effect of mechanical stimuli on P2Rs.
INVOLVEMENT OF P2RS IN MECHANICAL FORCE MEDIATED PATHOPHYSIOLOGICAL PROCESS
Mechanical forces, such as shear stress, stretch and microgravity, cause physical deformation of cell structure (Cox et al., 2019), which has been a hotspot in cellular biomechanics for decades. Shear stress is the frictional force exerted on cells by a fluid environment (Klems et al., 2020). Mechanical stretch mainly comes from the distension of organs or tissues. These mechanical forces are common in bone and in the gastrointestinal, circulatory and urinary systems (Miyamoto et al., 2014; Kauffenstein et al., 2016; Linan-Rico et al., 2016; Xu et al., 2017). The development and morphogenesis of living organisms require the generation of mechanical forces, which is a critical apart of mechanobiology (Yu et al., 2018).
P2Rs-Mediated Mechanotransduction in the Cardiovascular System
P2Rs are involved in cardiovascular pathological processes, such as vascular inflammation and atherosclerosis (Wang et al., 2017). As shown in a clinical study, P2Y2R and Gq/G11 (G proteins) control blood pressure by mediating endothelium mechanotransduction (Wang et al., 2015). Another study reported that exposure of endothelium to disturbed blood flow appears to generate multiple inflammatory signals, including p38 signaling, E-selectin and Interleukin-8 secretion, which is regulated by ATP-dependent P2X7R (Green et al., 2018). In this process, P2X7R promotes endothelium inflammation at atheroprone sites by transducing ATP signals into p38 activation. According to the literature, P2X7R might represent a potential therapy for improving endothelial dysfunction and subsequently atherosclerosis. Based on a study on cardiomyocytes, purinergic signaling appears to be related to mechanical stress-induced cardiac fibrosis (Nishida et al., 2008). In this study, pannexin 1-dependent P2Y6R activation in cardiomyocytes induced the expression of fibrogenic factors, which activated cardiac fibroblasts in a paracrine manner. Additionally, in rat atrial myocytes, an increase in Ca2+ influx induced by shear stress during a hemodynamic disturbance was abolished by pharmacological blockade of P2Y1R. Thus, it can be seen that P2Y1R plays an important role in regulation of cardiac contraction (Kim and Woo, 2015).
Regulation of Bone Mechanotransduction by P2Rs
The mechanical environment in which bone cells are embedded is a dynamic combination of various mechanical stimuli, including shear stress, strain and osmotic pressure (Qin et al., 2020). Like in the cardiovascular system, the shear stress of fluid flow is the main force stimulation applied to osteocytes in bone. The abundance of P2Rs in bone points to their potential role in bone homeostasis (Ottensmeyer et al., 2018).
In a murine calvarial osteoblast MC3T3-E1 cell line, when compressive force was applied to MC3T3-E1 cells by centrifugation, the pressure increased extracellular ATP via induction of VNUT (Inoue et al., 2020). Subsequently, VNUT-mediated ATP release inhibited osteoblast differentiation through P2X7R and/or P2Y2R. A recent study also reported that P2Y14R, the only P2YR stimulated by uridine diphosphate sugars, contributed to the differentiation of osteoblasts under a mechanical stimulus, which was confirmed in primary murine osteoblasts and a C2C12-BMP2 osteoblastic cell line (Mikolajewicz and Komarova, 2020). Another study indicated that ATP release induced by low-intensity pulsed ultrasound promotes osteoblast proliferation and osteogenic responses via the activation of P2X7R (Manaka et al., 2015). In addition, P2Y13R contributes to mediation of osteogenic responses to mechanical loading by regulating ATP metabolism in osteoblasts (Wang et al., 2013). Based on a micro-CT analysis of osteoclasts from P2Y2R−/− mice, activation of P2Y2R under mechanical loading regulates bone resorption and mineralization by enhancing ATP release (Orriss et al., 2017).
Roles of P2Rs in Other Pathophysiological Processes
P2Rs are activated in other organs and systems, such as the gastrointestinal system and bladder. For example, endogenous ATP released after abnormal intestinal wall extension induces visceral pain by activating P2X2R and P2X3R on nociceptive neurons (Wynn et al., 2004). In the process of mucosal stroking reflex of the guinea pig distal colon, 5-HT activates intrinsic primary afferent neurons, and ATP release activates P2Y1R on secretomotor cholinergic neurons, leading to an increase in short circuit current/chloride ion secretion (Cooke et al., 2004). Unlike the aforementioned model, in the touch/stretch reflex of the distal colon of rats, 5-HT release caused activation of P2Y1R, P2Y2R and P2Y4R, resulting in a net increase in chloride secretion (Christofi et al., 2004). P2Y1R also seems to play a major role in increasing 5-HT levels in response to a mechanical stimulus of the ileum mucosal epithelium of the guinea pig (Patel, 2014). Interestingly, in this research, the P2Rs inhibitor had no impact on 5-HT levels in the distal colon. This finding is likely due to differences in interactions between 5-HT and P2Rs in different regions of the gastrointestinal tract. Elucidating the underlying mechanism will benefit our understanding of gastrointestinal tract signaling. In addition, a study has shown that P2X3R plays an important role in colon mechanotransduction and hypersensitivity (Shinoda et al., 2009). However, the specific mechanism of action of P2X3R remains to be confirmed.
During bladder filling, ATP release and subsequent P2YRs activation mediates the storage capacity of the urinary bladder in response to membrane stretch, indicating the importance of P2YRs to the physiological function of the bladder (Mansfield and Hughes, 2014). When urothelial cells are stretched, ATP-dependent P2Rs activation leads to the release of Ca2+, thereby preventing an overactive bladder and fecal incontinence (Guan et al., 2018). In mice, the absence of P2Y6R in dorsal root ganglia leads to an increase in the afferent sensitivity of traction stimulation signals, resulting in frequent micturition and a decrease in bladder capacity (Kira et al., 2017).
From a functionality point of view, these literatures point to a key role for P2Rs as mechanotransducers in multiple organs and systems. Supplementary Figure S1 illustrates a proposed relationship between P2Rs and mechanosensitive molecules, and P2Rs mediated-pathophysiological process. Antagonists or agonists of P2YRs are widely used to treat various diseases, such as dry eye syndrome and inflammation (Jacobson et al., 2020). However, the lack of availability of selective agonists for P2XRs remains a problem (Illes et al., 2021). Moreover, given that most drugs still being tested in preclinical experiments, rigorous clinical investigations and subsequent development of new medications targeting P2Rs are required.
CONCLUSION
