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Introduction

Purine biosynthetic enzymes can organise themselves into dynamic cellular bodies referred to as purinosome. Understanding the concept within which altered purinosome function controls purinergic transmitter network with other proteins coordinating the multitude aspects of cell behaviour requires a synopsis of purine biogenesis and metabolism, with a focus on the relevant cellular functions and molecular pathways involved. As ATP is the primordial form of chemical signalling patrolling the whole purinergic system, this introduction will illustrate the fundamental elements implicated in complex system interactions providing an in-depth, up-to-date, review on current literature.

Cell homoeostasis, movement, and metabolism

Extracellular nucleotides

Cells display a variety of different shapes in order to optimise their functions. Regulation of cell geometry features a steady-state flux of ubiquitous adenosine triphosphate (ATP) energy supply as well as adenosine (adenine riboside) underling important implications in Chapter 1 2 cellular organisation, compartmentalisation, and function. While the intracellular role of ATP has been established many years ago (Gordon, 1986;[START_REF] El-Moatassim | Extracellular ATP and cell signalling[END_REF][START_REF] Khakh | THE DOUBLE LIFE OF ATP[END_REF] as the reservoir of potential chemical energy, at the cytosolic level, extracellular ATP and adenosine have been suggested to participate in vital biological processes including neurotransmission excitability, platelet activation, cardiac function, tissue injury, chronic inflammation, lymphocyte activation, signal transduction such as phospholipid scrambling and secretion in many cell types [START_REF] Skrabanja | Potential value of adeno ine 5 -triphosphate (ATP) and adenosine in anaesthesia and intensive care medicine[END_REF]Faulds et al., 1991;Gordon, 1986;[START_REF] El-Moatassim | Extracellular ATP and cell signalling[END_REF].

Following the release of ATP and adenosine into the extracellular milieu, many cells may express different subclassifications of purinergic and/or nucleotide receptors, such as P2 for ATP or P1 for adenosine [START_REF] Burnstock | Classification and Characterization of Purinoceptors[END_REF], according to their ligand affinity and specificity (Table 1.1). Specifically, to date, there are four subsets of P1 receptors (A1, A2A, A2B, A3), a family of G-protein coupled receptors (GPCR; 7transmembrane receptor, 7-TMR), whereas P2 receptors can be classified into two additional receptor subfamilies ligand-gated ion channels P2X1-7 and GPCR/7-TM receptors P2Y1, 2,3,6,11-14 (discussed in chapter 1.2). Ultimately, they elicit a variety of intracellular responses of physiological as well as pathological importance. In the extracellular milieu, ATP and adenosine balance is tightly regulated by the concerted activity of ectoenzymes CD39 and CD73. This is vital for the production of adenosine through the degradation of extracellular ATP and whether or not tolerance/immunity are ensued (Silva-Vilches et al., 2018;[START_REF] Mizumoto | CD39 is the dominant Langerhans cell-associated ecto-TP a e : Mod la o ole in inflamma ion and imm ne e on i ene[END_REF].
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P2 E i helial and endo helial cell , imm ne cell , ala e , o eocla PLC ac i a ion, In addition, central to cell plasticity, cell motility and phagocytosis is the spatially controlled polymerisation of ATP-bound globular [G] actin monomers to the barbed (+) end of actin filaments (AFs) creating a dense network called actin cortex [START_REF] Van Horssen | Modulation of Cell Motility by Spatial Repositioning of Enzymatic ATP/ADP Exchange Capacity[END_REF][START_REF] Chhabra | The man face of ac in : Ma ching a embl factors with cellular structures[END_REF]. Notably, although ATP is not required for polymerisation, the addition of ATP-bound G-actin monomers elongates approximately 10-fold faster at the barbed end, as compared to ADP-bound G-actin monomers at the pointed (-) end.

Consequently, ADP-actin dissociates more readily than ATP-actin. Because of this difference, for the system to be in a steady state, there is a net loss of actin monomers from the pointed end, which is, in turn, balanced by a net addition of ATP-actin from the barbed end. This process is described as treadmilling. Together, this strengthens the importance of adequate ATP as well as adenosine supplies for the mechanism of cell assembly and disassembly, cell movement, including cell division after mitosis, and changes in cell structure.

Interestingly, actin bundles containing dense, closely spaced same polarity AFs with barbed ends are located adjacent to the plasma membrane (PM). Such synergy provides structural and functional support to lipid organisation [START_REF] Cooper | Structure and Organization of Actin Filaments[END_REF] and lipid phase separation [START_REF] Honigmann | A lipid bound actin meshwork organizes liquid phase separation in model membranes[END_REF] within the PM. This supports the fundamental principle of lipid raft theory, influencing receptors trafficking and regulation at the PM through interactions between cholesterol, sphingolipids, and saturated phospholipids [START_REF] Honigmann | A lipid bound actin meshwork organizes liquid phase separation in model membranes[END_REF][START_REF] Simons | Functional rafts in cell membranes[END_REF][START_REF] Simons | Membrane organization and lipid rafts[END_REF]. Furthermore, recent mass spectroscopy tools have allowed unprecedented data on the lipidome compositions of the two PM leaflets in human erythrocytes [START_REF] Lorent | Plasma membranes are asymmetric in lipid unsaturation, packing, and protein shape[END_REF].

The results confirmed PM asymmetry transbilayer composition, showing phosphatidylcholine (PC), choline-containing phospholipids and sphingomyelin (SM) in the exoplasmic (outer) leaflet of the PM, whereas phosphatidylethanolamine (PE), phosphatidylserine (PS) and phosphatidylinositol (PI) occupy the cytoplasmic (inner) leaflet (Figure 1.1a). It has been shown that this segregation of charged lipids to the inner leaflet may have functional implications for the folding, insertion, and orientation of transmembrane proteins [START_REF] Doktorova | Structural and functional consequences of reversible lipid asymmetry in living membranes[END_REF][START_REF] Dowhan | Lipid-Assisted Membrane Protein Folding and Topogenesis[END_REF][START_REF] Entova | Insights into the key determinants of membrane protein topology enable the identification of new monotopic folds[END_REF].

The PM is therefore in a constant state of flux whereby lipids are continuously shuffled between leaflets by ATP-consuming asymmetry-driven enzymes (flippases and floppase) and ATP-independent phospholipid scramblases (as detailed in 1. 3.2). Together, these transporters mediate the bidirectional trasnbilayer of lipids flow responsible for maintaining specific lipid distributions in the PM. Recent insights have identified two major families of PM phospholipid scramblases belonging to TMEM16 (most notable is TMEM16F or ANO6) as bona fide lipid channels and Xk-related proteins (Figure 1.1b).

Immune cells are a perfect example for understanding ATP-gated P2X7 receptor and TMEM16F channel implications in the regulation of PM asymmetry and diseases.

Dissipation or loss of PM lipid asymmetry induced by elevated extracellular ATP or nucleotides escaping dying cells can trigger the activation of the ATP-gated P2X7 receptors, resulting in a high intracellular Ca 2+ level and subsequent membrane blebbing.

It is likely that this mode of activation, ATP P2X7 PS exposure bleb, is orchestrated by a synergistic interaction with TMEM16. Remarkably, defects in TMEM16F activation following an increase in cytosolic Ca 2+ prevent PS exposure, resulting in the bleeding disorder known as Scott Syndrome. This research thesis pivots on understanding the underlying regulatory mechanisms taking place between P2X7 receptors and TMEM16F channels following immune cell activation.

The biology of adenosine triphosphate

ATP is one of the most evolutionary conserved nucleotides, acting as a universal energy source in living cells and commonly employed as a phosphate donor for around 200 different kinases [START_REF] Traut | Physiological concentrations of purines and pyrimidines[END_REF]. Under physiological conditions, it has been estimated that a human being contains a total ATP concentration of about 0.4-1 µM [START_REF] Bakker | Plasma Hemopexin Activity in Pregnancy and Preeclampsia[END_REF][START_REF] Faas | Extracellular ATP and adenosine : The Yin and Yang in immune responses?[END_REF]Ryan et al., 1996), which can be recycled up to 750 times per day to provide a steady supply of energy throughout the day (H. [START_REF] Chen | En ma ic egene a ion and con e a ion of ATP : Challenges and opportunities[END_REF]. Cells display complex mechanisms for synthesising ATP, making its interactions with other signalling systems central to understanding various aspects of cell metabolism, motility, structure, and signalling. Indeed, the hydrolysis of ATP is essential for the active transport of diverse macromolecules, including proteins, lipids, and large-size carbohydrates across the cellular membrane. Examples include small molecule receptors inducing signalling cascade leading to changes in PM asymmetry; ATP released at sites of cells/tissues injury increase cytosolic calcium, which inhibits flippases activation scramblases resulting in loss of lipid asymmetry. (Image source: [START_REF] Doktorova | Structural and functional consequences of reversible lipid asymmetry in living membranes[END_REF].

The rapidly growing class of ATP-binding cassette (ABC) transporters falls into this category. These are ubiquitous membrane proteins coupling the energy derived from the hydrolysis of ATP to the translocation of solutes across lipid bilayers against a concentration gradient [START_REF] Holland | ABC Proteins : From Bacteria to Man[END_REF][START_REF] Hollenstein | Structure and mechanism of ABC transporter proteins[END_REF][START_REF] Schneider | ATP-binding-ca e e (A C) an o em : Functional and structural aspects of the ATP-hydrolyzing subunits/domains[END_REF]. In eukaryotic cells, this proteinaceous transporter has been associated with cystic fibrosis [START_REF] Ambudkar | Pgl co o ein : F om genomic o mechani m[END_REF], extrusion of chemotherapeutic drugs, resulting in multidrug resistance in cancer cells [START_REF] Deeley | Transmembrane Transport of Endoand Xenobiotics by Mammalian ATP-Binding Cassette Multidrug Resistance Proteins[END_REF], and antigen presentation (Higgins, 1992). Moreover, in bacteria, ABC transports aid in extruding toxic substances, contributing to antibiotic resistance [START_REF] Davidson | ATP-Binding Cassette Transporters in Bacteria[END_REF]). Typically, the domain organisation of an ABC transporter consists of two hydrophobic transmembrane domains (TMDs) containing six membrane-spanning segments and two highly conserved ATPhydrolysing domains referred to as nucleotide-binding domains (NBDs) (Higgins, 1992).

In eukaryotic systems, TMD and NBD modules are expressed together, yielding a single polypeptide chain, whilst in bacteria, one TMD is fused to one NBD, generating individual functional subunits (Higgins, 1992;[START_REF] Hollenstein | Structure and mechanism of ABC transporter proteins[END_REF]. Together, TMD domains are believed to dictate the substrate specificity of ABC transporters.

On the contrary, the highly hydrophilic NBDs can be viewed as the motor domains of the ABC proteins, consisting of RecA-like and helical subdomains, and would normally be located at the cytoplasmic face of the membrane [START_REF] Hollenstein | Structure and mechanism of ABC transporter proteins[END_REF]. The conserved primary structures of the ATP-binding domains comprise two short motifs known as the Walker sites, associated with many nucleotide-binding proteins, and the Q, D, and A loops (Higgins, 1992;[START_REF] Higgins | Complete nucleotide sequence and identification of membrane components of the histidine transport operon of S. typhimurium[END_REF][START_REF] Walker | Distantly related sequences in the alpha-and beta-subunits of ATP synthase, myosin, kinases and other ATP-requiring enzymes and a common nucleotide binding fold[END_REF]. Together, they mediate ATP binding, hydrolysis, and interfaces in the assembled transporter [START_REF] Hollenstein | Structure and mechanism of ABC transporter proteins[END_REF][START_REF] Schneider | ATP-binding-ca e e (A C) an o em : Functional and structural aspects of the ATP-hydrolyzing subunits/domains[END_REF]. Nucleotide binding occurs in the Walker-A motif, whereas the Walker-B motif, or the catalytic base, contains a conserved glutamate residue orchestrating the nucleophilic attack on ATP through a water molecule. The latter is preceded by a linker peptide or signature motif LSGGQ, recognising the nucleotide in the ATP-bound state. Crystal structure studies have provided key aspects on the role of the Q-loo a a a e en o connec ing he -phosphate ATP moiety with Q550 of the Qloop [START_REF] Zaitseva | H662 is the linchpin of ATP hydrolysis in the nucleotide-binding domain of the ABC transporter HlyB[END_REF] and contributing to NBD-TMD coupling inducing important conformational changes transmission [START_REF] Hollenstein | Structure and mechanism of ABC transporter proteins[END_REF]. Though, the D-loop sequence is not well characterised, Zaitseva et al., suggested that it might be involved in the monomer-monomer contact interface between the two NBDs communicating the functional state of one ATPase-binding site to the other [START_REF] Zaitseva | H662 is the linchpin of ATP hydrolysis in the nucleotide-binding domain of the ABC transporter HlyB[END_REF].

Insights into the A-loop showed 25 highly conserved aromatic residues upstream of the Walker A motif stack against the adenine ring of ATP [START_REF] Ambudkar | The A-loop, a novel conserved aromatic acid subdomain upstream of the Walker A motif in ABC transporters, is critical for ATP binding[END_REF]. Thus, given the complexity of such a system, it is not surprising that 18 out of 48 ABC genes present in the human genome have been involved in clinical manifestations of illnesses.

For instance, in humans, the product of the cystic fibrosis transmembrane conductance regulator (CFTR) gene consists of a deletion of F508 located in the NBDs [START_REF] Annereau | A novel model for the first nucleotide binding domain of the cystic fibrosis transmembrane conductance regulator[END_REF][START_REF] Tsui | The spectrum of cystic fibrosis mutations[END_REF]. The primary evidence demonstrating that the CFTR was responsible for cystic fibrosis (CF) came from a mutation study that showed that 68-70% of CF cases resulted from a deletion of phenylalanine at position 508 [START_REF] Rommens | Identification of the Cystic Fib o i ene : Ch omo ome Walking and J m ing[END_REF][START_REF] Rommens | Identification of the Cystic Fib o i ene : Ch omo ome Walking and J m ing[END_REF]. It is believed that the cause may arise from the inability of the mutant to fold efficiently, leading to the proteolytic degradation of the protein [START_REF] Welsh | Molecular mechanisms of CFTR chloride channel dysfunction in cystic fibrosis[END_REF].

Energy transduction mechanisms in cells

In humans, ATP energises the transduction of chemicals into mechanical movement. Key to this mechanochemical structure is myosin, orchestrating along with AFs muscle contractions (Smith, 1988). Cells contain numerous actin-binding proteins (ABPs) that strongly govern cyclic polymerisation and de-polymerisation of actin, as de c ibed in he afo emen ioned eadmilling oce . M o in mo o belonging o he fourth class of ABPs commonly comprise a conserved motor domain containing actinactivated ATPase and a converter subdomain that amplifies and transmits structural rearrangements from the motor domain to the lever arm. The latter region is composed of IQ motifs, forming a helix specialised for the binding of calmodulin and calmodulin-like light chains. Adjacent to this is a variable coiled-coil dimerisation domain involved in protein folding, followed by the cargo-binding domain (Sweeney & Houdusse, 2010).

Over 35 classes of myosin have been characterised in mammalian cells [START_REF] Odronitz | Drawing the tree of eukaryotic life based on the analysis of 2,269 manually annotated myosins from 328 species[END_REF], all elongating toward the barbed end of AFs, with the exception of myosin VI, which is pointed end directed [START_REF] Wells | Myosin VI is an actin-based motor that moves backwards[END_REF]. When the muscle contracts, either actively during contraction or passively by stretching, mutual sliding arrays of thick myosin filaments and thin AFs occur, resulting in the shortening of sarcosomes the contractile regulatory units found on muscle cells [START_REF] Brenner | The mechanism of muscle contraction. Biochemical, mechanical, and structural approaches to elucidate cross-bridge action in muscle[END_REF][START_REF] Huxley | The mechanism of muscular contraction[END_REF]. Importantly, this sliding force is originated in the motor domain of myosin filaments through cyclic interactions with actin molecules [START_REF] Fujii | Structure of actomyosin rigour complex at 5.2 Å resolution and insights into the ATPase cycle mechanism[END_REF]. Here, it is the ATPase site of the myosin head that regulates the cyclic interactions (association and dissociation) of myosin with AFs [START_REF] Lymn | Mechanism of adenosine triphosphate hydrolysis by actomyosin[END_REF], leading to the so-called actomyosin ATPase cycle. Briefly, binding of MgATP induces myosin to rapidly hydrolyse ATP in the absence of actin; however, the release of the hydrolysis products phosphate (Pi) and ADP only occurs in the actin-bound myosin conformational change.

The rate of Pi and ADP release dictates kinetic tuning differences among myosin motors determining the ratio spent between the actin-binding states, known as the duty ratio (Sweeney & Houdusse, 2010). This ATPase-coupled reaction cycle of actomyosin is central to the cellular function of the contractile apparatus. Indeed, mutations occurring within these genes may result in the development of diseases such as nemaline myopathy, in which the regulation of the sarcomere thin filament is impaired leading to weakness of skeletal muscles, respiratory insufficiency, and death [START_REF] González-Jamett | Hereditary Myopathies[END_REF].

Molecular dynamics studies have also found that ATP energises the flagellum protein export apparatus of Escherichia coli and Salmonella through an ATPase ring complex involving FliI6 export protein [START_REF] Bai | Assembly dynamics and the roles of FliI ATPase of the bacterial flagellar export apparatus[END_REF][START_REF] Kitao | Molecular dynamics simulation of bacterial flagella[END_REF][START_REF] Nakamura | Flagella-Driven Motility of Bacteria[END_REF]. The latter is thought to hydrolyse ATP, thus activating the transmembrane export gate complex [START_REF] Nakamura | Flagella-Driven Motility of Bacteria[END_REF].

Thirdly, high levels of ATP are central to DNA and RNA synthesis processes [START_REF] Conaway | ATP activates transcription initiation from promoters by RNA polymerase II in a reversible step prior to RNA synthesis[END_REF], 1989;[START_REF] Enomoto | ATP Requirement for the Processes of DNA Replication in Isolated HeLa Cell Nuclei1[END_REF][START_REF] Gershowitz | Multiple roles for ATP in the synthesis and oce ing of m A b accinia i : S ecific inhibi o effec of adenosine (beta,gamma-imido) triphosphate[END_REF]. ATP serves essentially as a precursor for all nucleotide biosynthesis. Indeed, it is required for the de novo pathway, which is involved in the synthesis of purine and pyrimidine through phosphoribosyl-pyrophosphate (PRPP), and for the salvage pathway, in which purines are Chapter 1 10 synthesised to their respective nucleotides through the PRPP ribose-phosphate group transfer to their base [START_REF] Bhagavan | Nucleotide Metabolism[END_REF]. The PRPP is a high-energy substrate that is synthesised from ribose 5-phosphate in a reaction powered by the pyrophosphate moiety of ATP [START_REF] Bhagavan | Nucleotide Metabolism[END_REF]. Structural features of the de novo and salvage pathways are discussed in section 1.1.2.3. Mutations occurring in the gene coding for the PRPP synthase induce an X chromosome-linked disorder of purine metabolism, leading to hyperuricemia and hyperuricosuria (Zikánová et al., 2018). Furthermore, ATP is generally present in higher concentrations when compared to other nucleoside triphosphates, thus acting as a primary source of transferred phosphate. This peculiar aspect of ATP is of particular interest as the triphosphates of deoxy-nucleosides and nucleosides are substrates for DNA and RNA polymerases, respectively [START_REF] Bhagavan | Nucleotide Metabolism[END_REF]. In addition, the adenine of ATP is directly added to RNA molecules during RNA polymerases, thus acting as a building block of RNA (H. [START_REF] Chen | En ma ic egene a ion and con e a ion of ATP : Challenges and opportunities[END_REF]. During DNA synthesis, binding of ATP to ribonucleotide reductase (RNR) regulates the balance of deoxynucleotides (dNTPs) production in cells: a low dNTP concentration inhibits DNA synthesis, whereas a high concentration can lead to deleterious effects [START_REF] Pai | A C i ical alance : TP and he Main enance of Genome Stability[END_REF]Torrents, 2014).

Early studies have also elucidated multiple roles for ATP in transcription initiation and processing of RNA. e ho i e al., 197 o k ing a ified accina i model provided considerable information on mRNA biosynthesis. This is because the DNA virus contains all the machinery required for synthesising capped, methylated, and polyadenylated mRNA molecules in vitro, leading to actual protein production. In this study, they employed an ATP analogue named AMP-PNP containing an imido group that substitutes the oxygen bridging the 𝛾-phosphate, which prevents the hydrolysis to ADP and Pi by phosphohydrolase enzymes [START_REF] Yount | Adenylyl imidiodiphosphate, an adenosine triphosphate analog containing a P-N-P linkage[END_REF]. They showed that in the presence of AMP-PNP, four critical points of vaccina virus transcription were altered, including RNA synthesis initiation, nascent RNA chain termination, post-transcriptional polyadenylation of he 3 -end of nascent RNA and, lastly, RNA extrusion [START_REF] Gershowitz | Multiple roles for ATP in the synthesis and oce ing of m A b accinia i : S ecific inhibi o effec of adenosine (beta,gamma-imido) triphosphate[END_REF]. Together, the results argued that ATP hydrolysis may be the essential requirement preceding synthesis initiation of all RNA chains. This notion was later supported by the work led by Conaway and Conaway, in which they argued that the ATP and magnesium equilibrium reversibly trigger the activation and inactivation of the transcription system prior to RNA synthesis [START_REF] Conaway | ATP activates transcription initiation from promoters by RNA polymerase II in a reversible step prior to RNA synthesis[END_REF].

ATP effects on global genome structure

Other important molecular aspects of ATP include, but not limited to, regulation of genome topology, activation of autocrine-paracrine signalling, synthesis of cyclic adenosine monophosphate (cAMP; discussed below in 1.1.2.1), biosynthesis of a plethora of biological compounds, immune system activation, and regulation of ion channels. In this section, we begin by considering chromosome organisation shifting eventually our focus on extracellular ATP role and implications in major cell-types involved in innate and adaptive immunity including neutrophils, monocytes, dendritic cells and lymphocytes.

All nucleated cells share the same complement of genetic material their genome.

To counteract the repeated effects of transcription and replication, cells have specialised ATP-dependent molecular machinery that aids in altering the local and global genome topology [START_REF] Hauk | The role of ATP-dependent machines in regulating genome topology[END_REF]. Thus, positioning chromosomes at the centre of numerous critical processes. Chromosomes can be thought of as the information repository of an organism, containing a myriad of genes and intergenomic tracts of DNA.

For instance, the yeast Saccharomyces cerevisiae consists of a relatively small genome made of 16 chromosomes with molecular masses varying between 1.5 10 and 1 10 Daltons (Da), carrying DNA molecules ranging from 2.3 10 5 to 1.532 10 contiguous base pairs (bp), whereas, in human they may contain over 270 million bp [START_REF] Lehninger | Lehninger principles of biochemistry[END_REF]. Given the very size of a cell, the apportionment of DNA molecules poses an intriguing biological puzzle. ATP-dependent chromatin remodelling enzymes organise histone octamers, located at the centre of a nucleosome core particle, bound to DNA [START_REF] Hauk | The role of ATP-dependent machines in regulating genome topology[END_REF]. These chromatin remodelers harbour an ATPase subunit belonging to SNF2 of the super-family 2 (SF2) helicases employing the energy derived from ATP hydrolysis to alter chromatin structures, resulting in nucleosome sliding, eviction, assembly and histone exchange, exposing the corresponding DNA [START_REF] Hauk | The role of ATP-dependent machines in regulating genome topology[END_REF][START_REF] Hogan | The regulation of ATP-dependent nucleosome remodelling factors[END_REF][START_REF] Lin | Yeast chromatin remodeling complexes and their roles in transcription[END_REF]. Four subfamilies of SNF2 motor proteins have been characterised so far, including SWI/SNF, CHD/Mi2, ISWI and Ino80 based on ATPase sites and accessory domains [START_REF] Clapier | The Biology of Chromatin Remodeling Complexes[END_REF][START_REF] Flaus | Identification of multiple distinct Snf2 subfamilies with conserved structural motifs[END_REF]. Furthermore, X-ray work by Durr et al., on Sulfolobus solfactaricus has solved the crystallographic structure of the Rad54 translocase enzyme of the SNF2 motor protein family. Several sequence motifs were found to be implicated in ATP hydrolysis and DNA binding of helicases in the two RecA-type Rad54 domains. Thus, suggesting an ATP-de enden c cle of o en clo ed an i ion of ecA bdomain involved in coupling tight and weak double-stranded DNA (dsDNA)-binding events, ratcheting the duplex DNA through the motor [START_REF] Dürr | X-Ray Structures of the Sulfolobus solfataricus SWI2/SNF2 ATPase Core and Its Complex with DNA[END_REF]. Alterations in ATP-dependent chromatin remodelers have been associated to X-linked mental retardation syndrome and Cockayne, among others [START_REF] Cho | Advances in chromatin remodeling and human disease[END_REF]. Additionally, in bacteria ATP binding to initiator protein, DnaA was found to be central in triggering initiation of chromosome replication the orisome [START_REF] Grimwade | Origin recognition is the predominant role for DnaA-ATP in initiation of chromosome replication[END_REF]. DnaA consists of four domains, and tightly binds to ATP and ADP in domain III, which has been implicated in oligomerisation and helicase loading (Kaguni, 2006;[START_REF] Katayama | The DnaA C cle in E che ichia coli : Activation, Function and Inactivation of the Initiator Protein[END_REF].

ATP d

Cellular release of ATP into the extracellular milieu also acts as a primary signalling molecule in response to mechanical stimuli including osmotic swelling, shrinkage, and lysis [START_REF] Darby | ATP Released From Astrocytes During Swelling Activates Chloride Channels[END_REF], physical perturbation [START_REF] Riddle | ATP Release Mediates Fluid Flow-Induced Proliferation of Human Bone Marrow Stromal Cells[END_REF], and to extracellular biochemical cues such as host-pathogen interactions [START_REF] Bours | Adeno ine 5 -triphosphate and adenosine as endogenous signaling molecules in immunity and inflammation[END_REF].

To avoid potent ATP-induced immune stimulatory effects, extracellular concentrations of ATP are kept in check by a cascade of enzymes rapidly digesting ATP into adenosine and phosphate (Silva-Vilches et al., 2018b;[START_REF] Yegutkin | Nucleotide-and nucleoside-con e ing ec oen me : Im o an modulators of purinergic signalling cascade[END_REF]. Hence, the interrelation between ATP and Ado is central to determining the final effects on major cell types involved in innate and adaptive immunity, and their concentrations in the extracellular compartment are tightly regulated by ectoenzymes (discussed in 1.1.2.2) catalysing their conversion [START_REF] Bours | Adeno ine 5 -triphosphate and adenosine as endogenous signaling molecules in immunity and inflammation[END_REF]. In neutrophils, the bod fi line of defence again infec ion , ATP has been shown to contribute to their effector functions following inflammatory activation Chapter 1 13 through the expression and regulation of CD39, CD73, P2Y-and P2X7-receptor subtypes [START_REF] Bours | Adeno ine 5 -triphosphate and adenosine as endogenous signaling molecules in immunity and inflammation[END_REF][START_REF] Wang | Purinergic Regulation of Neutrophil Function[END_REF]. During early stages of inflammation, extracellular ATP stimulates neutrophil adhesion to the vascular endothelial cells and ensuing extravasation by tethering circulating neutrophils to inflammatory sites [START_REF] Zarbock | Neutrophil Adhesion and Activation under Flow[END_REF]. Extracellular ATP also mediates neutrophil migration to sites of tissue damage by modulating neutrophil accumulation through P2Y2 receptor activation, acting either directly as chemoattractants or indirectly as modulators of the potent neutrophil leukotriene (LT)-B4 production [START_REF] Bours | Adeno ine 5 -triphosphate and adenosine as endogenous signaling molecules in immunity and inflammation[END_REF]. Moreover, ATP-induced chemokine release from cells surrounding inflammation sites may also assist in recruiting neutrophils to these sites, where ATP concentrations are now at their highest. This would now allow neutrophils to exert their bactericidal function without being affected or inhibited by ATP [START_REF] Bours | Adeno ine 5 -triphosphate and adenosine as endogenous signaling molecules in immunity and inflammation[END_REF]. The latter mechanism has also been suggested to be stimulated in an ATP-driven manner via activation of the macrophage antigen (Mac)-1, degranulation, and oxidative burst in neutrophils [START_REF] Miyabe | Effects of platelet release products on neutrophilic phagocytosis and complement receptors[END_REF]. Micromolar concentrations of extracellular ATP acting through P2Y2 is required for pathogen destruction due to mobilisation of degranulation into the phagolysosome or extracellular compartment in human neutrophils [START_REF] Faurschou | Neutrophil granules and secretory vesicles in inflammation[END_REF][START_REF] Meshki | Molecular mechanism of nucleotide-ind ced ima g an le elea e in h man ne o hil : Role for the P2Y 2 receptor[END_REF]. Enhanced neutrophils granule secretion during inflammation can also be achieved in an autocrine manner via P2Y2-mediated LTB4 generation [START_REF] Kannan | Amplification of extracellular nucleotide-induced leukocyte (S) degranulation by contingent autocrine and paracrine mode of leukotriene mediated chemokine receptor activation[END_REF]. Additionally, several studies demonstrated the contribution of extracellular ATP to increased reactive oxygen species production in ATP-primed neutrophils [START_REF] Bours | Adeno ine 5 -triphosphate and adenosine as endogenous signaling molecules in immunity and inflammation[END_REF][START_REF] Melloni | The involvement of calpain in the activation of protein kinase C in neutrophils stimulated by phorbol myristic acid[END_REF][START_REF] Sheshachalam | Granule Protein Processing and Regulated Secretion in Neutrophils[END_REF], as well as to extend the functional life span of neutrophils by delaying the granulocyte macrophage colony-stimulating survival factor (GM-CSF) [START_REF] Gasmi | The diadenosine polyphosphates Ap3A and Ap4A and adenosine triphosphate interact with granulocyte-macrophage colony-im la ing fac o o dela ne o hil a o o i : Im lica ion fo neutrophil: platelet interactions during inflammation[END_REF][START_REF] Raiden | Human Platelets Produce Granulocyte-Macrophage Colony-Stimulating Factor and Delay Eosinophil Apoptosis[END_REF].

In contrast to neutrophils participating chiefly in acute inflammation, mononuclear phagocytes (MP) are major components of chronic inflammation, comprising committed marrow progenitors giving rise to blood stream monocytes and tissue macrophages. Early during embryogenesis, monocyte-like precursors colonise periand extra-vascular sites, becoming resident macrophages, acquiring morphological and functional features representative of the tissue in which they reside (Hume et al., 2019) Chapter 1 14 microglia in the brain. The postnatal surge of monocyte migration is a major source of inflammatory response to the wave of apoptotic cell death events occurring in different tissues at that time [START_REF] Askew | Coupled Proliferation and Apoptosis Maintain the Rapid Turnover of Microglia in the Adult Brain[END_REF][START_REF] Perry | Immunohistochemical localization of macrophages and microglia in the adult and developing mouse brain[END_REF]. This changes their functional phenotype as a result of events developing in the tissue microenvironment (Stout et al., 2005). The physiological basis of macrophages functional heterogeneity enabled the identification of inflammatory monocytes in either classically activated induced by IFN-, TNF , toll-like receptor or alternatively activated triggered by phagocytosis of apoptotic cells or anti-inflammatory cytokines, among others (Stout & Suttles, 2004).

Classical macrophages, however, are equipped with gene-expression programmes allowing them to migrate into tissues under homeostatic conditions [START_REF] Guilliams | Developmental and Functional Heterogeneity of Monocytes[END_REF]. If left unchecked, this may result in uncontrolled excessive inflammation events leading to the destruction of healthy tissues. The adhesion of inflammatory monocytes to vascular endothelial cells is the first step in their migration to the vessel wall. A study by

Ventura & Thomopoulos, suggested that extracellular ATP increases the adhesiveness of U-937 promonocyte cells with an estimated EC50 of 6-10 M contributing to the adhesion of inflammatory to the vascular endothelium [START_REF] Ventura | Effect of ATP and ADP on U-937 Promonocyte Cell Adhesiveness and Intracellular Ca ++ Levels[END_REF].

Additionally, extracellular ATP has been shown to upregulate E-selectin adhesion receptor expression on the cell membrane and apoptosis through P2X7-mediated activation of transcription factor NFkB, reducing the rapid flow of monocytes the monocyte rolling [START_REF] Von Albertini | Extracellular ATP and ADP activate transcription factor NF-kappa B and induce endothelial cell apoptosis[END_REF]. This is augmented upon TNF release from endothelial cells [START_REF] Von Albertini | Extracellular ATP and ADP activate transcription factor NF-kappa B and induce endothelial cell apoptosis[END_REF]. At high extracellular levels, ATP may facilitate transmigration of monocytes between adjacent endothelial cell barriers by either apoptosis, disturbing the endothelium wall integrity [START_REF] Goepfert | CD39 modulates endothelial cell activation and apoptosis[END_REF][START_REF] Goepfert | Disordered Cellular Migration and Angiogenesis in cd39-Null Mice[END_REF][START_REF] Von Albertini | Extracellular ATP and ADP activate transcription factor NF-kappa B and induce endothelial cell apoptosis[END_REF] or by P2Y-mediated shrinkage of the endothelial cells (Tanaka et al., 2004). Similarly to neutrophils, low micromolar concentrations of ATP have been described to enhance the expression of Mac-1 in monocytes, leading to firm adhesion [START_REF] Goepfert | Disordered Cellular Migration and Angiogenesis in cd39-Null Mice[END_REF] as well as stimulation of chemokinesis (random cell motility) central to immune cell mobilisation and deployment [START_REF] Kaufmann | Defense against influenza A virus infec ion : E en ial ole of he chemokine em[END_REF][START_REF] Keller | Motility, cell shape, and locomotion of neutrophil granulocytes[END_REF][START_REF] Salentin | Chemokine receptor expression and chemotactic responsiveness of human monocytes after influenza A virus infection[END_REF]. Both mechanisms have been shown to be G-protein dependent, indicating perhaps P2Y receptor involvement [START_REF] Honda | Extracellular ATP or ADP induce chemotaxis of cultured microglia through Gi/o-coupled P2Y receptors[END_REF]. Together, the monocytic lineage (monocytes and macrophages) represents a major group of cytokineproducing cells linking innate and adaptive immunity through a dynamic network, in which extracellular ATP has been shown to regulate the production of IL-1 , IL-1 , IL-6, IL-18, TNF and others (Figure 1.2) [START_REF] Bours | Adeno ine 5 -triphosphate and adenosine as endogenous signaling molecules in immunity and inflammation[END_REF][START_REF] Parihar | Monocytes and macrophages regulate immunity through dynamic networks of survival and cell death[END_REF]. Lastly, extracellular ATP has also been shown to bi-directionally modulate macrophages-induced phagocytosis of harmful pathogens, allowing the secretions of cytotoxic effectors including production of reactive oxygen species (ROS) and reactive nitrogen species (RNS), via activation purinergic signalling pathways [START_REF] Bours | Adeno ine 5 -triphosphate and adenosine as endogenous signaling molecules in immunity and inflammation[END_REF]. Extracellular ATP also induces maturation of dendritic cells (DCs), representing the most efficient antigen-presenting cells (APCs), which activate naïve T cells for the induction of primary immune responses [START_REF] Banchereau | Dendritic cells and the control of immunity[END_REF]. Immature DCs mainly reside in unperturbed tissues, monitoring the environment for danger signals.

Following differentiation or maturation, DCs migrate from peripheral tissues to T cell areas, releasing both antigen and DC-derived cytokines, thus defining specific lymphocyte-effector mechanisms (e.g., cytotoxic T cells). In particular, la Sala et al., study on the implications of ATP on DCs maturation found that chronic 24 h incubation of immature purified peripheral blood monocytes-derived DCs with 250 M ATP doses led to an upregulation of membrane maturation markers (CD54, CD86, CD80, and CD83)

as well as augmented their ability to induce proliferation of naïve allogenic T cells [START_REF] La Sala | Extracellular ATP induces a distorted maturation of dendritic cells and inhibits their capacity to initiate Th1 responses[END_REF]. The effect of ATP on DCs differentiation was also described to be in synergy with that of locally assorted pro-inflammatory mediators, including TNF , bacterial lipopolysaccharide (LPS) and CD40 ligand, perhaps by simulation of different classes of purinergic receptors, such as P2X7 and P2Y11 [START_REF] Cella | Ligation of CD40 on dendritic cells triggers production of high levels of interleukin-12 and enhance T cell im la o ca aci : T-T help via APC activation[END_REF][START_REF] La Sala | Extracellular ATP induces a distorted maturation of dendritic cells and inhibits their capacity to initiate Th1 responses[END_REF][START_REF] Schnurr | Extracellular ATP and TNF-S ne gi e in he Ac i a ion and Ma a ion of Human Dendritic Cells[END_REF][START_REF] Schnurr | Role of adenosine receptors in regulating chemotaxis and cytokine production of plasmacytoid dendritic cells[END_REF].

