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Preventing neutrophil from oxygen exposure allows their basal state maintenance Authors
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la privation de glucose à court terme en cas d'anoxie -condition physiopathologique rencontrée au cours de l'infection par Shigella -réduit le potentiel de membrane mitochondriale, restauré grâce à l'ajout de glucose, indiquant que le glucose joue un rôle important dans le maintien de la fonctionnalité des mitochondries des neutrophiles dans ces conditions. Avec l'analyse de l'expression génétique, les tests fonctionnels mitochondriales et les tests des capacités antimicrobiennes, nous avons pu établir que la disponibilité de l'oxygène et du glucose a un impact important sur le phénotype et la fonctionnalité des neutrophiles.

Titre : L'effet de la disponibilité de l'oxygène et du glucose sur la viabilité, le métabolisme et l'activation des neutrophiles humains.

Résumé

Les neutrophiles sont les leucocytes les plus abondants dans la circulation sanguine et jouent un rôle clé dans l'immunité innée contre les agents pathogènes, en particulier les bactéries.

Dans des conditions homéostatiques, les neutrophiles résident dans la moelle osseuse, où ils sont produits, et circulent dans la fraction plasmatique du sang. Ces deux compartiments sont connus pour contenir de faibles quantités d'oxygène disponible (4% et 1,2% O2, respectivement). En outre, les neutrophiles sont considérés comme des cellules hautement glycolytiques, ayant un faible nombre de mitochondries et produisant la majeure partie de leur énergie à partir du glucose présent dans le milieu extracellulaire. Lors d'une inflammation ou d'une infection, les neutrophiles migrent dans des tissus plus oxygénés (<10% O2), avant leur arrivée sur les sites d'inflammation, souvent décrits comme hypoxiques (<2% O2). Par conséquent, les neutrophiles doivent s'adapter à des variations importantes de la pO2 au cours de son cycle de vie. De plus, outre les variations de l'oxygène, la disponibilité d'autres métabolites fluctue également tout au long de leur migration vers les sites d'inflammation, l'un de ces métabolites étant le glucose. Bien que les neutrophiles soient considérés comme des cellules différenciées, des rapports récents ont mis en évidence la plasticité des neutrophiles pour ajuster leur métabolisme aux conditions environnementales, de la même manière que les macrophages, qui peuvent avoir un phénotype glycolytique (M1) ou oxydatif (M2). Ces découvertes ont conduit à reconsidérer le rôle des mitochondries dans les neutrophiles, considérées jusqu'ici comme importantes uniquement dans l'induction de la mort cellulaire (apoptose). L'impact de la disponibilité différentielle de l'oxygène et du glucose sur l'activation, les fonctions antimicrobiennes et le métabolisme énergétique des neutrophiles reste encore à déterminer. En utilisant des échantillons de côlon de cobaye infecté à la bactérie Shigella, nous avons pu établir qu'en plus de l'oxygène, le glucose est également absent dans les tissus infectés contenant un nombre élevé de neutrophiles. Grâce à des expériences in vitro sur les neutrophiles humains, nous avons pu étudier l'impact de la disponibilité différentielle de l'oxygène et du glucose sur la physiologie des neutrophiles. Nos résultats ont révélé qu'une exposition prolongée à l'oxygène accélère la mort et l'activation des neutrophiles. D'une part, nos découvertes ont démontré que le glucose inhibe la capacité de travail maximale de la fonctionnalité de la chaîne respiratoire mitochondriale des neutrophiles humains. D'autre part, Title : Impact of oxygen and glucose differential availability on human neutrophil viability, metabolism and activation.

Abstract

Neutrophils are the most abundant leukocytes in the circulation and are key players of the innate immune response against pathogens, especially bacteria. Under homeostatic conditions, neutrophils reside in the bone marrow where they are produced, circulate in the plasma fraction of the blood. Both compartments are known to contain low amounts of available oxygen (<4% and <1.2% O2 respectively). Moreover, neutrophils are considered highly glycolytic cells, having a low number of mitochondria and producing most of their energy from glucose uptake from the environment. During inflammation/infection, neutrophils migrate into more oxygenated tissues (< 10%) to reach inflammatory sites, often described as hypoxic (<2% O2).