In response to extracellular mechanical stimulus, the interaction of P2Rs with TRP channels, integrins, Cav-1 or hemichannels initiates complex signaling cascades, contributing to changes in the pathophysiological state. Therefore, targeting P2Rs, offers great promise as a novel therapeutic strategy in dysregulated mechanotransduction. Significant advancements have deepened our understanding of the structure and functions of P2Rs in mechanotransduction. Activation of P2Rs seems to be a downstream event caused by the release of nucleotides exposed to a mechanical stimulus. The potential function of P2Rs as direct mechanosensors needs further research. Fortunately, the widespread availability of single-molecule localization microscopy in the area of sub-cellular structures means it is now possible to study interactions between membrane channel proteins and their accessory subunits (Stone et al., 2017). Such studies hold promise in shedding light on the study of the interaction between P2Rs and mechanosensitive molecules.
Future directions for research include studies on:1) the potential role of mechanical stress in direct activation P2Rs, independently of chemical agonists; 2) the protein–protein interaction domains between P2Rs and mechanosensors; 3) ATP release-mediated coupling of the mechanosensitive ion channel piezo2 and P2Rs; 4) the relationship between extracellular matrix stiffness and P2Rs; 5) the role of other P2Rs in mechanotransduction, such as P2X6R, P2Y11R and P2Y12R; 6) and the development and testing of drugs that target P2Rs in mechanotransduction.
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Extracellular ATP and its ultimate degradation product adenosine are potent extracellular signaling molecules that elicit a variety of pathophysiological pathways in retina through the activation of P2 and P1 purinoceptors, respectively. Excessive build-up of extracellular ATP accelerates pathologic responses in retinal diseases, whereas accumulation of adenosine protects retinal cells against degeneration or inflammation. This mini-review focuses on the roles of ATP and adenosine in three types of blinding diseases including age-related macular degeneration (AMD), glaucoma, and diabetic retinopathy (DR). Several agonists and antagonists of ATP receptors and adenosine receptors (ARs) have been developed for the potential treatment of glaucoma, DR and AMD: antagonists of P2X7 receptor (P2X7R) (BBG, MRS2540) prevent ATP-induced neuronal apoptosis in glaucoma, DR, and AMD; A1 receptor (A1R) agonists (INO-8875) lower intraocular pressure in glaucoma; A2A receptor (A2AR) agonists (CGS21680) or antagonists (SCH58261, ZM241385) reduce neuroinflammation in glaucoma, DR, and AMD; A3 receptor (A3R) agonists (2-Cl-lB-MECA, MRS3558) protect retinal ganglion cells (RGCs) from apoptosis in glaucoma.
Keywords: ATP, adenosine, age-related macular degeneration, glaucoma, diabetic retinopathy
INTRODUCTION
Purines and their derivatives, most notably adenosine and ATP, are the key molecules controlling intracellular energy homoeostasis and nucleotide synthesis (Huang et al., 2021). High concentrations of ATP are present within cells and ATP is released into the extracellular milieu during cellular damage or death. Extracellular ATP acts at P2 receptors, including ligand-gated ion channel (P2X1-7) receptors and metabotropic G-protein linked purinergic receptors (P2Y1,2,4,6,11-14) (Jacobson et al., 2020; Illes et al., 2021), whereas adenosine acts at P1 G protein-coupled receptors, classified into four subtypes: A1R, A2AR, A2BR and A3R (Santiago et al., 2020). Expression of several P1 and P2 receptors were detected in the retina (Figure 1) (Ventura et al., 2019). ATP and adenosine metabolizing in the extracellular conditions mediate pathologic process within the retina (Figure 1). ATP signaling is tightly regulated by ectonucleotidases including ectonucleoside triphosphate diphosphohydrolases (NTPDases) such as CD39, which rapidly hydrolyses ATP and ADP to AMP (Dwyer et al., 2020). And then 5′-ectonucleotidase CD73 degrades AMP to adenosine (Dwyer et al., 2020). Commonly, ATP and adenosine acting at their respective receptors generate opposite responses (Kukulski et al., 2011; Sanderson et al., 2014; Jacobson et al., 2020; Illes et al., 2021). Excessive extracellular ATP released from stressed retinal cells is recognized as an endogenous danger signal in retinal injury or age-related macular degeneration (AMD), glaucoma, and diabetic retinopathy (DR) (Notomi et al., 2011; Niyadurupola et al., 2013). In this review, we focused on the mutual or opposite roles of ATP and adenosine in retinal cells linked to the three types of blinding diseases (AMD, glaucoma, and DR), as well as emphasized the therapeutic potential of agonists and antagonists of ATP receptors and ARs for these diseases.
[image: Figure 1]FIGURE 1 | In the left, schematic representation illustrating the expression of P2 and P1 receptors (Ventura et al., 2019). P, Pigment epithelium cell; R, rod cell; C, cone cell; H, horizontal cell; B, bipolar cell; M, Müller cell; A, amacrine cell; G, ganglion cell. In the right, ATP and adenosine metabolizing in the extracellular conditions and mediate pathologic process within the retina. Extracellular ATP is hydrolyzed to ADP, AMP, adenosine by the activity of CD39 and CD73. Extracellular ATP and adenosine interact, therefore causing their activation, with P2 (P2X, P2Y) and P1 (A1, A2A, A2B, A3) purinergic receptors, respectively. On one hand, Calcium-dependent cell death pathways due to increased ATP or glutamate and inflammasome-dependent cell death pathway induced by P2X7 pore formation accompanied with activation of apoptosis-inducing factor, both contribute to retinal cells death or apoptosis. Extracellular ATP stimulates retinal microglia activity to release neurotoxic factors, (e.g.TNF-α, IL-1β) exerting pro-inflammatory action. Stimulation of P2X7R raises lysosomal pH (blue arrows) in RPE cells and lowers autophagy, which contribute to lysosomal alkalinization and lipofuscin accumulation. On the other hand, A1R and A3R inhibit adenylyl cyclase decreasing intracellular cyclic adenosine monophosphate (cAMP) levels (red arrows) while A2AR and A2BR activate adenylyl cyclase increasing intracellular cAMP levels (blue arrows). Adenosine acting at A1R significantly decreases the glutamate-induced calcium influx (red arrows) contributing to cell survival. Adenosine exerts anti-inflammatory action, as well as decreases lysosome pH (red arrows). Moreover, A1R opening the potassium and chloride channels, increases the fluid clearance from the edematous retina via increased extrusion into the blood of ionic osmolytes.
ATP AND ADENOSINE IN THE RETINA
ATP and Adenosine in the Retinal Neuronal Cell Death or Survival