The biology of adenosine

ATP b eakdo n od c , he n cleo ide adeno ine (Ado), also exerts an important function in physiology as well as pathophysiology, acting as a crossroads between different metabolic signalling pathways [START_REF] Fredholm | Adenosine, an endogenous distress signal, modulates tissue damage and repair[END_REF]. When compared to ATP, Ado concentrations in the plasma are considerably lower (about 10-fold lower, 40-80 nM; [START_REF] Ontyd | Measurement of adenosine, inosine, and hypoxanthine in human plasma[END_REF]. Nonetheless, levels of Ado may rise markedly in response to cellular damage or stress, such as hypoxia, inflammation, and ischemia [START_REF] Bours | Adeno ine 5 -triphosphate and adenosine as endogenous signaling molecules in immunity and inflammation[END_REF]. As previously discussed, nucleotides are usually hydrolysed by a cascade of extracellular hydrolysis enzymes, resulting in the formation of their respective nucleotides and free phosphates. For adenine nucleotides, the hydrolysis product Ado initiates additional receptor-mediated function, acting as a ligand for the P1 receptor family [START_REF] Fredholm | Purines and neutrophil leukocytes[END_REF][START_REF] Fredholm | Adenosine, an endogenous distress signal, modulates tissue damage and repair[END_REF][START_REF] Zimmermann | Extracellular metabolism of ATP and other nucleotides[END_REF]. Together with ATP, Ado is central to the proper functioning of cells, serving as a component for energy production, and precursor to a component of RNA and DNA molecules. Furthermore, an intracellular increase of adenosine production in response to cellular workload, especially at the synapse, mediates excitatory transmitter release [START_REF] Fredholm | Adenosine, an endogenous distress signal, modulates tissue damage and repair[END_REF][START_REF] Jonzon | Release of Purines, Noradrenaline, and GABA from Rat Hippocampal Slices by Field Stimulation[END_REF]. For insights into Ado production, regulation, and immunomodulation, an overview of Ado catabolising enzymes, and effects on major immune cell type including a wealth of publications on the immunologic impact of ATP and Ado extracellular balance are outlined in this section.

Similarly to ATP, extracellular levels of Ado are tightly governed by so-called ecto-enzymes catalysing their conversion and may be found on cell surfaces or in body fluids [START_REF] Zimmermann | Extracellular metabolism of ATP and other nucleotides[END_REF] (Figure 1. 3). The currently known ectonucleotidases include members of the ecto-nucleoside triphosphate diphosphohydrolase (E-NTPDase) family, ecto-nucleotide pyrophosphatase-phosphodiesterase (E-NPP) family, alkaline phosphatase, and the key enzyme for the formation of extracellular adenosine, ecto-5nucleotidase, also known as lymphocyte surface protein CD73 all partially sharing tissue distribution and substrate specificity [START_REF] Zimmermann | Extracellular metabolism of ATP and other nucleotides[END_REF]. The E-NTPDase family catalyses the sequential degradation of extracellular nucleotide tri-and diphosphates albeit with differing affinity for the individual type of nucleotide. These enzymes share five highly conserved motifs known as apyrase regions, which are of major interest for their catalytic activity [START_REF] Zimmermann | Extracellular metabolism of ATP and other nucleotides[END_REF]. Eight different ENTPD genes encode members of this protein family, of which NTPDase1, 2, 3, and -8 are cell surface-located enzymes containing an extracellularly facing catalytic site involved in the breakdown of ATP to adeno ine 5 -monophosphate (AMP) with the transien od c ion of f ee adeno ine 5diphosphate (ADP) [START_REF] Robson | The E-NTPDase family of ec on cleo ida e : S c e f nc ion relationships and pathophysiological significance[END_REF]. Secondly, the E-NPP family consists of three members, including the murine plasma cell differentiation antigen NPP1 (PD-1a; PC-1), NPP2 (autotaxin) and NPP3 (PD-1b), which are capable of hydrolysing cAMP to AMP, ATP to AMP and ADP to AMP [START_REF] Zimmermann | Extracellular metabolism of ATP and other nucleotides[END_REF]. Interestingly, a splice variant of NPP2, autotaxin, which is a tumour cell motility-stimulating factor, is also involved in the conversion of AMP to Ado [START_REF] Bours | Adeno ine 5 -triphosphate and adenosine as endogenous signaling molecules in immunity and inflammation[END_REF].

The third ectonucleotidase family comprises non-specific ecto-

ho homonoe e a e en me media ing he deg ada ion of n cleo ide 5 -tri-, -di-, and monophosphate. Lastly, the fourth family is characterised by the glycosyl phosphatidylinositol (GP1) CD73 protein, which also represents a maturation marker for T-and B-lymphocytes. Surface-bound CD73 is central to the formation and interconversion of extracellular Ado from released adenine nucleotides, and subsequent signalling through P1 receptors (Zimmermann, 1992). Importantly, CD73-induced adenosine formation has been associated with tumour growth and metastasis [START_REF] Zhang | CD73 promotes tumor growth and metastasis[END_REF]. In addition to CD73, two other enzymes are involved in the regulation and catabolism of extracellular Ado including adenosine deaminase (ADA) and adenosine kinase (ADK) [START_REF] Fredholm | Adenosine, an endogenous distress signal, modulates tissue damage and repair[END_REF]. ADA is a ubiquitously expressed cytosolic enzyme but may also be found on the cell surface in a complex with CD26, which is thought to be an integral component of several cellular processes. Enzymatically, EctoADA functions as a part of the purine metabolism pathways, catalysing the irreversible deamination of Ado and deoxyadenosine, forming inosine and deoxyionosine, respectively. Thus, they contribute to the removal of Ado from the extracellular milieu [START_REF] Bours | Adeno ine 5 -triphosphate and adenosine as endogenous signaling molecules in immunity and inflammation[END_REF][START_REF] Sauer | Autoimmune Dysregulation and Purine Metabolism in Adenosine Deaminase Deficiency[END_REF]. Targeted deletions leading to impaired ADA activity may result in accumulation of Ado, deoxyadenosine and dATP, hence excessive purinergic receptors activation [START_REF] Hönig | Patients with adenosine deaminase deficiency surviving after hematopoietic stem cell transplantation are at high risk of CNS complications[END_REF].

Due to their profound effects on lymphocyte maturation and function, deficiency of ADA leads to severe combined immunodeficiency (SCID) increasing the risk of infection because of generalised immune suppression [START_REF] Sauer | Autoimmune Dysregulation and Purine Metabolism in Adenosine Deaminase Deficiency[END_REF]. ADK is also critically involved in the regulation of extracellular Ado by rapid phosphorylation of Ado into AMP. Thus, maintaining the physiological levels of Ado at a low concentration [START_REF] Fredholm | Adenosine, an endogenous distress signal, modulates tissue damage and repair[END_REF]. Importantly, upon deletion and/or inhibition of ADA, the capacity of ADK is exceeded, resulting in increasing extracellular Ado levels, perhaps contributing to SCID observed in ADA deficient individuals [START_REF] Fredholm | Adenosine, an endogenous distress signal, modulates tissue damage and repair[END_REF][START_REF] Hershfield | New insights into adenosine-receptor-mediated immunosuppression and the role of adenosine in causing the immunodeficiency associated with adenosine deaminase deficiency[END_REF].

Taken together, a broad range of enzymes participate in the regulation of extracellular nucleotides and nucleoside levels in cells and tissue fluids critical to purinergic signalling functioning by ATP and Ado (Figure 1. 3). Furthermore, such coexistence of ATP and Ado-interconverting pathways on the surface of immune and non-immune cells is central to determining the duration, magnitude, and nature of purinergic receptorsinduced signalling. High ATP levels at inflammatory sites enhance the production of pro-inflammatory factors, such as ROS and cytokines inhibiting ATP phosphorylating enzymes CD73, and CD39, which together prolong inflammation as observed in conditions including atherosclerosis and rheumatoid arthritis. On the other hand, as cells undergo apoptosis ATP levels at the inflammatory sites significantly diminish by the dephosphorylation of ATP to Ado facilitated by hypoxia increasing the activity of phosphorylating enzymes facilitating the resolution of inflammation (Image source [START_REF] Faas | Extracellular ATP and adenosine : The Yin and Yang in immune responses?[END_REF].

The role of Ado in the immune system

Ado levels increase in response to conditions of pathology and/or stress in order to diminish the risk of developing adverse events by decreasing cellular work and enhancing energy supply influencing multiple components on immune cells. The clearest example may be attributed to the nervous system. As a neuromodulator, the adenosine A1 receptor affects synaptic transmission via two major mechanisms: inhibition of excitatory neurotransmitters release by limiting calcium entry at the nerve terminals, and secondly by hyperpolarisation of nerves leading to reduced rates of firing, due to increased potassium conductance in the cell body and dendrites [START_REF] Fredholm | Adenosine, an endogenous distress signal, modulates tissue damage and repair[END_REF][START_REF] Fredholm | ACTIONS OF A E SI E AT ITS ECEPT S I THE C S : In igh f om Knocko and Drugs[END_REF][START_REF] Prasad | En me technolog : Pacemaker of biotechnology[END_REF]. Furthermore, adenosine acting on A1 receptors have been shown to limit seizure-dependent cell death [START_REF] Fedele | Adenosine A1 receptors are crucial in keeping an epileptic focus localized[END_REF], whereas in astrocytes, ADK may be involved in decreasing Ado levels, thus promoting cell death [START_REF] Boison | Adenosine kinase, epilep and oke : Mechani m and he a ie[END_REF]Fedele et Chapter 1 20 al., 2006;[START_REF] Kochanek | Adenosine A1 Receptor Knockout Mice Develop Lethal Status Epilepticus after Experimental Traumatic Brain Injury[END_REF]. Additionally, cells of the immune system also express abundant adenosine receptors regulating a plethora of immune functions [START_REF] Fredholm | Adenosine, an endogenous distress signal, modulates tissue damage and repair[END_REF]. Ado-mediated neutrophils activation appear to bi-directionally regulate neutrophil adhesion to the vascular endothelium [START_REF] Bours | Adeno ine 5 -triphosphate and adenosine as endogenous signaling molecules in immunity and inflammation[END_REF]. Increased expression of endothelial P-selectin and neutrophil Mac-1 in response to stimulation of A1 receptors on both neutrophils and endothelial cells have been found to enhance adhesion [START_REF] Cronstein | Neutrophil adherence to endothelium is enhanced via adenosine A1 receptors and inhibited via adenosine A2 receptors[END_REF]. Contrarily, Ado inhibits neutrophil adherence to vascular endothelial cells via acting on A2B receptors [START_REF] Cronstein | Neutrophil adherence to endothelium is enhanced via adenosine A1 receptors and inhibited via adenosine A2 receptors[END_REF][START_REF] Yang | The A2B adenosine receptor protects against inflammation and excessive vascular adhesion[END_REF]. However, it is very likely that Ado-driven inhibitory effects predominate under inflammatory and/or hypoxic conditions, in which extracellular Ado levels are markedly increased. Indeed, studies by [START_REF] Eltzschig | Endogenous adenosine produced during hypoxia a en a e ne o hil acc m la ion : Coo dina ion by extracellular nucleotide metabolism[END_REF][START_REF] Hershfield | New insights into adenosine-receptor-mediated immunosuppression and the role of adenosine in causing the immunodeficiency associated with adenosine deaminase deficiency[END_REF] provided supporting arguments on the implications of extracellular Ado in the regulation of neutrophil leukocytes recruitment to inflamed site.

Using wild-type and CD39-and CD73-null mice, they showed that hypoxia-induced neutrophil activation led to ATP release and elevated CD37 and CD39 expression on the vascular endothelium. Together, these factors accelerated the production of Ado from the released ATP4S breakdown, altering the neutrophil adhesion pathway by activating A2 receptors on neutrophils [START_REF] Eltzschig | Endogenous adenosine produced during hypoxia a en a e ne o hil acc m la ion : Coo dina ion by extracellular nucleotide metabolism[END_REF].

Furthermore, under hypoxic conditions elevated extracellular Ado concentration may be a result of the equilibrative nucleoside transporter (ENT; described in 1.1.2.2) inhibition on the endothelial cells [START_REF] Eltzschig | HIF-1 dependent repression of equilibrative nucleoside transporter (ENT) in hypoxia[END_REF]. Therefore, given A2 receptors expression on endothelial cells providing a barrier to leukocyte migration, it is believed that endogenous adenosine-mediated signalling limits the number of inflammatory neutrophils within a tissue via A2 receptors activation resulting in barrier closing [START_REF] Fredholm | Adenosine, an endogenous distress signal, modulates tissue damage and repair[END_REF]. Following extravasation (or diapedesis) leukocytes migrate away from the vascular endothelium against a chemoattractants gradient present in inflamed tissues.

Chen et al., findings have shown that human neutrophils migration is depended on ATP release amplifying chemotactic signals and direct cell orientation by feedback via ATP receptor and adenosine A3 receptors (Y. [START_REF] Chen | ATP Release Guides Neutrophil Chemotaxis via P2Y2 and A3 Receptors[END_REF]. Indeed, following ATP hydrolysis to Ado, A3 receptors were found to be trafficked to the leading edge of the stimulated cell from the intracellular milieu providing signal amplification, and

Chapter 1 21 subsequent neutrophils migration by coupling to P2Y2 receptors (Y. [START_REF] Chen | ATP Release Guides Neutrophil Chemotaxis via P2Y2 and A3 Receptors[END_REF].

On the other hand, A2 receptor activation elsewhere on neutrophils was shown to promote membrane retraction at the receding end [START_REF] Fredholm | Adenosine, an endogenous distress signal, modulates tissue damage and repair[END_REF]. Hence, such antagonist function observed in adenosine receptor may, actually, work in concert to minimise neutrophil-induced collateral damage to healthy tissues essential to bactericidal function of neutrophils such as phagocytosis, ROS and degranulation [START_REF] Akkari | Recent Progress in the Development of Adenosine Receptor Ligands as Antiinflammatory Drugs[END_REF][START_REF] Bours | Adeno ine 5 -triphosphate and adenosine as endogenous signaling molecules in immunity and inflammation[END_REF][START_REF] Cronstein | Adenosine, an endogenous anti-inflammatory agent[END_REF][START_REF] Fredholm | Purines and neutrophil leukocytes[END_REF][START_REF] Fredholm | Adenosine, an endogenous distress signal, modulates tissue damage and repair[END_REF].

Other major immune regulators of extracellular Ado are macrophages and monocytes. Indeed, these cells express all four adenosine receptors, albeit the expression level and function vary with the phenotype [START_REF] Bours | Adeno ine 5 -triphosphate and adenosine as endogenous signaling molecules in immunity and inflammation[END_REF]. Ectoenzymes regulate mononuclear phagocyte trafficking [START_REF] Salmi | Cell-surface enzymes in control of leukocyte trafficking[END_REF], with CD39 and CD37 expression increasing following differentiation by feedback through, for example, Tolllike receptors (TLR), which in turn regulate adenosine production [START_REF] Fredholm | Adenosine, an endogenous distress signal, modulates tissue damage and repair[END_REF].

Recruitment, adhesion, and migration of these cells to inflammatory foci are critical mechanisms dictating the course of inflammation in tissues. Conflicting studies have been described in the literature concerning the implication of Ado in monocytes, macrophages, and/or microglia function, especially across different species not surprising given the difficulty of studying tissue-resident cells in a well-defined active state. Indeed, some studies described that in human M1 macrophages, exhibiting a pro-inflammatory phenotype, the expression levels of CD39 and CD73 were considerably lower when compared to anti-inflammatory macrophages (i.e., M2). Thus, indicating lower Ado production [START_REF] Zanin | Differential Macrophage Activation Alters the Expression Profile of NTPDase and Ecto-5 -Nucleotidase[END_REF]. While others indicated no changes in macrophage polarisation following exogenous CD73 or AMP inhibition [START_REF] Eichin | CD73 Activity is Dispensable for the Polarization of M2 Macrophages[END_REF]. However, it does seem clear that endothelial A2 receptor activation limits monocytes migration and adherence to the human endothelial cells by inhibiting cytokines release, mediated by down-regulation of nuclear factor Kappa B (NF-kB)-dependent E-selectin expression [START_REF] Bouma | Adenosine inhibits cytokine release and expression of adhesion molecules by activated human endothelial cells[END_REF][START_REF] Bours | Adeno ine 5 -triphosphate and adenosine as endogenous signaling molecules in immunity and inflammation[END_REF][START_REF] Morandini | Action of cAMP on expression and release of adhesion molecules in human endothelial cells[END_REF][START_REF] Zernecke | CD73/Ecto-5 -Nucleotidase Protects Against Vascular Inflammation and Neointima Formation[END_REF].

Moreover, Zernecke et al., work on CD73 knockout (CD73 -/-) mice epitomised the role of CD73 in impairing monocytes functioning through A2 receptors. Indeed, they demonstrated that carotid arteries of CD73-deficient mice showed upregulation of vascular cell adhesion molecule-1 (VCAM-1; CD106) lumina and mRNA levels but reduced intracellular adhesion molecule 1 (ICAM-1; CD54), than do wild-type mice [START_REF] Zernecke | CD73/Ecto-5 -Nucleotidase Protects Against Vascular Inflammation and Neointima Formation[END_REF]. Interestingly, following wire injury, CD73 -/-mice exhibited an even more pronounced increased of endothelial adhesion molecule VCAM-1 then uninjured CD73 -/-mice [START_REF] Zernecke | CD73/Ecto-5 -Nucleotidase Protects Against Vascular Inflammation and Neointima Formation[END_REF]. In agreement with elevated VCAM-1 levels, monocyte arrest were conspicuously increased in CD73-deficient mice and attributed to the counteraction of Ado binding through A2 receptor limiting very late antigen (VLA)-4 binding to VCAM-1 [START_REF] Zernecke | CD73/Ecto-5 -Nucleotidase Protects Against Vascular Inflammation and Neointima Formation[END_REF]. The latter is required for monocytes recruitment to CD73 -/-carotid arteries [START_REF] Zernecke | CD73/Ecto-5 -Nucleotidase Protects Against Vascular Inflammation and Neointima Formation[END_REF]. Together, these findings provide crucial insights on the constitutive regulation of adenosine (as the active metabolite produced by CD73) and inflammatory homeostasis.

Lastly, contrarily to ATP, far less is known about the implications of extracellular Ado regulation processes on antigen-presenting cells such as DCs [START_REF] Fredholm | Adenosine, an endogenous distress signal, modulates tissue damage and repair[END_REF]. P1

receptor expression on dendritic cells appears to be expressed in a phenotype-dependent manner, as in macrophages [START_REF] Bours | Adeno ine 5 -triphosphate and adenosine as endogenous signaling molecules in immunity and inflammation[END_REF][START_REF] Schnurr | Role of adenosine receptors in regulating chemotaxis and cytokine production of plasmacytoid dendritic cells[END_REF]. Since defined lymphocyte populations, expressing A2 receptors, employ extracellular Ado to convey immunosuppressant functions, as described for regulatory T cells, acting as a guidance signal for DCs migration following Treg-derived Ado activation [START_REF] Ring | Regulatory T cellderived adenosine induces dendritic cell migration through the Epac-Rap1 pathway[END_REF][START_REF] Silva-Vilches | Production of Extracellular Adenosine by CD73+ Dendritic Cells Is Crucial for Induction of Tolerance in Contact Hypersensitivity Reactions[END_REF]. First promising evidence for adenosine effects on antigen-presenting cell system were generated from monocyte-derived DCs, in which Ado driven chemotaxis markedly reduced T helper (Th)-1 immune mechanisms by inhibiting TNF and interleukin (IL)-12 [START_REF] Panther | Adenosine affects expression of membrane molecules, cytokine and chemokine release, and the T-cell stimulatory capacity of human dendritic cells[END_REF]. Additionally, Schnurr et al.,study on P1 receptors in human plasmacytoid DCs (PDCs) indicated a dual adenosine-dependent maturation role: Ado acting on A1 receptors regulates immature PDCs recruitment to inflammatory foci, whereas Ado-mediated A2A receptors expressed on matured PDCs downregulates the pool of cytokines attenuating adverse events of improperly sustained cell signaling activation [START_REF] Schnurr | Role of adenosine receptors in regulating chemotaxis and cytokine production of plasmacytoid dendritic cells[END_REF]. Given that Ado is an immunosuppressive metabolite generated by the tumour to promote immune evasion and metastasis (Leone & Emens, 2018) it will be interesting to investigate its effects on the novel type of DCs termed interferon-producing killer DC (IKDC) exhibiting properties of both natural killer (NK) cells and DC (C. W. [START_REF] Chan | Interferon-producing killer dendritic cells provide a link between innate and adaptive immunity[END_REF][START_REF] Pletneva | IFN-producing killer dendritic cells are antigen-presenting cells endowed with T-cell cross-priming capacity[END_REF].

The extensive available literature on the immunomodulatory signalling of the purinergic system mediated by extracellular ATP and Ado, as detailed in these paragraphs, provides strong quality data, encompassing these endogenous signalling molecules and their purinergic receptor counterparts. Altogether, these regulate extremely complex and interdependent inflammatory, and immune processes. In vitro studies have revealed numerous molecular aspects underlying "the purinergic signaling framework," which connects all types of cell behaviors such as proliferation, migration, differentiation, and death. Thus, the following paragraph will address the importance of purine metabolism the purinosome and its components providing exciting evidence on the molecular mechanisms and treatment of human diseases.

Regulators of purinosome

Purinergic signalling is a sophisticated system of regulatory elements that has long been recognised as a fundamental functional unit allowing cells to adopt specific behaviours under dynamically changing conditions. For instance, activation of metabotropic P2Y receptors through ATP contributes to cell proliferation, whereas ATP acting on ionotropic P2X7 receptor may induce cell growth arrest via the recruitment of different protein kinases [START_REF] Neary | Opposing effects of P2X(7) and P2Y purine/pyrimidine-preferring receptors on proliferation of astrocytes induced by fibroblast growth factor-2 : Im lica ion fo C S development, injury, and repair[END_REF]. Thus, deregulation or malfunctioning of purinergic transmission can lead to profound pathophysiological conditions including neurological disease, diabetes, and cancer, to mention but just a few. Given the importance of the purinergic system several drugs have already been developed (including A317491 and AF-219 antagonists for P2X2/3 receptors, JNJ-54175446 unlicensed antagonist for P2X7, tecadenoson agonist for A1 Ado receptor, among others) targeting different purinergic receptors, whilst others are currently undergoing clinical trials [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF].

Therefore, the generation of specific cell morphologies is an active process requiring a broad range of scaffold proteins and cellular regulators that together form the purinosome.

The purinosome is composed of four fundamental units: The omnipresent second messenger cAMP, equilibrative nucleoside transporter (ENT) and concentrative nucleoside transport (CNT), the salvage & de novo pathways generating cellular purine pools, and the mammalian target of rapamycin (mTOR)-microtubule-purinosomemitochondria axis that is central to spatial regulation of the purinosome [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF]. These four building blocks differ in their function and range of cellular effects that govern purine biogenesis and metabolism. Often this means dynamically influencing the outcome of purinergic signalling in tissues microenvironment.

Cyclic AMP

First described in 1957, the cyclic adenosine monophosphate is now the universal second messenger regulator of extracellular ligands, fundamental to cellular physiological responses to hormones, neurotransmitters, cytokines, and lipid mediator i.e., first messengers [START_REF] Sutherland | Fractionation and characterization of a cyclic adenine ribonucleotide formed by tissue particles[END_REF]. The expression and activity of cAMP homeostasis are tightly regulated by two families of enzymes called adenylyl cyclase (AC) and cyclic nucleotide phosphodiesterase (PDE), whose balance is critical for normal metabolism and gene expression in all living organisms [START_REF] Raker | The cAMP Pathway as Therapeutic Target in Autoimmune and Inflammatory Diseases[END_REF][START_REF] Sassone-Corsi | The Cyclic AMP Pathway[END_REF]. AC is comprised of nine membrane-bound isoforms and one soluble isoform [START_REF] Raker | The cAMP Pathway as Therapeutic Target in Autoimmune and Inflammatory Diseases[END_REF] catalysing the conversion of ATP into cAMP (Taussig & Gilman, 1995), and differing in their expression patterns as well as stimulus-specific responses [START_REF] Sassone-Corsi | The Cyclic AMP Pathway[END_REF][START_REF] Mcknight | Macrophages sequentially change their functional phenotype in response to changes in microenvironmental influences[END_REF]. Additionally, PDE consisting of 11 different subfamilies serves as the sole route for degradation of intracellular cyclic nucleotides, occuring in isoforms-and splice variants-dependent manners (Bender & Beavo, 2006). For instance, it has been described that certain cAMP phosphodiesterase enzymes, such as PDE4, increase in response to adenylate cyclase in human Jurkat T-cells, eliciting changes in cAMP expression, which in turn stimulates the mRNA synthesis of new PDEs [START_REF] Erdogan | Challenge of human Jurkat T-cells with the adenylate cyclase activator forskolin elicits major changes in cAMP phosphodiesterase (PDE) expression by up-regulating PDE3 and inducing PDE4D1 and PDE4D2 splice variants as well as down-regulating a novel PDE4A splice variant[END_REF]. Thus, resulting in a cAMP/ PDE-specific feedback loop, contributing to the complexity of this pathway. Furthermore, spatial compartmentalisation of both ACs and PDEs within the cell further regulates the evanescent presence of cAMP at a more subcellular level [START_REF] Serezani | Cyclic AMP : Ma e eg la o of inna e imm ne cell f nc ion[END_REF]. The recognition mechanism occurring between intracellular second messengers and extracellular receptors is what engender unique biochemical reactions involved in a series of physiological effects.

Second messengers are intended to convert and amplify extracellular signals either through the activation of protein kinases or by acting on intracellular ligand-gated channels altering membrane potentials and their degradations, as in the case of PDE in cAMP lead to signal termination [START_REF] Yan | The cyclic AMP signaling a h a : E lo ing a ge fo cce f l d g di co e ( e ie )[END_REF]. Most prominently, AC-derived cAMP production stimulates activation of cAMP-dependent protein kinase A (PKA), a symmetrical complex consisting of a regulatory (R) subunit dimer and two catalytic (C) subunits [START_REF] Brown | Cyclic AMP-specific phosphodiesterase, PDE8A1, is activated by protein kinase Amediated phosphorylation[END_REF]Walsh et al., 1968). Binding of cAMP to the R subunit leads to conformational changes in the PKA holoenzyme, resulting in dissociation of its catalytic subunits, which is now available to phosphorylate with specific Ser and Thr residues on numerous downstream targets, such as the transcription factor cAMP response element-binding protein (CREB) [START_REF] Serezani | Cyclic AMP : Ma e eg la o of inna e imm ne cell f nc ion[END_REF][START_REF] Turnham | Protein kinase A catalytic subunit isoform PRKACA; History, function and physiology[END_REF]. Thus, propagating the cAMP responsive cell signalling cascade events. PKA-induced stimulation from a high level of cytosolic cAMP also leads to phosphorylation of other cAMP response element members including cAMP-responsive modulator (CREM), activation of transcription factor-1 (ATF-1), nuclear factor-( F-), and o he n clea receptors [START_REF] Raker | The cAMP Pathway as Therapeutic Target in Autoimmune and Inflammatory Diseases[END_REF]; thus strengthening the concept of cAMP as a regulator of immunity. Particularly important is the phosphorylation event occurring as a result of PKA activation allowing the aforementioned proteins to interact with the transcriptional coactivators CREB-binding protein (CBP) and p300 upon binding to cAMP-response elements (CREs) in target genes [START_REF] Mayr | Transcriptional regulation by the phosphorylationdependent factor CREB[END_REF][START_REF] Sassone-Corsi | The Cyclic AMP Pathway[END_REF].

Notably, in IPC-81 leukaemia cells the CREM was shown to induce transcripts corresponding to the powerful repressor ICER (Inducible cAMP Early Repressor), which levels remain elevated until cell death [START_REF] Sassone-Corsi | Transcription factors responsive to cAMP[END_REF]. This generates a negative feedback loop that regulates cAMP-induced transcription [START_REF] Sassone-Corsi | Transcription factors responsive to cAMP[END_REF]. cAMP is uniformly distributed all through the cytoplasm of the cell [START_REF] Iancu | Cytoplasmic cAMP concentrations in intact cardiac myocytes[END_REF], forming submembranous pools compartmentalised in microdomains, containing AC and PDE localised next to PKA signalling to A-kinase anchoring proteins (AKAPs) [START_REF] Edwards | A-kina e ancho ing o ein : P o ein kina e A and beyond[END_REF]. Note, however, that the activity of PKA can also be counterbalanced by many other transcription factors, i.e., nuclear receptors (Sassone-Corsi, 2012), or by specific protein phosphatases [START_REF] Raker | The cAMP Pathway as Therapeutic Target in Autoimmune and Inflammatory Diseases[END_REF]. Importantly is the cAMP effector EPAC, a guanine nucleotide exchanger (or GEF), promoting activation of small GTPases, such as Rap1, that results in the increase of integrin-mediated cell adhesion (Bos, 2003(Bos, , 2006)). Thus, making such system much more complex, and together influence the specificity and selectivity of cAMP signalling, tailoring distinct forms of cell or tissuespecific regulation.

Transmitted cAMP directly augments cytosolic cAMP levels, which shortly after excretion is converged to Ado and AMP by the sequential actions of cell-surface bound PDE and the ectoenzymes CD73 and CD39 (Gödecke, 2008;[START_REF] Raker | The cAMP Pathway as Therapeutic Target in Autoimmune and Inflammatory Diseases[END_REF]. Notably, the effect of extracellular cAMP conversion to Ado is dependent on the P1 receptors expressed on neighbouring cells. For instance, Ado-mediated A2A and A2B receptors activation stimulates AC increasing intracellular cAMP levels, whereas by signalling through A1 and A3 receptors, extracellular Ado downregulates AC stimulation, attenuating cAMP generation (Gödecke, 2008;[START_REF] Mazziotta | Cancer biology and molecular genetics of A3 adenosine receptor[END_REF]. Furthermore, due to the ability of cAMP effectors to fuel cellular function, cyclic AMP also exerts modulatory effects on many immune cells (Figure 1.4). Markedly, in the innate immunity, where the functional state of macrophages and polymorphonuclear leukocytes (PMNs)

orchestrate the inflammatory phases of the immune response, appears to be accompanied by alterations in intracellular cAMP levels, leading to changes in inflammatory effectors [START_REF] Aronoff | Short Communication : Differences Between Macrophages and Dendritic Cells in the Cyclic AMP-Dependent Regulation of Lipopolysaccharide-Induced Cytokine and Chemokine Synthesis[END_REF][START_REF] Raker | The cAMP Pathway as Therapeutic Target in Autoimmune and Inflammatory Diseases[END_REF][START_REF] Serezani | Cyclic AMP : Ma e eg la o of inna e imm ne cell f nc ion[END_REF]. Two major phenotypes of monocytes can be found in mice: LyC6 high exhibiting proinflammatory behaviour and LyC6 low displaying, on the other hand, anti-inflammatory activity [START_REF] Raker | The cAMP Pathway as Therapeutic Target in Autoimmune and Inflammatory Diseases[END_REF].

Elevated cAMP levels appear to upregulate murine orphan nuclear receptor Nr4a1 (Nur77), whose expression represses inflammatory genes. Thus, preferentially transitioning from an inflammatory LyC6 high phenotype to LyC6 low reparatory state in the presence of inflammatory stimuli that would otherwise inhibit the Nur77 expression [START_REF] Raker | The cAMP Pathway as Therapeutic Target in Autoimmune and Inflammatory Diseases[END_REF]. In regard to immunosuppressive functions, elevations in intracellular cAMP levels depress proinflammatory cytokines including TNF-, IL-1 and IL-12, among others, whilst enhancing IL-10 immunosuppressive cytokine production [START_REF] Aronoff | Short Communication : Differences Between Macrophages and Dendritic Cells in the Cyclic AMP-Dependent Regulation of Lipopolysaccharide-Induced Cytokine and Chemokine Synthesis[END_REF]; as it occurs also in DCs, in which cAMP levels in turn modulate T cell adaptive immunity (J. [START_REF] Lee | Cyclic AMP concentrations in dendritic cells induce and regulate Th2 immunity and allergic asthma[END_REF]. Notably, the latter cytokines are also known as effectors regulated by purinergic receptors signalling. Therefore, through these effects, cyclic AMP allows myeloid cells to mount an effective immune response against foreign pathogens. In addition to innate cell function, cAMP concentrations also influence NK cell adherence and cytotoxic activity [START_REF] Raker | The cAMP Pathway as Therapeutic Target in Autoimmune and Inflammatory Diseases[END_REF], in which adenosine stimulation has been shown to inhibit lymphokine-activated killer (LAK) cytotoxic function via cAMP-dependent activation of the regulatory subunits of PKA [START_REF] Lokshin | Adenosine-Mediated Inhibition of the Cytotoxic Activity and Cytokine Production by Activated Natural Killer Cells[END_REF].

Accordingly, since its discovery, cyclic AMP has positioned itself as the archetypal second messenger controlling cellular information processing, further highlighting the importance of purine metabolism for the correct functioning of all organisms.

ENT & CNT transporters

Other fundamental regulatory units of the purine metabolism include the adenosine transporters belonging to two gene families encoding equilibrative and concentrative nucleoside transporter proteins (Figure 1.5). In particular, ENT1, in which pharmacology is relatively well understood, has long been recognised as a major component of the purinoceptors signalling system albeit CNT2 and CNT3 have also been identified as purinergic modulators given their affinity for Ado and concentrative capacity (Pastor- [START_REF] Hammond | SLC28 and SLC29 families of nucleoside transporters in GtoPdb v.2021.3[END_REF]Pastor-Anglada & Pérez-Torras, 2018a, 2018b). Although small slicing variants of human CNT3 and ENT2 have been reported in the literature [START_REF] Grañé-Boladeras | Novel nuclear hENT2 isoforms regulate cell cycle progression via controlling nucleoside transport and nuclear reservoir[END_REF][START_REF] Redzic | Expression and functional activity of nucleoside transporters in human choroid plexus[END_REF], appear, nevertheless, to play no significant role in modulating purinergic signalling (Pastor-Anglada & Pérez-Torras, 2018b). CNTs are obligatory inward transports mediating unidirectional uptake of nucleosides in the cells coupled to the sodium gradient, with a translocation stoichiometry ratio of 1:1 for CNT1 and CNT2, whereas a 2:1 coupling ratio for CNT3 (Pastor-Anglada & Pérez-Torras, 2018a, 2018b). Substrate selectivity and specificity differ between subtypes, allowing CNT proteins displaying high-affinity transport for Ado to promote its disposal from the extracellular milie o ing o hei concen a i e ca aci [START_REF] Gray | The concentrative nucleoside transporter family, SLC28[END_REF]Pastor-Anglada & Pérez-Torras, 2018b). Accordingly, predominant substrates specificity for hCNT1 include pyrimidine nucleosides and adenosine, while hCNT2 carries purine nucleosides and uridine, and hCNT3 mediate the uptake for both pyrimidines and purines [START_REF] Gray | The concentrative nucleoside transporter family, SLC28[END_REF] translocating adenosine equalise its levels on the two sides of the membrane, while CNT proteins transport extracellular adenosine against a concentration gradient, thus maintaining elevated Ado levels in the cells [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF]. bidirectional owing to its broad permeant selectivity for both purines and pyrimidines (Image source: [START_REF] Dasari | Chemotherapeutic intervention by inhibiting DNA polymerases[END_REF].

Anglada & Pérez-Torras, 2018b
Evidence supporting the functional link between these plasma membrane transporters and purinergic signalling derives from several pharmacological approaches employing subtype-specific inhibitors targeting ENTs exclusively. This is because no specific inhibitors are currently available for CNTs proteins, with the exception of Cladribine (Mavenclad ® ), whose absorption, uptake and distribution were recently described to be mediated exclusively by both ENTs proteins and CNT3, but with low affinity [START_REF] Hermann | Review of Transporter Substrate, Inhibitor, and Inducer Characteristics of Cladribine[END_REF] [START_REF] Nagy | Adenosine is required for ethanol-induced heterologous desensitization[END_REF]. However, long-term exposure decreases ENT1 expression, which prevents ethanol from increasing extracellular Ado levels [START_REF] Nagy | Ethanol increases extracellular adenosine by inhibiting adenosine uptake via the nucleoside transporter[END_REF]. Additionally, in vivo, ENT1 knock-out mice displayed reduced ethanol-induced acute responses (i.e., hypnosis and ataxia) but increased alcohol consumption [START_REF] Choi | The type 1 equilibrative nucleoside transporter regulates ethanol intoxication and preference[END_REF]. These findings correlated with a reduction in the activation of adenosine A1 receptors-mediated attenuation of glutamatergic excitatory postsynaptic currents (EPSC) in the nucleus accumbens, that led to a decrease in Ado tone and increased CREB phosphorylation in the striatum [START_REF] Choi | The type 1 equilibrative nucleoside transporter regulates ethanol intoxication and preference[END_REF]. Ethanol consumption into ENT1 knock-out mice was reversed to a wild-type level upon administration of A1 receptor agonist [START_REF] Choi | The type 1 equilibrative nucleoside transporter regulates ethanol intoxication and preference[END_REF]. This animal model also provided crucial insights in ENT1-induced purinosome cardioprotection in the cardiovascular system. It is widely accepted that purinergic cardioprotection is orchestrated by several components including NTs, purine nucleoside, adenosine receptors, adenosine, and their concomitant signalling pathways. Indeed, ENT1 knock-out mice exhibited fewer myocardial infraction associated with increased adenosine plasma lever as well as higher cardio-protection when compared to wild-type littermates [START_REF] Rose | Equilibrative nucleoside transporter 1 plays an essential role in cardioprotection[END_REF]. Overall, the involvement of ENTs in the modulation of purinergic signalling especially in the central nervous system (CNS), but also in other organs, furthered our understanding of NTs implication in modulating flux of adenosine signalling representing an important component of the purinosome.

The salvage & de novo pathways

So far, we have highlighted the importance of purine metabolism in meeting energy demands (as enzyme cofactors) and facilitating nucleotide assembly (as components of signal transduction), generating a cellular purine pool that aids in a broad range of cellular processes, allowing for the proper functioning of organisms. This purine pool is determined and maintained through two major pathways, namely de novo synthesis and the salvage cascade (Figure 1.6), each depending on a shared metabolite, phosphoribosylpyrophosphate (PRPP) [START_REF] Camici | Purine-Metabolising Enzymes and Apoptosis in Cancer[END_REF]. Purines are synthesised de novo in 10 chemical reactions catalysed by 6 enzymes clustering adjacent to microtubules and mitochondria forming a multi-enzyme dynamically purinosome complex [START_REF] An | Reversible Compartmentalization of de Novo Purine Biosynthetic Complexes in Living Cells[END_REF] that is activated when purines are in deficit to meet increasing purine synthesis demand.