Hence, neutrophils present in inflammatory sites have encountered various levels of oxygen.

Moreover, besides oxygen variations, other metabolite availability also fluctuates throughout their migration into inflammation sites, one of these metabolites being glucose. Although neutrophils are considered terminally differentiated cells, recent reports have highlighted the plasticity of neutrophils to tune their metabolism according to the surrounding environment similarly to macrophages, which can have either a glycolytic (M1) or an oxidative (M2) phenotype. These discoveries have led to a reconsideration of the role of mitochondria in neutrophils, formerly considered important only for cell death (apoptosis) induction. However, how differential oxygen and glucose availability impact neutrophil activation and energy metabolism remains elusive. Furthermore, the role of mitochondria during neutrophil activation and antimicrobial functions is not fully understood.

Using our model of Shigella infection of the guinea pig's colon we demonstrated that besides oxygen, glucose is also depleted in infected tissues, containing high numbers of neutrophils.

With additional in vitro assays performed on human peripheral neutrophils, we revealed that prolonged oxygen exposure promotes neutrophil cell death and activation. On the other hand, we demonstrated that glucose has a direct inhibitory impact on the neutrophil mitochondrial electron transport chain maximal work capacity and functionality. Moreover, short-term glucose starvation in anoxia lowered the mitochondrial membrane potential, which was restored with glucose supplementation, indicating that glucose has an important role in the maintenance of the functionality of mitochondria in neutrophils in low oxygen environments.

Together with gene expression analysis, mitochondrial functionality assays and antimicrobial 
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Figure 1. Oxygen concentration in different human tissues. Modified from Carreau et al., 2011(*Spencer et al., 2017). Neutrophil migration from the circulation to the inflammation site consists of selectindependent rolling, integrin-dependent adhesion to the epithelium and diapedesis through the epithelial layer and the extracellular matrix (ETC) towards the inflammation site. Granule fusion with phagosomes. 2) NOX2 activation and fusion with phagosome membrane or plasma membrane generating ROS from O2 using energy from glycolysis and NADPH from PPP and glutamine 3) Degranulation. 4) NET formation using energy from glycolysis Under normal oxygen levels (normoxia), HIF assembly is inhibited by PHDs and FIH that hydroxylate proline and asparagine residues of HIF1ɑ leading to its degradation by the proteasome or blocks its transcriptional activity by blocking its assembly with p300. PHD activity requires oxygen, ɑ-KGD and cofactors (ascorbate, Fe 2+ ). Modified from [START_REF] Iommarini | Non-Canonical Mechanisms Regulating Hypoxia-Inducible Factor 1 Alpha in Cancer[END_REF]. antagonist/killer (BAK) and Bcl-2 associated X (BAX).

3) The BAK and BAX complex then induced mitochondrial outer membrane permeabilization (MOMP) causing the release of mitochondrial intermembrane proteins (pro-apoptotic) and cytochrome C. 4) Cytochrome c will form a complex with apoptosis protease activating factor (APAF) creating the apoptosome, capable of processing pro-caspase-9. Active caspase-9 will then process pro-caspases-3 and -7 and initiate the cascade of caspases, inducing cell death. Besides pro-apoptotic factors, antiapoptotic factors are represented as well (blue rectangles). PCNA blocks the processing of procaspase- 9 and -3 and -8; Mcl-1 and Bfl-1 block the oligomerization of BAK and BAX; and XIAP inhibits the processing of pro-caspases-3 and -7. MNDA, however, is not considered a pro-survival protein when it relocates from the plasma to the cytoplasm, as it directs the proteasomal degradation of Mcl-1. Pyroptosis initiation via PAMP recognition by membrane-bound TLR receptors (1a), inducing myeloid differentiation factor 88 (MyD88) dependent NF-κB activation via removal of its inhibitor IκB. Active NF-κB translocates into the nucleus and induces the expression of nonactive pro-inflammatory cytokines, such as pro-IL1β, and inflammasome proteins (NLRP3, AIM2, ASC) (2). Inflammasome proteins form a multiproteic complex in the cytosol (the inflammasome), capable of recruiting pro-caspase-1 and process it into active caspase-1 (3).