ATP is released from all main types of retinal neurons (horizontal, bipolar, amacrine, and ganglion cells) being a co-transmitter with inhibitory (GABA), or excitatory (glutamate) neurotransmitters, and neuropeptides (Ward et al., 2010). Similar to glutamate excitotoxicity, high levels of extracellular ATP released by stressed cells activate P2 receptors on neighboring neurons causing influx of calcium. The cytotoxic calcium overload is induced by overactivation of P2X receptors evoking calcium influx through receptors themselves or through voltage-gated calcium channels and by activation of P2Y receptors that induces a sustained calcium influx following rapid transient release of calcium from internal stores (Fletcher, 2010; Aplin et al., 2014; Fowler et al., 2014). Much attention has been attracted to P2X7R which forms large plasma membrane pores that mediate cytolysis and inflammasome-dependent cell death (Fowler et al., 2014). Under pathological conditions, the upregulation of P2X7R predisposes retinal neurons to damage. For instance, the increased level of extracellular ATP caused by the elevation of the intraocular pressure in glaucomatous eyes chronically activates P2X7R thus leading to death of a subpopulation of RGCs (Zhang et al., 2007). Apart from the ATP released from the retinal cells to cause cell death, exogenous administration of ATP also impairs retinal cells (Puthussery and Fletcher, 2009). Further evidence demonstrated that the BzATP- (P2X7R agonists)-mediated Ca2+ increases is 112-fold higher compared to ATP in cultured RGCs, when both agonists were used at 10 µM; 62-fold at 30 μM; and 23-fold at 100 µM. BzATP led to a concentration-dependent reduction in the number of cells with a median lethal dose of 35 µM, which was prevented by the P2X7R antagonists BBG and oxidized ATP, rather than 30 µM suramin (a nonselective P2 receptor antagonist) (Zhang et al., 2005). Moreover, high concentrations of ATP injected into the eyes of rodents (Puthussery and Fletcher, 2009) or feline (Aplin et al., 2014) model also lead to rapid irreversible loss of photoreceptor. Intravitreal injection of 50 mM ATP causes significant loss of visual function within 1 day and loss of 50% of photoreceptor cell within 1 week in eyes of rats (Vessey et al., 2014). Thirty hours after 100 μL intravitreal injection of ATP with a concentration of 55 mM in a feline model, widespread photoreceptor cell death took place (Aplin et al., 2014); and injection of ATP with concentrations of 11, 22, or 55 mM caused loss of retinal function and gross changes in retinal structure within 2 weeks.
Adenosine protects neurons against hyperexcitation and glutamate toxicity by inhibiting presynaptic voltage-dependent calcium channels thus reducing transmitter release of glutamate, acetylcholine, and ATP (Chen et al., 2014; Santos-Rodrigues et al., 2015), or inhibiting N-methyl-d-aspartate (NMDA) receptors (Hartwick et al., 2004). Adenosine modulates RGC function and confers general neuroprotection through A1R (Lu et al., 2017). Acting at A3R adenosine inhibits P2X7-induced increases in calcium and apoptosis of RGCs (Boia et al., 2020). In isolated rat RGCs, adenosine (10 and 100 μM) significantly decreased the glutamate-induced calcium influx, which was blocked by A1R antagonist 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) (Hartwick et al., 2004). Chronic activation of A2AR dependent cAMP signaling prevents glutamate-induced cell death in chick retinal neurons and photoreceptors (Paes-de-Carvalho et al., 2003). Stimulation of A3R by either endogenous or synthesized agonist (2‐Cl‐lB‐MECA or MRS3558) can reduce calcium response to NMDA receptor activation in retinal ganglion cells (Zhang et al., 2010). These data suggest that the adenosine exerts an inhibitory influence on retinal neurons by modulating excitatory glutaminergic signaling, thus promoting retinal neural cells survival. Stimulation of A1R with the agonist N-Cyclopentiladenosine (CPA) protected against photoreceptor cell death in light-induced retinal degeneration model probably due to the presynaptic inhibition of glutamate release and the modulation of NMDA receptor activity (Soliño et al., 2018). This protective capacity of adenosine at photoreceptor cell is consistent with neuromodulator role of adenosine in glutaminergic signaling.
ATP and Adenosine in the Retinal Pigment Epithelium (RPE) Cell Degeneration
ATP can be released at sites of inflammation and upregulate P2X7R expression in human epithelial cells; P2X7R mRNA and protein are also expressed in retinal pigment epithelium (RPE) cells (Yang et al., 2011). Therefore, ATP released during pathologic conditions increases P2X7 expression in the RPE and thus increases the vulnerability of RPE cells to extracellular ATP-induced cell death. Both endogenous P2X7 agonist ATP and the synthetic, P2X7 agonist BzATP increased intracellular Ca2+ by extracellular Ca2+ influx and induced apoptosis of RPE cells. These effects are inhibited by P2X7 antagonist OxATP but not by the P2 receptor antagonist suramin (Yang et al., 2011), indicating that ATP induced RPE apoptosis by activation of P2X7R. Stimulation of P2X7 also activates p38, which induces secretion of monocyte chemoattractant protein-1 (MCP-1), interleukin 8 (IL-8), and vascular endothelial growth factor (VEGF); IL-8 and VEGF promote angiogenesis leading to choroidal neovascularization, a hallmark of wet AMD (Fowler et al., 2014). Balance between extracellular ATP and adenosine alters lysosomal activity of RPE cells and the production of lipofuscin. Stimulation of P2X7R raises lysosomal pH in RPE cells and decreases autophagy, which contributes to lysosomal alkalinization (Guha et al., 2013) and digestion impairment of peroxidized photoreceptor lipids, resulting in accumulation of lipofuscin and formation of lipoprotein-containing drusen beneath the RPE (Guha et al., 2013). Conversely, adenosine stimulating A2AR reacidifies lysosomes. The mechanism underlying restoration of acidic lysosomal pH may be linked to the elevation of cytoplasmic cAMP following stimulation of adenosine A2AR (Liu et al., 2008). In summary, elevation of adenosine signaling represents a positive response of RPE cells to AMD.
ATP and Adenosine in the Müller Cell Volume
Müller cells intimately contact neurons and non-neural structures providing for uptake of neurotransmitters from extracellular space, as well as controlling retinal potassium and water homeostasis to maintain the extracellular space volume (Bringmann et al., 2006). Activation of P2X7 depolarizes Müller cells, thus decreasing the rate of the glial glutamate uptake resulting in elevated extracellular glutamate levels. Glutamatergic neurotransmission evokes ion currents which lead to osmotic imbalances and a swelling of neuronal cells bodies and synapses (Vogler et al., 2013). Intense neuronal activity also decreases extracellular osmolarity due to the activity-dependent decrease in extracellular sodium chloride which is approximately twice as large as the increase in extracellular potassium (Vogler et al., 2013). Then, decreased extracellular osmolarity and the uptake of neuron-derived osmolytes contribute to Müller cells swelling and retinal edema (Vogler et al., 2013). Under this hypoosmotic conditions, passive potassium efflux through Kir4.1 channels and activation of a purinergic signal transduction cascade (consecutive ATP and adenosine from Müller cells) are two main mechanisms preventing swelling of Müller cells (Pannicke et al., 2004). Release of ATP from Müller cells is central to maintain water dynamics in the retina, while preventing this release causes retinal swelling and edema (Reichenbach and Bringmann, 2016). On the other hand, adenosine acting at A1R results in the opening of potassium and chloride channels that allow ion efflux thus increasing fluid clearance from the edematous retina (Schwartz et al., 2016).