Biosynthetically, the de novo synthesis begins with the consumption of PRPP, and finishes with the production of ionosine monophosphate (IMP), whose by-products include adenosine and guanosine [START_REF] An | Reversible Compartmentalization of de Novo Purine Biosynthetic Complexes in Living Cells[END_REF]. Briefly, these six enzymes include trifunctional purine biosynthetic protein adenosine-3 (trifGART) containing a glycinamide ribonucleotide (GAR) synthase (GARS) catalysing the conversion of phosphoribosylamine (PRA) to GAR via GARS (Step 2), GAR to formylglycinamide ribonucleotide (FGAR) via GAR transformylase (Step 3), and of formylglycinamide ribonucleotide (FGAM) to aminoimidazole ribonucleotide (AIR) (Step 5) via AIR synthase domain [START_REF] An | Reversible Compartmentalization of de Novo Purine Biosynthetic Complexes in Living Cells[END_REF]. In addition to this, two bifunctional enzymes, the multifunctional protein ADE2 (PACS) that catalyses carboxyaminoimidazole ribonucleotide synthase (CAIRS) (Step 6), and succinyl-aminoimidazole carboxamide ribonucleotide synthetase (SAICARS) (Step 7); and a purine biosynthesis protein PURH (ATIC) responsible for the last two synthesis steps: aminoimidazole carboxamide ribonucleotide transformylase (AICAR Tfase) (Step 9) and IMP cyclohydrolase (IMPCH) [START_REF] An | Reversible Compartmentalization of de Novo Purine Biosynthetic Complexes in Living Cells[END_REF]. The remaining three enzymes are described as monofunctional including FGAM synthetase (FGAMS), PRPP amidotransferase (PPAT) and adenylosuccinate lyase (ADSL) catalysing only one reaction through the de novo synthesis (Figure 1.6) [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF]. The core of the purinosome, however, is generated through strong binding interactions occurring among PPAT, trifGART and FGAMS [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF]. This highly conserved and energy-intensive pathway also features a higher amino acids consumption (mainly, aspartate, glutamine, and glycine) and metabolites than the salvage pathways [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF]. Interestingly, this metabolic fluctuation is also observed in proliferating cancer cells requiring elevated glutamine consumption and acidic microenvironments, which would suggest a potential synergy effect between overexpressed de novo purine synthesis and oncogenesis.

On the other hand, the salvage pathway ensures that during proliferation and in the absence of the purinosome, purine nucleotides are supplied by recycling degraded bases derived from the de novo pathway. In fact, preformed purine rings can be catalysed into their corresponding nucleoside monophosphate in just one step by reacting via adenine phosphoribosyltransferase (APRT) and hypoxanthine-guanine phosphoribosyltransferase (HPRT) activities utilising PRPP as co-substrate [START_REF] Camici | Purine-Metabolising Enzymes and Apoptosis in Cancer[END_REF] (Figure 1.6). For instance, during this cascade, AMP can be produced from adenine through the action of APRT [START_REF] Silva | Structural complexes of human adenine phosphoribosyltransferase reveal novel features of the APRT catalytic mechanism[END_REF], and IMP and GMP may also be generated from hypoxanthine and guanine, respectively, by using HPR transferase as donor for the phosphoribosyl moiety (Townsend et al., 2018). Importantly, preformed purine rings were reported to alter purinosome formation ensuring that an appropriate amount of nucleotides is produced in order to sustain metabolic and replicative needs of organisms [START_REF] Camici | Purine-Metabolising Enzymes and Apoptosis in Cancer[END_REF].

Besides, due to lower energy costs, cells tend to be highly dependent on the salvage pathway, especially in the case of brain and bone marrow cells, which lack the de novo synthesis pathway [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF]. In addition to purinosome formation, the salvage housekeeping gene, HPRT also serves as a functional regulatory unit to purine production as documented by Lesch-Nyhan patients whose deficits in the latter gene showed significant overproduction of purines (Townsend et al., 2018). Furthermore, individual with partial reduction in HPRT levels, rather than total loss, have been shown to develop gout-like conditions leading to Kelley-Seeg-Miller conditions (Townsend et al., 2018;[START_REF] Zoref-Shani | Kelley-Seegmiller syndrome due to a unique variant of hypoxanthine-guanine ho ho ibo l an fe a e : ed ced affini fo 5-phosphoribosyl-1pyrophosphate manifested only at low, physiological substrate concentrations[END_REF]. Interestingly, one of the most widespread purine-related conditions associated with dysregulation of purinoceptors function (mainly, P2Y1, P2Y2, A1, A2, P2X2,P2X3, P2X4, P2X6 and P2X7) is indeed gout disease [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF].

Accordingly, the regulatory role of the HPRT gene establishes important connections with other purine-related enzymes, further shaping the complexity of this system. It has been suggested that a negative feedback loop may be responsible for directing purines production within the cells, which upon sustained productions have been achieved, cells utilise HPRT to block further synthesis (Townsend et al., 2018). Similarly, in the de novo pathway the six enzymes generating the purinosome tend to form numerous metabolic complexes, termed metabolon, with other purine-derived enzymes in order to meet nutrient demand [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF].

In this regard, the purinosome cannot be described and/or associated as single functional entity to de novo pathways, but as a driving force contributing to the whole purine metabolic system that also control cell homeostasis and movement. Additional components associated with the purinosome include adenylsuccinate synthase (ADSS)

catalysing the conversion of IMP to AMP, inosine monophosphate dehydrogenase (IMPDH) regulator of intracellular guanine pool catalysing IMP to xanthosine (X) MP, and also non-enzyme proteins including chaperons HSP70 and HSP90 [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF][START_REF] Zhao | Quantitative Analysis of Purine Nucleotides Indicates That Purinosomes Increase de Novo Purine Biosynthesis[END_REF]. Collectively, this further confirms the idea that cells are capable of perceiving extracellular purine concentrations by dynamically controlling formation, signalling initiation and turnover of purinosome leading to undefined molecular cascades that underly many physiological and pathophysiological processes. Furthermore, its formation has been described to be cell-cycle dependent and regulated also by numerous GPCR agonists and kinase (as casein kinase 2; CK2) [START_REF] French | Spatial colocalization and functional link of purinosomes with mitochondria[END_REF]. 

mTOR-microtubule-purinosome-mitochondria axis

Increasing number of purinosome-modulating components were reported to undergo phosphorylation, further implying that certain kinase pathways play important signalling roles in this process [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF]. To examine the implications of intracellular signalling in the purinosme, [START_REF] French | Spatial colocalization and functional link of purinosomes with mitochondria[END_REF] carried out a high-throughput kinome screening, which showed that mTOR influences not only purinosome assembly with mitochondria, but it is also critical for proper functioning of the purinosome itself [START_REF] French | Spatial colocalization and functional link of purinosomes with mitochondria[END_REF]. Accordingly, considering the high-energy supply demand required for de novo purine biosynthesis, spatiotemporal colocalisation with the mitochondria generates elevated concentrations of ATP, allowing for efficient purinosome-linked enzymatic reactions. Thus, providing purines that can be concurrently used for the production of ATP [START_REF] French | Spatial colocalization and functional link of purinosomes with mitochondria[END_REF]. This synergy poses a greater risk in cells that preferentially utilise oxidative phosphorylation for ATP including numerous cancerous tumours, for instance breast cancer, glioblastoma, hepatocellular carcinoma, among others [START_REF] French | Spatial colocalization and functional link of purinosomes with mitochondria[END_REF].

In addition to mTOR association, cytoskeletal structures have also been proposed to participate in the organisation of purinosome formation [START_REF] An | Microtubuleassisted mechanism for functional metabolic macromolecular complex formation[END_REF]) not surprising given important cellular structural elements associated with the cytoskeleton as previously discussed. Considering also long proposed roles of cytoskeletal structures in the organisation of sequential metabolic enzymes [START_REF] Srere | Complexes of sequential metabolic enzymes[END_REF]. For instance, aldolase, a glycolytic enzyme, that has been identified in the actin cytoskeleton. Importantly, to satisfy increases in energy demands, glycolysis rapidly augments ATP availability production, which appears to be correlated with dynamic conformational changes in actin structures taking place in the cell cycle [START_REF] Bereiter-Hahn | Cell cycle-related changes in Factin distribution are correlated with glycolytic activity[END_REF]. In this regard, work by An's et al. group identified, using fluorescent live cell imaging, that functionally active purinosomes colocalised with a network of microtubule, which govern their spatial distributions in the cytoplasm upon purine production is demanded [START_REF] An | Microtubuleassisted mechanism for functional metabolic macromolecular complex formation[END_REF].

Furthermore, nocodazole treatment directly interfering with microtubule formation in cells impeding the rate of de novo synthesis [START_REF] An | Microtubuleassisted mechanism for functional metabolic macromolecular complex formation[END_REF] as well as abrogating physical interaction between mitochondria and purinosome (C. Y. [START_REF] Chan | Microtubule-directed transport of purine metabolons drives their cytosolic transit to mitochondria[END_REF]. Collectively, these findings point towards a microtubule-assisted transport mechanism contributing to purinosome-mitochondria colocalization, in which mTOR facilitates microtubule-based protein transport. Thus, generating this newly termed mTOR-microtubule-purinosomemitochondria axis [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF] that is central to purinosome regulation required for proper functioning of organisms.

Purinoceptors structure & function

So far, we have introduced all the fundamental players orchestrating the regulation and production of purines. The latter in turn exert essential physiological effects by acting on purinergic receptor (or purinoceptors) initiating complex signal transduction cascades referred to as the purinergic signalling system, pivotal factor in cell proliferation, differentiation, and death occurring during development and regeneration [START_REF] Burnstock | Classification and Characterization of Purinoceptors[END_REF](Burnstock, , 2018a;;[START_REF] Burnstock | Long-e m ( o hic) ine gic ignalling : Purinoceptors control cell proliferation, differentiation and death[END_REF]. Cells may express different subclassifications of purinoceptors, such as P2 recognising ATP or P1 for adenosine [START_REF] Burnstock | Classification and Characterization of Purinoceptors[END_REF]. In this section we shall briefly summarise key concepts in purinoceptor family classification, structure, and transduction mechanisms with a focus on P2X7 receptors.

A brief history of purinoceptors

The purinergic signalling system employing purines and pyrimidines as cellular effectors was initially proposed in the early 1970s, when ATP was recognised as a chemical transmitter in the autonomic nervous system [START_REF] Burnstock | Long-e m ( o hic) ine gic ignalling : Purinoceptors control cell proliferation, differentiation and death[END_REF].

Particularly, the term purinergic system was first coined by Burnstock et al., following direct evidence for ATP release from non-adrenergic, non-cholinergic inhibitory nerves of the guineapig taenia coli and bladder [START_REF] Burnstock | Evidence that adenosine triphosphate or a related nucleotide is the transmitter substance released by nonadrenergic inhibitory nerves in the gut[END_REF][START_REF] Burnstock | Direct evidence for ATP release from non-adrenergic, non-choline gic ( ine gic ) ne e in he g ineapig taenia coli and bladder[END_REF]. Importantly, after considerable discontent and resistance in the scientific community, purinergic signalling is now widely recognised and its interaction with other signal molecules makes it an attractive target for therapeutics [START_REF] Burnstock | Long-e m ( o hic) ine gic ignalling : Purinoceptors control cell proliferation, differentiation and death[END_REF]. This initial refusal was partly due to the fact that, at the time, ATP was only viewed as an ubiquitous intracellular molecule rather than a neurotransmitter, despite strong evidence surrounding the existence of a powerful ectoenzyme involved in the breakdown of ATP [START_REF] Burnstock | Purinergic signalling[END_REF]. Today, the purinergic signalling machinery comprises a diverse range of eco-, soluble, and intracellular enzymes, nucleoside transporters, ion channels, and GPCRs (as examined so far) that are ubiquitously expressed in every organ and/or system of the human body.

Adenosine: P1 receptors

P1 receptor (P1R) subtypes are a class of purinergic GPCRs recognising Ado as endogenous ligand. Briefly, P1 family members were cloned and characterised in the early 1990s, including A1, A2A, A2B and A3 owing to their distinct affinity for Ado and tissuespecific expression (Burnstock, 2018a;[START_REF] Fredholm | International Union of Pharmacology. XXV. Nomenclature and classification of adenosine receptors[END_REF]. These four subtypes exhibit a similar molecular architecture made of a 7-an memb ane (TM) -helical structure with an extracellular N-terminus and an intracellular C-terminus, three extracellular loops (ECL1-3) and three intracellular loops (ICL1-3). All subtypes have an N-glycosylation site located on the amino-terminal domain contributing to receptors trafficking to the plasma membrane [START_REF] Sheth | Adenosine rece o : E e ion, f nc ion and eg la ion[END_REF]. Located on the C-terminus are serine and threonine residues acting as phosphorylation sites for kinases, enabling receptor desensitisation [START_REF] Sheth | Adenosine rece o : E e ion, f nc ion and eg la ion[END_REF]. Contrary to Ado A2A, all other receptor subtypes display palmitoylation sites at the end of a short membrane associated helix (termed helix 8), which mutations were shown to have no particular effect on the binding to G proteins or receptor down-regulation [START_REF] Piirainen | Structural features of adenosine rece o : F om c al o f nc ion[END_REF]. Coupling of P1 receptors to G proteins occurs through the C-terminus and the third intracellular loop [START_REF] Sheth | Adenosine rece o : E e ion, f nc ion and eg la ion[END_REF].

P1 receptors A1, A2A and A3 are activated by physiological levels of extracellular Ado that are in the nanomolar range, whereas A2B requires elevated micromolar levels of extracellular Ado [START_REF] Fredholm | International Union of Pharmacology. XXV. Nomenclature and classification of adenosine receptors[END_REF]. Similar levels have been observed in pathological conditions including hypoxia [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF]. Notably, low extracellular concentration of Ado preferentially activates A1 receptor subtype. Functionally, Ado receptors can also be classified depending on their differential coupling to AC affecting cytoplasmic cAMP, as previously described. The A1 and A3 receptors couple to Gi/o proteins supressing AC and thus, negatively regulating cAMP production leading to a reduction in both PKA activity and CREB phosphorylation [START_REF] Sheth | Adenosine rece o : E e ion, f nc ion and eg la ion[END_REF]. On the other hand, the A2A and A2B receptors couple to Gs/olf proteins, which stimulate AC augmenting cAMP production resulting in PKA activation and CREB phosphorylation [START_REF] Sheth | Adenosine rece o : E e ion, f nc ion and eg la ion[END_REF]. Physiologically speaking, this positive and negative feedback mechanism is of paramount importance. For instance, activation of A1R in cardiac monocytes and of A2R in cardiac fibroblast by extracellular Ado, resulted in reduction of cAMP levels in cardiac monocytes, but increased cAMP production in cardiac fibroblast, thereby preventing fibrosis and myocardial hypertrophy [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF].

Furthermore, in some cases, the A1R may also regulate other effectors, apart from AC, such as phospholipase C (PLC) via a pertussis toxin-sensitive G protein or by direct coupling to Gq protein, and mitogen-activated protein kinase (MAPK) [START_REF] Sheth | Adenosine rece o : E e ion, f nc ion and eg la ion[END_REF].

Importantly, PLC mediates diacyl glycerol (DAG) production, which endogenously stimulates protein kinase C activation and inositol triphosphate (IP3), which leads to calcium release from the endoplasmic reticulum (ER) calcium stores [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF].

Moreover, different P1 receptors can form functional heteromeric structures with each other, altering the binding properties of receptors present in the complex, as demonstrated for A1-A2A receptors heterometric complex [START_REF] Ciruela | Presynaptic control of striatal glutamatergic neurotransmission by adenosine A1-A2A receptor heteromers[END_REF][START_REF] Cristóvão-Ferreira | A1R-A2AR heteromers coupled to Gs and G i/0 proteins modulate GABA transport into astrocytes[END_REF][START_REF] Sheth | Adenosine rece o : E e ion, f nc ion and eg la ion[END_REF]. Thus, coupling to both Gi and Gs proteins, which display opposite cAMP signal regulation as described above. Together, Ado receptors modulate numerous pathophysiological functions with greater implications, mostly in the cardiovascular, immune and CNS systems (Figure 1.7) (Burnstock, 2018a). Furthermore, the fo ma ion of Ado ha been ie ed a a o ec i e ignal effector, occurring in different conditions of stress and distress [START_REF] Fredholm | Adenosine, an endogenous distress signal, modulates tissue damage and repair[END_REF]. This is because Ado reduces energy-rich activities while promoting nutrient supply, thus making Ado receptors important therapeutic targets [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF]. P1 receptors are also widely distributed in the CNS, ac ing a go-be een , regulating the release of neurotransmitters as well as neuromodulators [START_REF] Sebastião | Adenosine receptors and the central nervous system[END_REF]. The A1 receptors are more abundant in synaptic regions of the cortex, hippocampus, and cerebellum, but may also be present on oligodendrocytes, astrocytes, and microglia, thereby modulating synaptic transmission (i.e., release of glutamate, e o onin, A A e c ) in mo b ain a ea [START_REF] Sheth | Adenosine rece o : E e ion, f nc ion and eg la ion[END_REF]. On the contrary, A2A

receptors are mainly localised to the striatum and olfactory bulb, but also to presynaptic sites in the hippocampus, modulating as well the release of neurotransmitters including noradrenaline [START_REF] Sheth | Adenosine rece o : E e ion, f nc ion and eg la ion[END_REF]. Low levels of both A2B and A3 receptors have been detected in neuronal, glial cells and in the cortex, hippocampus and stratum, respectively [START_REF] Sheth | Adenosine rece o : E e ion, f nc ion and eg la ion[END_REF]. Important functional effects of genetic deletion targeting P1 receptors have been described in the literature including increased aggression and anxiety, no inhibition of synaptic transmission, decreased long-term potentiation and increased insulin and glucagon secretion associated with A1 receptors [START_REF] Burnstock | Long-e m ( o hic) ine gic ignalling : Purinoceptors control cell proliferation, differentiation and death[END_REF]; A2A receptors deletion reported decreased motor activity, reduced alcohol sensitivity and withdrawal, increased platelet aggregation and inflammatory responses, and decreased pain threshold [START_REF] Burnstock | Long-e m ( o hic) ine gic ignalling : Purinoceptors control cell proliferation, differentiation and death[END_REF]; A2B deletion increased histamine level whilst reducing IL-13 secretion from mast cells [START_REF] Burnstock | Long-e m ( o hic) ine gic ignalling : Purinoceptors control cell proliferation, differentiation and death[END_REF]; lastly, deletions impairing A3 receptors resulted in increased in motor ac i i , ed ced T F od c ion f om ma cell , a en a ed local inflamma o response and increased tolerance to ischaemia [START_REF] Burnstock | Long-e m ( o hic) ine gic ignalling : Purinoceptors control cell proliferation, differentiation and death[END_REF], to name but just a few.

ATP: P2Y receptors

P2Y receptors (P2Y-Rs) belonging to the metabotropic GPCRs subfamily group of the P2 nucleotide receptor family are subdivided into eight receptor subtypes including P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, and P2Y14. The missing subtype numbers were reported as non-mammalian receptors having no functional responsiveness to nucleotides (Burnstock, 2018a). Generally, all P2YRs are classed within the -branch of rhodopsinlike GPCRs containing two structurally different subgroups owing to high levels of Chapter 1 40 sequence divergence: P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, and P2Y12-14 (Jacobson et al., 2020). Indeed, human P2Y1 and P2Y12 have a reported sequence homology of just 19%, receptor antagonist [START_REF] Yoshioka | Heteromeric association creates a P2Ylike adenosine receptor[END_REF]. Thus, collectively, indicating that binding of A P S o he com le inhibi AC ia A1R coupled Gi/o protein [START_REF] Yoshioka | Heteromeric association creates a P2Ylike adenosine receptor[END_REF], further highlighting the diversity and complexity of purine signalling.

Functionally, P2Y receptors couple to G proteins, differentially modulating similar downstream effectors as to those previously describe for P1 receptors including AC and PLC [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF] as well as stimulation of MAPK (Burnstock, 2018a). The Gqcoupled P2Y receptors including P2Y1, P2Y2, P2Y4, and P2Y6 regulate PLC activation leading to increases in inositol phosphate and calcium release from the ER stores, whereas the Gi-coupled P2Y12, P2Y13, and P2Y14 attenuate AC reducing cAMP accumulation and control of ion channel activity (Figure 1.8) [START_REF] Von Kügelgen | Pharmacology and structure of P2Y receptors[END_REF]. In contrast, P2Y11 receptors couple to both Gq and Gs resulting in the activation of cAMP and calcium signalling with implications in cancer cell motility and invasion (Di [START_REF] Virgilio | Extracellular ATP and P2 purinergic signalling in the tumour microenvironment[END_REF]. As previously discussed, nucleotide affinity of P2YRs varies among subtypes, but is generally in the lower micromolar range (Jacobson et al., 2020), indicating a high reactivity of these receptors to very small variations in the local nucleotide concentration. Briefly, P2Y1 Gq-coupled receptors are activated by ADP and 2-methylthio-ADP analogue, which is even more potent (Jacobson et al., 2020). On the contrary, ATP acts as an antagonist or partial agonist at the P2Y1Rs (Jacobson et al., 2020).

P2Y1 mRNA expression has been shown to be expressed in the brain, prostate, and placentas (Burnstock, 2018a), as well as in post-mortem individuals diagnosed with

Al heime di ea e [START_REF] Moore | Regional and cell la di ib ion of he P2 (1) ine gic ece o in he h man b ain : S iking neuronal localisation[END_REF]. Here, a strong P2Y1-like immunoreactivity in the hippocampal pyramidal cells and adjacent interneurons is strikingly localised to neurofibrillary tangles, neuritic plaques, and neuropil threads [START_REF] Moore | Regional and cell la di ib ion of he P2 (1) ine gic ece o in he h man b ain : S iking neuronal localisation[END_REF].

P2Y2Rs are activated by equivalent concentrations of ATP and UTP but also by dinucleoside polyphosphates, such as diquafosol that is currently used as medication for dry eye syndrome in East Asia (Jacobson et al., 2020). P2Y2 mRNA has been observed in olfactory bulb, basilar artery, and other tissues [START_REF] Burnstock | Cellular distribution and functions of P2 receptor subtypes in different systems[END_REF]. For instance, in smooth muscle cells, key pro-inflammatory cytokines (i.e., TNF , IL-and in e fe on, IFN ) were shown to upregulate P2Y2 receptors expression, whereas P2Y2R activation in epithelial cells augments Cl -secretion and promotes inhibition of sodium (Na + ) absorption (Burnstock, 2018a). The most potent agonist for human P2Y4 is UTP, albeit contradictory evidence is also reported equipotent activation by ATP in rat and mouse P2Y4 (Burnstock, 2018a;Jacobson et al., 2020). P2Y4 receptors are mainly distributed in the endothelial cells but have been described also in other organs [START_REF] Burnstock | Cellular distribution and functions of P2 receptor subtypes in different systems[END_REF]. P2Y6 receptors are activated by UDP displaying high levels of expression primarily in epithelial cells, placenta, T cells and thymus [START_REF] Burnstock | Cellular distribution and functions of P2 receptor subtypes in different systems[END_REF]. P2Y11R gene exhibits a unique profile as compared to P2Y subtypes containing within the coding sequence a 1.9kb intron separating two exons encoding the first six amino acid residues and the remaining part of the protein, respectively [START_REF] Abbracchio | In e na ional nion of Pha macolog LVIII : da e on the P2Y G protein-coupled nucleotide receptors: from molecular mechanisms and pathophysiology to therapy[END_REF]. ATP is a potent physiological activator of human P2Y11 receptors sharing 70% homology with the canine P2Y11 receptors, which, however, display a higher efficacy for ADP than ATP (Jacobson et al., 2020) not found in the mouse or rat genome [START_REF] Von Kügelgen | Pharmacology and structure of P2Y receptors[END_REF]. They exhibit a wide tissue distribution, including the human brain, pituitary gland, spleen, liver and intestine [START_REF] Abbracchio | In e na ional nion of Pha macolog LVIII : da e on the P2Y G protein-coupled nucleotide receptors: from molecular mechanisms and pathophysiology to therapy[END_REF]. A naturally occurring agonist for both P2Y-12 and -13 is ADP located in subregions of the brain, but also abundant in smooth muscle cells, heart and monocytes, among others (Burnstock, 2018a).

Importantly, P2Y12 antagonists are commercially used for the treatment of cardiovascular events including myocardial infraction or stroke by reducing platelet aggregation [START_REF] Von Kügelgen | Pharmacology and structure of P2Y receptors[END_REF]. Lastly, P2Y14 receptors are about 47% identical to the P2Y12 and P2Y13 counterparts, activated by UDP and sugar derivatives, and show potential chemoattractant and neuroimmune function (Burnstock, 2018a). Gene deletion targeting P2Y receptors has also been described in the literature with reported implications in haemostatic, metabolic, epithelial, immunological and cardiovascular phenotypes [START_REF] Burnstock | Long-e m ( o hic) ine gic ignalling : Purinoceptors control cell proliferation, differentiation and death[END_REF]. 

ATP: P2X receptors

Contrary to P2Y receptors, P2X receptors (P2XRs) are archetypical ATP-gated nonselective cation channels enabling transmembrane fluxes of small ions including Na + , potassium (K + ), Ca 2+ and Cl -(R. [START_REF] Jiang | Moving through the gate in ATP-activated P2X receptors[END_REF]. The P2XRs are plasma membrane receptors with ATP being the solely known endogenous agonist to date [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF], mediating a myriad of physiological and pathophysiological responses (Di [START_REF] Virgilio | Extracellular ATP and P2 purinergic signalling in the tumour microenvironment[END_REF]. The P2X family comprises seven receptor subtypes P2X1, P2X2, P2X3, P2X4, P2X5, P2X6 and of greater focus P2X7, ubiquitously expressed in all tissues in humans as well as other eukaryotic organisms, but not present in Drosophila, yeast and/or bacteria (R. [START_REF] Jiang | Moving through the gate in ATP-activated P2X receptors[END_REF]. P2XRs can be further subdivided into fast desensitizing, including P2X1R and P2X3R, slowly-desensitising, including P2X2R, P2X4R, and P2X5, non-desensitising unique to P2X7R, and nonfunctional P2X6R [START_REF] North | Molecular Physiology of P2X Receptors[END_REF] (Figure 1.9b). Structurally, P2XR stoichiometry consists of three subunits, forming a stretched trimer and/or a hexamer of conjoined trimers (Figure 1.9a) (Burnstock, 2018a;[START_REF] Nicke | P2X1 and P2X3 receptors form able ime : A no el structural motif of ligand-gated ion channels[END_REF]. Furthermore, Nicke et al., work provided further evidence for heteromultimers assembly (i.e., P2X1/4 receptors) but also homomultimers involved in the functional formation of the trimer ion pore [START_REF] Nicke | P2X1 and P2X3 receptors form able ime : A no el structural motif of ligand-gated ion channels[END_REF][START_REF] Nicke | Biochemical and functional evidence for heteromeric assembly of P2X1 and P2X4 subunits[END_REF]. These also included heteromerics receptor association with other subunits such as P2X1/2, P2X1/5, P2X2/3, P2X2/6 and P2X4/6 (Burnstock, 2018a).

Affinity for ATP varies among homotrimeric P2XRs, with P2X1 receptor being activated at the lowest ATP concentration (<1 µM; thus, highest affinity for ATP), whereas P2X7 receptor exhibits a remarkably high ATP activation threshold in the millimolar range (0.5-1 mM; lowest affinity to ATP) [START_REF] North | Molecular Physiology of P2X Receptors[END_REF]. Importantly, ATP sensitivity dictates P2X receptors desensitisation rate lower the ATP sensitivity, slower is the desensitisation, except for P2X7 receptors, which do not desensitise as described above. P2X receptor proteins are 384 (P2X4) to 595 (P2X7) amino acid long [START_REF] North | Molecular Physiology of P2X Receptors[END_REF], having a subunit topology consisting of intracellular amino and carboxy termini processing consensus binding motifs for kinases, and two hydrophobic transmembranespanning segments (TM1 and TM2) separated by a large ectodomain (R. [START_REF] Jiang | Moving through the gate in ATP-activated P2X receptors[END_REF]. Sequence homology between P2XRs is present throughout the extracellular domain containing the ATP binding sites and 10 conserved cysteine residues engaged in disulfide bonds [START_REF] North | Molecular Physiology of P2X Receptors[END_REF]. TM1 has been described to gate channel ions permeation with TM2 lining the ion pore (Burnstock, 2018a). In addition to TMs, they exhibit an A functional P2X receptor must be therefore co-/assembled in ether homotrimeric and/or heterotrimeric configurations (Figure 1.9c). For instance, homomeric P2X1 receptors exhibit a remarkable feature that is the mimicry of the agonist activity of ATP by , -me h lene ATP ( , -meATP) differentiating P2X1 and P2X3 subunits from other homomeric forms (Burnstock, 2018;[START_REF] North | Molecular Physiology of P2X Receptors[END_REF]. Particularly, meATP resembles ATPevoked maximal currents, activating P2X1Rs at reported concentrations of 10 µM, which are estimated to be about 30-fold lower than to those required for the homomeric P2X3R activation [START_REF] North | Molecular Physiology of P2X Receptors[END_REF]. Several antagonists have also been developed that selectively target P2X1 receptors, for example, NF 279 and MRS 2179, which were described to inhibit HIV p24 viral protein reducing HIV-1 infection in primary human macrophages to over 90% [START_REF] Hazleton | Purinergic Receptors Are Required for HIV-1 Infection of Primary Human Macrophages[END_REF]. Using an adenovirus-based fluorescent P2X1 construct reporter approach, clusters of the P2X1 receptor were found, in the vas deferens and in significant numbers close to the nerve varicosities (Burnstock, 2018). Platelets and smooth muscle cells both express P2X1 receptors.

intracellular
A cDNA encoding human P2X2 receptor was produced from pituitary gland, whereas rat P2X2R cDNA was amplified from PC12 cells [START_REF] North | Molecular Physiology of P2X Receptors[END_REF]. No selective agonists have been found for homomeric P2X2 receptors (Burnstock, 2018). ATP-elicited currents differ notably from P2X1 a he ATP ac ion canno be mimicked b , -meATP. Moreover, low concentrations of certain ions including zinc and copper, as well as protons have been shown to potentiate these receptors [START_REF] North | Molecular Physiology of P2X Receptors[END_REF]. P2X2 receptors can form functional and stable heterotrimers with P2X-1, -3 and -5, albeit no cryo-EM or X-ray structures are currently available [START_REF] Illes | da e of P2X ece o o e ie and hei ha macolog : I PHA Review 30[END_REF]. Therefore, most of the literature is based on X-ray templates derived from zebrafish (zf)-P2X4 receptors, which aided in building reliable P2X2R homology structures [START_REF] Illes | da e of P2X ece o o e ie and hei ha macolog : I PHA Review 30[END_REF]. This has than allowed for the characterisation (through electrophysiology) of homotrimeric P2X2 receptorspecific signatures including also rapid activation by external ATP application inducing a stable steady-state current through prolonged ATP exposure generating defined slowdesensitisation rates. P2X2 receptors are distributed abundantly throughout the body on both non-/neuronal cells. For instance, taste stimuli acting on oral taste receptor cells were shown to induce release of ATP co-activating P2X2 and P2X3 receptors expressed in the taste buds innervating the tongue [START_REF] Illes | da e of P2X ece o o e ie and hei ha macolog : I PHA Review 30[END_REF]. Additionally, single-KO either of the aforementioned receptor subtypes led to reduced taste responses in mice, while double-KO resulted in a complete taste blindness [START_REF] Illes | da e of P2X ece o o e ie and hei ha macolog : I PHA Review 30[END_REF].

Complementary DNAs encoding homemeric P2X3 receptors were made from rat dorsal root ganglion, human heart and zebrafish libraries [START_REF] North | Molecular Physiology of P2X Receptors[END_REF], predominantly expressed on nociceptive nerve terminals and other sensory neurons (Burnstock, 2018).

Similarly to the P2X1 subtype, P2X3 can also be inhibited by NF023 but with a lower affinity (Burnstock, 2018). Heteromeric assembly of P2X3/2 yielded a sustained ATPand , -meATP -activated currents characterised by a slow desensitisation rate, and potentiated by low pH as observed for homomeric P2X2 receptors (Burnstock, 2018;[START_REF] Illes | da e of P2X ece o o e ie and hei ha macolog : I PHA Review 30[END_REF]. Regulatory pathophysiological mechanisms concerning both P2X3 and P2X3/2 have been addressed in the literature with implications in sympathetic and sensory neurons function [START_REF] Illes | da e of P2X ece o o e ie and hei ha macolog : I PHA Review 30[END_REF].

Homomeric P2X4 receptors, first isolated from superior cervical ganglia, hippocampus and whole rat brain cDNA libraries are activated b ATP, b no b , -meATP [START_REF] North | Molecular Physiology of P2X Receptors[END_REF]. P2X4R elicited ATP currents can be potentiated by invermectin, which is in striking contrast to homomeric P2X2, P2X3 or P2X7 receptors and heteromeric P2X2/3 complex [START_REF] North | Molecular Physiology of P2X Receptors[END_REF]. P2X4R subtype forms functional heterotrimers with P2X-1 and -6 receptors [START_REF] Illes | da e of P2X ece o o e ie and hei ha macolog : I PHA Review 30[END_REF]. P2X4/1 assembly exhibited similar kinetic profile as to homomeric P2X4Rs, with pharmacological properties that are characteristic of homomeric P2X1Rs [START_REF] Nicke | Biochemical and functional evidence for heteromeric assembly of P2X1 and P2X4 subunits[END_REF]. Furthermore, homotrimeric and heterotrimerc P2X4 receptors have been described to undergo rapid constitutive and agonist-evoked clathrin-and dynamin-dependent internalisation from the plasma membrane into endosomes and lysosomes [START_REF] Illes | da e of P2X ece o o e ie and hei ha macolog : I PHA Review 30[END_REF]. Internalisation is driven by the C-terminal interaction with adaptor protein 2 (AP2). Indeed, mutations impairing either AP2 or the endocytic motif result in accumulation of P2X4 receptors to the membrane [START_REF] Illes | da e of P2X ece o o e ie and hei ha macolog : I PHA Review 30[END_REF]. This P2X4R-related feature is particularly important when carrying out experiments of co-localisation or FRET with other proteins, as quantification of receptors trafficking to the plasma membrane may be misleading. So far, P2X4 receptors intracellular functions remain elusive and hardly addressed [START_REF] Kaczmarek-Hájek | Molecular and functional properties of P2X receptors Recent progress and persisting challenges[END_REF].

Homomeric P2X5 subtype was first cloned from rat celiac ganglion and heart and later, also from embryonic chick skeletal muscle and bullfrogs [START_REF] North | Molecular Physiology of P2X Receptors[END_REF]. P2X2R is abundantly expressed in developing skeletal muscle and other proliferating cells (Burnstock, 2018). They display a rather small ATP-evoked maximal current ranging between 50-200 pA in HEK293 cells, as compared to currents observed in other P2R

subtypes such as P2X2 receptors, which in similar conditions elicit currents of several nanoamperes in amplitude [START_REF] North | Molecular Physiology of P2X Receptors[END_REF]. Interestingly, the defining phenotypes of P2X1/5 heteromer incl de a main ained , -meATP-induced current and higher sensitivity to ATP features that are not observed for either the homomers, when expressed separately (Burnstock, 2018;[START_REF] North | Molecular Physiology of P2X Receptors[END_REF].

The rat P2X6 receptor cDNA was first isolated from rat brain and superior cervical ganglia, whereas the human cDNA equivalent derived from peripheral lymphocytes [START_REF] North | Molecular Physiology of P2X Receptors[END_REF]. P2X6 subtypes have been identified in skeletal muscle, adult midbrain, kidney, thymocytes, urinary tract and atrium [START_REF] Illes | da e of P2X ece o o e ie and hei ha macolog : I PHA Review 30[END_REF]. They are only functional when expressed in a heteromultimer with P2X2 and P2X4 receptors [START_REF] North | Molecular Physiology of P2X Receptors[END_REF].

P2X2/6 heteromeric receptors are particularly expressed in respiratory neurons in the brain stem, whereas, P2X4/6 heteromultimer localise prominently in hippocampus CA1

and trigeminal mesencephalic nucleus (Burnstock, 2018). Interestingly, glycosylation motifs at asparagine (N) position N157, N187 and N202, present in the extracellular domain of P2X6 receptors, may perhaps determine whether P2X6Rs express a functional phenotype [START_REF] Illes | da e of P2X ece o o e ie and hei ha macolog : I PHA Review 30[END_REF].

Lastly, contrary to all other six members of the P2X family, P2X7 subtype displays unique properties (detailed below in 1.2. 

P2X7 receptors: structure, function & physiology

As research investigations continue to progress and novel findings that implicate P2X7 receptors in key signalling pathways are still being characterised; this section shall provide an update on recent structural aspects of this receptor, and great focus will be placed on enigmatic P2X7-evoked signal transduction modules involved in the immune system.

P2X7R gene is located on chromosome 12, at 12q24.31, in the proximity of P2X4R genes in humans [START_REF] Illes | da e of P2X ece o o e ie and hei ha macolog : I PHA Review 30[END_REF]. Several different naturally occurring P2X7R splice Chapter 1 50 variants have been identified in human including P2X7R-A through -J [START_REF] Giuliani | Trophic activity of human P2X7 receptor isoforms A and B in osteosarcoma[END_REF], with P2X7RA being the well-characterised and cryo-EM validated full-length receptor. Among these splice variants, P2X7RB, P2X7RE, P2X7RG and P2X7RJ, lack the lengthy cytoplasmic ballast typical of P2X7RA [START_REF] Giuliani | Trophic activity of human P2X7 receptor isoforms A and B in osteosarcoma[END_REF]. Notably, P2X7RB truncated variant displays a unique functionally ion channel that is, however, unable to induce cytotoxic macropore formation. Interestingly, P2X7RB protein structure is characterised by a retained intron placed between exons 10-11, generating an additional 18 amino acids insertion after residues 346 terminating in a stop codon [START_REF] Giuliani | Trophic activity of human P2X7 receptor isoforms A and B in osteosarcoma[END_REF]. Furthermore, P2X7RA and P2X7RB exhibit a shared agonist and antagonist profile, and susceptibility to promote tumour growth, metastasis and resistance [START_REF] Pegoraro | Differential sensitivity of acute myeloid leukemia cells to daunorubicin depends on P2X7A versus P2X7B receptor expression[END_REF][START_REF] Zanoni | Irradiation causes senescence, ATP release, and P2X7 receptor isoform switch in glioblastoma[END_REF].