Caspase-1 processes pro-IL1β into active IL1β and removes the inhibitory C-terminal part of Gasdermin D (GSDMD) (4). GSDMD form pores into the plasma membrane creating a leakage of ions (K + efflux, Ca 2+ influx) (5). Additionally, GSDMD pores enable the generation of NETs (5). Changes in ions permeabilize the plasma membrane and release active IL1β into the extracellular space creating a pro-inflammatory environment (6). Unpublished data from our lab produced by A. André. sonnei, measured in muscularis propria, submucosa, muscularis mucosa, mucosa and the epithelium, using Metaboanalysit software. Epithelium from animals infected with S. flexneri 5a is missing due to technical issues. Metabolic pathways identified in the guinea pig's colonic tissues during Shigella infection, measured in muscularis propria, submucosa, muscularis mucosa, mucosa and the epithelium using Metaboanalysit software. Epithelium from animals infected with S. flexneri 5a is missing due to technical issues. C. STRING analysis using a high confidence interaction score on uniquely up-regulated genes in +O2 conditions. Lysosome-related genes are in blue. D. STRING analysis using high confidence interaction score on uniquely up-regulated genes in -O2 conditions. Genes associated with interleukin signaling are in red and genes associated with acetylation in blue.

E.

Volcano plot representing the expression of genes from major mitochondrial metabolic pathways (oxidative phosphorylation, FAO, and tricarboxylic acid cycle) in neutrophils incubated with or without oxygen for 3h in the absence of glucose. Upregulated OXPHOSrelated genes are represented in a table below. 

INTRODUCTION

Neutrophils, also known as polymorphonuclear neutrophils (PMNs), are the most abundant circulating white blood cells (WBC), representing 50-70% of the total WBC pool (2.5-7.5x10 9 /L). Neutrophils differentiate from hematopoietic stem cells (HSCs, cluster of differentiation (CD) 34 + ) in the bone marrow (myelopoiesis). Mature neutrophils have a polylobal nucleus (3-5 lobes), contain pre-formed granules (azurophil, specific and tertiary) and secretory vesicles. They contain a low number of mitochondria and are considered highly glycolytic cells [START_REF] Maianski | Functional characterization of mitochondria in neutrophils: A role restricted to apoptosis[END_REF]. Neutrophils are key players in most inflammatory

processes and play a central role in pathogen clearance. Indeed, neutrophils are one of the first immune cells recruited at inflammatory sites and are considered as a hallmark of acute inflammation. Neutropenia, defined as a low neutrophil count in the circulation (<1.5x10 9 /L), is associated with increased susceptibility to bacterial infections, leading to pneumonia and sepsis in more serious cases, such as severe congenital neutropenia (SCN; <0.5x10 9 /L).

For a long time, neutrophils were considered merely as professional phagocytes. It is now well accepted that beyond their contribution to the innate immune response, neutrophils are also involved in the adaptative immune response, through their interaction with lymphocytes, associated with both beneficial and deleterious outcomes of inflammation (reviewed in [START_REF] Leliefeld | How neutrophils shape adaptive immune responses[END_REF]. How and why do neutrophils act in both ways remains an open question.

For example, although neutrophils display antitumoral capacities during antibody-mediated therapy [START_REF] Albanesi | Neutrophils meediate antibody-induced antitumor effects in mice[END_REF], they are also recognized to participate in cancer progression/metastasis. Moreover, the role of neutrophils in the onset of several systemic autoimmune diseases has become evident [START_REF] Jensen | Presence of intratumoral neutrophils is an independent prognostic factor in localized renal cell carcinoma[END_REF][START_REF] Wislez | Hepatocyte growth factor production by neutrophils infiltrating bronchioalveolar subtype pulmonary adenocarcinoma: role in tumor progression and death[END_REF][START_REF] Schmidt | Elevated neutrophil and monocyte counts in peripheral blood are associated with poor survival in patients with metastatic melanoma: a prognostic model[END_REF][START_REF] Trellakis | Polymorphonuclear granulocytes in human head and neck cancer. Enhanced inflammatory activity, modulation by cancer cells and expansion in advanced disease[END_REF][START_REF] Kaplan | Role of neutrophils in systemic autoimmune diseases[END_REF]. Hence, a full comprehension of neutrophil functioning in disease is still lacking. Moreover, recent reports suggest that not only do neutrophils interact with other immune cells in pathological conditions, but also in homeostatic states, where they support B cell maturation in the spleen [START_REF] Puga | B-helper neutrophils stimulate immunoglobulin diversification and production in the marginal zone of the spleen[END_REF], trigger the release of hematopoietic progenitor cells into the bloodstream [START_REF] Casanova-Acebes | Rythmic modulation of the hematopoietic niche through neutrophil clearance[END_REF] and inhibit the expression of IL23 in dendritic cells and macrophages, impacting granulopoiesis through granulocyte colony-stimulating factor (G-CSF) production [START_REF] Stark | Phagocytosis of apoptotic neutrophils regulate granulopoiesis via IL-23 and IL-17[END_REF].