Osmo-mechanosensitive release of ATP from Müller cells is impaired in diabetic retinopathy (DR). In contrast, glutamate-induced release of ATP from Müller cells remains protective against osmotic swelling. Various receptor ligands such as vascular endothelial growth factor (VEGF) induce a release of glutamate from Müller cells thus contributing to purinergic signaling involved in the inhibition of osmotic swelling (like above) (Reichenbach and Bringmann, 2016; Schwartz et al., 2016). Extracellular ATP is converted by NTPDase2 to ADP that activates P2Y1, further facilitating release of adenosine by nucleoside transporters and ultimately inhibit cell swelling (Weick et al., 2005). These data suggest that extracellular ATP contributes to neuronal hyperexcitation and edema development under pathological conditions, whereas VEGF-induced glutamate and glutamatergic-purinergic signaling (especially adenosine signaling) prevent retinal edema. Therefore, activation of P2Y1R or A1R would be considered as a potential strategy for the control of retinal edema.
ATP and Adenosine in the Microglial Activity
Microglia contribute to retinal inflammation, migrating toward the region of injury where they phagocyte pathogens. However, excessive or prolonged activation of microglial reactivity can cause chronic microgliosis and loss of autoregulatory mechanisms thus leading to retinal inflammation and degeneration (Kerur et al., 2013; Santiago et al., 2020). Extracellular ATP stimulates retinal microgliosis in response to overstimulated glutamatergic transmission which is a pathogenetic factor in hypoxia, glaucoma, DR, and photoreceptor degeneration (Liu et al., 2016; Loukovaara et al., 2017). Reactive microglia promote the release of neurotoxic factors such as tumor necrosis factor-α (TNF-α), IL-1β, oxygen and nitrogen free radicals, and Fas-ligand, contributing to neuronal and photoreceptor cell degeneration (Baudouin et al., 2020). Upregulation of TNF-α, IL-1β, and IL-6 that occurs following P2X7 activation induces RGCs death under elevated intraocular pressure (Sugiyama et al., 2013). Therefore, suppression of microglia reactivity has protective effects.
Adenosine possesses anti-inflammatory properties in retina (Aires et al., 2019a; Aires et al., 2019b). The increased adenosine at inflamed sites can protect against cellular damage by activating A2AR (Ibrahim et al., 2011), by inhibiting release of TNF-α from microglia induced by hypoxia and lipopolysaccharide, and by inhibiting microgliosis (Jamwal et al., 2019). Cannabidiol, an anti-inflammatory molecule, prevents the adenosine uptake and subsequently activates adenosine A2AR to inhibit retinal microglia activation (Liou et al., 2008). Considering the contribution of neuroinflammation for the pathophysiology of retinal degeneration, therapies focused on pro-inflammatory ATP and immunosuppressive adenosine and their receptors are significant to retinal blinding diseases.
THERAPEUTIC POTENTIAL OF ATP AND ADENOSINE IN RETINAL DISEASES
Glaucoma
Increased vitreal concentration of ATP has been identified as a contributing factor in the death of ganglion cells and observed in animal models and humans with glaucoma (Reigada et al., 2008), the second leading cause of blindness in the world, accompanied by elevated intraocular pressure (IOP), death of RGC, and increased inflammatory response (Baudouin et al., 2020). ATP modulates retinal neurotransmission, affecting retinal blood flow and intraocular pressure. The ATP analog β,γ-methylene ATP is more effective in reducing intraocular pressure (40%) than muscarinic agonists such as pilocarpine (25%) and β-adrenoceptor blockers (30%), raising the potential for the use of purinergic agents in glaucoma (Burnstock, 2006). In chronic glaucoma, ATP is released via pannexin hemichannels in astrocytes of the optic nerve and stimulates P2X7R that can lead to cell death in the retina (Beckel et al., 2014). Antagonists of the P2X7R prevent neuronal apoptosis in the retina induced by ATP. At present, the P2X7R antagonists Brilliant Blue G (BBG) and MRS2540 have been proved to be useful in treating glaucoma (Sakamoto et al., 2015; Dong et al., 2018). Agonists of P2Y2 receptor (P2Y2R) and P2Y6 receptor (P2Y6R) decrease IOP (Markovskaya et al., 2008; Ginsburg-Shmuel et al., 2012; Jacobson and Civan, 2016). Topically applied P2Y6R agonist UDP reduced rabbit IOP by 17%, while TG46, a potent agonist of the P2Y6R, administered topically decreased IOP in rabbits by 45% (Markovskaya et al., 2008; Ginsburg-Shmuel et al., 2012).
Treatment with A1R agonists (such as INO-8875) lowers IOP by enhancing aqueous humor outflow (Lu et al., 2017). A2AR agonist CGS21680 decreased retinal inflammation in a mouse model of traumatic optic neuropathy (Ahmad et al., 2013). A3R agonists such as 2-Cl-lB-MECA (Galvao et al., 2015; Boia et al., 2020) and MRS3558 (Jacobson and Civan, 2016) protect RGCs from apoptosis induced by ATP and other factors that activate the P2X7R. Therefore, targeting this receptor might be beneficial for glaucoma affecting RGCs. Selective A2AR antagonist (SCH58261) suppressed elevated pressure-induced inflammation, oxidative stress, and cell death in retinal cells (Aires et al., 2019a), as well as prevented RGC death from high intraocular pressure-induced transient ischemic injury (Madeira et al., 2016). Intravitreal injection of A2AR antagonist ZM241385 reduced microgliosis and downregulated the proinflammatory cytokines expression in rat model (Liu et al., 2016). These apparent contradictory results might be explained by the type of injury inflicted, different modes of drug administration, and the cell types involved. This issue is significant because effects mediated by A2AR are bidirectional, depending on the target cell (Dai and Zhou, 2011). Another interesting study indicated that the relationship between intake of caffeine, a nonselective antagonist of ARs, and glaucoma was null, but greater consumption of caffeine was associated with higher prevalence of IOP and glaucoma (Kim et al., 2020).
Diabetic Retinopathy