The overall architecture of the rat P2X7 receptor has been recently elucidated Homomeric P2X7 receptors are widely expressed in immune cells including myeloid leukocytes circulating in the blood and lymphatic system, epithelial cells, but also in oligodendrocytes and schwann cells of the CNS and peripheral nervous system (PNS), respectively (Di [START_REF] Virgilio | Modulation of innate and adaptive immunity by P2X ion channels[END_REF][START_REF] Kaczmarek-Hajek | Re-evaluation of neuronal P2X7 expression using novel mouse models and a P2X7-specific nanobody[END_REF][START_REF] Kopp | P2X7 Interactions and Signaling Making Head or Tail of It[END_REF]. Unlike immune cells, in which P2X7 igna e e e ion ha been long studied, its presence and function in neurons remain rather controversial. For instance, cellular neuronal localisation of P2X7 mRNA was described in the rat brain (Y. [START_REF] Yu | Cellular localization of P2X7 receptor mRNA in the rat brain[END_REF]. However, this does not necessarily correlate with the expression of the respective protein. Furthermore, differentiation between P2X7-specific neuronal activation and eATP-evoked neurotransmitter release has been somewhat questionable and more prone to be dependent on specificity of model systems being investigated [START_REF] Illes | e onal P2X7 ece o e i i ed : o The Really Exist[END_REF].

He eof, icke lab generated P2X7-EGFP BAC transgenic mice providing a comprehensive evaluation of P2X7 subcellular localisation, but also interaction with other proteins (for details see [START_REF] Kaczmarek-Hajek | Re-evaluation of neuronal P2X7 expression using novel mouse models and a P2X7-specific nanobody[END_REF]. Briefly, thorough characterisation of P2X7 BAC transgenic mice showed a dominant expression of the receptor in microglia, oligodendrocytes and Bergmann glia (consistent with previous published data), but surprisingly not in neurons [START_REF] Kaczmarek-Hajek | Re-evaluation of neuronal P2X7 expression using novel mouse models and a P2X7-specific nanobody[END_REF]. A more recent study from the same lab further characterised interaction partners of P2X7 employing in-situ cross-linked transgenic mice by nano-HPLC/nanoESI-Orbitrap-MS/MS identifying as a likely candidate TMEM16F channels among others (work by P of. . icke lab; refer to [START_REF] Kopp | Analysis of P2X7 protein complexes in a P2X7-EGFP BAC transgenic mouse model[END_REF]. Thus, providing additional evidence in support of P2X7-TMEM16F forming complex interaction, which will be later introduced in section 1.3 below. Interestingly, TMEM16F activation by elevated intracellular Ca 2+ (similarly to those observed following P2X7 activation) also results in rapid PS translocation triggering ADAM10 and -17 shedding functions [START_REF] Seidel | Role of ADAM10 and ADAM17 in Regulating CD137 Function[END_REF], initiation of cell shrinkage and activation of caspase-3/7. Together, these studies provide evidence for an intriguing scenario, in which coupling of P2X7 and TMEM16F generate the foundation for optimal initiation of innate immune responses. Intriguingly, elevated pro-thrombotic responses have been observed following P2X7 receptor stimulation that were associated to increase expression of macrovesicle-associated tissue factors [START_REF] Virgilio | The P2X7 Receptor in Infection and Inflammation[END_REF]. This peculiar function has been proposed to bridge inflammation response to coagulation.

TMEM16F channels are key effectors of the clotting system, which further strengthen the P2X7R and TMEM16F channel interaction hypothesis. 

P2X7 Receptors: ATP sensitisation

The lack of desensitisation, as discussed above, represents another unique functional property of P2X7 receptors that is in sharp contrast to other P2X subtypes. In this regard, rather than desensitise, P2X7 receptors exhibit a strikingly inverse behaviour, that of facilitation occurring following prolonged agonist (such as ATP) stimulation, accompanied by a 2.5-fold leftwards shift in the EC50 value [START_REF] Roger | Facilitation of P2X7 Receptor Currents and Membrane Blebbing via Constitutive and Dynamic Calmodulin Binding[END_REF]. This phenomenon is usually acknowledged as ATP sensitisation, whereby an increase in the current responses is initiated upon repetitive or prolonged ATP-stimulation, as illustrated in Figure 1.14. Importantly, ATP sensitisation is also unique to P2X7, and it has been shown to be associated with cholesterol-rich lipid rafts in both recombinant and naïve systems [START_REF] Robinson | Plasma Membrane Cholesterol as a Regulator of Human and Rodent P2X7 Receptor Activation and Sensitization[END_REF][START_REF] Roger | Facilitation of P2X7 Receptor Currents and Membrane Blebbing via Constitutive and Dynamic Calmodulin Binding[END_REF]. The time course of ATP sensitisation is concomitant to several cellular alterations such as PS translocation, mitochondrial 

Introduction to channel-forming complex interaction

Plasma membrane receptors are proteins that convey outside signals into the cell, activating signalling pathways, affecting cytosolic or nuclear transcriptional machineries.

Thus, representing the starting point for signal transduction initiation. Identifying precise signalling cascades are of outmost importance in order to guide novel treatment-specific therapeutics. In this regard, knowing the direct molecular interaction partners of P2X7 may represent potential pharmacological targets, especially in cancer research. Discovery of the P2X7 macropore (reaching an astonishing diameter of 8.5 Å) engaged the whole purinergic scientific community in a hunt for potential recognition of molecular-forming channel complexes, which might be responsible for such phenomenon.

Macropore formation: An overview of key research findings

The peculiar macropore formation or permeability hallmark of P2X7 receptors was initially observed over 40 years ago in mast cells [START_REF] Cockcroft | ATP induces nucleotide permeability in rat mast cells[END_REF], and fibroblasts (Di [START_REF] Virgilio | Modulation of innate and adaptive immunity by P2X ion channels[END_REF]. It was noticed that as the eATP concentration increased, conformational changes must have occurred, affecting the permeation properties of cation channels (P2X2, P2X4 and P2X7), which would allow the passage of nanometer-sized molecules (<900Da) across the membrane. This was thereafter confirmed in other cell types, such as macrophages (both mouse RAW264.7

and human), microglia, HEK293, and in both recombinant and endogenous system (Dunning et al., 2021). The macropore activity is usually measured through cellular uptake of fluorescent dyes (as in Yo-Pro-1, enthidium, or propidium iodine, as previously mentioned) that is often referred to as dye-uptake experiments. This progressive permeabilisation feature during long-lasting ATP stimulation has led to several interpretations, which we shell discuss in this section. These include (i) o e dila ion theory, (ii) participation of associated channel-forming proteins, such as pannexin-1 or connexin-43 hemichannel and (iii) Intrinsic permeability of P2X7R to larger cation molecules: the reconstitution of panda P2X7 into liposome. Furthermore, P2X7 receptor activation initiates numerous signalling cascades that similarly correlate with the activity of TMEM16F, as for instance, caspase activation, plasma membrane reorganisation, cell death, eco-domain shedding and cytokine release. Together, these findings led our lab and others to a potential speculation of (iv) P2X7-TMEM16F proteins complex. This, however, does not exclude that perhaps P2X7 receptor itself may also form longconductance pores in the absence of any significant dilatation (see review [START_REF] Illes | da e of P2X ece o o e ie and hei ha macolog : I PHA Review 30[END_REF] resulting eventually to cell death.

Putative pore dilation

Appealing in its very simplicity, an early work by Virginio et al., argued that prolonged and progressive ATP applications (10-60 s) induce the P2X ion channels (P2X2 or P2X4)

to become gradually permeable to larger cations such as N-methyl-D-glucamine (NMDG + ) and Yo-Pro-1. Thus, resulting in time-dependent expansion of the pore, which led to the so-called o e dila ion heo y [START_REF] Virginio | Pore dilation of neuronal P2X receptor channels[END_REF]. Briefly, it was observed that sustained 40-s ATP application of P2X2 and P2X4 receptors in native neurons, but also in heterologous expressed conditions, led to an increase in both current and large molecule permeability, as to those observed at the cytolytic P2X7 receptor level.

Furthermore, no cell lysis was detected throughout this highly reversible permeabilityconfiguration state [START_REF] Virginio | Pore dilation of neuronal P2X receptor channels[END_REF]. Hence, it was concluded that because P2X4 receptors are particularly expressed in the presynaptic transmitter-release termini in the brain; the latter may be involved in the transfer of high MW molecules into or out of the nerve terminals, thereby regulating, therefore, synaptic transmission [START_REF] Virginio | Pore dilation of neuronal P2X receptor channels[END_REF]. This interpretation of the data was later challenged by other studies (as reviewed by [START_REF] Illes | da e of P2X ece o o e ie and hei ha macolog : I PHA Review 30[END_REF] including first ion depletion study [START_REF] Li | Physical basis of apparent pore dilation of ATP-activated P2X receptor channels[END_REF]. Hereof, it was suggested that the entry of these large molecules through he a med pore dilation of P2X7 was rather caused as a result of either calmodium-dependent current facilitation through P2X7Rs [START_REF] Roger | C-terminal calmodulin-binding motif differentially controls human and rat P2X7 receptor current facilitation[END_REF], or by secondary activation of chloride channels as demonstrated in macrophages [START_REF] Janks | ATP-Gated P2X7 Receptors Require Chloride Channels To Promote Inflammation in Human Macrophages[END_REF]. Accordingly, a new permeation mechanism was later introduced, in which passage of NMDG + and other small cationic molecules, such as spermidine occurs, immediately after ATP gating as demonstrated by our lab through electrophysiological, photochemical, and modelling data [START_REF] Harkat | On the permeation of large organic cations through the pore of ATP-gated P2X receptors[END_REF]. Particularly, the permeation rate of NMDG + ion was however reduced when compared to that of Na 2+ [START_REF] Harkat | On the permeation of large organic cations through the pore of ATP-gated P2X receptors[END_REF]. Nonetheless, many questions remain, as of today, still unanswered. For instance, how does Yo-Pro-1 (376 Da) or YoYo-1 (763 Da) directly permeate the P2X7 receptors itself? An increasing number of conflicting data appear in the literature, as to those in support of the pore dilation theory, whereas others, It is worth mentioning that this in vitro system is particularly advantageous as it would allow to freely control all components of the liposome including lipid composition and ratio. They observed that panda P2X7-NC was sufficient to form a dye-permeable pore independently of its unique ballast and displayed a channel activity predominantly dependent on the lipid composition (i.e., phosphatidylglycerol and sphingomyelin). The latter was inhibited by cholesterol via interaction with the TM domain [START_REF] Karasawa | The P2X7 receptor forms a dye-permeable pore independent of its intracellular domain but dependent on membrane lipid composition[END_REF]. Collectively, these findings indicate that N-and Cterminal domains are indispensable for dye-uptake itself, whose opening is mediated by palmitoylated cysteine residues located close to the pore helix. Given, however, new findings demonstrating the presence of a zinc ion complex and a guanosine nucleotide binding site on the P2X7 cytoplasmic ballast; these features may as such be crucial to P2X7 signalling properties. It appears, therefore, more and more likely that perhaps The other hypothesis constituting the dye-permeable pore arises from studies showing that P2X7 itself is unable to permeate dyes, cells expressing P2X7R exhibit two distinct pores for small and large ions (L.-H. [START_REF] Jiang | N-methyl-D-glucamine and propidium dyes utilize different permeation pathways at rat P2X(7) receptors[END_REF][START_REF] Virginio | Effects of divalent cations, protons and calmidazolium at the rat P2X7 receptor[END_REF], and the absence of pannexin-1 (Panx1) in heterologous systems failed to induce a P2X7-dye permeable pore [START_REF] Pelegrin | Pannexin-1 mediates large pore formation and interleukin-1beta release by the ATP-gated P2X7 receptor[END_REF]. Participation of an associated hemichannel-forming protein identified as Panx1 was first de c ibed b S enan lab, in order to provide evidence in support of inflammasome formation and processing of IL-1 ma a ion. As previously mentioned, elevated eATP concentrations gating P2X7Rs in macrophages and other immune cells lead to fast opening of the membrane-permeable pore, but also to downstream release of proinflammatory cytokines. In brief, they observed that when ectopically expressed Panx1 hemichannels co-immunoprecipitated with P2X7 receptors in macrophages, generating the so-called dye-uptake pathway , ho e ignal were also described to be essential for P2X7-evoked caspase-1 processing and of IL-1 ma a ion (for more details see [START_REF] Pelegrin | Pannexin-1 mediates large pore formation and interleukin-1beta release by the ATP-gated P2X7 receptor[END_REF]. This hypothesis was later challenged by other studies demonstrating that Panx1-knockout, -knockdown or -inhibition in murine macrophages resulted in a normal of Yo-Pro-1 uptake phenotype expression [START_REF] Alberto | Is pannexin the pore associated with the P2X7 receptor? Naunyn-Schmiedeberg s[END_REF][START_REF] Qu | Pannexin-1 Is Required for ATP Release during Apoptosis but Not for Inflammasome Activation[END_REF][START_REF] Xu | Splice-variants of the P2X7 receptor reveal differential agonist-dependence and functional coupling with pannexin-1[END_REF], and that ATP surprisingly antagonised Panx1 activity (Qiu & Dahl, 2009). Today, a new hypothesis has been postulated, whereby immediately after activation, P2X7 receptor channel simply allows the passage of large cationic molecules, in the absence of a pore-dilation mechanism (Di [START_REF] Virgilio | Extracellular ATP and P2 purinergic signalling in the tumour microenvironment[END_REF].

as

Novel candidate: TMEM16F

As an ion channel the P2X7R features large Na + , K + and Ca 2+ dependent conductances as documented in the literature (Di [START_REF] Virgilio | The Elusive P2X7 Macropore[END_REF]. Released ATP from injured or dying cells, activates the central pore of the P2X7R (but also other P2 subtypes)

causing Na + uptake-associated swelling, and fast and long lasting Ca 2+ permeation. This permeability to cations, especially Ca 2+ leads to a marked cell depolarisation and generation of downstream calcium signalling. The increase in intracellular Ca 2+ is essential for cell survival and proliferation but if prolonged may result in mitochondrial damage and cell death (Di [START_REF] Virgilio | The P2X7 Receptor in Infection and Inflammation[END_REF]. Accordingly, Ca 2+ -activated Cl -channels have been recently suggested to constitute new promising candidates.

In mouse peritoneal macrophages TMEM16F was first identified as interacting partner of P2X7R proposed to meditate effects essential for the innate immune response downstream of P2X7 [START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF]. It was postulated that carbohydratebinding of bacteria proteins to macrophage membranes induce ATP release (from a currently unknown mechanism) activating the P2X7 receptor in an autocrine manner. As a result, increased intracellular Ca 2+ causes activation of Cl -currents, among which TMEM16F, leading to rapid cell shrinkage. Furthermore, given the dual role of TMEM16F, acting as CaCCs and phospholipid scramblase, its activation enhanced macrophages migration, and thus, phagocytosis of pathogens, and scrambling, leading to plasma membrane blebbing and apoptosis. These findings were supported by TMEM16F knockout macrophages data, in which P2X7R stimulation largely attenuated essential functions, including caspase3/7 activation and dye-uptake pore formation [START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF]. Although this work has proven that this complex is fundamental to innate immune response, major questions as to whether P2X7R and TMEM16F channel physically or functionally couple, remain yet to be addressed. Furthermore, the constant use of tannic acid, a potent non-selective inhibitor, and importantly a fluorophore quencher (Dunning et al., 2021), has left this study to some extend doubtful.

Our recent work, also provided further insights in support of this P2X7-TMEM16F regulatory complex mechanisms essential for P2X7 current facilitation and macropore formation (Dunning et al., 2021). We previously showed that brief agonist application activates complex-embedded P2X7 open probability to a low level of channel activity, which is presumably regulated by cholesterol; whereas prolonged agonist stimulation Chapter 1 63 transitions P2X7 channels to a higher open probability that is recapitulated by plasma membrane cholesterol depletion (Dunning et al., 2021). Meanwhile, activated P2X7 receptors induce permeation of large molecules through two distinct components: one requiring TMEM16F binding, while the other is most likely to occur through the P2X7 pore itself as previously discussed. Importantly, molecular mechanisms underlying macropore formation, and other P2X7-dependent processes (i.e., inflammasome) remain, so far, rather inconclusive. It is also strongly believed that P2X7R targeting may present novel perspectives for anti-inflammatory therapy. In this regard, compelling evidence have been proposed throughout this manuscript directed at specific P2X7-TMEM16F amino acid residues that can serve as targetable immunoregulatory components.

TMEM16 channel family

Over 20,000 genes contained in the human genome encode for membrane proteins of unknown function [START_REF] Almén | Mapping he h man memb ane o eome : A majo i of he h man memb ane o ein can be classified according to function and evolutionary origin[END_REF]. Among these orphan proteins, the transmembrane (TMEM) protein 16A (or anoctamin-1) was the first form of plasma membrane localised Ca 2+ -activated Cl -channel to be identified back in 2008 [START_REF] Pedemonte | Structure and function of TMEM16 proteins (anoctamins)[END_REF].

The It is currently believed that the groove-like cavity acts as lipid pathway, whereby phospholipid scrambling occurs through the so-called c edic-ca d mechani m (B.-C. [START_REF] Lee | Gating mechanism of the extracellular entry to the lipid pathway in a TMEM16 scramblase[END_REF]. The latter postulates that the headgroup of the phospholipid permeate into the cavity, whereas the hydrophobic tail is retained in a more stable position in the hydrocarbon core of the membrane. Thus, upon activation phospholipids scrambling translocate from the inner to the outer leaflet, and vice versa. High-impact mutations also provided evidence in support of a shared route between the lipid and ion pathways (B.-C. [START_REF] Lee | Gating mechanism of the extracellular entry to the lipid pathway in a TMEM16 scramblase[END_REF]. They were initially termed anoctamin as believed to be strictly chloride channels consisting of eight TMs. Nevertheless, it was later shown that this was not always the case, and it was later introduced the TMEM16 family having ten TM domains (Figure 1.15), with a high degree of functional divergence. Accordingly, we will use the term TMEM16 going forward. Biological membrane bilayers delimit the boundaries of all living cells and their sub-compartmentalisation sites. In eukaryotes, lipid biogenesis occurring in the ER is responsible for the lipid composition and asymmetrical distribution across the leaflets of the plasma membrane [START_REF] Falzone | Known structures and unknown mechanisms of TMEM16 scramblases and channels[END_REF]. Particularly, membranes asymmetry occurs as lipids transit from the ER to the membrane via the Golgi apparatus mediated by the catalysis of two classes of ATP-dependent enzymes, including flippase and floppase, which establish their chemical compositions [START_REF] Falzone | Known structures and unknown mechanisms of TMEM16 scramblases and channels[END_REF]. For instance, phosphatidylcholine and sphingolipids are abundantly present in the outer leaflet, whereas negatively charged PS, and phosphatidylethanolamine reside in the inner leaflet.

Maintenance of membrane asymmetry is essential for proper cellular homeostasis. In fact, rapid collapse in lipid asymmetry occurring during the phospholipid scrambling process, resulting in uncontrolled exposure of PS, disrupts cellular homeostasis with reported implications for blood coagulation, and phagocytosis clearance of apoptotic cells [START_REF] Falzone | Known structures and unknown mechanisms of TMEM16 scramblases and channels[END_REF]B.-C. Lee et al., 2018). Another family of regulated scramblases is the Xkrelated (Xkr) proteins, which unlike TMEM16s, are caspase-activated scramblases activated during apoptosis (as reviewed in [START_REF] Williamson | Phospholipid Scramblases[END_REF] but, however, will not be covered in this manuscript. Early increases in cytosolic calcium, as evoked by P2X7Rs, trigger TMEM16s activation resulting in blood coagulation and membrane repair.

Identifying molecular and cellular signalling network by which these protein functions remain fundamentally important given their effects on several genetic disorders.

TMEM16F structure, function & physiology

TMEM16F is widely expressed in many tissues and cell types a characteristic that is often observed in housekeeping proteins [START_REF] Pedemonte | Structure and function of TMEM16 proteins (anoctamins)[END_REF]. Phylogenetically, TMEM16F is a close relative of TMEM16E, as compared to TMEM16A and TMEM16A, which remain relatively distant. The Ca 2+ -gated ion channel and scramblase features of TMEM16F are required for exposing PS, as well as for the generation and release of extracellular vesicles (EVs) by the platelets (Feng et al., 2019). Indeed, in humans, the main phenotype attributed to TMEM16F mutations is a bleeding disorder known as Scott Syndrome characterised also by defects in Ca 2+ -dependent phospholipid scrambling in B lymphocyte and erythrocytes cell types (H. [START_REF] Yang | TMEM16F forms a Ca2+-activated cation channel required for lipid scrambling in platelets during blood coagulation[END_REF]. Notably, ANO6

Knockdown in B cells decreased markedly the rate of Ca 2+ ionophore-evoked PS externalisation, whereas TMEM16F overexpression firmly increased PS exposure rates (Suzuki et al., 2010). As a Ca 2+ -activated channel, TMEM16F generates a small singlechannel conductance, dynamically shifting its ion selectivity with increasing Ca 2+ levels (H. [START_REF] Yang | TMEM16F forms a Ca2+-activated cation channel required for lipid scrambling in platelets during blood coagulation[END_REF]. Thus, indicative of a positive feedback mechanism kept in check, preventing excess of intracellular calcium. ). This theory has been further strengthened by recent findings showing that in a calcium-free conformation of the scramblase hydrophobic disparity induced membrane distortion that reduced the energy barrier for lipid movement through the hydrophilic groove-like cavities [START_REF] Falzone | Structural basis of Ca2+-dependent activation and lipid transport by a TMEM16 scramblase[END_REF]. Recent cryo-EM studies added an additional level of complexity in the lipid scrambling model demonstrating that membrane distortion and lipid motion do not require an open groove, but also arguing that lipid scrambling and ion permeation feature distinct pathways (Feng et al., 2019). In apparent contrast to current view, in which (i) lipid movement requires an open groove cavity [START_REF] Falzone | Known structures and unknown mechanisms of TMEM16 scramblases and channels[END_REF],

(ii) li id c ambling engage in an o -of-the-g oo e config a ion without tight contact with the protein [START_REF] Alvadia | Cryo-EM structures and functional characterization of the murine lipid scramblase TMEM16F[END_REF] and (iii) both ions and lipids permeate alternatively through the same protein-forming pore [START_REF] Alvadia | Cryo-EM structures and functional characterization of the murine lipid scramblase TMEM16F[END_REF]. In Feng e al. d , structural TMEM16F data revealed that the channel retains an intact ion permeation function, whilst employing a conformation leading to plasma membrane distortion and lipid movement facilitation (Feng et al., 2019). Importantly, amino acid mutations, such as N621A and K706A significantly reduced onset of calcium influx and N621A also PS exposure. On the contrary, mutation R542A increased both Ca 2+ ions and PS externalisation (Feng et al., 2019). This further confirms the importance of calcium binding in both aforementioned mechanisms.

Another enigmatic question concerns the plasma membrane repair ability to prevent death initiated by pore-forming agents. A variety of bacterial toxins, including listeriolysin O (LLO), can trigger cell death via a pore-forming mechanism initiated in the outer leaflet of the membrane (N. [START_REF] Wu | Critical Role of Lipid Scramblase TMEM16F in Phosphatidylserine Exposure and Repair of Plasma Membrane after Pore Formation[END_REF]. This process differs from other forms of cell death (i.e., pyroptosis and necroptosis) in that it does not require secondary intracellular effectors activation by the death cascades (N. [START_REF] Wu | Critical Role of Lipid Scramblase TMEM16F in Phosphatidylserine Exposure and Repair of Plasma Membrane after Pore Formation[END_REF]. Maintenance of cell integrity is governed by the intrinsic repair capacity of the plasma membrane by removing damaged membranes through a multitude of processes including EVs, endocytosis and releasing (N. [START_REF] Wu | Critical Role of Lipid Scramblase TMEM16F in Phosphatidylserine Exposure and Repair of Plasma Membrane after Pore Formation[END_REF]. It has long been known that pore-forming agents induce PS externalisation from the inner leaflet to the outer leaflet of the plasma membrane perhaps reflecting the movement from plasma membrane injury to full celldeath. Alternatively, this may be demonstrative of a repair-evoked mechanism that Chapter 1 68 requires PS exposure aimed at resisting cell death (N. [START_REF] Wu | Critical Role of Lipid Scramblase TMEM16F in Phosphatidylserine Exposure and Repair of Plasma Membrane after Pore Formation[END_REF]. Intriguingly, because PS externalisation occurs as a result of lipid scrambling, a recent study implicated TMEM16F as key in triggering repair mechanisms induced by pore-forming agents.

Briefly, TMEM16F-mediated activity facilitated blebbing, release of EVs, decreased pore-formation that led to a significant improvement in cell survival as compared to TMEM16F knockout mice (N. [START_REF] Wu | Critical Role of Lipid Scramblase TMEM16F in Phosphatidylserine Exposure and Repair of Plasma Membrane after Pore Formation[END_REF]. Collectively, these features have attracted significant interest in recent years pertaining to developmental biology and cancer research fields.

Insights into regulatory mechanisms of other TMEM16 members

Among anoctamins, TMEM16H and TMEM16K are highly expressed in many tissues, as is their homologous member TMEM16F. On the other hand, TMEM16B expression is retained in neuronal tissues and the eyes, whereas TMEM16C and TMEM16D are localised mainly in the spinal cord, brain stem, and cerebellum [START_REF] Pedemonte | Structure and function of TMEM16 proteins (anoctamins)[END_REF]. TMEM16A is one of the most studied members beside TMEM16F, and is highly overexpressed in cancer, especially amplified in prostate tumours similarly to TMEM16G [START_REF] Hartzell | Anoctamin/TMEM16 family members are Ca2+-activated Cl-channels[END_REF]. Developmental defects of the trachea and lethality were observed in TMEM16A deletion in mice, while conditional KO experiments indicated that the TMEM16A channel Cl -transport is implicated in smooth muscle contraction and epithelial secretion [START_REF] Falzone | Known structures and unknown mechanisms of TMEM16 scramblases and channels[END_REF]. Homologies associated with scramblase function have also been described for TMEM16C, TMEM16D, TMEM16J, and TMEM16G, albeit it remains unclear whether they exhibit a channel function (Falzone et al., 2018). Additional effects attributed to TMEM16F deletion included also skeletogenosis defects [START_REF] Ehlen | Inactivation of anoctamin-6/Tmem16f, a regulator of phosphatidylserine scrambling in osteoblasts, leads to decreased mineral deposition in skeletal tissues[END_REF], spinal microglial function to injury [START_REF] Batti | TMEM16F Regulates Spinal Microglial Function in Neuropathic Pain States[END_REF], downregulation of innate immunity in macrophages [START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF], and termination of T-cell receptor signalling [START_REF] Hu | Scramblase TMEM16F terminates T cell receptor signaling to restrict T cell exhaustion[END_REF], to only name a few. In addition, a similar panoply of developmental disorders has been noticed in TMEM16E deletion, with the most known disorders being the limb-girdle muscular dystrophy and Miyoshi myopathy type 3 [START_REF] Falzone | Known structures and unknown mechanisms of TMEM16 scramblases and channels[END_REF] indicative of a role in vesicle fusion and membrane repair. Various CaCCs and scramblase members of the anoctamins family have Chapter 1 69 also been reported to modulate neural activity, as for example TMEM16A, and -B CaCCs, which allow for thermosensory signal in nociception and proper axonal action potential firing across different brain regions, respectively; or as TMEM16C, in which scramblase activity was found to control neurosensory transmissions in pain perception in rat primary sensory neurons by activating sodium-activated potassium currents [START_REF] Falzone | Known structures and unknown mechanisms of TMEM16 scramblases and channels[END_REF].

Furthermore, calcium signalling defects associated with mutations in the uncharacterised TMEM16K channel resulted in several neurological disorders, such as epilepsy, porencephaly, and ataxia [START_REF] Falzone | Known structures and unknown mechanisms of TMEM16 scramblases and channels[END_REF].

Collectively, the underlying cellular and molecular pathophysiological mechanisms involved in the anoctamin family remain still a work in progress, as new functions are being characterised for known homologues aiding in the profiling of poorly studied members. It is worth noting that despite huge advances in recent years, no major breakthroughs have been reported in the literature with TMEM16A, B, and F representing the most studied members of the whole group.

Biophysical & molecular approaches to the study of complex system

Protein-protein complex interactions (PPIs) are crucial for the correct upkeep of biological systems because of their implications for the emergence and progression of disease conditions. Particularly, different classes of proteins allow for proper functioning of most biological processes in a cell, such as gene expression, cell growth, proliferation, morphology, and metabolism, as well as intracellular signalling and apoptosis. Moreover, due to a cell response to a plethora of extracellular and intracellular cues, stimulusspecificity within a biological system may be hard to define. Thus, generating a much higher level of complexity and dynamism when trying to investigate complex interaction networks. It has been proposed that over 80% of known proteins operate in complexes (Berggård et al., 2007). Identifying the basis for PPIs is becoming a major objective in screening, and interfering peptides, which will be later discussed. This section, however, particularly emphasises the use of two-photon microscopy to better address the dynamic properties of PPIs in living cells in real-time.

Two-photon or multiphoton microscopy

In vitro FRET-based techniques combining both widefield and confocal microscopes and fluorescence-activated cell sorting (FACS) present several drawbacks when describing protein-protein interactions in which light-activated donor molecules may also excite the acceptor, and/or the donor emission can leak into the detection channel of the acceptor, respectively. Furthermore, both approaches may also be affected by autofluorescence and photobleaching, which further convolute measurement acquisition. A more robust approach has been developed to monitor FRET by using FLIM, as discussed in Chapter 3. This is because the fluorescence lifetime is an intrinsic parameter of the fluorophore, independent of its total concentration. Therefore, in conditions in which interacting parameters cannot be controlled, as those previously mentioned, results are more prone to errors, requiring a higher number of image acquisitions of the same sample in various combinational settings. Two-photon microscopy also allows for live-cell imaging of biological samples, characterisation of molecules within the specimen of up to 1 mm depth, and 3D imaging of various tissues as well as organoids.

The two-photon fluorescence scanning microscopy concept was initially introduced by [START_REF] Sheppard | The scanning harmonic optical microscope[END_REF](refer to Sheppard et al., 1977), and in 1990 was applied to biological specimens (refer to [START_REF] Denk | Optical measurement of picometer displacements of transparent microscopic objects[END_REF]. In general principal, in single photon absorption, the fluorophore-emitted electrons are excited by a wavelength that has higher energy than their ground state. In striking contrast, two-photon excitation refers to the ability of two photons having a much longer wavelength to excite one electron of a given fluorophore in the ground state, as illustrated by the Jablonski diagram (Figure 1.16a). Importantly, the light used to generate the excitation has a lower wavelength than the resulting fluorescence emission. As a result, low energy produced photons are capable of exciting commercially available fluorophores allowing for a deeper light penetration into tissues than standard fluorescence microscopy. Owing to its low-energy production fewer photobleaching is observed with less tissue or cell damage particularly advantageous when working in living cells. High-intensity lasers are, however, required to increase the probability of the two photons to hit the fluorophore at the very same time.

Moreover, the two-photons laser scanning microscope only allows the infrared light to excite the fluorophore in the focus of the objective, as it is the only area in which the proper number of photons per time and space is reached (Benninger & Piston, 2013). In photophysics, the energy carried out by a single photon is inversely proportional to its wavelength ( ). Th , the photon a eleng h ( 2p) in two-photon excitation microscopy should correspond to twice that of the photons observed under one-photon excitation. Fo in ance, le imagine that under a conventional microscope, a given fluorophore reaches its optimal absorption at 400 nm; consequently, the latter may be excited by two co-occurring photons at 800 nm. This is particularly important as it implies that fluorescence can be excited by infra-red illumination rather than UV (Benninger & Piston, 2013). The emission intensity of fluorescence is therefore contingent on the square of the excitation intensity. This quadratic relationship generates the enhanced pulsed laser excitation source and the intrinsic signal optical imaging of the two-photon microscope (Benninger & Piston, 2013). Collectively, conventional one-photon and two-photon absorptions share the same singlet state resulting from the emission of the excited state.

In two-photon microscopy, the high numerical aperture (NA) objective lens pulses [START_REF] Galluzzi | Molecular mechani m of cell dea h : ecommenda ion of he omencla e Commi ee on Cell Death 2018[END_REF]. Contrary to accidental cell death (ACD), resulting due to the exposure to severe physical, chemical, and mechanical insults, regulated cell death (RCD) depends on a much more sophisticated molecular machinery that may be influenced by pharmacological and genetic intercessions. Intriguingly, RCD displays two diametrically opposed events: it can operate as an integral effector or programmed cell death (PCD) of physiological homeostasis, directing development or tissue turnover. On the other hand, RCD originating from prolonged perturbations acts as modulators of the adaptive stress response mechanism for the preservation of a biological equilibrium [START_REF] Galluzzi | Molecular mechani m of cell dea h : ecommenda ion of he omencla e Commi ee on Cell Death 2018[END_REF].

According to morphological alterations associated with cell death, three morphotypes identifying mechanisms of cell and fragment disposal have been used to classify cell death forms. Type 1 cell death, referring to apoptosis, manifests cell shrinkage, plasma membrane blebbing, pyknosis (irreversible condensation of chromatin), karyorrhexis (nucleus fragmentation), and terminating with the formation of apoptotic bodies [START_REF] Galluzzi | Molecular mechani m of cell dea h : ecommenda ion of he omencla e Commi ee on Cell Death 2018[END_REF]. Type 2 cell death or autophagy, exhibiting large-scale autophagic vacuolisation of the cytoplasm [START_REF] Galluzzi | Molecular mechani m of cell dea h : ecommenda ion of he omencla e Commi ee on Cell Death 2018[END_REF]. Type 3 cell death known Chapter 1 75 as necrosis defined by irreversible mechanism culminating with cell corpse disposal in the absence of phagocytosis or lysosome [START_REF] Galluzzi | Molecular mechani m of cell dea h : ecommenda ion of he omencla e Commi ee on Cell Death 2018[END_REF].

A major focused will be placed on type 1 cell death, on the two forms of apoptosis (i.e., intrinsic and extrinsic) because of its implications in caspase3-7 activation, and regulation by P2X7 receptor and TMEM16F channel complex interactions (refer to Chapter 5). RCD intrinsic apoptosis is activated by several microenvironmental stimuli, such as DNA damage, ischemia, ER stress, reactive oxygen species (ROS) overload, and microtubular defects, to name only a few. The critical irreversible step for intrinsic apoptosis is demarcated by the extensive mitochondrial outer membrane permeabilization (MOMP) regulated through pro-apoptotic and anti-apoptotic members of the BCL2 protein family [START_REF] Galluzzi | Molecular mechani m of cell dea h : ecommenda ion of he omencla e Commi ee on Cell Death 2018[END_REF]. Together with other apoptosis regulator, intrinsic apoptosis culminates in the activation of executioner caspases, mainly caspase-3 [START_REF] Galluzzi | Molecular mechani m of cell dea h : ecommenda ion of he omencla e Commi ee on Cell Death 2018[END_REF]. Contrarily, extrinsic apoptosis, as described by the nomenclature committee on cell death (NCCD), is initiated by extracellular stimuli acting on plasma membrane receptors, propagated by caspase-8 cleavage and activation, and culminated by caspase-3 activation [START_REF] Galluzzi | Molecular mechani m of cell dea h : ecommenda ion of he omencla e Commi ee on Cell Death 2018[END_REF]. Together, discovering protein complexes that disrupt this system will greatly help in developing tailored therapies that could be used to treat a variety of pathophysiological disorders. resulting from these processes can also induce type-3 cell death or necrosis. This, however, may vary depending on the experimental systems (i.e., type of cell line or tissue)

P2X7 & NLRP3 inflammasome

employed. The P2X7-NLRP3 inflammasome regulation has been associated to many form of cancers, such head and neck cancer [START_REF] Bae | P2X7 receptor and NLRP3 inflammasome activation in head and neck cancer[END_REF], chronic lymphocytic leukemia [START_REF] Salaro | Involvement of the P2X7-NLRP3 axis in leukemic cell proliferation and death[END_REF], breast cancer [START_REF] Xia | P2X7 receptor stimulates breast cancer cell invasion and migration via the AKT pathway[END_REF] and gastritis cancer (P. [START_REF] Huang | From purines to purinergic ignalling : Molec la f nc ion and h man di ea e[END_REF], but also to depression and diabetes (D. [START_REF] Wang | P2X7 receptor mediates NLRP3 inflammasome activation in depression and diabetes[END_REF].

CNS implications

Extracellular ATP can act synergistically as a growth and potent long-term tropic factor, influencing neuronal and glial development through cytoplasmic Ca 2+ and cAMP [START_REF] Burnstock | Purinergic signalling and disorders of the central nervous system[END_REF]. ATP release from neural activity assists in functional neural circuitry signalling, growth, and differentiation of different cells in the CNS. In a healthy system, the functional state of glial cells, receptor subtypes, and ectoenzyme expression regulate ATP and Ado availability, inducing proper mitogenesis or apoptosis [START_REF] Burnstock | Purinergic signalling and disorders of the central nervous system[END_REF].