In concert with these recent findings emerged new concepts about neutrophil biology any many dogmas established for decades, changed. One of the most important findings was the demonstration of the ability of neutrophils to tune their transcription activity and turnover in response to external stimuli [START_REF] Zhang | Gene expression in mature neutrophils: early responses to inflammatory stimuli[END_REF][START_REF] Mccracken | Regulation of human neutrophil apoptosis and lifespan in health and disease[END_REF] since neutrophils were considered transcriptionally inactive and short-lived. Briefly, Zhang and colleagues demonstrated the expressional changes of a specific cluster of genes and transcription factors due to bacterial stimuli, demonstrating the specificity of the response in neutrophils [START_REF] Zhang | Gene expression in mature neutrophils: early responses to inflammatory stimuli[END_REF]. In another study, neutrophils were found to display specific transcriptional patterns in different rheumatic diseases (Jiang et al., 2015), suggesting again that neutrophils can "specialize" their function and response to specific conditions.

Besides triggers, such as pathogen-associated molecular patterns (PAMPs) and dangerassociated molecular patterns (DAMPs), changes in the inflammatory microenvironment in terms of metabolite availability is now considered as a major source of immune cell metabolic reprogramming, associated with immune cell functioning (reviewed in [START_REF] Kim | Regulation of immune cell functions by metabolic reprogramming[END_REF][START_REF] Injarabian | Neutrophil Metabolic Shift during Their Lifecycle: Impact on Their Survival and Activation[END_REF]. For this reason, in situ changes of nutrient/metabolite availability and its impact on neutrophil cell fate and metabolism has become a new axis of research in neutrophil biology.

One of the major metabolites necessary for neutrophil antimicrobial functions (nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX)) is oxygen [START_REF] Mcgovern | Hypoxia selectively inhibits respiratory burst activity and killing of Staphylococcus aureus in human neutrophils[END_REF].

Moreover, under homeostatic conditions, neutrophils circulate in the plasma fraction of the blood or remain in the bone marrow where they are produced. Both compartments are known to maintain low available amounts of oxygen; 1.2 % and 1.3-4.1 % respectively [START_REF] Spencer | Direct measurement of local oxygen concentration in the bone marrow of live animals[END_REF]Pittman, 2010;Injarabian et al., 2020), meaning that neutrophils will only face elevated oxygen concentrations while migrating into more oxygenated tissues (Fig. 1). However, acute inflammation is often characterized by hypoxia (inflammatory hypoxia), suggesting that neutrophils are once more projected to low levels of oxygen in the inflammatory microenvironment [START_REF] Simmen | Analysis of pH and pO2 in abscesses, peritoneal fluid, and drainage fluid in the presence or absence of bacterial infection during and after abdominal surgery[END_REF][START_REF] Braun | Comparison of tumor and normal tissue oxygen tension measurements using OxyLite or microelectrodes in rodents[END_REF][START_REF] Werth | Activation of Hypoxia Inducible Factor 1 Is a General Phenomenon in Infections with Human Pathogens[END_REF][START_REF] Eltzschig | Hypoxia and Inflammation[END_REF][START_REF] Campbell | Transmigrating neutrophils shape the mucosal microenvironment through localized oxygen depletion to influence resolution of inflammation[END_REF]Tinevez et al., 2019).