DR is another major cause of blindness, accompanied by chronic inflammation, neuronal and glial dysfunctions, and cell death. Metabolic disorders and hyperglycemia may lead to change of intracellular and extracellular nucleotide levels (Loukovaara et al., 2017). Extracellular ATP induces formation of P2X7R pores and cell death in retinal microvessels in the model of DR (Burnstock and Novak, 2013; Burnstock, 2018), suggesting that purinergic vasotoxicity plays a crucial role in microvascular cell death, a feature of DR. With respect to extracellular ADO in DR, it was demonstrated that triamcinolone, used clinically for the rapid resolution of diabetic macular edema, can induce the release and formation of endogenous adenosine and subsequently activate A1R receptors resulting in ion efflux through potassium and chloride channels and prevention of osmotic swelling (Wurm et al., 2008). A1R-dependent mechanism may contribute to the inhibition effect of triamcinolone on osmotic swelling of Müller glial cells in retinas (Uckermann et al., 2005; Wurm et al., 2008). Using A2AR agonist CGS21680 decreased hyperglycemia-induced retinal cell death, and reduced tumor necrosis factor-α release in activated microglia in DR (Ibrahim et al., 2011). Intravitreal injection of the A2AR antagonist SCH58261 protected the retina against microglial reactivity and neuroinflammation, rescued retinal vascular leakage, reduced retinal cell death and the loss of retinal ganglion cells induced by diabetes (Aires et al., 2019b).
Furthermore, caffeine could reduce RPE cells monolayer permeability after exposure to high glucose and desferoxamine, and prevent outer blood-retinal barrier (BRB) damage by inhibiting apoptotic cell death (Maugeri et al., 2017). Neuroprotective effect of caffeine on RPE cell monolayer is likely to be mediated through the antagonism of A2AR. This study provides a potential innovative drug for diabetic macular edema (DME). Nevertheless, another study carried out on chick embryo retinas showed that caffeine exposure raised A2AR expression at 18 and 24 h, while decreased A2AR expression after 48 h (Brito et al., 2016). Retinas exposed to caffeine had increased levels of phosphorylated extracellular signal-regulated kinase and cAMP-response element binding protein, but decreased protein expression of tyrosine hydroxylase, calbindin and choline acetyltransferase (Brito et al., 2016). Such modulatory role of caffeine in retinas might be directly associated with regulation of adenosine system, as well as different neurotransmitter systems. To further confirm the protective effect of caffeine is mediated by antagonism on AR, future works are needed to evaluate the caffeine’s effect on expression of AR and AR-associated downstream effector genes.
Age-Related Macular Degeneration (AMD)
AMD is responsible for ∼9% of all cases of blindness worldwide (Stahl, 2020). The disease is characterized by pathological alteration in the RPE and loss of photoreceptor cell (Stahl, 2020). Activation of P2X7R induces extracellular Ca2+ influx and lysosomal alkalinization in the RPE leading to apoptosis and degeneration (Yang et al., 2011; Fletcher, 2020). In wet AMD with sub-retinal hemorrhage, the release of extracellular ATP induced severe photoreceptor cell loss and the vitreous samples of AMD patients showed higher extracellular ATP levels. All hallmarks of photoreceptor cell apoptosis were prevented by a selective P2X7R antagonist BBG (Notomi et al., 2011, 2013), encouraging the potential application of BBG as a neuroprotective agent in retinal degeneration linked to excessive extracellular ATP. Stimulation of A2AR with specific agonists CGS21680 can reacidify damaged lysosomes (Liu et al., 2008). Nevertheless, A2AR antagonist, SCH58261 decreases upregulation of the expression of pro-inflammatory mediators in human microglial cells, as well as decreases the inflammatory response, ultimately increasing the clearance of apoptotic photoreceptor cells (Madeira et al., 2018).
CONCLUSION
In this review, current information on the roles of extracellular ATP and adenosine involved in the pathophysiological processes within retina demonstrated that extracellular ATP acts as a neurotransmitter while adenosine exerts an inhibitory influence on retinal neuron by modulating excitatory glutaminergic signaling. Very large concentrations of extracellular ATP cause cell death while adenosine promotes cell survival in retinal neural cells and RPE cells. What’s more, extracellular ATP and adenosine balance lysosomal activity in RPE cells, as well as Müller cells volume; pro-inflammatory ATP and immunosuppressive adenosine maintain retinal microglia activation linked to neuroinflammation and retinal degeneration. Once excessive, extracellular ATP released from retinal cells during inflammation, oxidative and osmotic stress, ischemic hypoxia, mechanical stimulation, and cell injury aggravated the development of AMD, glaucoma, and DR.
Based on the commonly harmful role of extracellular ATP and the protective role of adenosine described above, it is well established that inhibition of P2 receptors or activation of P1 receptors are possible way to treat retinal diseases. In particular, P2X7-targeted therapy protects retinal cells from degeneration and the P2X7 antagonist BBG is an approved adjuvant in ocular surgery. Selective agonists of ARs, especially A1R and A3R which prevent inflammation, neuronal hyperexcitation and P2X7 activation, are demonstrated by multiple studies in vitro or vivo to lower intraocular pressure, reduce neuroinflammation and apoptosis. However, conflicting data are available regarding a potential use of A2A antagonists for the protection from retinal degeneration. Beneficial or maleficent effects of caffeine, a nonselective antagonist of A2AR, have been demonstrated by different studies dependent on different time windows of caffeine response or animal development phase, even though available study proposed that caffeine could be considered as innovative therapeutic drug for macular edema.
However, what is the role of other purinergic receptors in retina and retinal diseases remains unclear. For instance, many drugs targeting purine metabolism or purinergic signaling have been developed. The US FDA database shows that several approved purinergic signaling target-related drugs, including adenosine and caffeine citrate injection, are mainly used in the cardiovascular system (Huang et al., 2021). In addition, Gefapixant (AF-219) (P2X3R antagonist) is used for the chronic cough. However, the dinucleotide Up4U (diuridine tetraphosphate), marketed Diquas (P2Y2R agonist), is the only drug used in clinical practice for ocular diseases (dry eye). Notably, P2Y12 receptor (P2Y12R) antagonists have been widely used as platelet inhibitors to prevent thromboembolism. But currently no clinical trials on the use of P2Y12 antagonists in retinal disease have been performed even though P2Y12 antagonists could be helpful to retinal microvascular disorders in DR. It is worthy of further study and discussion.