ATP and glutamate release as neurotransmitters from presynaptic primary afferent nerve terminals on the spinal cord dorsal horn neurons can postsynaptically activate purinergic receptors including P2X2, P2X4, P2X7, P2Y subtypes, and AMPARs, or NMDARs, respectively [START_REF] Burnstock | Purinergic signalling and disorders of the central nervous system[END_REF]. The byproducts of the breakdown of ATP via ectonucleotidase result in the production of Ado exhibiting inhibitory presynaptic function through stimulation of A1 receptors. However, presynaptic ATP itself may also either inhibit transmitter release through P2Y receptor signalling or augment glutamate secretion via P2X3 receptors. Furthermore, ATP release from astrocytes along with glutamate also participates in complex glial-neuronal interactions [START_REF] Burnstock | Purinergic signalling and disorders of the central nervous system[END_REF]. Given the Chapter 1 77 complexity of purines signalling in neurotransmission and neuromodulation, it is not surprising that dysregulation of such a system has been associated with severe neurodegenerative and neuropsychiatric diseases. CaCCs also play a manifold role in neural physiology, controlling nociception and neuronal excitability [START_REF] Duran | Physiological roles and diseases of Tmem16/Anoc amin o ein : A e he all chlo ide channel[END_REF]. Some TMEM16 members were indeed reported to regulate membrane exocytosis via adjusting intracellular Ca 2+ or Cl concentrations near the plasma membrane [START_REF] Kunzelmann | Contribution of Anoctamins to Cell Survival and Cell Death[END_REF]. TMEM16F-induced exocytosis increases chloride channel trafficking to the membrane, including CFTR, known for cystic fibrosis and congenital absence of the vas deferens (CAVD) conditions. Due to its dual function, TMEM16Factivated scramblase is pivotal to the sheddases (or cleavage) function of the ADAM family, as discussed previously. Thus, promoting IL-6 trans-signalling activation enhancing cell death and tumorigenic activity [START_REF] Kunzelmann | Contribution of Anoctamins to Cell Survival and Cell Death[END_REF]. Importantly, some anoctamin members have also been associated with head and neck cancer, breast cancer, glioblastoma, and myoblast proliferation to name but just a few (Kunzelmann et al., 2019). These overlapping functions between purinoceptors and anoctamins may potentially uncover novel therapeutical targets.

Multiple sclerosis

Multiple sclerosis (MS) is a disabling disorder in which he bod imm ne em a ack the protective insulating layer of the nerve cells referred to as the myelin sheath of the CNS brain and spinal cord. Following neural damage, the nerve fiber is exposed impairing the signal being transmitted within, resulting in multiple lesions or scars [START_REF] Litin | Mayo Clinic family health book[END_REF]. There different types of MS have been identified, with the most frequent or common being the relapsing-remitting MS, whereas the other two forms include primary progressive MS and secondary progressive MS. Symptoms differ greatly from patient to patient based on the area of nerve fibers affected, often leading to movement defects. For instance, tremors, lack of coordination, numbness and/or weakness of the limbs, and Lhermitte-like signs (i.e., electric-shock sensations) are common manifestations [START_REF] Litin | Mayo Clinic family health book[END_REF]. There is no specific diagnostic test currently available [START_REF] Hermann | Review of Transporter Substrate, Inhibitor, and Inducer Characteristics of Cladribine[END_REF]. However, one treatment option include Cladribine Chapter 1 78 (Mevenclad®), whose absorption, uptake and distribution were recently described to be entirely mediated by both ENTs proteins and CNT3, but with low affinity [START_REF] Hermann | Review of Transporter Substrate, Inhibitor, and Inducer Characteristics of Cladribine[END_REF], as previously mentioned (refer to section 1.1.2.2). Intriguingly, MS pathophysiology is defined by macrophage accumulation and inflammatory cells infiltrating into the CNS leading to demyelinating. P2X7 receptors and TMEM16F channels are abundantly expressed on myeloid lineage cells. Furthermore, reported increased immunoreactivities of P2X7 receptors in activated macrophages/microglia have been identified in the literature, along with elevated ATP levels contributing to MS lesion induced IL-1 elea e [START_REF] Amadio | Modulation of P2X7 Receptor during Inflammation in Multiple Sclerosis[END_REF][START_REF] Lin | New Insights into the Role of IL-1 in E e imen al Autoimmune Encephalomyelitis and Multiple Sclerosis[END_REF]. Thus, these receptors represent pivotal candidates aiding perhaps in the identification of new molecular pathways that may lead to novel therapeutic development.

Glioblastoma

A grade IV astrocytoma, often known as glioblastoma (GBM), is an aggressive, fastgrowing CNS tumour that develops in the brain or spinal cord but does not metastasise to distant organs. GBM, originating from astrocytes, has a median survival time of about 14 months [START_REF] Stupp | Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma[END_REF]. It may arise either form de novo or from a lower-grade astrocytoma [START_REF] Litin | Mayo Clinic family health book[END_REF]. GMB most frequently develops in the cerebral hemispheres, mainly in the frontal (40%), temporal (29%), parietal (14%) and occipital (3%) lobes of the brain [START_REF] Larjavaara | Incidence of gliomas by anatomic location[END_REF]. GBM treatment includes surgical resection, followed by radiation therapy and chemotherapy, albeit relapse occurs in almost all cases. This is due to GBM complex tumor heterogeneity [START_REF] Stupp | Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma[END_REF].

Interestingly, essential pathophysiological processes associated with GBM have been attributed to purinergic signalling [START_REF] Zanoni | Irradiation causes senescence, ATP release, and P2X7 receptor isoform switch in glioblastoma[END_REF]. Briefly, following radiotherapy extracellular ATP is released into the tumour microenvironments activating purinergic P2 receptors (mostly P2X7 subtypes). As a result, a significant shift in P2X7 isoform expression was observed in GBM cells, defined by a downregulation of the P2X7A isoform and up-modulation of the P2X7B isoform associated also with extensive cell death and senescence-associated stemness markers [START_REF] Zanoni | Irradiation causes senescence, ATP release, and P2X7 receptor isoform switch in glioblastoma[END_REF]. This post irradiationevoked P2X7B isoform upregulation was further potentiated upon application of P2X7

Chapter 1 79 inhibitors enhancing trophic/growth stimuli [START_REF] Zanoni | Irradiation causes senescence, ATP release, and P2X7 receptor isoform switch in glioblastoma[END_REF]. TMEM16 channels expression also seems to be increased in several distinctive types of cancer including GBM, although the signalling mechanisms employed remain as of today elusive (Y.-S. [START_REF] Lee | Suppression of 14-3-3 -mediated surface expression of ANO1 inhibits cancer progression of glioblastoma cells[END_REF].

Cystic Fibrosis

Cystic Fibrosis (CF) is an autosomal recessive condition occurring in epithelial organs resulting also in severe peripheral nervous system abnormalities, such as neuropathy [START_REF] Reznikov | CFTR-deficient pigs display peripheral nervous system defects at birth[END_REF]. Intriguingly, it has been suggested that the CFTR gene directly interfere with the CNS function of CFTR-deficient pigs, resulting in severe ultrastructural changes of myelin sheath, as to those observed in peripheral neuropathy [START_REF] Reznikov | CFTR-deficient pigs display peripheral nervous system defects at birth[END_REF]. Recent improvement diagnosis and treatment has allowed a better prognosis with some patients living into their 50s [START_REF] Litin | Mayo Clinic family health book[END_REF]. CFTR is an essential chloride channel, whose activation is enhanced by TMEM16F activation, perhaps due to signalling proteins translocation to the plasma membrane [START_REF] Simões | CFTR supports cell death through ROSdependent activation of TMEM16F (anoctamin 6)[END_REF]. Other members of the anoctamins, such as TMEM16A have also been reported as indispensable for regulation of CFTR [START_REF] Benedetto | Plasma membrane-localized TMEM16 proteins are indispensable for expression of CFTR[END_REF]. CF monocytes exhibit an unusual, elevated level of IL-1 a ib ed o m co len di cha ge in CF ai a [START_REF] Cantin | The P2X7 ece o in C ic Fib o i Monoc e : Linking CFT Deficiency to Inflammation[END_REF]. Together with the accumulation of neutrophil elastase, extensive bronchial damage or bronchiectasis is induced that is the hallmark of cystic fibrosis in the lungs. Emerging evidence suggest that CF monocyte signalling pathways involves P2X7-driven NLRP3 inflammasome complex activation [START_REF] Cantin | The P2X7 ece o in C ic Fib o i Monoc e : Linking CFT Deficiency to Inflammation[END_REF].

Therapeutics development

As has been mentioned thus far, a wealth of research exists that demonstrates the involvement of several TMEM16 family members and purinergic system in various diseases, including cancer, psychiatric, and neurological disorders, to only name a few.

Research on the expression and activity patterns of these proteins throughout the processes of proliferation, migration, and differentiation in various disease states has been carried out over the past several years. Altogether, this highlights the significance potential of novel therapeutics [START_REF] Burnstock | Purinergic signalling and disorders of the central nervous system[END_REF][START_REF] Burnstock | Purinergic signalling and disorders of the central nervous system[END_REF][START_REF] Burnstock | Purinergic signalling and disorders of the central nervous system[END_REF][START_REF] Cheffer | Purinergic system in psychiatric diseases[END_REF][START_REF] Duran | Physiological roles and diseases of Tmem16/Anoc amin o ein : A e he all chlo ide channel[END_REF][START_REF] Pedemonte | Structure and function of TMEM16 proteins (anoctamins)[END_REF]. There is, however, no drug nor therapy currently available on the market targeting P2X7 receptors, albeit a very recent clinical trial has started in the UK using JNJ-54175446, a P2X7 antagonist, for treatment of depression and depression-related symptoms (refer to identifier: NCT04116606). Nevertheless, several other treatments have been developed for other P2 receptors subtypes. For instance, clopidogrel a P2Y12 antagonist acting as antiplatelet and commonly employed as medication for thrombosis and stroke [START_REF] Burnstock | Purinergic signalling and disorders of the central nervous system[END_REF]; Diquafosol, on the contrary, is an agonist for P2Y2 receptors used for keratoconjunctivitis sicca (KCS; i.e. dry eye syndrome) [START_REF] Burnstock | Purinergic signalling and disorders of the central nervous system[END_REF]. Other investigations include P2X3 antagonists for potential use as medication for chronic cough, urinary incontinence, visceral pain, and hypertension [START_REF] Burnstock | Purinergic signalling and disorders of the central nervous system[END_REF]. On the other hand, no selective inhibitors are currently available for TMEM16s, albeit screening of a chemical library recognised benzbromarone as TMEM16A inhibitor [START_REF] Pedemonte | Structure and function of TMEM16 proteins (anoctamins)[END_REF]. Intriguingly, the latter is commercially used for the treatment of gout conditions for the past 30 years [START_REF] Azevedo | Benzbromarone in the treatment of gout[END_REF] an inflammatory arthritis condition known as the archetypal purine-related disease. No drug nor clinical trial are currently being developed for TMEM16F or other TMEM16 members, perhaps because their pharmacology is still in its very infancy. The overwhelmingly overlapping molecular physiology as well as pathophysiology between purinoceptors and TMEM16 family, further suggest an intertwined activity that may aid in tailoring better and much more specific therapeutics. Chapter 2

Materials and Methods

Animals

Four C57B16 male mice were used in the study aged between 6 and 12 weeks. All animals were maintained in a controlled environment (temperature 20 ± 2 °C; 12-hour light-dark cycle). Food and water were supplied ad libitum. All procedures for the care and treatment of animals were performed in compliance with the institutional animal welfare guidelines and had full approval by the local board.

Peritoneal macrophages extraction and culture

Mice were euthanised via rapid cervical dislocation. A small incision was carried out along the abdomen midline to expose the peritoneal wall. Extraction of resident peritoneal cells was then performed by delivering 10 mL of ice-cold (4°C) harvest medium (PBS,)

into the peritoneal cavity using the bevelled end of a 20-gauge needle. Cells were centrifuged at 1500 rpm for 5 min and counted on an automated cell counter using a trypan blue exclusion. The total yield obtained ranged between 1-3 x 10 6 cells/mL per mouse.

The macrophages were seeded into 96-well plates at 0.5 x 10 5 cell ell (100 L of medium per well). Cells were allowed to adhere for 2h at 37 °C and non-adherent cells were removed by washing three times with PBS. Peritoneal macrophages were cultured in DMEM media supplemented with 10% fetal bovine serum, 1× GlutaMax, 100 units/mL enicillin and 100 g mL e om cin prior to experiments.

Cell culture and Biochemistry

Cell culture and Transfection.

Human embryonic kidney (HEK293; ATCC) cells and murine RAW264.7 (ATCC; TIB-7 kindl o ided b 3 I lab) macrophages were maintained in lbecco modified

Eagle medi m containing L-GlutaMax, supplemented with 100 units/mL penicillin and 100 g mL e om cin (Gibco Life Technology). For HEK293 TMEM16F-KO cell line, the media were further supplemented with 1 g mL puromycin dihydrochloride (Gibco Life Technology). Cells were incubated at 37 °C in a humidified incubator in 5 % CO2.

Trypsin-treated cells were cultured in 6, 8, and 96-wells plates as detailed in the legends to the figures. For patch-clamp and video fluorescent microscopy experiments cells were seeded onto poly-l-lysin (Sigma Aldrich, USA) pre-treated 9 and/or 12 mm glass coverslips (Marienfeld), or in P100 dishes for biochemical experiments. Cells were transfected using the calcium phosphate precipitation approach. Rat P2x7 (rP2X7) and enhanced Green Fluorescent Protein construct (eGFP) c A con c e e con ained within pcDNA3.1(+) vectors (Invitrogen), whereas the cDNA encoding rat ANO6/TMEM16F was contained within a pCMV6 plasmid including a myc-tag (OriGene) located in the C-terminus. Cells transfection efficiency was measured by eGFP construct expression. For video microscopy experiments cells were either co-or tripletransfected with rP2X7 (2 g), TMEM16F (0.1 g) and eGFP (0.3-0.05 g) as illustrated

in the text. For whole-cell experiments rP2X7 cDNA was decreased to 0.8 g, whilst for biochemical experiments cells were either transfected with each construct alone i.e., myc tagged rP2X7 (5 g) and myc tagged rANO6/TMEM16F (5 g) or together at a 1:0.05 ratio as indicated. Cells were washed 3 times in PBS solution 24-48h post-transfection prior to all experiments. For RAW264.7 cell line, macrophages were studied under endogenous conditions and seeded into 96-well plates at 0.3-0.5 x 10 5 cells/wells (100 L of medium per well) as described in section 2.4.

Surface biotinylation, Co-immunoprecipitation, Crosslinkers, and Western-blot

For cell surface biotinylation assay, 24 h-post transfection with rP2X7-and/or rTMEM16F-myc tagged plasmids at a ratio of 1:0.05, respectively, HEK293 and Bis-Tris 4%-12% gel (Thermo Fisher) using MOPS running buffer for 30 min at 110V and consequently increased to 150V for 60 min. Mini-PROTEAN TGX 7.5% gels were also employed, based on the molecular weight of interest (as described in the text) using TGS running buffer (BioRad). The proteins were then transferred onto nitrocellulose membrane using the TransBlot Turbo system (BioRad) and ran at 1.3A or 2.5A at 25V for 10-20 min for one or two gels, respectively. Membranes were blocked for 1 h in TBST (PBS; 1% non-fat milk, 0.5% BSA and 0.05% Tween-20) and incubated in primary Chapter 2 86 antibody diluted in TBST overnight at 4 °C. Detailed list of primary and secondary antibodies is illustrated in Table 2.1. Membranes were then washed three times in PBST before and after incubation with an appropriate HRP secondary antibody for 2 hours at ambient temperature. Revelation was done by Amersham ECL select western blotting detection reagent (GE Life Sciences) and chemiluminescence was assesed using the Amersham Imager 600.

For co-immunoprecipitation, tranfected and non-transfected cells were washed in ice-cold 4°C PBS+ and lysed as described above. Following this, the cell lysate was incubated with The fragment constructs were then cleaved by Dpn1 following 1h incubation at 37 °C and dialysed on 0.025 M filters (Millipore; VSWP02500) for 30 min. Prior to directional cloning, the cDNAs encoding rP2X2-GFP and rANO6/TMEM16F contained within pcDNA3.1(+) and pCMV6 vectors, respectively and fragments were double digested with their corresponding restriction enzymes as detailed in Table 2.3 and2.4 for 1h at 37 °C.

The vectors were then dephosphorylated using alkaline phosphatase, calf intestinal (CIP) for 1h at 37 °C. 10 L of the vector and fragment product was ran on a 1% agarose gel (1g Agarose, 100mL TAE) to verify that had undergone correct cleavage before ligation with T4 DNA ligase for 2h at 25 °C (Table 2.5). rP2X7-mScarlet, instead, was achieved by tagging mScarlet (from gene synthesis) in the C-terminus of rP2X7 within a pcDNA3.1(+) vector. Taqman probe primers specific for hANO1/TMEM16A to hANO10/TMEM16K (Table 2.8). Following this, qPCR reaction was carried out in 10 L mixture (qPCR Master Mix 2X, cDNA 2.5 ng, 0.5 M primers and probes) and programmed as followed: (i) enzyme activation at 95 °C for 30 s (1 cycle); (ii) denaturation at 95 °C 0.3 s and (iii) annealing, extension, acquisition at 60 °C for 30 s. These last two points were ran for 40 cycles. The relative ratio and relative expression values for hANO6/TMEM16 and GDPDH calculated from equations and standard curves (Figure 2.1). Samples were analysed in duplicates and normalised to the corresponding GDPDH. 

Generation of Crispr-Cas9 knock out

CRISPR-Cas9 single-and double-knock out methods were carried out as described in [START_REF] Reznikov | CFTR-deficient pigs display peripheral nervous system defects at birth[END_REF]. CRISPOR (Concordet and Haeussler, 2018) and CHOPCHOP (Labun et al., 2019;Labun et al., 2016;Montague et al., 2014) were used to design sgRNA sequences targeting exon 15 of hANO5/TMEM16E gene and exon 2 of hANO6/TMEM16F gene (Table 2.9). The oligonucleotides encoding the sgRNA sequences containing BbsI overhangs were then cloned into BbsI sites in pSpCas9(BB)-2A-Puro (Addgene plasmid ID:48139). The plasmids obtained were verified by sequencing (Eurofins Genomics) and transfected into HEK293T by calcium phosphate precipitation method (see section 1.2). Transfection of each sgRNA was performed in triplicates in P100 plates. After 24-48 h transfection, 1 g mL om cin was applied to select cells for 48-72 h. Monoclonal selection of transfected cells was carried out by dilution in 96-well plates at a final concentration of 0.5 cells per 100 L to reduce multiple-cell colonies per well. Single-cell colonies were allowed to expand for 15-20 days. Genomic DNA was then harvested from cells and deletions of hANO6/TMEM16F gene confirmed by sequencing (Eurofins Genomics), western blot and in vitro pharmacology.

Immunology and In vitro pharmacology 2.4.1 Interfering HIV-1 TAT peptide

Membrane-permeant fusion peptides were manufactured by GenScript and comprised 18amino acid residues corresponding to specific regions of mP2X7R and mANO6/TMEM16F (Table 2.12) fused together to 11-amino-acid protein transduction domain of HIV-1 TAT by a linker. Among these, two TAT-peptides denoted as random sequence were used as control. Cell treatment was carried out using 50 M TAT-peptides incubated overnight at 37 °C in DMEM 10 % FBS, or in DMEM FBS-free medium 6

hours before experiments. 

ELISA

RAW247.6 macrophages were seeded in 96-well plates at 3 x 10 5 cells/well and incubated overnight with membrane-permeant HIV-1 TAT-peptides at 37 °C as described in section (PBS, 0.05 % Tween 20 and 1 % BSA) for 1 h at 37 °C. Three further washing steps were carried out between and after incubation with cell-free supernatant samples for 2 h at 37

C. Thi a follo ed b inc ba ion i h 0.5 g mL an i-mouse TNF-bio in la ed detection antibody (clone XT3/XT22) for 1 h at 37 °C. Avidin-HRP was then added to the plate, before revelation using 1.25 mM tetramethylbenzidine and 13.05 mM H202 in 0.1 M pH 5 citrate buffer, which was stopped by 1 M HCl. The absorbance was measured at concentration was estimated using a mouse TNF-recombinant protein solution as standard curve.

Griess assay

Nitrate (NO2) production was measured in 40 L cell-free supernatant using Griess method. Equal volumes of Griess reagents consisting of p-aminobenzene-sulfonamide (58.1 mM; Sigma) in 30 % acetic acid and N-1-Naphtylethylene diamine dihydrochloride (3.9 mM; Sigma) in 60 % acetic acid, were added into individual wells of 96-well plates.

The absorbance was measured at 543 nm using a microliter plate photometer (Safas SP2000, Xenius, Monaco). Total nitrate concentration was determined using a sodium nitrate (Sigma) standard curve.

Caspase-3/7 activation

Caspase-3/7 activation in cells was carried out using Caspase-Glo 3/7 Assay (Promega, G8091). In brief, this assay kit provides a luminogenic substrate coupled to the caspase 3/7 DEVD tetrapeptide sequence. When Caspase-Glo 3/7 Reagent is added pro-luciferin DEVD is cleaved and aminoluciferin released resulting in the production of light, in the presence of ATP and luciferase. Mouse peritoneal macrophages were plated at 5 x 10 5 cells/well and left for 24 h under normal growth condition in DMEM 10 % FBS. TATpeptides were added to the cells 6 h prior to treatment in DMEM-free FBS medium. Cells were then treated with 5 mM ATP for 5 min at ambient temperature. Culture medium was changed, and cells were allowed to rest for 12 h at 37 °C. Following this, the Caspase-Glo 3/7 Reagent was added to the cells at an equal ratio and incubated for 30 min at ambient temperature protected from light. Luminescence was recorded using Safas (SP2000, Xenius, Monaco) at 15 min time intervals for 2 h. Data was collected, and 1 h-post treatment was selected as luminescent signal of choice across all replicates, which was con i en i h man fac e in c ion.

Biophysics

FLIM-FRET Two-photon microscopy

HEK293T ANO6-KO cells were seeded into 8 chambered coverglass system (Cellvis; C8-1.5H-N) at 15-30 x 10 4 cells/wells (300 L medium per well). Cells were transfected or co-transfected with rP2X7-scarlet or rANO6 -GFP plasmids at a 1:0.05 ratio, respectively.

In the presence of TAT-peptides, transfected cells were imaged 48 h post-transfection allowing sufficient time for the peptides to exert their activity. The experiment was performed in live-cell condition. Physics Tsunami Ti: sapphire laser. Photons were collected through two filters featuring a short pass filter with a cut-off wavelength at 680 nm (F75-680; AHF) and a band-pass filter of 520 17 nm (f37-520, AHF). The fluorescence was directed to a fiber-coupled detector APD (SPCM-AQR-14-FC) connected to a time-correlated single photon counting module (TCSPC; SPC830, Beker & Hickl). FLIM-FRET data was continuously scanned for 60 s per condition achieving accurate photon statistics for fluorescence lifetime estimates analysed by SPCImage FLIM software (Becker & Hickl). When co-transfected ANO6-GFP plasmid acted as a FRET donor, whereas, rP2X7-scarlet acted as an acceptor.

The FRET efficiency (E) was expressed as a function of distance between the two fluorophores according to:
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where, R is the distance between the donor and the acceptor, R0 known as the Förster radius, τDA is the lifetime of the donor in the presence of the acceptor, and τD is the lifetime of the donor in the absence of the acceptor.

Electrophysiology

Patch pipettes were pulled using borosilicate glass capillaries (Harvard Apparatus) yielding a resistance between 3 5 MW. Transfected HEK293T cells were continuously bathed and perfused in NES as in YO-PRO-1 protocol (refer to section 2.4.6). Intracellular solution contained 140 mM KCl, 5 mM EGTA, mM MgCl2, 10 mM HEPES, 10 mM glucose, adjusted to pH 7.32 7.33 with NaOH. All solutions were maintained at 300 mOsm. For BzATP-evoked response solutions of 10 µM BzATP were prepared in NES.

Cells were voltage clamped at -60 mV using the EPC10 amplifier (HEKA) using PATCHMASTER (HEKA) software. 

Image and Analysis

𝑦 𝑚𝑥 𝑏 (1)
Where, m is the slope of the line and b is the y-intercept. t1/2(Imax) refers to the time reaching half of Imax. Graphs with R 2 >0.85 were discarded. Only cells that were Annexin-V positive and expressed GFP-tag were selected for imaging analysis. Importantly, any cell expressing Annexin-V tag prior to agonist stimulation was discarded.

For YO-PRO-1 dye-uptake experiments, imaging processing was carried out as for CaPLase assay. However, after R-studio data acquisition, the results were further assessed to determine the area under the curve at each time-point following agonist application.

Furthermore, due to green-fluorescent stain of YO-PRO-1, no GFP-tag was used when assessing dye-uptake across different conditions and relied on agonist selectivity as well as on control conditions.

FLIM-FRET image reconstruction

Image processing and analysis were carried out using costumised algorithms on MATLAB and FLIMfit software designed by Dr. Richert UMR7213 CNRS University of Strasbourg. All acquired images were bulk processed recovering their individual lifetimes, intensity and fluorescence decays.

Statistics

All data were obtained using at least three independent experimental replicates and 

FLIM-FRET: The principle

A much more robust and direct method to monitor FRET is Fluorescence Lifetime

Imaging Microscopy (FLIM) [START_REF] Richert | Monitoring HIV-1 Protein Oligomerization by FLIM FRET Microscopy[END_REF]. In FRET technology, the excitation energy stored in a donor fluorophore or molecule is non-radiatively transfer to a neighbouring non-exited fluorescent molecule termed, the acceptor [START_REF] Forster | Energiewanderung und Fluoreszenz[END_REF]. Due to its high affinity, the FRET method requires ha he dono and acce o di ole emission and excitation spectra overlap, that their distances do not exceed 10 -9 m, and that they have the proper relative orientation (Figure 3.1). Unlike intensity-based FRET, FLIM-FRET measures the nanosecond-scale fluorescence decay function of the FRET donor fluorophore, known as fluorescence lifetime ( ), at each pixel of a FLIM image [START_REF] Richert | Monitoring HIV-1 Protein Oligomerization by FLIM FRET Microscopy[END_REF]. FLIM probes changes in fl o o ho e mic oen i onmen ing a pulsed laser that periodically excites the fluorophores in the sample, which is then relaxed into their ground-state emitting photon through a non-adia i e a h a . The can be hen calculated as the average time a fluorophore remains in the excited state after excitation.

Importantly, fluorescence decay functions deriving from the average fluorescence lifetime and amplitude of many decay parameters do not depend on variations in excitation intensity, probe concentrations, inner filtering, detector sensitivity and donor photobleaching [START_REF] Richert | Monitoring HIV-1 Protein Oligomerization by FLIM FRET Microscopy[END_REF]. Thus, it unambiguously monitors the amount of FRET as a function of the decrease of the donor lifetime allowing for live cell imaging using low photostable probes and high tissue scattering [START_REF] Bajar | A Guide to Fluorescent Protein FRET Pairs[END_REF]. Other advantages include no need for detector calibration, which, on the contrary, is required in intensity-based FRET due to spectral sensitivity cross-talk overlaps, and only the lifetime of the donor is measured in FLIM-FRET approach [START_REF] Bajar | A Guide to Fluorescent Protein FRET Pairs[END_REF]. Moreover, regardless of single or double exponential decay different donor fractions involved in FRET can be identified in FLIM through a multiexponential analysis of the decay functions recorded at high temporal resolution, whilst avoiding also photoconversion or photobleaching [START_REF] Richert | Monitoring HIV-1 Protein Oligomerization by FLIM FRET Microscopy[END_REF]. This high signal-to-noise ratio acquisition can be achieved by the Time-Correlated Single-Photon Counting (TCSPC) FLIM. Experimentally, TCSPC FLIM result is a photon distribution [START_REF] Becker | The bh TCSPC handbook[END_REF]. A high-frequency pulsed laser beam (as shown in Figure 3.2) scanning a given sample detects single photons emitted by the fluorescence light. The TCSPC system determines the arrival time, t, of each photon within the pulsed laser period, and the spatial coordinates of the beam (i.e., x,y) upon photon detection has occurred. Thus, providing a precise photon distribution representing the sample lifetime image, consisting of an array of x y pixels data indicating the spatial coordinates, each containing a fluorescence decay function, which builds up the times of the photons (see Figure 3.2) [START_REF] Becker | The bh TCSPC handbook[END_REF]. However, the fluorescence decay in the individual pixel i ma kedl noi because of the photon statistics effect and the large number of pixels within which the photons are distributed [START_REF] Becker | The bh TCSPC handbook[END_REF]. Therefore, to establish clearer fluorescence decay curves in the individual pixels more photons need to be recorded. A (i) laser scanning microscope with a high-frequency pulsed laser detects single photons generated from the fluorescence signal returning from the sample. The (ii) TCSPC system characterises each photon based on its time spent in the laser pulsed period (i.e., time management) providing the coordinates (location, x, y) of the laser in the scanning interface upon detection. The recording steps culminates with a build-up of a (iii) photon distribution map n (x, y, t). (Image adapted from [START_REF] Becker | The bh TCSPC handbook[END_REF].

When the FLIM apparatus has detected many photons a build-up of the arrival time of such photons after excitation is generated correlating to the average time or fluorescence lifetime the molecule was in the excited state generating an exponential Chapter 3 104 function (see Figure 3.3) [START_REF] Becker | The bh TCSPC handbook[END_REF]. This is an essential property of FLIM as it implies that he anda d de ia ion, , of each individual photon arrival times is the same as the lifetime of the fluorescence itself [START_REF] Becker | The bh TCSPC handbook[END_REF]. In other words, the is simply the square root of the photons in the decay curve. This allowed to convey several concepts, for example, the pixel intensity corresponds to the pixel lifetime signalto-noise ratio, which in turn is depended only on the number of photons (N) [START_REF] Becker | The bh TCSPC handbook[END_REF]. Collectively, this suggests that by simply increasing N a robust lifetime accuracy can be achieved. In addition to this the first-moment (M1) of photon distribution represent another essential experimental parameter in the FLIM system. It allows for the determination of a full photon distribution of a single-exponential decay at an ideal signal-to-noise ratio, if the photon-specific arrival time cannot be calculated [START_REF] Becker | The bh TCSPC handbook[END_REF]) (see Figure 3.4). Importantly, FLIM is technically challenging and requires experience users with deep understanding of the physics of fluorescence lifetime dynamics, TCSPC FLIM data acquisition and instrumentation. When designing a FLIM-FRET experiment it is paramount that the FLIM system instrumentation is calibrated with fluorescence lifetime standards and FLIM set-up specified (for further information regarding the physics of measurement technique, visit: [START_REF] Sun | Investigating protein-protein interactions in living cells using fluorescence lifetime imaging microscopy[END_REF][START_REF] Becker | The bh TCSPC handbook[END_REF]. Importantly, the acquisition time is trivial to the lifetime accuracy and, thus, the number of photons, as such a Single Photon Counting Module (SPCM) detector is employed to determine whether enough photons have been recorded (see Figure 3.5). In this chapter, FLIM-FRET measurements were performed on a home-made two-photon excitation laser scanning microscope constructed on an Olympus IX70 inverted microscope, a Spectra Physics Tsunami Ti: sapphire laser, a short pass filter with a cut-off wavelength at 680 nm (F75-680; AHF) and a band-pass filter of 520 17 nm (f37-520, AHF). The fluorescence was directed to a fiber-coupled detector APD (SPCM-AQR-14-FC) connected to a timecorrelated single photon counting module (TCSPC; SPC830, Beker & Hickl) (for more details refer to section 2.5.2 above). 

FLIM-FRET: Aims & Objectives

As discussed in Chapter 1, protein-protein interactions regulate essential aspects of cell homeostasis. As the fluorescence lifetime of a molecule is susceptible to local changes in cellular or tissue microenvironment including ion concentrations, pH and temperature, FLIM provides accurate measurements of PPIs signalling events dynamics occurring in living cells [START_REF] Sun | Investigating protein-protein interactions in living cells using fluorescence lifetime imaging microscopy[END_REF]. Indeed, FLIM applications aided in several facets of clinical research, such as oncology, study of dental diseases, steam cell studies, and Al heime disease diagnostics [START_REF] Sun | Investigating protein-protein interactions in living cells using fluorescence lifetime imaging microscopy[END_REF]. When combined with FRET, FLIM reveals subcellular spatial distribution maps of multiple probe lifetimes, accurately measuring the ho e dono life ime e l ing f om F ET. Significant progress has been made in recent years on the understanding of the structures and properties of P2X7 receptors and TMEM16F channels, yet no well-suited real-time characterisation of these proteins in living cells has ever been reported. Identifying physical complexes in which P2X7 and/or TMEM16F functions are co-regulated within a living cell constitutes a fundamental functional unit of major biological processes. Today, only one study provided promising data on the intertwined cellular regulation activity between P2X7 receptors and TMEM16F channels [START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF]. As a result, we monitored for the first time the formation of a physically interacting complex occurring between full-length P2X7_Scarlet I and TMEM16F-fused eGFP reporter using advanced imaging techniques, FLIM-FRET. 

P2X7 & TMEM16F form a 71.9 Å interaction complex

To study the interaction between TMEM16F and P2X7, fusion protein constructs were produced by expressing eGFP fragment into the C-terminus of vectors employing homemade primers targeting for XhoI and SacII restriction enzyme cleavage in TMEM16F contained pCMV vector (see Figure 3.6a). For rP2X7, instead, fusion construct was achieved by tagging mScarlet-I (from gene synthesis) in the C-terminus of rP2X7 within a pcDNA3.1(+) vector (see Figure 3.6b). Both fluorescence constructs were designed with an appropriate short linker sequence. This allowed for the generation of two fully functionally fluorescent-tagged proteins that can now be applied to the study of PPI as well as other biological processes, such as proteins conformational changes in living cells.

Furthermore, the eGFP-Scarlet-I pair establishes the proper suitability for accurate monitoring of FRET measurements owing to their well-studied photophysics, good spectral overlap, and low channel crosstalk. To investigate the formation of a channelforming P2X7-TMEM16F complex, FLIM-FRET technology was used as it is independent of fluorophore concentration and brightness. This is crucial when operating on overexpressed system (as in this experiment), thus no fluorophore bleed-through adjustment is required. Collectively, these features make FLIM the most accurate apparatus for FRET occurring events as of today. FLIM-FRET experiments were performed under living cell conditions. HEK293T-KO TMEM16F cells (termed HEK293T ) e e co-transfected with plasmid encoding P2X7-mScarelt-I and TMEM16F-eGFP at a specific 1:0.05 ratio, respectively. This is because we previously found that this cDNA ratio was critical for optimal P2X7 expression (Dunning et al., 2021). Additionally, control conditions included singletransfection of eGFP and TMEM16F-fused eGFP plasmids, which allowed the determination of the lifetime of eGFP plasmid constructs in the absence of P2X7-mScarlet-I. Time correlated single photon counting FLIM was carried out by a homemade two photons inverted microscope with an eGFP excitation wavelength set at 930 nm and a two-photon laser pulsing femtosecond at an 80 MHz frequency. For each condition at least 8 independent images were acquired, unless otherwise stated, as detailed in the (see Figure 3.7c). Thus, indicating for the very first time the possibility of a TMEM16F-P2X7 interaction complex in living cells. A FRET event, generally speaking, occurs if the lifetime of the donor is reduced by at least 5%. Based on our data, therefore, different FRET parameters were calculated that together resulted with a proposed Föster distance value of 71.9 Å:

FRET efficiency termed EFRET:

𝐸 1
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Where, 𝜏 refers to the lifetime of the donor (i.e., TMEM16F-fused eGFP plasmid) in the presence of the acceptor (i.e., P2X7-tagged mScarlet-I plasmid) and 𝜏 refers to the lifetime of TMEM16F-eGFP in the absence of the P2X7-mScarlet-I.

Therefore:

𝐸 1 1.

2.2 0.131 13.1%

(i.i) Thus, indicating that under the above conditions the efficiency of FRET events occurring between TMEM16F channels and P2X7 receptors is 13%, which is more than double the EFRET general average. In addition to this, another important value is the distance (r),

provided by the following equation:

𝑟 R 0 x 1 E 1 1/6 (ii)
Where, R 0 , represents the Föster distance. As previously discussed, the eGFP-mCherry/mScarlet-I fluorophore pair is well-studied in the literature, therefore, information concerning the Föster distance have already been provided. Particularly, for the EGFP-mCherry the R 0 was calculated as 4.7 nm (Tramier et al., 2006) or more commonly used 5.25 nm [START_REF] Akrap | Förster distances for fluorescence resonant energy transfer between mCherry and other visible fluorescent proteins[END_REF].

Hence, 𝑟 5.24 nm x 1 0.131 1 1/6 , which resulted in 7.19 nm or 71.9 Å. However, it is worth noting that because the stoichiometry between the two proteins remains uncharacterised and the orientation of the fluorophore molecules is unknown, the Föster distance calculated above may only be viewed as a hypothetical estimation. To overcome this issue, Fluorescence Correlation Spectroscopy (FCS) method can be employed to determine fluctuations occurring through the diffusion of fluorescence probes via the two-photon excitation volume used in FLIM measurements. FCS provides data on diffusion time and mode of different fluorophore species as the diffusion time of the probe species is inversely proportional to the cubic root of their molecular weight [START_REF] Meseth | Resolution of Fluorescence Correlation Measurements[END_REF]. Accordingly, this allows to characterise specific distribution of monomers and dimers population in any given microenvironment and hence the stoichiometry. Several attempts to FCS measurements were made, but without any success. One major concern emerged from the fact that TMEM16F-eGFP and P2X7-mScarlet-I resulted in a very efficient FRET meaning that the lifetime of the donor was reduced significantly. Using proteins known to FRET it is greatly discouraged in FCS technique, as the lifetime reduction observed in the latter may be producing misleading diffusion time results.