ATP and adenosine acting independently as receptor ligands, are interrelated as adenosine is a hydrolytic product of ATP by the activity of ectonucleotidases CD39 and CD73 in the retina. Right now few studies on the presence of ectonucleotidases in the retina are present in the literature, therefore deeper insights into these ectonucleotidases (CD39 and CD73) in mediating purinergic signaling and interacting with the immune system in relation to retinal pathophysiology might markedly promote our understanding in ATP and adenosine within retina and develop therapeutic modalities to treat retinal diseases.
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INTRODUCTION
Human satellite cells are able to secrete exosomes containing guanosine-based molecules, mainly guanosine (Guo) (Pietrangelo et al., 2018). This evidence suggests that Guo-based exosomal cargo could have an important role in the secretome’s fascinating world. It may be that exosomes stuffed with Guo released by human skeletal muscle stem cells communicate with surrounding fibers (paracrine action) and with stem cells (autocrine action) for muscle regeneration as for the endocrine function. Till now, a large number of studies in the last decade have shown that striated muscle contraction indeed has an endocrine function. This documented endocrine activity is based on the release of proteins and peptides called “myokines”; however, the finding of Guo-stuffed exosomes and GTP in the extracellular milieu envisages a new scenario in the skeletal muscle–dependent communication.
Interestingly, the Guo-exosomal cargo released by muscle compartment could be delivered for the central nervous system, in which the Guo-based molecules have been demonstrated to act in different physiological and pathological conditions (Bettio et al., 2016). Our unpublished data reveal that Guo-stuffed exosomes are present in human blood and have also been found in urine. So, despite the general idea that Guo-stuffed exosomes are released for the endocrine purpose has to be confirmed, it seems fairly possible. Recently, several studies have reported the involvement of Guo-mediated signaling in behavioral outcomes, such as neuroprotection, and anxiolytic-like and analgesic effects (Almeida et al., 2017; Frinchi et al., 2020).
Yet, Guo-based molecules must surely have an important role in signal transduction if excitable cells preserve plasma membrane–specific receptor binding sites, as demonstrated for the extracellular guanosine triphosphate (eGTP) both in murine myoblasts and rat neuron-like cells (Mancinelli et al., 2012; Mancinelli et al., 2020). In fact, eGTP stimulation has a role in myogenesis, via activation on myoblast plasma membranes, opening the intermediate calcium-activated potassium channels on the plasma membrane. The resulting transient cellular hyperpolarization acts as a first “electric shock” for myoblasts that soon would accelerate proliferation and become committed, partly to rescue quiescence, partly to fusion and differentiation process (Pietrangelo et al., 2002; Pietrangelo et al., 2006). Moreover, GTP binding sites are present also in PC12 cells, differentiated as sympathetic like cells (Gysbers et al., 2000), as well as in SH-SY5Y (Guarnieri et al., 2009) and for Guo in rat brain membranes (Traversa et al., 2002; Traversa et al., 2003; Zuccarini et al., 2018).
However, the source of eGTP has to be deeply investigated. Apart from the Guo exosomal cargo, the release of GTP from synaptic vesicles and astrocytes in central nervous system (Tasca et al., 2018) has also been demonstrated. On this trail, it is not a pilgrim to think that motoneurons and/or Schwann cells also could release GTP in skeletal muscle following the firing of action potentials. Moreover, considering that mouse myoblasts showed intracellular calcium increase also in response to extracellular Guo, it could also be argued that eGTP is hydrolyzed by ectonucleotidases to extracellular guanosine responsible for activating the extracellular binding sites. Despite many doubts about the source of GTP and Guo in the extracellular milieu of skeletal fibers, most probably Guo-based molecules derive from fiber damage.
Briefly, although Guo-based purines have been largely demonstrated as extracellular signaling molecules with important functions in the central nervous system, the idea that skeletal muscle cells sustain this signaling remained subdued.
My opinion is that Guo-based purines are regulators, produced by skeletal muscle contraction, released as exosomal cargo, and delivered to the nervous system compartment in order to regulate and positively influence it.
[image: Graphical ABSTRACT]GRAPHICAL ABSTRACT | The cartoon represents the skeletal muscle compartment that releases guanosine exosomal‐vehiculated regulators for the neuronal compartment. The idea is that the satellite cells (brown circle) and skeletal fibers (yellow) are the continuous source of Guo‐based molecules able to exert positive regulation on the central nervous system. The contraction, responsible for mitochondrial GTP production through GDP phosphorylation by means of succinyl‐CoA synthetase, sustains GTP and in turn Guo disponibility and BH4 synthesis. Guo‐stuffed exosomes are delivered to neurons that receive adequate amount of Guo‐based molecules to transform into BH4 and in turn to several neurotransmitters (dopamine, serotonin, and noradrenaline).
The mitochondrial activity is a conspicuous contributor for iGTP level that, in turn, could promote the Guo-exosomal cargo
In this scenario, the GTP and Guo-exosomal cargo release by skeletal cells need to be switched on by some signal specifically attributable to skeletal muscle. Maybe it is linked in some way to contraction? If contraction continuously supplies GTP, maybe the cells sense enough amount of Guo-based molecules and decide to secrete it, mainly as Guo stuffed into exosomes and/or as free GTP.
It is worth reminding that there is a conspicuous GTP production selectively linked to mitochondrial metabolism via the GDP phosphorylation by means of succinyl-CoA synthetase on mitochondrial succinyl-CoA transformation in succinate.
Briefly, one acetyl-CoA (final malate) produces three NADH, one FADH, one GTP, and two CO2. Noteworthy, the malate concentration in the mitochondrial matrix is at the mM level; this means that the GTP produced in this process is around the mM level too.
The proton flux rate through the IV complex able to activate ATP synthase has been estimated as 3 × 1021 protons per second coupled with an ATP synthesis rate of 9 × 1020 molecules per seconds; to have an idea 65 kg ATP per day in resting conditions (ATP molecular mass is 507,18 g per mole), so the rate of GTP production could be at this extent and even more thinking about the metabolic engagement during sustained contraction (Zimmerman et al., 2011).
The cytosolic millimolar GTP concentration serves many physiological processes—to mention one of the most important, the G-protein coupled signal transduction and GTP-dependent enzymatic activity, but it may also serve as a sort of metabolic state. We have to consider that Guo is an excellent substrate for the human purine nucleoside phosphorylase that produces GMP, GDP, and GTP (Bzowska et al., 1990). However, the GTP mitochondrial metabolic production sustained by skeletal muscle contraction could determine a large amount of Guo saved in the cytosol and available for exosomal cargo.
GTP and the metabolites BH4 and neopterin are important modulators of both skeletal muscle and the central nervous system signaling related to weakness and fatigability
Is it taken for granted that SM shows fatigue after prolonged contraction as during prolonged physical activity? Muscle weakness and fatigability could be caused by disorders of carbohydrate and lipid metabolism as for most metabolic myopathies (Gooch and DiMauro, 2003), phosphorylase deficiency, and ionic unbalance. However, in many subjects, symptoms of typical exercise intolerance, such as weakness and fatigue, seem nonspecific.
In this scenario, the role of GTP in the production of metabolites as tetrahydrobiopterin (BH4) and neopterin has been relatively neglected.
Among the functions already mentioned, iGTP is the enzymatic cofactor and substrate for guanosine triphosphate cyclohydrolase I (GTPCH1), the enzyme responsible for tetrahydrobiopterin (BH4) synthesis. BH4 is a cofactor of the phenylalanine hydroxylase that transforms the amino acid phenylalanine into tyrosine avoiding phenylalanine accumulation and the possible related metabolic disorder. In fact, BH4 deficiency is a rare and harmful metabolic disorder ranging from mild (low skeletal muscle tone) to severe symptoms (movement and cognitive disorders) that can affect people at different ages (Opladen et al., 2020). It is worth mentioning that BH4 also is involved in the production of monoamine neurotransmitters, the generation of nitric oxide, and pain (Werner et al., 2011; Latremoliere et al., 2015).
Physiological basal levels of BH4 are at tightly controlled concentrations, requiring a tuned regulation of BH4 synthesis. Considerably, different metabolic pathways (de novo synthesis, recycling, and salvage pathways) cooperate to maintain appropriate intracellular levels of BH4, but insufficient attention has been paid to the fundamental role of GTP and its effective concentration. In fact, the higher the GTP, the higher the BH4 production, in dependence of the GTPCH activity (for a review see Ghisoni et al., 2015b). As mentioned before, when mitochondrial metabolism, which in turn depends on skeletal muscle contraction engagement, does not sustain GTP production, probably BH4 level also could be impaired sustaining muscle fatigability. Moreover, GTPCH is an inducible enzyme, having its expression controlled by pro-inflammatory mediators, such as interferon-gamma (IFN-γ), tumor necrosis factor-alpha (TNF-α), interleukin-1beta (IL-1β), and lipopolysaccharides (LPS) (Werner-Felmayer et al., 1989), all mediators of skeletal muscle trophism.
Moreover, BH4 is crucial for the synthesis of the catecholaminergic neurotransmitters such as dopamine and serotonin. It is also mandatory for the cleavage of ether lipids as well as the biosynthesis of nitric oxide (ThöNy et al., 2000; Werner et al., 2011) to be useful for vasodilation (Ghisoni et al., 2015a; Ghisoni et al., 2015b; de Paula Martins et al., 2018; Latini et al., 2018). Altogether, these findings suggest muscle fatigability both at the peripheral and the central level.
DISCUSSION
The Guo and GTP molecules are present in the cytoplasm of resting cells at a concentration of hundred micromolars or millimolars, and the balance between them is tuned by purine nucleoside phosphorylase and nucleotidase activities.
At a glance, the skeletal muscle–central nervous system axis seems promising in terms of mutual influence and communication. In fact, thousands of studies claimed and demonstrated that physical exercise (physiologically sustained by mitochondrial-mediated metabolic activation of skeletal muscle contraction) positively influences mood and cognitive aspects. The main role seems to be tributed to myokines able to stimulate neurons (Severinsen and Pedersen, 2020). In this scenario, the Guo-based molecules can also act as regulators released and delivered through exosomes. Contracting skeletal fibers and their adult stem cells, satellite cells send Guo-based messages via exosomes, bringing positive regulator message to neurons and glia. This model is supported by the possibility of exosomes to cross the blood–brain barrier and subsequently affect brain processes (Saeedi et al., 2019).
The missing step in this speculative opinion remains in the investigation on Guo-exosome cargo and free Guo/GTP molecule uptake and release. Moreover, it remains unclear on how and how long the eGTP could be present in the extracellular space to initiate the signal transduction, or if endonucleotidases attack the eGTP to produce Guo in turn, which is the real responsible for the signal transduction.
It is worth mentioning that the Guo concentration into exosomes released by in vitro human satellite cells was about 5 mM (Pietrangelo et al., 2018). This sounds like a good cargo for shipment forwarded to the destination, and the central nervous system seems a suitable recipient for it. In fact, Guo-based purines have been recently proposed to be not only metabolic agents but also extracellular signaling molecules that regulate essential functions in the central nervous system, so it needs to be refurnished as much as possible, and skeletal muscle activity seems to be a very powerful source. In such a way, Guo-mediated neuroprotection, behavioral responses, and neuronal plasticity are based on skeletal muscle metabolism, specifically on mitochondrial-sustained contraction.
Guo-based exosomal cargo released by skeletal muscle could be considered God Hermes who brings its message: “movement is the essence of life and the essence of human health.” In this scenario, Guo-based molecules activate and tune the human physiology of excitable tissues.
KEY CONCEPT
The key concept is that GTP mitochondrial production sustained by skeletal muscle contraction could determine tetrahydrobiopterin BH4 synthesis and a large amount of Guo saved in the cytosol and available for exosomal cargo. Guo-stuffed exosomes are delivered to neurons in the brain. Guo-based molecules are transformed into GTP and BH4, and in turn to several neurotransmitters. BH4 is involved in the production of catecholaminergic neurotransmitters such as dopamine and serotonin and the generation of nitric oxide. Briefly, Guo-based molecules activate and tune the human excitable tissues.
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Expression
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Activated T and B cells,
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Inflammatory cels
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cells