Biochemical approaches: Cross-linkers

Additional techniques to further characterise the physical interactions between P2X7 receptors and TMEM16F channels were used in this section, albeit data remained somehow inconclusive. Given the availability of many chemical reactive groups in proteins, cross-linker rapidly became an attractive tool to capture and stabilise PPIs owing to their reactivity with several functional groups, such as primary amines and sulfhydryls.

Cross-linkers have also assisted for many years in the determination of molecular interactions on cell membrane, three-dimensional protein structures, near-neighbouring relationships. Importantly, using chemical cross-linkers of known arm lengths allows for the characterisation of distances between two interacting molecules. It is worth noting that cross-linkers are strictly depended on the experimental model or system under investigation. As a result, complex heterologous system severely impairs the specificity of commercially available crosslinkers. This section provides an overview of methods utilised to biochemically determine rP2X7-rTMEM16F complex including a broad range of co-immunoprecipitation and cell-surface labelling assays containing cross-linkers of different nature and length. This results in five potential different combinations according to their monomer, dimer, or trimer association. Co-immunoprecipitation between these two proteins has been already demonstrated by our lab (Dunning et al., 2021) as well as others [START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF]. Therefore, the aim of cross-linkers in this section was chiefly to provide insights into the distance of this complex. HEK293T were either transfected with 5 µg of rP2X7 and 0.25 µg of rTMEM16F plasmids, or co-transfected at 1:0.05 ratio, respectively.

Chapter 3 114 Importantly, our lab assayed different ratios and found that higher concentrations of TMEM16F than those stated above, result in a downregulation of P2X7 signal on western blot (Dunning et al., 2021). Some attempts included the use of cell surface labelling assays by membrane impermeable sulfo-NHS-biotin, reactive to cell surface primary amines to label both proteins at the membrane. To prevent spontaneous receptors endocytosis, cells were washed several times in ice-cold PBS + prior to incubation with sulfo-NHS-biotin, as detailed in the methods (see section 2.2.2). Following this, several conditions were tested including monitoring of rP2X7-rTMEM16F complex formation under the presence or not of reducing agents such as dithiothreitol (DTT) and iodoacetamide (see Figure 3.9b). The latter is particularly useful when working in the absence of DTT, as it prevents the fo ma ion of echnical di l hide bond fo med d ing ol bili a ion. In addition, homobifunctional crosslinkers including bis(sulfosuccinimidyl)suberate, BS3 (space arm 11.4 Å), PEGylated bis(sulfosuccinimidyl)suberates, BS(PEG)9 and BS(PEG)5, characterised by a space arm of 35.8 Å and 21.7 Å, respectively (see Figure 3.8). These chemical linkers act similarly to the sulfo-NHS-biotin, thereby selectively reacting to primary amine such as lysine. Mini-Protean TGX precast 7.5% polyacrylamide gels were used to detect expected high molecular size proteins. Although a myriad of concentrations was assayed for each cross-linker, ranging from 0-µM to 2 mM, as illustrated in Figure 3.9b, no clear MW band was observed on any polyacrylamide gels used. Hence, at the extracellular level, the physical distance of the rP2X7-TMEM16F complex remains uncharacterised. 

Overall Discussion

In this section, we employed an independent fluorescence-based method, namely FLIM-FRET to assess the overall P2X7 receptors and TMEM16F channels complex formation.

A major breakthrough occurred following the discovery that this protein complex formed an estimated 71 Å in size in living cell conditions, characterised by a measured FRET efficiency of about 13.1%. A considerably high range value in FRET for two interacting proteins [START_REF] Koschut | Live cell imaging shows hepatocyte growth factor-induced Met dimerization[END_REF]. As the fluorescence lifetime is an intrinsic parameter of the fluorophore, independently of its concentration, FLIM-FRET provides a more robust approach to intensity-based methods for measurements of FRET when concentrations of interacting fluorophore molecules cannot be controlled. To co-localised both proteins at the plasma membrane, fusion tags were constructed using mScarlet-I and eGFP and inserted into the C-terminus of P2X7 and TMEM16F, respectively. FLIM probes changes occurring in the fluorophore microenvironment via a pulsed laser that periodically excites fluorophores in a given sample. The latter is then relaxed from its ground-state emitting photons, which in the case of FRET, it occurs through a non-radiative pathway. In this way, the fluorescence lifetime can now be calculated as the average time a fluorophore remains in the excited state after excitation. Accordingly, in our experimental conditions the presence of the acceptor (P2X7-mScarlet-I) in the very close proximity of the donor (TMEM16F-eGFP) increased the non-radiative de-excitation rates of the donor molecule, which led to a decrease of its fluorescence lifetime resulting in FRET. Together, this implies that a physical interaction between the labelled fluorescence proteins has indeed occurred. Limitations due to proteins orientations and fluorescence construct probes prevented, however, P2X7-mScarlet-I and TMEM16F-eGFP complex size determination.

To assess stochiometric ratio between the labelled proteins, cellular FCS measurements were carried out to resolve this aforementioned ambiguity. FCS analyses the brightness distribution or fluctuation allowing to characterise specific populations of monomers and dimers in any given microenvironment. Unfortunately, FCS measurements failed to provide concrete results of P2X7-mScarlet-I and TMEM16F-eGFP stochiometric ratio due to technical issues associated with transfection efficiency, complex data acquisition, and analysis software. Nevertheless, we successfully demonstrated for the first time that Chapter 3 117 P2X7-mScarlet-I and TMEM16F-eGFP are engaged in a protein-forming complex, which molecular as well as immunological implications will be addressed in the next few chapters (see Chapter 4/5).

To further evaluate the distance between the two proteins, several cell surface labelling approaches including cross-linkers with varying arm lengths were assayed. By examining BS3, BS5 and BS9 reagents efficacy on selected HEK293T -transfected conditions, we failed to reach conclusive data. It is worth noting, however, that the calculated 11.4 Å arm length of BS3 corresponds approximately to two nearest lysine residues on P2X7R alone, which has a molecular weight of 70 kDa (McCarthy et al., 2019). In fact, this resulted in either 140 kDa or 210 kDa bands on western blots representing dimer and trimer formation, respectively, specific to P2X7R. This suggests that BS3 arm length is insufficiently long to assess the distance between P2X7 and TMEM16F at the extracellular level and as such, it was ruled-out from the study.

Moreover, application of BS5 with an arm length of 21.7 Å led to smear bands on western blots across all conditions. Interestingly, however, BS9 cross-linkers characterised by an arm length of 35.8 Å generated an intense molecular band at 280 kDa, which was absent from the TMEM16F-single transfected condition. Nevertheless, a low intensity molecular band was detected at the same size in P2X7-single transfected sample. Collectively, this might be representative of either an TMEM16F monomer (140 kDa) associated with a P2X7 dimer (140 kDa) complex setting-up a 1:2 ratio, respectively; alternatively, it might be just a technical issue due to protein accumulation and aggregation at the top of the gel.

Furthermore, the complex heterogeneity of the HEK293T em con aining a highprotein density microenvironment leading to experimental bias against protein-protein interactions involving membrane-associated proteins such as, in the case of P2X7 receptors and TMEM16F channels. [START_REF] Le | An inner activation gate controls TMEM16F phospholipid scrambling[END_REF]. Strikingly, TMEM16F-F518K analogous TMEM16A-L543K mutant conferred the latter the capacity of permeating phospholipid (T. [START_REF] Le | An inner activation gate controls TMEM16F phospholipid scrambling[END_REF]. It is worth noting, however, that most studies use unspecific Ca 2+ ionophore representing a major experimental bias, especially in HEK293T cell-line model.

Considering TMEM16F activation in response to increase concentrations of cytosolic Ca 2+ , P2X7 receptors represent, therefore, a perfect candidate for co-regulation of transport mechanisms inducing phospholipid scrambling, membrane blebbing and apoptosis. A comprehensive understanding of the molecular machinery governing P2X7R-induced TMEM16F activation would certainly aid drug discovery for these therapeutic targets. First, we established a selective experimental model for the quantification of scramblase activity using Annexin-V-induced imaging assay (Figure 4.1). Defining a system, in which to study, exclusively, the functional interaction between P2X7 and TMEM16F that is pharmacologically driven by BzATP and not ionomycin.
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A microscopy-based assay using fluorescently conjugated Annexin-V, a PS apoptotic marker, to monitor scramblase-driven PS plasma membrane externalisation allows for an effective quantification of lipid scrambling at a single-cell resolution.

Studies investigating TMEM16F scramblase interference in HEK293T cells have already been optimised in recent years (T. [START_REF] Le | An inner activation gate controls TMEM16F phospholipid scrambling[END_REF]T. Le, Le, et al., 2019) highlighting important implications of TMEM16F as scramblase effector. Here, we characterised the scrambling activities of rTMEM16F in association with rP2X7 in both HEK293T and HEK293T-wild type (WT), such to detect Annexin-V labelled PS translocation through activation of P2X7 receptors using BzATP. In this regard, experimental bias, as in the case of ionomycin-induced PS scrambling, was predominantly reduced. For all Annexin-V-based imaging microscopy assay, we used BzATP at 10 µM, unless otherwise stated.

Heterologous expression of rTMEM16F into the HEK293T cells and rP2X7 into HEK293T or HEK293T-WT cells was achieved by calcium-phosphate transfection allowing about 24-h prior to carry out measurements. Time-lapse imaging was limited to 15 min with 5-s intervals in between images acquisition in the presence or absence of BzATP, ionomycin, or co-stimulation with 9AC as shown by Because the interaction between P2X7 receptors and TMEM16F channels can be attributed to only 40% of the overall scrambling activity, quantitative RT-PCR was then carried out to identify additional components contributing to the complex. Particularly, it was hypothesised that given numerous reported members of the TMEM16 family endogenously expressed in HEK239T, perhaps some other may be indeed participating in P2X7 and TMEM16F complex interactions. The relative gene expression of TMEM16A, TMEM16B, TMEM16C, TMEM16D, TMEM16E, TMEM16F, TMEM16H and TMEM16K in HEK293T was quantitatively assayed by qPCR conducted in duplicates and a cut-off set at <40 cycles. Thus, cycles closer to 40 cycles represent a lower gene expression. Data normalisation was performed against glyceraldehyde-3-phosphate dehydrogenase GAPDH housekeeping gene with determined cycles of 21.86. The calculated relative expressions (Figure 4.3) for the aforementioned members were 4.6 ×10 - 5 ± 0.16 for TMEM16A with 36.27 cycles, 8.2 × 10 -6 ± 0.32 for TMEM16B with 38.76 cycles, 7.8 × 10 -6 ± 1.06 for TMEM16C with 38.92 cycles, 1.8 × 10 -3 ± 0.22 for TMEM16D with 30.96 cycles, 6.8 × 10 -3 ± 0.26 for TMEM16E with 29.07 cycles, 8.9 × 10 -3 ± 0.01 for TMEM16F with 28.67 cycles, , 7.2 × 10 -4 ± 0.24 TMEM16H with 32.3 cycles, and 1.5 × 10 -2 ± 0.05 for TMEM16K with 27.91 cycles (Figure 4.3). Based on the data grater mRNA contents were found in TMEM16E, TMEM16F and TMEM16K as compared to TMEM16D and TMEM16H, which exhibited very low mRNA level, as well as TMEM16A, TMEM16B and TMEM16C, which showed neglectable values. Although the literature is very minimal, TMEM16E represents a very promising candidate as it the only member that displays both calcium-activated chloride channel activity and calciumdependent phospholipid scrambling in HEK293T [START_REF] Di Zanni | Gain of function of TMEM16E/ANO5 scrambling activity caused by a mutation associated with gnathodiaphyseal dysplasia[END_REF][START_REF] Welsh | Molecular mechanisms of CFTR chloride channel dysfunction in cystic fibrosis[END_REF]. It is worth noting, however, that the remaining scrambling activity discussed above may also be due to a calcium-independent mechanism as such, we next investigated the role of intracellular calcium in the P2X7 and TMEM16F complex formation (see section 4.1.2). 

The effects of intracellular Ca 2+ in P2X7 & TMEM16F complex formation

Intracellular calcium represents an important effector signal for TMEM16 channels activation. As previously discussed, stimulation of P2X7 receptors by BzATP induces elevated influx of Ca 2+ required for full functional activation of TMEM16F triggering as a result, a massive TMEM16F-dependent membrane blebbing (see section 4.1.2).

Together, this demonstrates an essential cooperative mechanism between P2X7 and TMEM16F that is central to numerous deleterious cellular effects. Therefore, in this section we shall further elucidate the specific function of intracellular Ca 2+ in the complex formation and functionality using membrane-permeable calcium chelators BAPTA-AM and EGTA-AM but also mutations known to impair TMEM16F Ca 2+ -binding and PS externalisation. Cells grown onto microscope coverslips were incubated or co-incubated for 15-20 min at ambient temperature with 10 µM of either BAPTA-AM or EGTA-AM (as detailed in the methods; section 2.4.5) prior to Annexin-V imaging assay Chapter 4 128 measurements with 10 µM BzATP. To avoid significant technical variations in the scrambling activity due to long waiting times among chelators incubation, each experimental condition was performed with their respective control and the overall measurement limited to a maximum of 2 hours. Importantly, Annexin-V conjugated fluorophore requires Ca 2+ for binding to externalised PS, thus effects of total calcium chelation remain currently uncharacterised. Interestingly, although it has long been reported that BAPTA-AM buffers display a higher selectivity toward Ca 2+ than EGTA-AM buffers [START_REF] Tsien | New calcium indicators and buffers with high selectivity against magne i m and o on : e ign, n he i , and o e ie of o o e c e[END_REF], treatments with either the membrane-permeable calcium chelators resulted in a similar Annexin-V signal reduction in both HEK293T- WT and HEK293T (Fig e 4.4,4.5,and 4.6). Specifically, 10µM BzATP-stimulated HEK293T-WT transfected rP2X7 cells incubated with either BAPTA-AM or EGTA-AM showed a ~35% and ~40% reduction, respectively (Figure 4.4a), whereas co-application of both intracellular Ca 2+ chelators led to a more marked inhibition of the overall scrambling activity to about ~60% (Figure 4.4b). On the other hand, HEK293T

an fec ed P2X7 cells recorded a low ~20% inhibition rate in the scrambling activity upon either application or co-application of both membrane-permeable calcium chelators (Figure 4.5a,b).

Intriguingly, treatment with BAPTA-AM and EGTAM-AM induced a similar scramblase reduction to that previously observed in HEK293T P2X7-transfected conditions. To further investigate direct effects of calcium on P2X7-induced TMEM16F activation, mutagenesis experiments were carried out that targeted rTMEM16F amino acid residue asparagine (N) at position 575 into alanine (A) N575A. This is because the homologous mutation in the mouse (m)TMEM16F (i.e., N621A) was previously described to significantly impair PS exposure, Ca 2+ influx, and giant plasma membrane vesicle (GPMV) generation in HEK293 cells (Feng et al., 2019). Using the same 10 µM Chapter 4 132 BzATP application protocol as described above, HEK293T co-transfected rP2X7 and rTMEM16F-N575A mutant reduced PS externalisation levels to about ~35% (Figure Figure 4.6a,b), similarly to those observed in the presence of BAPTA-AM and EGTAM-AM in HEK293T-WT (Figure 4.4 and 4.5), but also in rP2X7-transfected HEK293T (Figure 4.1c). To verify that N575A mutation was indeed responsible for reportedly decreased Ca 2+ influx, control experiments using 5 µM ionomycin were performed, which confirmed previously published data (Figure 4.7). Collectively, the finding that lipid binding residue N575A and intracellular Ca 2+ chelators do not fully affect the rTMEM16F-independent scramblase activity, perhaps indicates that P2X7 may be functionally engaged in Ca 2+ -independent signalling pathway. Furthermore, this may also rule out any interaction with other TMEM16 members having Ca 2+ -dependent scrambling function. Additionally, these results further support the notion that P2X7-mediated increase in intracellular Ca 2+ is important for downstream activation of TMEM16F and subsequent lipid scrambling. c) Bar chart illustrating all normalised data points between the WT and mutant conditions. At least three independent transfections were performed for each condition, and statistical analysis was carried out using Mann Whitney test mean ± SEM: rTMEM16F-rP2X7+rTMEM16F-N575A (1.000 ± 0.05626 N=68; 0.3154 ± 0.03373 N=24, respectively) *** p<0.0001.

Functional swapping between P2X7 receptors and TMEM16F channels

Having already demonstrated the existence of a physical and partial functional interaction between P2X7 receptors and TMEM16F channels involved in both scramblase (as discussed above) and dye uptake activities (as illustrated in our previous paper Dunning et al., 2021), we next further dissected this functional coupling at the single amino acid level. Molecular modelling of P2X7-TMEM16F complex was generated by our collaborator (Dr. Taly A., Université Paris Cité) consisting of recent cryo-EM structures of the full-length rP2X7 (McCarthy et al., 2019), and full-length mTMEM16F nanodiscreconstituted Ca 2+ state [START_REF] Alvadia | Cryo-EM structures and functional characterization of the murine lipid scramblase TMEM16F[END_REF]. In this model, one rP2X7 trimer was docked to one mTMEM16F dimer, with no assumption on the stochiometric ratio nor relative orientation. Using a Monte-Carlo (MC) assembly process, the proteins were positioned on the membrane x-y plane allowing for movement along the z-axis designated as the membrane normal. Dockings were carried out by simply determining their initial position on the membrane, and models ranked based on energy-scoring, which led to the generation of a complex model comprising the P2X7 open ATP-bound configuration and Ca2+bound mTMEM16F model. Based on this modeling data an amino acid residue pair was selected, namely glutamic acid (E) at position 375 located in the C-cys anchor region of rP2X7R (E375) and arginine (R) at position 495 between TM 4-5 on rTMEM16F (R495) separated by at a calculated distance of 12.4 Å (Figure 4.8). Accordingly, because of the importance of the C-cys anchor in the stability of P2X7 receptors, and its uncharacterised role in physiology, we next examined whether amino acid residues swapping between rP2X7-E375R and rTMEM16F-R495E may be involved in the regulation of both pore formation and lipid scramblase activation. Specifically, we hypothesised whether charge swapping between the two amino acid residues may lead to a salt-bridge formation. Furthermore, we also explored whether a correlation between both protein-associated mechanisms may exist consolidating P2X7-TMEM16F complex interaction. It is worth noting that prior to experiments, all mutations were assessed for proper cell-surface expressions, and sequence verification and validation. Moreover, all experimental As previously reported (section 4.1.1), the activation of P2X7 receptors by 10 µM BzATP induces sufficient Ca 2+ influx allowing for TMEM16F activation and subsequent PS exposure to the outer leaflet as measured by Annexin-V-binding. We first examined the role of rP2X7-E375R mutant in regulating TMEM16F lipid scrambling activity. For Annexin-V measurements, cells were co-transfected, along with eGFP reporter gene, as follows: control condition including rP2X7-rTMEM16F wild-types, rP2X7-E375R-rTMEM16F, rTMEM16F-R495E-rP2X7, and swapping charge residues rP2X7-E375R-rTMEM16F-R495E. Using the optimised microscopy-based scramblase assay, we found that rP2X7-E375R mutant exhibited a strong ~40% inhibition in the scrambling activities when co-transfected with rTMEM16F WT (Figure 4.8a, c) as compared to the control condition. Additionally, a less marked reduction of about ~25% was also observed following rTMEM16F-R495E co-transfection with rP2X7 WT (Figure 4.8a, c).

Accordingly, we tested whether charges amino acid swapping between the two mutants would rescue the pronounced decrease reported in the scramblase activity. Strikingly, a full lipid scrambling rescue, similar to the control condition was found following rP2X7-E375R and rTMEM16F-R495E co-transfection in HEK293T cell (Figure 4.8a, c).

Since we monitored BzATP-induced lipid scrambling it was hypothesised that the E375R mutant would perhaps narrow the inner gating mechanisms to constrictively effect the influx of Ca 2+ through the P2X7R preventing full TMEM16F activation; albeit E375 residue was not previously reported to be involved in Ca2 + selectivity (McCarthy et al., 2019). Furthermore, the amino acid swapping data further indicates an intriguing cooperativity between the two proteins further contributing to the molecular complexity of this interaction. Some reports, including our latest study, also suggested that TMEM16F partially contribute to P2X7R pore formation (Dunning et al., 2021;[START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF].

Therefore, we secondly addressed whether the same mutations would also impar the pore formation machinery of P2X7R. We used fluorescent YO-PRO-1 dye of 376 Da, which was shown also by our lab to perform robust dye uptake in HEK293T cells expressing rP2X7 upon 10 µM BzATP stimulation. All optimisation experiments are outlined in Dunning et al., study including no YO-PRO-1 incorporation in the absence of BzATP application or in non-transfected cells. Briefly, we previously found a marked ~40% reduction in BzATP-stimulated YO-PRO-1 uptake in P2X7 transfected HEK293T cells in the presence of 1 mM 9AC applications. A significant ~40% reduction in YO-PRO-1 uptake was also reported in rP2X7-e e ing HEK293T cells (for more information regarding assay optimisation refer to Dunning et al., 2021). Having unambiguously demonstrated a statistically significant contribution of rTMEM16F to P2X7R pore formation function, we next tested the effects of aforementioned mutants on dye uptake.

Noticeably, we found that rP2X7-E375R-rTMEM16F resulted in a strong ~40% inhibition of BzATP-induced YO-PRO-1 uptake that was fully rescued following amino acids swapping corresponding to the P2X7-E375R-rTMEM16F-R495E condition (4.9a, b).

Surprisingly, however, rTMEM16F-R495E mutant caused no reduction in dye-uptake following co-transfection with rP2X7 WT. Collectively, it was speculated that since the pore formation is an inner property of P2X7 receptors initiated exclusively following BzATP application that downstream activation of TMEM16F-R495E mutant was not sufficient in impairing the partially TMEM16F-dependent portion of pore formation.

Together, these data provide evidence for a strong amino acid effector residue, namely E375 on rP2X7, whose mutations severely impair proper functioning of the receptor and rP2X7-rTMEM16F complex itself. To prove the specificity of our mutations and to circumvent the variation bias in both scramblase and dye uptake assays additional mutants targeting different arginine residues on rTMEM16F including R589E and R137E

were generated. All control mutants failed to fully rescue both scramblase and dye-uptake activities when co-transfected with rP2X7-E375R (Figure 4.8c and 4.9b). It is also worth noting that despite the use of membrane-permeable Ca 2+ chelators or specific mutations the resulting calculated reduction in both pharmacological assays was consistent at ~40% similar to that found in BzATP-media ed P2X7 ac i a ion in HEK293T cell . Lastly, we examined whether a correlational association be een he o ein hallma k processes may exist, further highlighting the importance of this interacting complex in physiological and pathophysiological conditions. When analysed all experimental conditions from each of the pharmacological assay including rP2X7-E375R-rTMEM16F, rTMEM16F-R495E-rP2X7, and swapping charge residues rP2X7-E375R-rTMEM16F-R495E exhibited a potential correlation with an R 2 = 0.86 (Figure 4.10). Therefore, another question arises to whether a reciprocal relationship between dye-uptake and lipid scrambling drives both processes through a unanimous molecular pathway perhaps, explaining the consistent, unambiguously demonstrated, ~40% inhibition in each assay. 

E375R mutant exhibits a delayed current facilitation phenotype

The P2X7R ion channel properties are remarkably different from the other P2X receptor subtypes. Among several hallmark features of P2X7R is ATP-evoked current facilitation also acknowledged as ATP sensitisation. This process occurs as a result of repeated or prolonged exposure to ATP simulation yielding an increase in receptor density that leftward shifts agonist affinity curve (i.e., augmentation of the potency). Current facilitation is influenced by an essential component of the cell membrane that is cholesterol. Interestingly, it has been recently suggested that cholesterol-driven inhibitory mechanism may be counteracted by the activity of palmitoylated cysteine residues, indicating that lipid composition depicts an effective factor that allosterically modulate receptor function [START_REF] Karasawa | The P2X7 receptor forms a dye-permeable pore independent of its intracellular domain but dependent on membrane lipid composition[END_REF]. In this regard, we next addressed whether E375R, considering its remarkable location on the C-cys anchor, influenced the receptor response to ATP sensitisation in HEK293T WT cells. The protocol consisted in 8 applications of 10 µM BzATP applications at each 25 s intervals, commonly used to evaluate P2X7 current facilitation. No differences were observed in the current amplitude between rP2X7-WT and rP2X7-E375R mutant. Surprisingly, however, a different behaviour in current facilitation was found, whereby P2X7-WT was facilitated about 2fold at the 5 th application, as compared to rP2X7-E375R mutant, which only reached 1,5fold facilitation at the 8 th Bz-ATP application. Together, this indicates that beside having a similar current amplitude, the current facilitation is either reduced or delayed in the E375R mutant (Figure 4.8). Thus, unambiguously confirming that this mutant incapacitates proper functioning of P2X7R. Consequently, given the profound immunological implications discussed in Chapter 1, we next asked whether this region of the P2X7 may be considered as a novel therapeutic target (See Chapter 5). Chapter 5

Overall Discussion

Results: Immunology

Introduction to inflammation & cell death

Activation of P2X7 receptors coordinates the innate immune system responses to inflammation by sensing elevated concentrations of extracellular ATP that is considered a DAMP at site of tissue damage [START_REF] Ferrari | Purinergic Signaling During Immune Cell Trafficking[END_REF]. Physiological P2X7 receptor stimulation in immune cells such as macrophages is a well-known trigger of the NLRP3caspase-1 inflammasome. Here, it plays a vital role in the release of IL-1 , IL-18 or Annexin-A1, shedding of TM proteins CD23 and CD62L, as we previously discussed, and regulation of numerous cell death pathways, including apoptosis, necrosis, autophagy, and pyroptosis (Di [START_REF] Virgilio | The P2X7 Receptor in Infection and Inflammation[END_REF]. P2X7R role as a cytotoxic receptor ha n received much attention to date, making it difficult to predict how it would affect various aspects of the apoptotic machinery, including the assembly of apoptosomes. However, there are scattered studies suggesting that extracellular ATP binding to P2X7R induces cytochrome c release resulting in apoptosome formation through caspase-3/8/9 activation [START_REF] Ferrari | P2Z purinoreceptor ligation induces activation of caspases with distinct roles in apoptotic and necrotic alterations of cell death[END_REF][START_REF] Kong | P2X(7) nucleotide receptors mediate caspase-8/9/3-dependent apoptosis in rat primary cortical neurons[END_REF]. Given the complex and varied nature of P2X7- MOMP is regulated by apoptosis regulator (BAX) and Bcl-2 antagonist-killer-1 (BAK) oligomers promoting pore formation across the outer mitochondrial membrane [START_REF] Galluzzi | Molecular mechani m of cell dea h : ecommenda ion of he omencla e Commi ee on Cell Death 2018[END_REF]. As a result, various intermembrane space proteins are released into the cytosol including cytochrome c, which is now able to activate apoptotic protease activator factor 1 (APAF1), whose oligomerisation induces the formation of the apoptosome. Procaspases-9 recruitment by the apoptosome stimulates caspase-9 activation as well as a complex caspase signalling cascade triggering executioner caspase-3 and -7 [START_REF] Boland | Paracrine control of tissue regeneration and cell proliferation by Caspase-3[END_REF]. This form of apoptosis is referred to as intrinsic apoptosis. Caspase-1 inflammasome complex also culminates with the activation of caspase-3. Indeed, it has been suggested that both intrinsic and extrinsic apoptosis mechanisms regulate pannexin-1 aiding in NLRP3 inflammasome assembly (K. W. [START_REF] Chen | Extrinsic and intrinsic apoptosis activate pannexin-1 to drive NLRP3 inflammasome assembly[END_REF]. Therefore, given the complexity of the overall apoptosis machinery and intertwined activities of some apoptotic effector regulator, designing specific pharmacological targets can be sometime very challenging. Revised scheme potentially linking P2X7R simulation to downstream TMEM16F activation showing central cellular process involved in cell death regulation as detailed in the main text. The model was made on BioRender using information acquired from the following published work [START_REF] Boland | Paracrine control of tissue regeneration and cell proliferation by Caspase-3[END_REF]DiVirgilio et al., 2017;[START_REF] Galluzzi | Molecular mechani m of cell dea h : ecommenda ion of he omencla e Commi ee on Cell Death 2018[END_REF][START_REF] Janks | ATP-Gated P2X7 Receptors Require Chloride Channels To Promote Inflammation in Human Macrophages[END_REF][START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF][START_REF] Salaro | Involvement of the P2X7-NLRP3 axis in leukemic cell proliferation and death[END_REF] 

Caspase-3 activation is TMEM16F dependent in macrophages

Macrophages endogenously express high levels of P2X7 receptors exerting, in turn, a predominant role in apoptosis. A recent work measured the activation of caspase-3 in primary peritoneal microphages from TMEME16F null mice (16F -/-) and TMEME16F

WT mice (16F +/+ ) for 12 h post 5 min, 3 mM ATP treatment without previous LPS priming [START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF]. ATP exposure resulted in an immediate proapoptotic morphological effect in peritoneal macrophages leading to a significantly attenuated caspase-3 activation in 16F -/-microphages as compared to the 16F +/+ control conditions [START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF]. Collectively, this data established a new cellular apoptosis effector directly interfering with immunological properties associated to P2X7 receptors.

In this regard, given the proposed role of intrinsic and extrinsic apoptosis associated with NLRP3 inflammasome regulation, as discussed above we next attempted to design tailored specific-P2X7R therapeutics aiming at controlling the receptor ability to initiate downstream effectors signalling contributing to TMEM16F activation.

The cytoplasmic anchor of P2X7R as a novel immunoregulatory target

Based on our data, as discussed so far (refer to Chapter 4), it appeared that P2X7 mutant E375R mutant severely attenuated the receptor ability to fully engage in signalling generation leading to proper downstream activation of TMEM16F channels in HEK293T system. Therefore, in this chapter, we further addressed the role of P2X7 receptors and TMEM16F channels forming complex in controlling inflammation and cell death regulation in macrophages. To do this, we used engineered HIV-1-TAT peptides that selectively targeted the C-cys anchor region of mP2X7 and TM 4-5 loop of mTMEM16F along with two generated random sequences used as experimental controls (i.e., scramble, Scr-peptides): FCRSGVYPYCKCCEPCTV-, KKKEKVAIMITNFELPRTQTD-, respectively and FVCKYESCPRCPCVTGYC-, NREVDTLKTPAITEMQFI-, respectively that collectively represented the specific amino acid residues targeted in this study (Figure 5.2). The HIV-TAT linker region and peptide sequence included GGG-YGRKKRRQRRR as described in Sorge's et al., work. Importantly, due to major sustainability issues related to mTMEM16F peptide synthesis failure, three unrelated lysine residues (K) were added at the beginning of the endogenous amino acid sequence.

As a result, given the uncertainty surrounding the specificity of the mTMEM16F the focus of this chapter has been exclusively centred on to the activity of mP2X7 TAT-peptides activity. 

C-cys anchor regulates innate immune functions in macrophages

We investigated whether the cytoplasmic anchor is essential for TMEM16F complex forming interactions as well as its role as an immunoregulatory target. P2X7 is a potent activator of cell death yet its cytotoxic function has been poorly addressed. Considering

Ousingsawat et al., study demonstrating that caspase-3 is dependent on TMEM16F activation, we next exposed mouse peritoneal macrophages to 5 mM ATP for 5 min and assessed caspase-3/7 following 14 h stimulation. No LPS priming was carried out prior to ATP application allowing for a delayed activation of caspase-3/-7 activity. TAT peptides (50 µM) were incubated in FBS-free medium for 6 h prior to ATP stimulation in 10%

FBS medium as detailed in the methods (Chapter 2). Intriguingly, a full inhibition was observed in mP2X7-TAT peptide conditions when compared to either ATP alone, designating the positive control, or to mP2X7 scramble TAT-peptide. On the contrary, no differences were reported in the overall caspase-3/-7 activity between the positive control and scramble TAT-peptide conditions (Figure 5.3b). In addition, mTMEM16F-TAT peptides showed no changes in caspase-3/-7 activation as compared to the ATP conditions. Notably, caspase-3/-7 measurements were performed using a luminescencebased assay providing more robust data interpretation and analysis, as compared to To further demonstrate the extent to which the unique C-cys anchor of P2X7R governs possibly pore formation and subsequent cell death we examined whether the mP2X7-TAT peptide also inhibited the release of major pro-inflammatory cytokines, chiefl T F in AW264.7 macrophages. T F is produced in response to TLRs stimulation, but its concentration augments following elevated extracellular ATP levels inducing P2X7R activation. We therefore incubated RAW264.7 macrophages overnight with mP2X7 TAT-peptide (50 µM) in 10% FBS medium and exposed them to 3 mM ATP for a minimum of 20 min with previouss priming by 1 µg/mL LPS for 4 h (Figure 5.3c).

We assayed different conditions in order to proper optimise the ELISA results including non-treated (NT), ATP, LPS, LPS co-application with ATP, LPS co-application with ATP and AZ (P2X7-specific inhibitor), ATP co-application with LPS and mP2X7 TAT peptide, and ATP co-application with LPS and mP2X7 TAT scramble. T F elea e increased significantly following co-application with ATP as compared to LPS alone, and no o minimal T F elea ed a de ec ed in T a ell a ATP condi ion alone that is consistent with the current published literature (Figure 5.3c). Surprisingly, however, the mP2X7 TAT peptide exhibited a similar reduction in T F elea e a o ha ob e ed in the AZ condition, as if the peptide itself was inducing an inhibitory effect to P2X7R

(Fig e 5.3c). Indeed, bo h condi ion e oked a i icall fe e T F elea e hen compared to co-application of ATP and LPS, but no differences detected as compared to the LPS primed condition alone. Collectively, these data confirm the previous assertions suggesting a novel essential role for the C-cys anchor of P2X7R in regulation of a macromolecular complex containing TMEM16F channels, which is vital for initiation of different signalling pathways linked with inflammation and apoptosis. 

Overall Discussion

Undoubtedly Notably, TMEM16F participates in essential cellular processes downstream of P2X7 receptors (as detailed in the scheme 5.1b), whose activation is liked to marked increases in intracellular Ca 2+ and decreases in intracellular K + concentrations recognised as keys trigger of MOMP and NLRP3 inflammasome activation, respectively. Furthermore, P2X7-induced Ca 2+ influx activates Cl -currents resulting in immediate cell shrinkage and TMEM16F-Ca 2+ -dependent PS scrambling, which together, further contribute to apoptotic machinery processes. Based on our data, we speculate that the unique cytoplasmic anchor of P2X7R mediates essential signalling leading to pore formation and cell death in striking contrast to current literature attributing these functions to the P2X7R extended C terminus [START_REF] North | Molecular Physiology of P2X Receptors[END_REF][START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF][START_REF] Virginio | Pore dilation of neuronal P2X receptor channels[END_REF] Chapter 6

Final Discussion

Survival impossible without a precise regulation machinery within which the immune system, itself, orchestrates the boundaries of death. This thesis has focused on characterising macromolecular complex interactions to better understand the pathophysiological role of P2X7R and the identification of potential P2X7R therapeutic regions implicated in inflammation processes, cell death and autoimmune-related diseases. Following the release of ATP and Ado into the extracellular milieu, cells may display different subclassification of purinergic receptors, according to their ligand affinity and specificity. Ultimately, they engage in a variety of intracellular responses of pathophysiological important. As explored in Chapter 1, at the extracellular level, ATP and Ado balance dictates whether or not tolerance and/or immunity is ensued in human.

Among purinoceptor subtypes, P2X7 is unique since it generates caspase activity, cytokine production, and apoptosis [START_REF] Mehta | P ine gic ece o P2X : A no el a ge fo an i-inflammatory therapy[END_REF]. Concretely, we used a broad variety of techniques including immunoassays, two-photons microscopy, molecular modelling, patch-clamp electrophysiology, qRT-PCR, CRISPR-Cas9, mutagenesis studies, video-and confocal microscopy, providing for the first time, unambiguous evidence of a P2X7 and TMEM16F complex that is required for proper innate immune system functioning in macrophages. Our molecular modelling approach has been shown to be useful in overcoming barriers to studying protein-protein interactions, greatly contributing to enhance developmental aspects in molecular neuroscience. In this work, these advantages have been fully optimised to gain novel insights into immunoregulatory therapeutic targets. Experimentally, a great focus has been primarily placed on the development of P2X7 antagonists for anti-inflammatory therapy and tumour progression [START_REF] Burnstock | The potential of P2X7 receptors as a therapeutic target, including inflammation and tumour progression[END_REF][START_REF] Mehta | P ine gic ece o P2X : A no el a ge fo an i-inflammatory therapy[END_REF].

In this thesis, Chapter 3 describes our breakthrough in the study of this molecular complex providing robust evidence on the discovery of P2X7 receptor and TMEM16F channel forming an estimated 71Å complex as calculated by FLIM-FRET. To localise both proteins at the membrane fusion tags were constructed using mScarlet and eGFP, which were consequently fused to the C-terminus of P2X7 and TMEM16F, respectively.

FLIM-FRET was then carried out to evidence physical coupling, albeit the exact complex stoichiometry remains to be determined. Importantly, as the fluorescence lifetime is an intrinsic parameter of the fluorophore independent of concentration, FRET-FLIM is more robust than intensity-based methods to measure FRET when concentrations of interacting a ne canno be con olled. Limitations due to proteins orientations and fluorescence construct probes prevented, however, the full determination of the complex size. To overcome this, stochiometric assessments between the labelled proteins remain to be resolved.

Following the existence of this macromolecular complex, in Chapter 4 we established bias-free BzATP-evoked scramblase assay measurements and subsequent assessed though Monte Carlo molecular modelling (carried out by Dr. Taly) amino acids residues, which may be implicated in the modulation of the complex. Thorough Chapter 6 157 examination of the rP2X7-mTMEM16F MC model identified E375 located in the cytoplasmic anchor of P2X7R, and R495 located on TM-4/5 loop in TMEM16F channel, which appeared to be in a very close proximity (<100 Å). These residues were therefore, mutated via site-directed mutagenesis generating E375R and R495E, in order to observe, if any, charge-dependent activity restoration following transfection. Particularly, we investigated the role of these residues in macropore formation (as measurement of dyeuptake YOPRO-1) and phospholipids scrambling activity (as a function of Annexin-V fluorophore intensity). Thus, addressing both P2X7 and TMEM16F proteins molecular hallmarks. This challenging work was performed on an fec ed HEK293T and HEK293T wild type cell lineages. Surprisingly, results showed significant reductions in both assays when P2X7_E375R was cotransfected with WT TMEM16F_R495R residue, and rescued following residues swapping (i.e., E375R_R495E). Notably, we successfully demonstrated that E375R, considering its remarkable location, influenced the receptor response to ATP sensitisation in HEK293T WT cells. In addition to this, we also explored the role of intracellular Ca 2+ in proper complex functioning. We observed that both BAPTA-AM and EGTA-AM resulted in a significant reduction of the scrambling activity in HEK293T-WT but not in HEK239T as if the physical coupling between the two proteins was sufficient to include PS externalisation. Nevertheless, as of now, we cannot entirely exclude the participation of another TMEM16 member engaging in PS externalisation, as indicated by qRT-PCR mRNA assessments. Furthermore, we presented evidence of a potential correlation between pore formation and lipid scrambling perhaps, this suggests that P2X7R requires the activation of downstream TMEM16F channel for initiation of innate immune cytotoxic functions.

Ultimately, in Chapter 5, we identified for the first time a potential region within P2X7R that may be used as a pharmacological target given its inhibitory activity. Because of the use of overexpressed system (i.e., HEK293T cell lineages), we explored whether the complex aided in cell death regulation and inflammation in macrophages expressing both proteins endogenously. Using custom-made cell penetrating HIV-1-TAT peptides, we demonstrated for the implications of P2X7 cytoplasmic anchor in the regulation of caspase-3/7 activation and pro-inflammatory cytokines secretion, such a T F and IL-1 (IL-1 ; data not shown, currently in progress) in primary macrophages and RAW246.7 macrophages, respectively. Both represent important hallmarks of inflammation.

However, mechanisms and physiological significance of this unusual pro-inflammatory activity occurring in inflammatory microenvironments are currently elusive. Together, in this thesis, we also contributed to unravel cytotoxic mechanisms attributed to P2X7 activation, which have remained, for many years, poorly addressed. Although, recent advances have unveiled the potential structural processes of caspase-activating cascade the inflammasome specific mechanisms that trigger inflammation are still unclear.

Collectively, our findings provide evidence for an intriguing scenario, in which coupling between P2X7R and TMEM16F create the foundation for optimal initiation of innate immune response. Accordingly, this research thesis identified promising pharmacological targets for anti-inflammatory drugs development that may aid in further understanding immune-tumour interactions and immunotherapy.

Novel therapeutic approaches

Inflamma ion i a of an in ica e imm nological com le ac ing a he bod first response of vascular tissues to foreign stimuli, damaged cells, or irritants [START_REF] Mehta | P ine gic ece o P2X : A no el a ge fo an i-inflammatory therapy[END_REF]. The secretion of proinflammatory cytokines is a fundamental aspect of the immune and metabolic responses serving as initial defensive attempt to the injurious stimuli.

Indeed, controlled proinflammatory cytokines secretions incl ding IL and T F may promote beneficial inflammatory responses to constrain infection and tissue injury by aiding in local coagulation [START_REF] Mehta | P ine gic ece o P2X : A no el a ge fo an i-inflammatory therapy[END_REF]. Termination and/or attenuation of an inflammatory response may also be achieved by in vivo production of inflammatory mediators, such as tissue growth factor-(T F-) and o aglandin (P ) f om macrophages as well as apoptosis of pro-inflammatory cells [START_REF] Mehta | P ine gic ece o P2X : A no el a ge fo an i-inflammatory therapy[END_REF]. Notably, non-steroidal anti-inflammatory drugs (NSAIDs) including COX enzymes inhibitors, which reduce production of prostaglandins are the most widely known and used antiinflammatory medications (these include ibuprofen, aspirin, and naproxen) [START_REF] Allaj | Non-steroid anti-inflammatory drugs, prostaglandins, and cancer[END_REF][START_REF] Mehta | P ine gic ece o P2X : A no el a ge fo an i-inflammatory therapy[END_REF] currently available on the market. Despite their effectiveness in Chapter 6 159 the management of pain, chronic use of NSAIDs have been associated with severe side effects including kidney impairment, gastrointestinal damage, cardiovascular injuries, and reduced platelet aggregation, to name but just a few [START_REF] Mehta | P ine gic ece o P2X : A no el a ge fo an i-inflammatory therapy[END_REF]. In this regard, current anti-inflammatory research has been greatly developed around molecular targets such as receptors or enzymes involved in inflammatory pathways. Several important immunological functions have been attributed to P2X7 receptors and subsequent TMEM16F channels activation, as extensively discussed in this thesis work; yet no clinical review article and/or clinical trial have been discussed in the literature.

Conclusively, our efforts to integrate the C-cys anchor of P2X7R as novel therapeutic target for drug development, should certainly provide my jury board readership vital information to further innovate this field of research.

Future work

In this section, we shall discuss potential applications of P2X7 C-cys anchor HIV-1 TAT Importantly, MS an apparent low genetic heritability with monozygotic or identical twins showing a higher clinical concordance rate estimated at 25% as compared to dizygotic or fraternal twins rate of about 3% (Patsopoulos, 2018). Hence, given the poorly understood etiology of this debilitating conditions failure to develop proper diagnosis is often associated to both genetic and environmental influences correlated with MS. Furthermore, MS affects over 2.8 million people globally as for 2020 [START_REF] Walton | Rising prevalence of multiple sclerosis o ld ide : In igh f om he A la of MS, hi d edi ion[END_REF]) that corresponds to someone, somewhere in the world, being diagnosed with MS every 5 minutes as asserted by the national multiple sclerosis society (www.atlasofms.org). The disease often manifests at a highly dynamic stage of life when individuals are building professional careers and/or families. Thus, MS can have significant effects on society.

Very little is known about the etiology of the disease and a cure is still lacking. In this Chapter 6 161 future study, an adenovirus-mediated therapeutic will be constructed directly targeting P2X7 receptors in experimental autoimmune encephalomyelitis mice in order to validate the efficacy of our previously outlined data. Persistent P2X7R activation induces direct excitotoxicity by Ca 2+ overload in neurons leading to MS lesions [START_REF] Domercq | Targeting P2X4 and P2X7 receptors in multiple sclerosis[END_REF]. Importantly, treatments with P2X7 antagonists have been shown to improve chronic EAE recovery in vivo [START_REF] Domercq | Targeting P2X4 and P2X7 receptors in multiple sclerosis[END_REF]. Although promising, it is worth noting that long-term treatments with P2X7 antagonists may lead to deleterious adverse events especially given its downstream activation of TMEM16F channels, and subsequent immune effector function. 

Concluding remarks

The study of P2X7 and TMEM16F complex in relation to immune system function is an intriguing and pertinent matter that bridges essential questions about how purinergic signalling initiate complex network interactions with other molecules, regulating fundamental cellular processes. In this regard, deregulation or malfunctioning of such system underline the origins of several disorders, notably neurodegeneration, inflammation, and cancer. Important progress has been made in this research in characterising P2X7 and TMEM16F complex interaction, and in linking diverse intracellular processes into a common dynamic system, which led to the discovery of a novel immunoregulatory region for drug development. Despite this, important question as to whether TMEM16F downstream activation directly contributes to P2X7 cytotoxic functions still remain largely unknown. Ultimately, this thesis has highlighted the need to translate these new therapeutics into pre-clinical research. Ainsi, en explorant l'implication potentielle de L'ancre cytoplasmique P2X7 dans le modèle animal de SEP représenterait une étape clé de ce projet.
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  Figure 1.1: Plasma membrane lipid asymmetry and functional roles. (a) Illustration of asymmetric transbilayer lipids composition of PM showing sphingomyelin (SM; blue), phosphatidylcholine (PC; red) present in the exoplasmic leaflet of the plasma membrane, whereas phosphatidylethanolamine (PE; yellow) and phosphatidylserine (PS; light blue) occupy the inner leaflet of the PM. SFA: saturated fatty acid; MUFA: monounsaturated fatty acid; PUFA: polyunsaturated fatty acid. (b) Schematic representation of non-apoptotic events regulating PM lipid asymmetry. Examples include small molecule receptors inducing signalling cascade leading to changes in PM asymmetry; ATP released at sites of cells/tissues injury increase cytosolic calcium, which inhibits flippases activation scramblases resulting in loss of lipid asymmetry. (Image source: Doktorova et al., 2020).

Figure 1 . 2 :

 12 Figure 1.2: Effects of ATP on immune cells function. Several mechanisms have been implicated in the release of ATP during inflammatory conditions including vascular thrombosis, lung injury, inflammatory bowel condition, and hypoxia. Particularly, ATP can be released from apoptotic either through pannexin or connexin hemichannels present on activated immune cells, or by necrotic cells. Upon release, ATP acts as a potent signalling molecule activating different types of purinergic receptors. (Image source: T.-T. T. Le, Berg, et al., 2019).

Figure 1 . 3 :

 13 Figure 1.3: Regulation of ATP and Ado balance during inflammation.High ATP levels at inflammatory sites enhance the production of pro-inflammatory factors, such as ROS and cytokines inhibiting ATP phosphorylating enzymes CD73, and CD39, which together prolong inflammation as observed in conditions including atherosclerosis and rheumatoid arthritis. On the other hand, as cells undergo apoptosis ATP levels at the inflammatory sites significantly diminish by the dephosphorylation of ATP to Ado facilitated by hypoxia increasing the activity of phosphorylating enzymes facilitating the resolution of inflammation (Image source[START_REF] Faas | Extracellular ATP and adenosine : The Yin and Yang in immune responses?[END_REF].

Figure 1 . 4 :

 14 Figure 1.4: Effects of cyclic AMP on cell physiology. Evaluation of cyclic adenosine monophosphate (cAMP) function on different cell types including immune (T and B lymphocytes, monocytes, macrophages, granulocytes, and dendritic cells), tumour, (melanoma cells) and epithelial cells (Image source: Raker et al., 2016).

Figure 1 . 5 :

 15 Figure 1.5: Equilibrative nucleoside transporter and concentrative nucleoside transporter activity differences. Concentrative nucleoside transporter (CNT) is an obligatory inward transport orchestrating unidirectional uptakes of nucleosides against a sodium gradient. On the contrary, equilibrative nucleoside transporter (ENT) is

Figure 1 . 6 :

 16 Figure 1.6: The salvage cascade and de novo synthesis pathways. The de novo synthesis (blue) composed of six enzymes catalysing implicated in 10-step reactions using as a substrate phosphoribosylpyrophosphate (PRPP) produced by glycolysis and pentose phosphate pathways (green). The salvage pathway (orange) generates purine nucleotides characterised by the activity of two enzymes, termed hypoxanthine-guanine phosphoribosyl transferase (HPRT) and adenine phosphoribosyl transferase (APRT) (Image source: Huang et al., 2021).
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 17 Figure 1.7: Classification of P1 adenosine receptor subtypes. Four different P1 receptors are depicted in the figure differing from one another according to their association to G-proteins including Gi/Go for A1; Gs for A2A; Gs/Gq for A2B; and Gi/Gq for A3 (Image source: Camici et al., 2019).

  yet sharing similar pharmacological profiles[START_REF] Von Kügelgen | Pharmacology and structure of P2Y receptors[END_REF] Figue 1.8). P2YRs are activated not only by ATP but also through other exogenous nucleotides, such as uridine triphosphate (UTP), uridine diphosphate (UDP) and ADP, with varying efficacy(Figure 1.8). By analogy to Ado receptors, crystal structures of P2Y-1 and -12 receptors confirmed general GPCRs features, including 7TM hydrophobic regions flanked by three ECLs and three ICLs[START_REF] Von Kügelgen | Pharmacology and structure of P2Y receptors[END_REF]. All P2YRs contain four cysteine residues localised at their extracellular domains forming two disulfide bonds between the amino-terminal region and ECL-3, and between ECL-1 and ECL-2 as described for P2Y-1, -2 and -12[START_REF] Von Kügelgen | Pharmacology and structure of P2Y receptors[END_REF]. Furthermore, mutagenesis and modelling studies have identified TM-3, -6 and -7 as ligand recognition sites for P2YRs[START_REF] Von Kügelgen | Pharmacology and structure of P2Y receptors[END_REF]. Structurally, P2Y receptors may also form homo-and heterodimers complex as described for P1 receptors. Interestingly, Yoshioka at al., showed a dimer consisting of P2Y1 and A1 receptors, which differed markedly in their pharmacological profiles as to the respective monomers[START_REF] Yoshioka | Heteromeric association creates a P2Ylike adenosine receptor[END_REF]. The al o e o ed a ed ced A P S (P2Y1R agonist) dependent forskolinevoked cAMP regulation in HEK293T A1R/P2Y1R co-transfected cells affected by A1

Figure 1 . 8 :

 18 Figure 1.8: P2Y purinoceptors structure and signalling pathways initiation. Structural characteristics of P2Y receptors include and extracellular N-terminus, an intracellular C-terminus containing the protein kinase interacting motif influencing the degree of the receptor to couple to G-proteins (particularly 11, , i o), and

  domain of variable size according to the subtype, with P2X7R having a unique 120 amino acids intracellular region e med balla (McCarthy et al., 2019; see section below 1.2.3.1), implicated in the functional regulation and trafficking of the receptor (R. Jiang et al., 2013). Very little was known about the structural role of cytoplasmic termini due to truncated constructs that precluded visualisation of cytoplasmic residues with the exception of a minimally truncated version of the human P2X3 receptor (Li et al., 2019), and very recently published cryoelectronic microscopy (cryo-EM) structures of full-length rat P2X7R (McCarthy et al., 2019) (Figure 1.9a). These structures revealed how cytoplasmic element provides stability to the receptor dictating the lifetime of the open pore conformation, and thus, the rate of desensitisation /non-desensitisation. Intriguingly, no sequence similarity among P2XRs and other proteins have been identified to date, albeit a structural homology was proposed in our lab between P2X receptors and truncated mechanoreceptor ( ) Pie o-1, recently awarded Nobel Price for its essential role in mechanosensory transduction in organisms.

Figure 1 . 9 :

 19 Figure 1.9: Structural and functional properties of P2X receptor subtypes. (a) Evaluation of P2X subtypes structure in vertebrate, human (h) P2X3, zebrafish (zf) P2X4, and rat (r) P2X7 and invertebrate, Amblyomma maculate (Am) P2X receptors, in the apo resting state, consisting of three subunits forming trimer and ATP binding motif located at the extracellular (out) part. (b)Examples of whole-cell recordings from rP2X subtypes transfected HEK293 cells at saturating ATP concentrations. Top panel exhibits short (2 s) ATP applications, whereas, bottom panel shows prolonged (20 s) ATP applications, consisting of 100 µM ATP for P2X1-5 and 1 mM for P2X7. (c) Semplified kinetic scheme illustrating resting state form (R) in the absence of ATP molecule, a receptor ligand complex (RL) occurring upon binding of ATP. According to the P2X subtypes different isomerisation are possible, such as flipped (F) closed state, desensitised (D) closed state, and I1 and 12 depicting open states. (Image source: Kasuya et al., 2016;[START_REF] Kawate | Crystal structure of the ATP-gated P2X(4) ion channel in the closed state[END_REF][START_REF] Mansoor | X-ray structures define human P2X3 receptor gating cycle and antagonist action[END_REF] McCarthy et al., 2019;[START_REF] Sattler | Enlightening activation gating in P2X receptors[END_REF].

  3.1). It requires millimolar concentrations of extracellular ATP for activation (Figure1.10), similarly to those observed near sites of inflammation or in cancer (Di[START_REF] Virgilio | Extracellular ATP and P2 purinergic signalling in the tumour microenvironment[END_REF]; progressive permeation of large cationic dyes, for example Yo-Pro1, NMDG, ethidium or propidium iodine[START_REF] Virgilio | The Elusive P2X7 Macropore[END_REF]. Interpretation of mac o o e formation induced mechanisms has long brought up conflicting arguments in the literature. In this regard, my PhD work provided convincing evidence of a physical and functional P2X7 and TMEM16F channel complex facilitating high molecular weight (MW) cationic dyes permeation and other pathophysiological mechanisms. This, however, does not exclude the possibility that P2X7 may have itself also the ability to form a large-conductance pore, as previously suggested[START_REF] Virgilio | Extracellular ATP and P2 purinergic signalling in the tumour microenvironment[END_REF][START_REF] Peverini | New Insights Into Permeation of Large Cations Through ATP-Gated P2X Receptors[END_REF]. Accordingly, a denoted section (i.e., 1.3.1 P2X7 macropore formation) has been provided in this manuscript highlighting major breakthroughs in this field.

Figure 1 .

 1 Figure 1.10: ATP dose-response curve for P2X receptor subtypes. Evaluation of P2X receptors to ATP activation displaying the range of extracellular ATP concentration (M) required for each subtype. Notably, highlighted in red is the unique normalised response of P2X7 activation to high ATP concentrations.

(

  McCarthy et al., 2019) (Figure 1.11). Briefly, the apo-state configuration of the P2X7 receptor features a narrowed channel pore as compared to hP2X3, in which ATP must access to occupy the orthosteric binding pocket, representative of the agonist-bound open conformation. TM2 resides in the pore lumen with residue S339 and S342 underlying the extracellular and cytoplasmic boundaries of the TM gate, respectively(McCarthy et al., 2019). S342 residue has also been suggested to act as ion selectivity filter through the TM gate, which in the apo state has a maximal radius of just 0.1 Å. Thus, shielding P2X7 receptors from solvents and ligands(McCarthy et al., 2019). The latter residue also defines the narrowest region of this receptor in the ATP-bound open state conformation, which in hP2X3 is characterised by the amino acid threonine (T) at the analogous position(McCarthy et al., 2019).
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 111 Figure 1.11: P2X7 receptor structure. Illustration of P2X7 cryo-EM full-length architecture in the apo state configuration revealing a lengthy cytoplasmic C-terminus (acknowledged as: cytoplasmic ballast); a cytoplasmic cysteines cap or anchor containing palmitoyl groups required for receptor stabilisation to the membrane; presence of two zincs (Zn) binding sites and one GDP binding site located in the ballast, whose functions are currently unknown. All these features are unique to P2X7 exclusively (Image source: McCarthy et al., 2019).

Figure 1 .

 1 Figure 1.12: Structure of rP2X7 cytoplasmic anchor and lipid binding site. Key zoomed features providing detailed insights into C-cys region showing the four palmitoylated cysteine residues (C362, C363, C374 and C377) as well as one serine residue (S360; as illustrated in the 90° orientation), these palmityl groups are essential for

Figure 1 .

 1 Figure 1.13: Overview of P2X7 in the NLRP3 inflammasome activation. Evaluation of key steps involving P2X7 activation and NLRP3 inflammasome culminating with maturation of the pro-inflammatory cytokine IL-1 . (Image source: Di Virgilio et al., 2017).

  membrane blebbing underlying, important cytotoxic features associated with P2X7 stimulation as evaluated in Chapter 4 (section 4.1.3.2).

Figure 1 .

 1 Figure 1.14: ATP sensitisation of P2X7. Sensitisation of rP2X7 currents following BzATP (agonist) stimulation. On the left is depicted a prolonged agonist application, whereas on the right are repetitive applications. (Image source: Roger et al., 2008).

  in McCarthy et al., cry-EM P2X7 structure, demonstrating no evidence of dilated state. Given the important pathophysiological role of P2X7 receptors, understanding the molecular foundations of macropore formation would undoubtedly provide novel insights into potential therapeutics. 1.3.1.2 Intrinsic permeability property of P2X receptor: The reconstitution of P2X7 into liposomes Reconstitution of the engineered panda P2X7 receptor into artificial liposomes by Ka a e lab provided important pharmacological properties concerning both the channel activity and permeability. Briefly, Karasawa et al., presented a truncated panda P2X7 construct lacking the N-and C-termini (termed P2X7-NC) and consequently reconstituted into liposomes.

  construct may have rendered the receptor itself unfunctional or in an open-

  family of anoctamins includes a vast group of transmembrane proteins characterised by a high level of functional divergence attributed to roles as CaCCs, Ca 2+ -dependent phospholipid scramblase, and dual function non-selective ion channel/ scramblase. So far, 10 isoforms belonging to the TMEM16/anoctamins have been identified in human, including TMEM16A-K (ANO1-10) except for TMEM16I/ANO9. The two familyfounding members TMEM16A and TMEM16B exert voltage-and calcium-dependent gating exclusively, whereas TMEM16F has been described as a dual function component displaying, however, a poorly selective ion channel activity. The remaining members have been recently suggested to function mainly as Ca 2+ -dependent phospholipid scramblase mediating also non-selective ion transport (B.-C.[START_REF] Lee | Gating mechanism of the extracellular entry to the lipid pathway in a TMEM16 scramblase[END_REF]. Intriguingly, there is increasing evidence that TMEM16E may be exhibiting similar due function properties as to the dual function channel/ scramblase fungus Nectria haemotococca (nh)-TMEM16[START_REF] Brunner | X-ray structure of a calcium-activated TMEM16 lipid scramblase[END_REF], as well as cryo-EM structures of CaCCs TMEM16A[START_REF] Dang | Cryo-EM structures of the TMEM16A calcium-activated chloride channel[END_REF], uncovered crucial features of the dimeric TMEM16 architecture, and calcium-dependent mechanism. Briefly, each anoctamin consists of ten TM helices, intracellular amino group and COOH-end termini, and a porecontaining p-loop formed by fifth and sixth TM helices, which plunge back into the membrane. Furthermore, each TMEM16 monomer is characterised by a hydrophobic groove-like cavity exposed to the membrane lined by TM3-7, with helices 6 and 7 directing the formation of two calcium binding sites (B.-C.[START_REF] Lee | Gating mechanism of the extracellular entry to the lipid pathway in a TMEM16 scramblase[END_REF]. In nhTMEM16 the intracellular end of the cavity appears to be wider, about 35 Å, as it approaches the inner leaflet, but it gradually narrows to 5 Å towards the extracellular end.

Figure 1 .

 1 Figure 1.15: Structure and function of TMEM16 channels. Structural representation of the 10 transmembrane domains illustrating Ca 2+ binding site, ion channel function and scramblase activity involved in PS externalisation.

Functionally

  different from its homologues CaCCs TMEM16A and TMEM16B, TMEM16F is to some extent similar to fungal scramblase nhTMEM16 and Aspergillus fumigato (af)-TMEM16. The latter exhibit a hydrophilic groove half-open cavity, projecting toward the interior of the lipid bilayer, resembling the lipid-scrambling configuration model (i.e., c edi -ca d mechani m), ob e ed in TMEM16F(Feng et al., 

  drug discovery and delivery, aiding in the identification of novel potential therapeutical targets. Critical investigations into certain aspects of protein function are required in order Chapter 1 70 to deliver a successful protein-protein interaction study. These include understanding of protein sequence motifs and structure; thorough analysis into the evolutionary history of the proteins that may be used to predict conserved residues or regions implicated in the interactions; extensive profiling of the proteins cell or tissue-types expression, posttranslational modifications, and literature on interactions with other already known binding partners. Once all the above criteria are met, a myriad of methods for the detection of PPIs have been developed and categorised into three classes, including in vivo, in vitro, and in silico techniques. Some of the most common in vitro methods include coimmunoprecipitation, chemical cross-linkers, fusion protein tags, and tandem affinity purification-mass spectroscopy (TAP-MS), whereas in vivo methods may include synthetic lethality and yeast 2 hybrid (Y2H) and lastly in silico techniques involve sequence-based approaches, gene fusion, and phylogenetic profile[START_REF] Rao | Protein-Protein In e ac ion e ec ion : Me hod and Anal i[END_REF], to only name a few. Different PPI approaches were employed throughout my Ph.D. research, including chemical cross-linkers, Co-PI, CrisprCas9-KO, modelling, amino acid residues

Figure 1 .

 1 Figure 1.16. Differences between one-photon and two-photon microscopy. (a) Jablonski diagram illustrating differences in conventional one-photon excitation and two-photon excitation of fluorescence. (b) two-photon absorption at the focal plane. (c) Single-photon absorption displaying confocal pinhole (red dotted line) for proper optical sectioning. (Image source: (Benninger & Piston, 2013)

  the infra-red source converging the illumination to a diffraction-limited beam spot on the focal plane. Photon density becomes grater at the focal plane due to temporal confinement of photons[START_REF] Papagiakoumou | Scanless two-photon excitation with temporal focusing[END_REF] (Figure1.16b,c), enhancing, therefore, the probability of simultaneous interactions between the two photons and the fluorophore.Accordingly, based on the quadratic dependence of two photon absorption on excitation intensity, as previously discussed, the absorption only occurs at the focus of the beam(Benninger & Piston, 2013). This means that the probability of absorption increases by the square of the excitation intensity under a given focus. Importantly, this indicates that objects outside of the focal plane are not excited achieving an intrinsic optical sectioning(Benninger & Piston, 2013).This represents a major difference between conventional confocal microscopy and two photon absorption. Another crucial characteristic is the absence of a pinhole to obtain 3D resolution, as opposed to confocal microscopy, allowing a higher photon detection efficiency as well as flexible recognition geometries(Benninger & Piston, 2013).A nondescanned two-photon detection approach (used for this manuscript) containing a dichroic mirror reflecting the objective-collected fluorescence emission, transferring the light from the back aperture of the objective to an internal photomultiplier tube (PMTs)(Benninger & Piston, 2013). This approach allows for a more efficient deep sectioning mechanism providing superior imaging resolution into thick samples. In particular, in heterogeneous biological specimens excitation light scatter as the imaging depth is increased in order that un-ca e ed balli ic ho on reduce in intensity exponentially to tissue depth(Benninger & Piston, 2013). Importantly, in the presence of a turbid/thick object scattered light originating from the focal plane can still be collected because of the absence of the confocal pinhole. Furthermore, no out-of-focus fluorescence excitation light is generated, the amount of scattering is also enhanced, whereas the background noise reduced. Collectively, two-photon excitation microscopy is a powerful Chapter 1 74 alternative to conventional confocal microscopy allowing for deep tissue imaging and determination of physical distance between two or more proteins, among others. Many immune and inflammatory events are initiated mostly in response to the activation of purinoceptors as well as TMEM16 members. Particularly important is their implications in cell death regulation hallmarks of numerous cancers and neurological disorders. Cell death has been recently characterised as a set of genetically encoded mechanisms allowing for targeted removal of redundant, irreversibly injured and potentially harmful cells

P2X7

  receptors are a major trigger of NLPR3 inflammasome activation, demarcated by caspase-1 cleavage and precipitated by IL-1 release[START_REF] Virgilio | The P2X7 Receptor in Infection and Inflammation[END_REF]. Briefly, pathogen-associated molecular patterns (PAMPs), as LPS, may be used to stimulate transcription factor NF-kB production, among others, promoting the activation of genes encoding pro-IL-1 , L P3 and o he inflamma ome com onen . DAMPs acting at the cytosol or plasma membrane activate the NLPR3 inflammasome, resulting in the release of several effectors including cathepsin B. An Increase in extracellular ATP concentrations from DAMPs and PAMPs signalling interactions feeds back on P2X7 receptors, allowing for potassium efflux, leading to the formation of NEK7, NLRP3, ASC and caspase-1 complex assembly. The activated inflammasome catalyses the maturation of IL-1 , hich i hen libe a ed h o gh memb ane-formed micro-vesicles and secretory lysosomes. Activation of P2X7 macropore conductance by aforementioned effectors further allows ATP efflux, augmenting the activation signal[START_REF] Virgilio | The P2X7 Receptor in Infection and Inflammation[END_REF]. It is worth noting that this process is intertwined with extrinsic and intrinsic apoptotic machinery. In other words, LPS-priming indirectly activates P2X7 receptors, culminating by executioner caspases, mainly caspase-3. Mitochondrial permeability transition (MPT)

  selective ligand-gated cation channels activate upon elevated concentrations of extracellular ATP, similarly to those observed in tissues injury, chronic inflammation, Tcell activation, and in the scrambling of phospholipids triggering membrane shrinkage, swelling, lysis, bleb, and apoptosis. Owing to its unique macropore and cytoplasmic domains P2X7 receptors present promising therapeutical targets for drug development. In the last few years, different screening approaches identified over 50 potential protein partners that may physically interact with P2X7R, as determined by the P2X7 interactome database. Furthermore, the ability of P2X7Rs to permeate large organic cations ( 900 Da) further strengthened the hypothesis that these receptors may be, indeed, engaged in channel-forming complexes with other proteins. There have been several proposed mechanisms to the macropore formation including (i) pore dilation, (ii) channel recruitment pannexin-1, (iii) liposome reconstitution, and (iv) very recently a major family of regulated scramblases TMEM16/anoctamin channels were proposed as promising interacting patterns to P2X7 receptors. The TMEM16 family includes 10 isoforms TMEM16A-J, with some exhibiting Ca 2+ -activated Cl -channels and Ca 2+dependent phospholipid scramblase dual function. TMEM16F is a transmembrane protein, which remarkably display similar cell/tissues expression patterns as P2X7 receptors, with significant implications in blood coagulation, membrane blebs and apoptosis. Interestingly, it has been proposed that P2X7R stimulation potentiates influx of calcium resulting in downstream activation of TMEM16F channels responsible for translocation of PS, initiation of cell shrinkage culminating with activation of caspases-3 and -7. Accordingly, it is worth noting that such downstream modulation may also influence inflammasome activation and cell death signalling mechanisms. So far, only preliminary loss-of-function studies highlighted the potential interaction between TMEM16F channels and P2X7 receptors in macrophages yet physical coupling and functional modulation and amino acids profiling between these two proteins remain Chapter 1 82 uncharacterised. Therefore, the aim of my Ph.D. research is to experimentally demonstrate the physical coupling, and to identify regulatory components or regions critical to complex stability and interaction. Contributing as such to the biophysical and molecular characterisation of the proteins-forming complex, but also exploring its implications in the immune response. Thus, providing insights into novel pharmacological and immunoregulatory targets. A broad range of techniques were employed to carry out this research work including two-photons microscopy, molecular modelling, interfering peptides, patch-clamp electrophysiology, qRT-PCR, CrisprCas9-knockout, mutagenesis studies, video-and confocal-microscopy, contributing, therefore, to proper understanding of developmental aspects in molecular neuroscience. In this manuscript, data acquisition and interpretation have been structured in three chapters: Chapter 3 illustrating the biophysical interaction, Chapter 4 delineating the molecular interaction and Chapter 5 the immunological interaction.

  TMEM16F-KO cell lines were washed three times in ice-cold PBS+ solution (PBS; 1 mM MgCl2, 0.4 mM CaCl2 and adjusted to pH 8.0 at 4 °C) and incubated with 2 Mm sNHS-SS-Biotin or sNHS-LC-Biotin (Thermo Fisher) in PBS+ for 30 min under gentle agitation.Cells were washed one time in PBS+ and excess of sNHS-SS-Biotin and sNHS-LC-Biotin quenched with 20-mM Tris in PBS+. Cells were further washed three times in ice-cold PBS and lysed by gentle incubation for 60 min at 4 °C in lysis buffer containing: HEPES, 100mM NaCl, 5mM EDTA, 1% Triton-X, pierce protease inhibitor tablets (Thermo Fisher, Waltham, USA). Samples were centrifuged at 14000 rpm at 4 °C, and input collected at this stage. Following this, NeutrAvidin-agarose (Thermo Fisher) resin was added to lysis samples prior to a pre-cleaning step with lysis buffer. The resin was then washed three in washing buffer (WB; 20 mM Hepes, 500 mM NaCl, 5mM EDTA, 1% Triton X-100, pierce protease inhibitor tablets) and two times in lysis buffer. Samples were then resuspanded in 70 mM DTT and NuPage LDS sample buffer (Thermo Fisher) and boiled for 10 min at 95 °C. The supernatant was loaded and run onto NuPage Novex

  5 g anti-FLAG mouse antibody under gentle agitation for 2 h at 4 °C. Protein G sepharose fast flow resin (Sigma Aldrich) was then added to the sample and further incubated for 1 h at 4 °C. Sample preparation and western blot procedures were carried out as described for cell surface biotinylation assay. For cross-linkers assay, transfected cells were washed three times in ice-cold 4°C PBS+ and incubated with bis(NHS)PEG5 (Thermo Fisher), bis(NHS)PEG9 (Thermo Fisher) and BS3 (Thermo Fisher) diluted in PBS+ at a different concentrations as detailed in the text for 30 min under gentle agitation. Cells were then washed one time in PBS+ and cross-linkers reaction was quenched with 20-mM Tris in PBS+. At this step, samples were lysed, centrifuged and the total lysate was run on SDS-

Fusion

  protein constructs were generated by cloning the coding region of the proteins of interest along with the linker and the fusion GFP tag in the C-terminus of vectors using specific restriction enzymes by PCR reaction. rP2X7-GFP expression construct was created by amplifying of rP2X7 fragment (Fgt rP2x7) within its pcDNA3.1ha a ge ed he cleavage of HindIII and NotI restriction enzymes, respectively. For rANO6/TMEM16F fusion GFP tag fragment was produced by amplifying the GFP fragment (Fgt GFP) within the cDNA encoding rP2X2-GFP contained in pcDNA3.1(+) plasmid using specific ime 5 -ATTCATCTCGAGGTCTCAAAGGGAGAAGAGCTGTTCACTGG-3 and 3 -ATGTAACCGCGGTTACTTGTACAGTTCGTCCATACCCAGGGTGATACC-5 that corresponded to restriction enzymes XhoI and SacII. Fgt rP2x7 and Fgt GFP were carried out using standard PCR reaction parameters (Table2.2), to a final volume of 50 L per reaction containing: 2.5 L (or 0.5 M) forward and reverse primers, 1 L (or 30 ng) of cDNA plasmids, 25 L Q5 Hot Start fidelity master mix (2x) and 19 L ddH2O.
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 21 Figure 2.1: Mathematical model for relative quantification of target genes in RT-qPCR. Representative equations for quantification of qPCR data.

2. 4

 4 .1. ELISA analysis for TNF-release was carried out in cell-free supernatant primed with LPS 1 g/mL for 4 h followed by stimulation or non-stimulation with ATP 3 Mm for 20 min at 37 °C. When indicated, cells were treated with 25 M of selective P2X7 receptor antagonists AZ10606120 (Bio-Techne) and A740003 (Bio-Techne) before and during LPS/ATP stimulation. ELISA plate was coated in anti-mouse TNF-an ibod 1 g mL (clone 1F3F3D4) in a 0.05 M coating buffer (Na2CO3 15 mM, NaHCO3 35 mM and adjusted to pH 9.6) and left overnight at 4 °C. The plate was washed three time in washing buffer (PBS supplemented with 0.05 % Tween 20) and incubated in blocking solution

  Time-correlated single-photon microscopy (FLIM) coupled to fluorescence resonance energy transfer (FRET) counting was carried out as described in Richert et al., 2015. FLIM-FRET Measurements were performed on a home-made two-photon e ci a ion la e canning mic o co e ( Pla efo me d image ie a i a i e , PIQ, University of Strasbourg) constructed on an Olympus IX70 inverted microscope using an Olympus 60 x 1.2 NA water immersion objective collecting fluorescent photons in the descanned mode. Two-photon excitation wavelength at 930 nm was achieved by a Spectra

2. 6 . 1

 61 CaPLSase and dye-uptake imaging quantification Microscopy images were loaded into Image-J for screening of Annexin-V CaPLasemediated PS positive cells. Background noise was subtracted to each individual cell by manually selecting region of interest (ROI) close to the scrambling cells. ROI Annexin-V fluorescent intensity values were then generated for each cell/noise at each time-point through 15 min sample acquisition. A customised R-studio script was then programmed to quantify CaPLase change overtime of each cell. Imax and t1/2(Imax) values were calculated using basic straight line equation on Excel:

  indicated in he fig e legend a nle o he i e a ed. All da a a bjec ed o a thorough analysis using Shapiro-Wilko test in order to assess data distribution, Skewness and Kurtosis shapes. All statistical analysis was then performed on GraphPad (GraphPad Software, CA, USA) and tested for statistical test accordingly as detailed in the text. All data are presented as mean standard error of the mean (
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 31 Figure 3.1: Förster resonance energy transfer (FRET) principles. Panel (A) illustrates the required parameters for an accurate FRET showing donor (blue) and acceptor (yellow) fluorophore spectral overlapping regions, and distance (<10 nm). (B) evaluates the efficiency and accuracy of FRET at a specific distance as the number of

Figure 3 . 2 :

 32 Figure 3.2: Description of recording processes in a TCSPC FILM system.A (i) laser scanning microscope with a high-frequency pulsed laser detects single photons generated from the fluorescence signal returning from the sample. The (ii) TCSPC system characterises each photon based on its time spent in the laser pulsed period (i.e., time management) providing the coordinates (location, x, y) of the laser in the scanning interface upon detection. The recording steps culminates with a build-up of a (iii) photon distribution map n (x, y, t). (Image adapted from[START_REF] Becker | The bh TCSPC handbook[END_REF].

Figure 3 . 3 :

 33 Figure 3.3: Evaluation of photon build-up and distribution. Top panels (a and b) display the detection of the photon following the time after the excitation pulse, t. Panel (c) shows the photon distribution after collecting N photons averaging photons based on their arrival time after excitation, <t>, corresponding to the fluorescence lifetime, , thus, <t> = . Because this yields an exponential function the standard deviation (d) of individual photons equals to the lifetime itself depending on the a e oo ( ) of he n mbe of ho on ; hence: = / Sqrt (N). The standard deviation therefore dictates the signal-to-noise ratio of the average arrival time i.e., pixel intensity. (Image adapted from Becker & Hickl, 2021).
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 34 Figure 3.4: First-momentum (M1) of fluorescence lifetime. M1 is generally set up prior to data acquisition. The blue spots represent the photon arrival in each individual channel; the instrument response function or IRF is illustrated by the green curve; the exponential function given by 𝑒 -. The corresponds to the lifetime generated by convoluting the difference of fluorescence M1 with the M1 of the IRF. (Image adapted from Becker & Hickl, 2021).