Follicular DCs, ECs, T and
B lymphocytes
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Function

Converts ATP/ADP to AMP
Converts NAD* to CADP ribose
Production of AMP starting
from different substrates
Converts LPC to LPA

Converts AMP to adenosine

Converts adenosine to inosine

Ref

Mizumoto et al. (2002); Deagio et al. (2007);
Deagiio and Robson (2011); Kishore et al. (2018)
Linden et al. (2019)
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Specie/age/brain region

Animal models

Mice/45-180 days/hippocampus Rat/
2 weeks

Rats/neonatal/forebrain

Mice/P1/cortex

Mice/P21-P23/hippocampus

Mice/ventral hippocampus CA1

Mice/6-8 weeks/somatosensory cortex

Rats/neonatal/cerebral cortex

Mice/12-14 weeks/cortex

Mice/5, 12 weeks/ippocampus dentate
gyrus

Rat/prelimbic cortex, central amygdala,
perifornical lateral hypothalamic area, and
dorsal raphe nucleus
Humans, tissues and cells

Humans/23-92 years/post-morte tissue
of MDD patients (5) and mentally healthy
controls (5)/frontal lobe, temporal lobe,
thalamus, subventricular zone

Humans/recent-onset schizophrenia
patients (20) and 20 non-psychiatric controls
(20y/myeloid cell

Humans/dermal fibroblast cells

Humans/60-80 years old/occipitalcortex,

corpus callosum, choroid plexus

Human patients with AD/70-90 years old

Human patients with MS/rats (8-11 weeks)/
tissue

Humans/newborns (), children (4), adults
(5), elderly individuals (S)/cortex, hippocampus

Human/foetal brain tissue

Humans/59-78 years old/MCA area mice/
12-18 weeks/

Humans/59-78 years old/Mice/
8-12 weeks/hypothalamic paraventricuiar
nucleus

Human/30-97 years old/white matter

Experimental techniques

In vivo two-photon imaging; immunofluorescence;
rat primary microgla live imaging; western blot
Real time RT-PCR; calcium imaging; westem biot;
immunocytochemistry

Immunocytochemistry; IB4 staining; quantitative
PCR; western blot

Primary microglia culture; in vitro phagocytosis
assay; caldum imaging; FACS sorting; gene
expression arrays; real-time GPCR

Constitutive and induced microgla-specific
knockout of P2Ys receptors; behaviour tests (open
field, elevated plus maze, light/dark box, fear
conditioning): in vivo two-photon imaging;
electrophysiology; immunocytochermistry
Photothrombotic stroke; two-photon imaging:
immunocytochemistry and confocal imaging

Facial nerve axotomy; primary cel culture; northern
blot; in situ hybricisation; immunocytochemistry

Electrophysiology; immunofiuorescence; STORM
super-resolution microscopy

Sleep deprivation; behavioural tests (open field test;
novel object recognition test; elevated plus maze
test); histological examinations; RT-PCR;
immunocytochemistry; western blot
Immunocytochemistry; densitometry and cell
counts; histology; GRT-PCR

Freshly isolated microgiial cell suspension; purified
with CD11b" assisted multiplexed single-cell mass
cytometry. Immunocytochemistry

Monocytes induced into microglia-ike cells; RNA
isolation and sequencing; mass cytometry;
phagocytosis assay; immunocytochemistry and
microscopy

Human induced pluripotent stem cells (PSCs);
immunocytochemistry; scanning electron
microscopy; flow cytometry; engraftment assays
electrophysiology; PCR

Freshly isolated microgiial cell; quantitative RT-PCR;
IRF8 + isolation and sorting of nucle;
immunocytochemistry; western blot analysis; fiow
cytometry

Immunocytochemistry, confocal microscopy

Experimental autoimmune encephalomyeltis in rats;
human microgla isolation; immunocytochemistry;
-PCR; western blot; autoradiography

Immunocytochernistry; microscopy

Human monocyte-derived macrophages culture;
immunocytochemistry; quantitative real time PCR;
flow cytometry; calcium imaging; cell migration
assays; ELISA

MCAO; histology; cloning; in utero electroporation;
in vivo two-photon imaging; calcium imaging;
immunocytochemistry; STORM super-resolution
imaging; immunoelectrone microscopy; electron
tomography

Invivo pharmacological treatments and
chemogenetics; histology; cloning; in utero
electroporation; isolation of microglal cells;
quantification of ATP; in vivo two-photon imaging;
immunocytochemistry; confocal laser scanning
microscopy

Post-mortem immunocytochemistry

Main findings

Activation of P2Y, receptors triggers extension
of microglial processes

Stimulation of P2Y 1, receptors instigated
processes extension towards the source of ADP
P2Y,, receptors-mediated Ca®* signalling
regulate the migration and phagocytic ability of
microglia during post-natal brain development
Genetic deletion of P2Y1 receptors affected
microglial phagocytosis and neurogenesis
suggesting active role of microglia in regulation of
this process

P2Y, receptors contribute to microglia-
dependent suppression of neuronal excitabilty as
well as to innate fear behaviours

Expression of P2Y receptors declined
significantly 14 days after stroke; which
correlated with the development of secondary
neurodegeneration and neuronal damage
P2Y,, receptors are expressed selectively in
microglia. Number of P2Y receptor expressing
cells increased following facial nerve axotomy
Spreading depolarisation increased the density of
microgial P2Y; receptors and increased
association of microglial processes to neurones in
P2Y,-dependent manner

Sleep deprivation resulted in a decrease in
microgiial P2Y; receptors

Sleep deprivation increased Ibat staining, but iid
not affect immunoreactivity of P2Y,, receptors
and pro-infiammatory cytokines

A subpopulation of microgiia from MDD brains
have increased expression of P2Y;, receptors,
arguably associated with an increase in
homeostatic and neuroprotective capacity of
microgiial cels in the diseased nervous tissue
P2Y4 receptors mRNA was enriched in a sub-
population of cels from schizophrenia patients

Microglia derived from iPSCs displayed ramified
morphology and 100% expression of P2Ys2
receptors. Stimulation of these cells with
lipopolysaccharide resuited in downregulation of
P2Y4; receptors expression

P2Y, receptor expression is unaltered in normal-
appearing tissue from MS patients indicating
overall preservation of microglia homeostatic
phenotype

The P2Y; positive microglal cels of
heterogeneous morphology populated outer
regions of senile plaques

P2Y;, receptors were assodiated with an anti-
inflammatory phenotype; expression of P2Y;,
receptors was decreased in tissues with active
MS lesions

Expression of P2Y; receptors in the brain
microglia s stable throughout human lfespan.
Density of P2Y;, expressing microglia is similarly
constant throughout life. NS pathologies are
associated with a decrease in P2Y1>
immunoreactivity

P2Y,, is selectively expressed on human
microglia and elevated under neuropathological
conditions that promote Th2 responses, such as
parasitic CNS infection

P2Y,, receptors support formation and
maintenance of somatic microglia-neurone
junctions and mediate microglial neuroprotection
in ischaemia

Microgiial P2Y; receptors are instrumental in
defence against neurotropic viruses

Activated microgla in the active and slowly
expanding lesion sites in the white matter of MS
patients demonstrated significant down-
regulation of P2, receptors, in the inactive
lesions however the P2, positive microgiia re-
emerged
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