Figure 3

 3 Figure 3.5: h C M d ( CM) d h FLIM for proper experimental set-up. SPCM functions illustrating (left to right) lifetime preview image, the decay 3D display curve yielded by a particular position selected from the online preview, and the amount of max photon number at a given position of data point (Image adapted from Becker & Hickl, 202).
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 36 Figure 3.6: Illustration of fusion protein generation and spectroscopic properties. (a) Shows the characteristic features of the pCMV rTMEM16F (16F)-fused eGFP cDNA, representing the donor molecule, along with restriction enzymes XhoI and SacII that were used to insert the eGFP fragment. (b) Displays the rP2X7-tagged mScarlet-I from gene synthesis used as an acceptor molecule. Fluorescence probes were fused to the C-termini of their respective proteins. (c) Solid and dashed lines exhibit the normalised absorption and emission, respectively of eGFP (showed in green) and mCherry/mScarlet-I (showed in red). (d) The two-photon excitation spectra of eGFP and and mCherry/mScarlet-I. (image partially adapted from Albertazzi et al., 2009).

Figure 3 .

 3 Figure 3.7 legend below. The lifetime of eGFP in all conditions was measured for approximately 90s in order to obtain a suitable photon count (see Figure 3.7b). The lifetimes for eGFP plasmid alone and TMEM16F-fused eGFP construct in HEK293T did not significantly differ yielding 2325 20 ps (SD) and 2285 20 ps (SD), respectively values that are consistent with the literature (see Figure 3.7c). On the contrary, a significant difference in the eGFP lifetime was observed following cotransfection of TMEM16F-fused eGFP (i.e., donor molecule) with P2X7-mScarelt-I (acceptor molecule) plasmids exhibiting a marked lifetime reduction of 1993 20 ps (SD)
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 37 Figure 3.7: FLIM-FRET experimental results in living cells. (a) Schematic illustration of FLIM-FRET method. Representative image of each condition illustrated in panel (b): HEK293T cells were either transfected with eGFP (0.3 µg) and rANO6-eGFP (0.1 µg) plasmids or co-transfected with rP2X7-mScarlet-I and rANO6-eGFP at a 1:0.05 ratio. Cells were imaged under serum-starved conditions and changed approximately every 3-4 hours. The donor fluorescence decay was measured by FLIM with a home-build two-photon microscope and an excitation wavelength set at 930 nm. Each cell was continuously scanned for about 90s through SPCImage software (v4.9; Becker & Hickl) to obtain suitable photon statistics to achieve high signal-to-noise-ratio for accurate fluorescence lifetime recovery. (b) left panel shows the normalised fluorescence intensity for each condition, whereas the right panel displays the donor lifetime distribution in ns ranging from 2.5 ns to 1.8 ns. (c) quantification of donor lifetime. At least 8 images per condition were carried out for each FLIM measurement with four different transfection except for eGFP plasmid alone for which only 1-2 images per transfection were acquired. A Mann-Whitney test was performed **** = P<0.0001; n.s. = non-significant.
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 38 Figure 3.8: Homobifunctional cross-linkers structures Illustration of chemical compositions of cross-linkers used in this unit. BS3 containing two sulfo-NHS-esters at the extremities separated by a 11.4 Å arm. PEGylated bis(sulfosuccinimidyl)suberates BS(PEG)5 and BS(PEG)9 consisting of two Nhydroxysuccinimide ester groups separated by 21.7 Å and 35.8 Å spacer armes, respectively.

Figure 3 . 9 :

 39 Figure 3.9: Evaluation of cross-linkers formation in HEK293T -transfected cells. (a) Illustrates individual as well as five possible combinations that may take place if a cross-linking between rP2X7 and rTMEM16F occurs: M = monomer, D = dimer, T = trimer. (b) Shows the experimental results in the presence of different cross-linkers black: BS3, red: BS5, and blue: BS9. Final concentration used for all conditions was 2 mM with triplicates were carried out for each cross-linker. All western blots were performed with anti-c-myc antibody recognising c-myc tagged rP2X7 and rTMEM16F transfected plasmids.

  Characterising molecular interactions between proteins requires selective experimental methods for depicting large-scale interaction networks, molecular mechanisms, and cellular pathways in virtually all systems biology. In this Chapter, we established a rigorous model to evaluate P2X7 receptors induced TMEM16F channels activation elucidating for the first time the signalling machinery responsible for the hallmark processes of cell death. Using selective pharmacological agonists, we shifted current understandings of TMEM16F and P2X7 signalling to a more specific form. Thus, eliminating experimental bias occurring upon application of unselective ionophore drugs (for instance, ionomycin). This Chapter begins with the identification of a proper experimental system, in which molecular modelling strategies aided in the final determination of important amino acids residues, paramount to P2X7Phospholipids residing in the plasma membrane are asymmetrical with PS exclusively enriched in the inner leaflet. PS-mediated scramblases exposure represents an essential physiological signal underlying several cellular processes, such as blood coagulation, phagocytosis, cell-cell fusion, bone mineralisation and regulation of a variety of cell-tocell interactions(Bevers & Williamson, 2016). TMEM16F is a major lipid transporter within the TMEM16 family catalysing PS exposure in response to elevated intracellular Ca 2+ . This often results in rapid collapse of phospholipids asymmetry in an energyindependent mechanism as compared to flippases and floppases, as previously discussed in Chapter 1, section 1.3.2. In platelets, TMEM16F Ca 2+ -activated lipid scrambling activity has been shown to prompt the recruitment and activation of blood clotting factors led by PS externalisation. Furthermore, deficiency in PS exposure, due to loss-of-function mutations in TMEM16F in platelets, has been associated with a rare bleeding disorder known as Scott syndrome. A latest structure-guided mutagenesis study suggests that phospholipid translocation is governed by an inner activation gate, located in the middle of the channel lipid permeation pathway, form by residues F518, Y563 and I612 (T.Le, 
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 4414442 Figure 4.1: Optimisation of scramblase imaging-based assay activity for BzATPinduced Annexin-V PS-binding. (a) Representative images for each illustrated condition of BzATP-evoked scrambling activity in both HEK293T WT (top panels) and HEK293T (bottom panels) cells co-expressing eGFP reporter rP2X7, NT (eGFP-only), rP2X7 + 9AC co-application, rTMEM16F and rescue condition rP2X7-rTMEM16F. CF594-tagged Annexin-V indicating PS exposure and binding recorded by video-microscopy 15 min time-laps imaging with 5 s intervals. Scale bar 5 µm. (b) Quantification of maximum intensity (Imax) Annexin-V fluorescence intensity values, as function of time 181 s total for control conditions including rP2X7-HEK293T WT (blue), rP2X7-HEK293T ( ed), NT-HEK293T WT (grey) and rP2X7-rTMEM16F-HEK293T (o ange) condi ion . Linear equation coordinates showed per condition and the arrows indicate the average Imax values. The i e e de ic ed a ime 0 e e en he ime in hich 200 L of 10 µM BzATP was applied. (c) Quantified Bz-ATP-induced scramblase activity for both HEK293T WT and HEK293T condi ion expressed as normalised Imax values. Statistical analysis was carried out using Mann Whitney test (mean ± SEM): rP2X7-HEK293T WT P2X7 HEK293T (1.000 0.064 =77; 0.674 ± 0.040 N=72, respectively) ***p< 0.0001; rP2X7-HEK293T WT/rP2X7-rTMEM16F-HEK293T (1.000 ± 0.064 N=77; 0.785 ± 0.0346 N=110, respectively) * p=0.014; rP2X7-rTMEM16F-HEK293T P2X7 HEK293T (0.7 5 0.0346 =110; 0.674 0.040 N=72, respectively) * p=0.021. At least three different transfections were carried out per each sample. All remaining conditions including rP2X7 + 9AC or NT in both HEK293T WT o HEK293T an fec ed cell and TMEM16F an fec ed HEK293T cell exhibited p <0.0001.
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 43 Figure 4.3:mRNAs quantification of human TMEM16 family by quantitative RT-PCR in HEK293T WT. The (left) chart indicates the relative gene expression calculated for each TMEM16 member using GAPDH as reference gene. The (right) chart illustrate the cycles for each individual member carried out by setting a threshold (T) at T300. The cycles closer to 40 and/or above represent low mRNA contents, whereas cycles varying from 20 to 30 indicates optimal amount of mRNA level. The red dotted line shows the optimal range for mRNA expression. All conditions were carried out in duplicates with at least a N=2 per sample.
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 44 Figure 4.4: Effects of intracellular Ca2+ chelator buffers on BzATP-evoked PS scrambling in HEK293T WT. (a) Representative Annexin-V fluorescence intensity images of HEK293T-WT cells expressing rP2X7 in the presence or absence of BAPTA-AM, EGTA-AM, and co-application of BAPTA-AM/EGTA-AM. (b) grouped Imax quantification against control condition to limit variations in chelator buffers variabilities expressed as mean ± SEM: rP2X7/rP2X7 + BAPTA-AM (1.000 ± 0.0723 N=34; 0.659 ± 0.0533 N=41, respectively) *** p=0.0002; rP2X7/rP2X7 + EGTA-AM (1.000 ± 0.118 N=21; 0.594 ± 0.0668 N=25, respectively) ** p=0.0033; rP2X7/rP2X7 + BAPTA-AM/EGTA-AM (1.000 ± 0.118 N=21; 0.402 ± 0.046 N=26, respectively) *** p<0.0001.
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 45 Figure 4.5: Effects of intracellular Ca2+ chelator buffers on BzATP-evoked PS scrambling in HEK293T . (a) Representative Annexin-V fluorescence intensity images of HEK293T cell e e ing P2X7 in he e ence o ab ence of in acell la Ca 2+ chelator buffers as detailed in the text. (b) Annexin-V grouped fluorescence intensity change in HEK293T fo each condi ion again he con ol e e ed a mean SEM:rP2X7/rP2X7 + BAPTA-AM (1.000 ± 0.070 N=24; 0.823 ± 0.037 N=30, respectively) *p=0.0217. rP2X7/rP2X7 + EGTA-AM (1.000 ± 0.01 N=17; 0.851 ± 0.084 N=20, respectively) non-ignifican n ; P2X7 P2X7 APTA-AM/EGTA-AM (1.000 ± 0.01 N=17; 0.873 ± 0.087 N=20, respectively) ns.
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 46 Figure 4.6: Effects of rTMEM16F-N575A mutant on BzATP-induced scrambling activity. (a) e e en a i e image of HEK293T co-expressing either rP2X7-rTMEM1F (top panels) or rP2X7-rTMEM1F-N575A mutant (bottom panels). (b) BzATP-induced scramblase activity quantified by Imax values and expressed as mean ± SEM: rP2X7-rTMEM1F/rP2X7-rTMEM1F-N575A (1.000 ± 0.088 N=11, 0.667 ± 0.053 N=21, respectively) ** p=0.0016. Scale bars, 5 µm. At least three independent transfections were performed for each condition, and statistical analysis was carried out using Mann Whitney test
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 47 Figure 4.7: Ionomycin-induced rTMEM16F-N575A activation for Ca2+-dependent scramblase activation control. (a) Quantification of Annexin-V time-laps images in HEK293T cells expressing eGFP reporter with either rTMEM16F (top panels) or rP2X7-rTMEM16F-N575A mutant conditions (bottom panels) in the presence of ionomycin. Scale bar, 5 µm. (b) Normalised Imax values showing difference in PS externalisation as a function of time (s). (c) Bar chart illustrating all normalised data points between the WT and mutant conditions. At least three independent transfections were performed for each condition, and statistical analysis was carried out using Mann Whitney test mean ± SEM: rTMEM16F-rP2X7+rTMEM16F-N575A (1.000 ± 0.05626 N=68; 0.3154 ± 0.03373 N=24, respectively) *** p<0.0001.

Figure 4 . 8 :

 48 Figure 4.8: Functional rP2X7-rTMEM1F amino acid residues swapping for BzATPinduced scramblase. (a) Representative Annexin-V time-laps images following 10 µM BzATP application, recorded using optimised scrambling assay in HEK293T cells expressing eGFP reporter gene along with rP2X7-rTMEM16F, rP2X7-rTMEM16F-R495E, rP2X7-E375R-rTMEM16F, and rP2X7-E375R -rTMEM16F-R495E as indicated per each panel. Scale bar 5 µm. (b) Cartoon representation of molecular docking model by Monte Carlo assembly process showing ATP-bound rP2X7 (blue, PDB-6u9W) and mTMEM16F (light blue, PDB-6qpc) used to identify rP2X7 amino acid residue E375 and rTMEM16F amino acid residue R495 at a calculated distance of 12.4 Å as shown by the zoom-in box. E375 resides on the C-cys anchor of rP2X7Rs, whereas R495 is located

Figure 4 . 9 :

 49 Figure 4.9: Functional rP2X7-rTMEM1F amino acid residues swapping for BzATPinduced YO-PRO-1 dye-uptake. (a) Time-laps images illustrating YO-PRO-1 dyeuptake incorporation following 15 min 10 µM BzATP application in HEK293T cells expressing with rP2X7-rTMEM16F, rP2X7-rTMEM16F-R495E, rP2X7-E375R-rTMEM16F, and rP2X7-E375R -rTMEM16F-R495E as indicated per each panel. Scale bar 5 µm. (b) Quantification summary of BzATP-induced YO-PRO-1 dye-uptake including also mutant control conditions as indicated by R137E and R589E. At least three independent transfections were performed for each condition, and statistical analysis was carried out using Mann Whitney test. Data is presented as mean ± SEM: rP2X7-r16F/E375R-r16F (1.000 ± 0.054 N=132; 0.592 ± 0.044 N=95, respectively)

Figure 4 .

 4 Figure 4.10: Effects of E375R mutant on current facilitation in HEK293T-WT transfected cells. (a) Whole-cell currents induced by repeated 2 s 10 µM BzATP application in HEK293T-WT cells expressing rP2X7 (black traces) and E375R mutant (light blue traces). (b) Summary of relative currents (left) in function of number of BzATP applications, and total current (A)-evoked (right) per condition rP2X7 (black) and E375R (blue) (n=6 different cells per condition in 2 different transfections).

Following a thorough

  investigation, we successfully discovered two set of amino acid residues governing dye uptake and lipid scrambling providing for the very first time a novel potential therapeutic target for P2X7 receptors. Particularly, we discovered that overexpression of E375R in HEK293T and HEK293T cells attenuated P2X7 ability to induce current facilitation, pore formation, and downstream activation of TMEM16F channels, with subsequent reductions in PS externalization, membrane blebbing and cell death. Given the location of the E375R mutants, this further highlights an important new pharmacological role of the cytoplasmic c-cys anchor of the P2X7 that was previously unknown. To provide convincing data on these assertions, we next examined whether the C-cys anchor region of P2X7 receptors can be employed as a novel immunoregulatory region for P2X7-induced inflammation and cell death regulation (discussed inChapter 5).Collectively, we speculated that TMEM16F channels synergistically operate in several central cellular responses downstream of P2X7 receptors including immediate cell shrinkage caused by K + and Cl -efflux following sustained rise in cytosolic Ca 2+ by P2X7R activation, PS externalisation, membrane blebbing and culminating in cell death. In this Chapter 4 143 regard, TMEM16F can be viewed as a fundamental element to a macromolecular complex containing P2X7 receptors characterised by many different molecular and cellular pathways, which we shall attempt to thoroughly explore in the next chapter.

Figure 4 . 11 :

 411 Figure 4.11: Correlation between pore formation and scramblase activity. Scattered spot curve displaying a direct correlation between mutant conditions expression in BzATP-induced dye-ake inco o a ion and ho holi id c ambling in HEK293Ttransfected cells. Arrows indicate each mutant combination.

  dependent inflammasome activation, in this section we proposed a revised NLRP3caspase-1 inflammasome model from previously published DiVirgilio et al., work, annexing to it an additional plausible mechanism associating P2X7-TMEM16F Chapter 5 146 interactions underlying cellular basis of the apoptotic machinery (as illustrated in Figure 5.1). Together, this model should serve as an attempt to better understand the following experimental investigations employed in tailoring P2X7-specific interventions addressed below. Briefly, as the first line of defense against foreign pathogens, the innate immunity is key to infection recognition and clearance. The multiprotein intracellular NLRP3 inflammasome complex is one of the most important components participating in these processes. The NLRP3 protein comprises a pyrin domain (PYD), and the adaptor ASC protein harboring PYD and CARD domains, which upon activation it allows for NLRP3 interaction with ASC through PYD. This enables the recruitment of the CARD domain of pro-caspase-1 via the ASC-CARD domain resulting in the formation of NLRP3-ASC-procaspase-1 complex (Schroder et al., 2010), as detailed in Chapter 1 (see section 1.5). In macrophages, the inflammasome can be experimentally induced either by PAMPs such as LPS acting on TLRs (indirect mechanism) or by ATP-dependent stimulation of P2X7 receptors (direct mechanism) (Figure 5.1). In the first instance, LPS priming activates TLR4 inducing NF-transcription of proinflammatory cytokines production including pro-IL-1 , pro-TNF (among o he ), and L P3. The second activation signal step is provided by DAMPs (i.e., including extracellular ATP) either operating at the plasma membrane or in the cytoplasm leading to inflammasome activation and release of additional inflammatory effectors such as cathepsin B (Di Virgilio et al., 2017). At the cytosolic level DAMPs and PAMPs can further increase extracellular ATP via pannexin-1 opening mediated by caspase-11 activation culminating in P2X7R stimulation and pyroptosis. Extracellularly, elevated ATP molecules feedback on P2X7Rs eliciting K + efflux that is an upstream event in the NLRP3 inflammasome activation required for NIMA-related kinase 7 (NEK7) binding to the NLRP3 protein. The newly formed NLRP3-caspase-1 inflammasome catalyses pro-caspase-1 cleavage to caspase-1 and IL-1 . The la e can no be elea ed b e o ome and ec e o l o ome . For an efficient assembly, NLRP3 inflammasome also requires efflux of Cl -and ROS production (Y. Yang et al., 2019b). Importantly, K + efflux as well as excessive Ca 2+ resulting from P2X7R activation, cause severe cellular stress in mitochondria and mitochondrial outer membrane Chapter 5 147 permeabilization (MOMP) triggering the activation of Bcl-2 apoptosis regulator family.

Figure 5 . 1 :

 51 Figure 5.1: P2X7R pathways to inflammation & cell death.Revised scheme potentially linking P2X7R simulation to downstream TMEM16F activation showing central cellular process involved in cell death regulation as detailed in the main text. The model was made on BioRender using information acquired from the following published work[START_REF] Boland | Paracrine control of tissue regeneration and cell proliferation by Caspase-3[END_REF] DiVirgilio et al., 2017;[START_REF] Galluzzi | Molecular mechani m of cell dea h : ecommenda ion of he omencla e Commi ee on Cell Death 2018[END_REF][START_REF] Janks | ATP-Gated P2X7 Receptors Require Chloride Channels To Promote Inflammation in Human Macrophages[END_REF][START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF][START_REF] Salaro | Involvement of the P2X7-NLRP3 axis in leukemic cell proliferation and death[END_REF] 

Figure 5 . 2 :

 52 Figure 5.2: Schematic representation of HIV-1 TAT peptides. Schematic overview of HIV-1 TAT peptides design illustrating specific targeted region of P2X7 C-cys anchor and TMEM16F TM4-5 loop regions along with their respective controls and molecular mass. TAT peptide showing linker (black) and TAT sequence (brownish).

  traditional fluorescence-based methods, which has been used by other studies including Ousingsawat et al. Overall, our results implicate for the first time the P2X7R C-cys anchor in the regulation of cell death mechanisms further dissecting the cytotoxic function of the receptor for novel immunological target.

Figure 5 . 3 :

 53 Figure 5.3: Effects of P2X7 C-cys anchor TAT peptide on macrophages function. (a) Activation of caspase 3/7 in mouse peritoneal macrophages from four different mice stimulated by 5 mM ATP. Prior incubation with TAT peptides and their respective controls as indicated by TATScr conditios was carried out for at least 6 h prior to ATP stimulation. Statistical analysis was performed using unpaired T-test (Mean ± SEM): ATP and non-treated (NT; 1.000 ± 0.1044; 0.6122 ± 0.0707, respectively) **p=0.0082; ATP and P2X7-TAT (1.000 ± 0.1044; 0.654 ± 0.1044, respectively) *p=0.035; ATP and P2X7Scr (1.000 ± 0.1044; 1.53 ± 0.360, respectively) non-significant (ns; p=0.120); P2X7-TAT and P2X7Scr (; 0.654 ± 0.1044; 1.53 ± 0.360, respectively) *p=0.016. (b) Q an ifica ion of T F elea e ( g/mL) in RAW264.7 macrophages induced by 4 h LPS priming followed by 20 min 3 mM ATP stimulation with overnight TAT peptides incubation or 15 min incubation with P2X7 AZ inhibitor prior to LPS. At least three independent measurements were carried out per condition statistical analysis assessed by Mann Whitney test (Mean ± SEM; expressed as pg/mL): LPS and LPS + ATP (1575 ± 221.0; 2161 ± 94.15, respectively) *p=0.045; LPS + ATP and LPS + ATP + P2X7-TAT

  , understanding the cellular and molecular mechanisms implicated in the inflammasome activation will certainly improve the development of specific inhibitors tackling several immune-oncology related conditions. Due to a broad diversity of inflammatory stimuli, identification of specific effectors implicated in RCD subroutines mechanisms and inflammasome remain particularly difficult to achieve. In this regard, we have undertaken a preliminary study examining the C-cys anchor region of P2X7R as potential target for drugs development. The present results unambiguously demonstrate for the first time potent inhibitory effects of selective HIV-1 TAT peptides targeting the P2X7 C-cys anchor on proinflammatory cytokines release and cell death regulation.

  whereas the cytoplasmic C terminus of the receptor might engage in a docking site for TMEM16F-induced proapoptotic stimuli. Nevertheless, due to technical issues related to HIV-1 TAT synthesis, we failed to address the role of TM 4-5 loop of TMEM16F channels in caspase-3/-7 activity and TNF-od c ion in mac o hage . Additional questions as to whether the P2X7 interfering TAT peptide produce therapeutic effects remain, as of now, an intriguing assertion open for debate. Moreover, is there a common signalling pathway trigger correlating TMEM16F activation to NLRP3-iflammasome formation? And ultimately, is TMEM16F-dependent caspase-3 activity a culminating component of the NLRP3-iflammasome itself.

  iefl , FLIM obe change in fl o o ho e microenvironment, in the presence of a FRET pair, a pulsed laser that periodically excites the fluorophores of the donor in the sample, which is then relaxed into their ground-state emitting photon through a non-radiative pathway. The fluorescence lifetime ( ) can be then calculated as the average time a fluorophore remains in the excited state after excitation. In our experimental conditions the presence of the acceptor P2X7_Sarlet in close proximity of the donor TMEM16F_eGFP, FRET occurred, increasing the nonradiative de-excitation rate of the donor, and thus, decreasing its fluorescence lifetime.
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 2 peptide for the preclinical development of a mouse model for the treatment of multiple sclerosis. Particularly, we focused on MS because of its pathophysiology defined by macrophage accumulation and inflammatory cells infiltrating into the CNS that are responsible for demyelinating. Given our promising findings in macrophages, and the reported increased immunoreactivity of P2X7 in activated macrophages/microglia exploring the potential implications of the receptor cytoplasmic C-anchor and TMEM16F in MS animal model would perhaps present a new therapeutic path. Summary of proposed research & goals Multiple sclerosis (MS) is a chronic debilitating disease of the central nervous system (CNS) defined by a severe aggregation of immune cells, demyelination, and axonal injury (Domercq & Matute, 2019). Signs and symptoms vary among MS patients depending on the amount of nerves affected. No cure is currently available for multiple sclerosis and recent treatments include cladribine for relapsing-remitting MS and secondary progressive MS (Deeks, 2018). Due to robust accumulations of macrophages and microgliosis, targeting of myeloid lineages may represent an attractive therapeutic approach.Purinoceptors, mostly P2X7, together with TMEM16 family are potent regulators of immune cell functions as shown by our recent work outlined in this thesis. Thus, being able to interfere with/or regulate the cytotoxicity functions of P2X7 receptor at the cellular level may represent a new therapeutic target to MS, but also other purinergic-related disorders. Accordingly, the key objectives of this research are to implement a preclinical study using experimental autoimmune encephalomyelitis (EAE) mice widely used as clinical MS murine models for monocytes assessments of cytokines pool secretions, changes in brain tissues morphology; with the ultimate goal to deliver an adeno-associated virus (AAV)-mediated P2X7 TAT delivery in EAE mice brain for evaluation of immune cells infiltration as compared to wield type (WT) mice.
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 213 Details of research projectAt the pathophysiological level, hallmarks of MS include plaques of inflammatory demyelination within the white matter of the CNS (G. F.[START_REF] Wu | The immunopathophysiology of multiple sclerosis[END_REF] with lesions affecting the brainstem, cerebellum, spinal cord and optic nerve. Lesions comprise an extensive alteration of neural-immunologic effector mechanisms constituting the pathogenicity of MS. In the relapse-remitting phase of MS, for instance, the immune cell response involves an autoreactive infiltration of T-and activated B-cells along with monocytes, natural killer T cells, and dendritic cells mounting aberrant responses against myelin antigens[START_REF] Domercq | Targeting P2X4 and P2X7 receptors in multiple sclerosis[END_REF]. Significant research has been done recently to better understand the MS-related axonal damage mechanism process. Notably, macrophages and/or macroglia found in the proximity of damaged neurons have been shown to initiate the release of proinflammatory cytokine ch a T F , eac i e nitrogen species (ROS), and proteases contributing to the disruption of the blood-brain barrier, demyelination, and, ultimately, loss of axonal conduction (G. F.[START_REF] Wu | The immunopathophysiology of multiple sclerosis[END_REF].

  Accordingly, based on our recent research data suggesting strong attenuations of inflammatory cytokines and caspases activities in macrophages here, we propose a first of a kind pre-clinical study using AAV-induced P2X7 C-cys anchor TAT-peptide delivery in EAE mice to further understand the therapeutic effects for novel drug development approaches.Non-pathogenic AVVs belonging to the Parvoviridae family consist of small nonenveloped viruses and are commonly used in research for expression of exogenous genetic materials. In this research, we will use an AdEeasy adenoviral vector system in which all viral genes are replaced by the P2X7-C-cys anchor TAT-peptide, maintaining only the inverted terminal repeats (ITRs) that is required for viral replication and vector production. Research objectives include (i) characterisation and confirmation of P2X7R expression in peripheral monocytes deriving from EAE mice; (ii) generation of AdEasy adenoviral vectors carrying P2X7-TAT peptides for subsequent delivery in EAE mice brains; (iii) morphological assessments of oligodendrocytes and/axons damage determining early MS diagnosis preceding immune reactivity by immunohistochemistry and confocal microscopy; (iv) evaluation of potential cytotoxicity deriving from AAVmediated TAT delivery; (v) identification of inflammation hallmarks including proinflammatory cytokines (IL-1 , T F , IL-6 and others), ROS, and proteases using ELISA, ELISpot as well as detection of maturation markers by FACS; (vi) characterisation of extrinsic/ intrinsic apoptosis and subsequent contribution of TMEM16F to caspase 3/7 activation; and (vii) Measurements of locomotor activity behaviours comparing therapeutic efficacy of AVV-injected P2X7-C-cys anchor TATpeptides against placebo.

  photons, modélisation moléculaire, patch-clamp électrophysiologie, qRT-PCR, CRISPR-Cas9, études de mutagenèse, vidéo-et microscopie confocale contribuant ainsi à une bonne compréhension des aspects développementaux chez neurosciences moléculaires.

  

  

Table 2 .

 2 6: PCR site-directed mutagenesis primers ....................................................

Table 2 .

 2 7: Reverse transcription PCR parameters .....................................................

Table 2 .

 2 8: FAM-labelled MGB TaqMan probes .......................................................

Table 2 .

 2 9: HIV-1 TAT peptides sequence

Table 2 . 1 :

 21 List of primary and secondary antibodies

Table 2 .1

 2 List of primary and secondary antibodies

	Western Blot	1:1000	1:500	1:500	1:500	1:500	5 µg	1:10000	1:10000
	Catalogue code #	A5441	HPA038958	ARP008	ORB39268	13-2500	F1804	31430	31460
	Manufacturer	Sigma Aldrich	Sigma Aldrich	Alamone	Biorbyt	Invitrogen	Sigma Aldrich	Thermo Fisher	Thermo Fisher
	Speceis Antigen	Mouse Actin	Rabbit Ano6	Rabbit P2X7	Rabbit Ano5	Mouse C-myc	Mouse Anti-FLAG	Goat Anti-Mouse IgG HRP	Goat Anti-Rabbit IgG HRP
	Type	Primary Antibody					Secondary Antibody		

Molecular biology 2.3.1 Fusion proteins and Site-directed mutagenesis

  

Table 2 . 2 :

 22 Fgts PCR reaction cycle

	Step	Temperature (°C )	Time	
	Initial denaturation	98 °C	30 sec	
	Denaturation	98 °C	10 sec	
	Annealing	72 °C	40 sec	30 cycles
	Extension	72 °C	40 sec	
	Final extension	72 °C	05 min	
	Hold			

Table 2 . 3 :

 23 Digestion of insert and vector

Table 2 . 4 :

 24 Digestion of insert and vector

		Insert		Vector		Insert		Vector
		Fgt GFP	pCMV rANO6		Fgt	rP2X7	pcDNA3.1	rP2X2
						myc		GFP
	DNA	50	L (PC	0.5 L (1 g)	DNA	50 L (PC	0.5 L (1 g)
		DpnI-dialised)			DpnI-dialised)
	CutSmart		10 L		CutSm			10 L
					art		
	XhoI		1 L		XhoI			1 L
	SacII		1 L		SacII			1 L
	ddH2O	3 L	7.5 L	ddH2O	3 L	7.5 L

Table 2 . 5 :

 25 Ligation of vector and insert

		pCMV ANO6 GFP	pCDNA3.1 rP2X7 GFP
	Insert	2 L Fg FP (35 ng)	2 L Fg P2X7 (35 ng)
	Vector	4 L	CMV A 6 XhoI-SacII	2 L pcDNA3.1 rP2X2 GFP HindIII-NotI (64
		(64 ng)		ng)
	T4 buffer			2 L
	T4 DNA ligase			1 L
	ddH2O		11 L	13 L

Table 2 .

 2 

	Residue	d	( -)	Annealing Temperature (°C)
	rP2X7 E375R	CCTCCTGTAAGTGCTGCCGGCCCTGCGCAGTGAATGAGTAC 82 °C
	rP2X7 E375A	CCCCTCCTGTAAGTGCTGCGCACCCTGTGCAGTGAATGAG	84 °C
	rP2X7 E375C	CCTCCTGTAAGTGCTGCTGTCCCTGCGCAGTGAATGAGTAC 82 °C
	rANO6 R495E GATCACCAACTTCGAACTCCCAGAGACCCAGACTG	76 °C
	rANO6 R495A GATCACCAACTTTGAGCTCCCAGCGACCCAGACTG	77 °C
	rANO6 R495C GATCACCAACTTTGAGCTCCCATGTACCCAGACTG	70 °C
	rANO6 R117E GAAACAGAAGGAGAAAAGGCAAGC		57 °C
	rANO6 R137E GGAAGCCACAGAATCTGTTTCTGATGACAAGCTTGTGTTC	71 °C
	rANO6 R589E TCTAATTGGAGAATATAAAAGAGTCTCGGGATC

6: PCR site-directed mutagenesis primers in10 L RT master mix (2 L RT buffer 10x, 0.8 L or 100 mM dNTP mix 25x, 2 L RT random primers 10x, 1 L reverse transcriptase, 1 L RNase inhibitor and 3.2 L RNasefree water) using standard PCR procedures (Table

2.7

). qPCR was performed using

Table 2 . 7 :

 27 Reverse transcription PCR parameters

		Step 1	Step 2	Step 3	Step 4
	Temperature °C	25 °C	37 °C	85 °C	4 °C
	Time	10 min	120 min	5 min	

Table 2 . 8 :

 28 FAM-labelled MGB TaqMan probes

	Gene	Probes		Amplicon length
	ANO1	Hs00216121_m1					75
	ANO2	Hs01021384_g1					69
	ANO3	Hs01119680_m1					73
	ANO4	Hs01128244_m1					80
	ANO5	Hs01381106_m1				116
	ANO6	Hs03805835_m1					63
	ANO7	Hs00417639_m1					60
	ANO8	Hs00394261_m1					79
	ANO9	Hs00947743_g1					62
	ANO10	Hs01106643_m1				116
	RT qPCR Efficiency:	𝐄 10	-	1		
	Relative expression ratio:	𝐑	E	E	^∆ ^∆	-	-
		Under the condition:		
		E	E		2		
	Relative expression ratio:	𝐑 2 ∆		-∆		
	Relative expression ratio:	𝐑 𝟐 -∆∆𝐂𝐏		

Table 2 .
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	9: HIV-1 TAT peptide sequence	
	Peptide	Sequence	Target
	mP2X7	FCRSGVYPYCKCCEPCTVGGGYGRKKRRQRRR	C-cys anchor
	mP2X7-E375R	FCRSGVYPYCKCCRPCTVGGGYGRKKRRQRRR	C-cys anchor
	mP2X7-random FVCKYESCPRCPCVTGYCGGGYGRKKRRQRRR	N/A
	mANO6	KKKEKVAIMITNFELPRTQTDGGGYGRKKRRQRRR	
	mANO6-R520E KKKEKVAIMITNFELPETQTDGGGYGRKKRRQRRR	
	mANO6-random NREVDTLKTPAITEMQFIGGGYGRKKRRQRRR	N/A

  by R137E and R589E. At least three independent transfections were performed for each condition, and statistical analysis was carried out using Mann Whitney test. Data is presented as mean ±

	SEM: rP2X7-r16F/E375R-r16F (1.000 ± 0.044 N=110; 0.651 ± 0.066 N=36, respectively)
	***p<0.0001; rP2X7-r16F/ rP2X7-R495E (1.000 ± 0.044 N=110; 0.7354 ± 0.046 N=48,
	respectively) ***p=0.0006; rP2X7-r16F/E3754R-R495E (i.e., swapping; 1.000 ± 0.044
	N=110; 1.001 ± 0.053 N=73, respectively) ns= non-significant. Control conditions
	E375R-R589E (control swapping: 1)/rP2X7+R589E (0.78 ± 0.056 N=29; 1.099 ± 0.097
	N=20, respectively) *p=0.019; and E375R-R137E (control swapping: 2)/rP2X7+R589E
	(0.7993 ± 0.076 N=35; 1.052 ± 0.102 N=29, respectively) *p=0.04. No control swapping
	condition fully rescued the Bz-ATP induced scrambling.

&Disease, 11(10), 876. https://doi.org/10.1038/s41419-020-03058-9
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Phospholipid scrambling assay

HEK293T and ANO6-KO cells were seeded on poly-l-lysin coated glass coverslips and transfected using plasmids DNA shown in Table 2.6. 24 h-post transfection cells were washed three times in PBS and examined for their scramblase activity using CF-594 tagged annexin V (Biotium) at 50 g mL diluted in annexin V-binding solution (NaCl 140 mM, HEPES 10Mm, and CaCl2 2.5 mM, adjusted to pH 7.3). Annexin V-binding solution was added to coverslips imaging chamber prior to time-lapse video fluorescence microscopy measurements using FW4000 and 40X objective. Imaging acquisition of PS labelled annexin V-CF 594 cells was carried out at 5-s intervals and recorded by MetaMorph software (Molecular Devices). PS assay was divided into two acquisition intervals. Cells were imaged for 2 min in annexin V-CF 594-binding solution followed by a gentle exchange of solution for a second acquisition period of 13 min in annexin V-CF 594-binding solution containing BzATP (10 M), ionomycin (5 M) and/or coapplication of 9-AC (1 mM) with agonists. The inhibitor solution was prepared immediately prior to acquisition. Cells were maintained at 37 °C throughout the measurements. For Ca 2+ influx experiments, cells were pre-or co-incubated with 10 M BAPTA-AM and 10 M EGTA-AM for 15 min at ambient temperature before measurements started.

YO-PRO-1 dye-uptake assay

HEK293T and ANO6-KO cells treatment and video fluorescence microscopy measurements were carried out as described in section 2.4.5. Cells were incubated in NES solution (NaCl 140 mM, KCl 2.8 mM, CaCl2 1 mM, MgCl2 0.1 mM, HEPES 10 mM, Glucose 10 mM and pH adjusted to 7.32) for an initial 2 min acquisition. The solution was then gently exchanged, and 10 M YO-PRO-1 (Thermo Fischer) in NES solution added to the microscopy chamber for a second acquisition time of 15 min. Suzuki, J., Umeda, M., Sims, P. J., & Nagata, S. (2010) 

Résumé en anglais suivi des mots-clés en anglais

Insérer votre résumé en anglais (1000 caractères maximum) suivi des mots-clés en anglais Purinergic P2X7 receptors (P2X7R) are ligand-gated non-selective cation channels involved in several pathophysiological conditions. P2X7R activation is triggered following elevated concentrations of extracellular ATP, similarly to those observed in tissues injury, chronic inflammation, and in the scrambling of phospholipids leading to membrane blebbing and apoptosis, occurring during elevated entry of of Ca 2+ ions. Very recently a major family of regulated scramblase and calcium-activated chloride channels, known as anoctamins/TMEM16s were proposed as promising interacting partner to P2X7 receptors. In this research thesis we demonstrated, for the first time, a physical coupling between these two proteins and identified regulatory components/regions critical to complex stability and interaction, contributing, as such to the biophysical and molecular characterisation of the complex also exploring its implications in immune responses. Thus, providing insights into novel potential pharmacological targets.