How changes in oxygen availability, together with changes in nutrient availability, such as glucose, impact neutrophil activation and phenotype in inflammatory responses remains elusive. It is currently hypothesized that neutrophils, similarly to other immune cells, can adapt to changes in metabolite availability by inducing metabolic shifts (reviewed in Injarabian et al., 2019), meaning that neutrophils will shift from strict glycolysis to other metabolic pathways.

Contrarily to neutrophils, metabolic changes in macrophages have been exhaustively studied, leading to the characterization of two major populations: the M1 and the M2 populations [START_REF] Xu | Akt1-Mediated Regulation of Macrophage Polarization in a Murine Model of Staphylococcus aureus Pulmonary Infection[END_REF]. M1 macrophages exhibit a pro-inflammatory phenotype and use glycolysis to meet their energy demand. M2 macrophages, on the other hand, have an anti-inflammatory phenotype and rely on mitochondrial oxidative phosphorylation (OXPHOS) to produce ATP.

A similar classification in neutrophils (N1 and N2) has been suggested [START_REF] Fridlender | Polarization of Tumor-Associated Neutrophil Phenotype by TGF-: "N1" versus "N2" TAN[END_REF] but remains controversial since neutrophils contain a low number of mitochondria (Maianksi et al., 2004) and the use of mitochondria-associated metabolic pathways in neutrophils has not been demonstrated.

Nonetheless, recent reports have highlighted the importance of neutrophil mitochondria in their functions, such as migration and reactive oxygen species (ROS) generation [START_REF] Zhou | Neutrophil-specific knockout demonstrates a role for mitochondria in regulating neutrophil motility in zebrafish[END_REF][START_REF] Bao | Mitochondria Regulate Neutrophil Activation by Generating ATP for Autocrine Purinergic Signaling[END_REF][START_REF] Rice | Tumour-elicited neutrophils engage mitochondrial metabolism to circumvent nutrient limitations and maintain immune suppression[END_REF], but also in non-canonical inflammatory cell death induction pathways, such as pyroptosis [START_REF] Ryu | Neutrophil pyroptosis mediates pathollgy of P. aeruginosa lung infection in the absence of the NADPH oxidase NOX2[END_REF]. Also, major changes have occurred in the perception of neutrophil homogeneity under homeostatic or pathological conditionsneutrophils are now recognized to form subpopulations that greatly differ in terms of metabolism [START_REF] Wither | Identification of a neutrophil-related gene expression signature that is enriched in adult systemic lupus erythematosus patients with active nephritis: Clinical/pathologic associatens and etiologic mechanisms[END_REF][START_REF] Garley | Heterogeneity among neutrophils[END_REF][START_REF] Rice | Tumour-elicited neutrophils engage mitochondrial metabolism to circumvent nutrient limitations and maintain immune suppression[END_REF].

Overall, the role of mitochondria under physiological and pathophysiological conditions in circulating neutrophils and neutrophil subpopulations remains a topic for further investigation.

Moreover, numerous studies place mitochondria in the heart of the immune response generation through immune cell function reprogramming (reviewed in [START_REF] Souza Breda | Mitochondria as central hub of the immune system[END_REF]. Although often linked to ATP production, it has become clear that the contribution of mitochondria to immune cell activation and functioning goes beyond energy production.

In the following chapters, I will discuss the major axis of neutrophil metabolism and physiology, both in health and disease. The importance of neutrophil mitochondria in metabolic shifts, cell activation and oxygen sensing will be especially emphasized.

NEUTROPHIL METABOLISM

Metabolism and redox cofactors

Metabolism is the sum of catabolic and anabolic reactions taking place in cells. Energy received from food derives from catabolic chemical reactions that break down large organic molecules into smaller ones, releasing energy from chemical bonds. The energy released can be used to synthesize ATP from ADP. ATP is a universal energy-storing molecule that is used for the majority of biological functions.

To efficiently produce ATP, cells have developed several metabolic pathways that mainly consist of redox reactions. Briefly, redox reactions are oxidation and reduction, consisting of electron exchange. The potential differences of these redox reactions enable the production of energy. The flux of electrons in metabolic pathways is ensured by cofactors that form redox pairs. The oxidized form of the cofactors can accept electrons and transfer them to other molecules. Thus, it is important to have enough oxidized cofactors available to ensure the continuity of the metabolic flux. Known cofactors are organic molecules, such as flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), nicotinamide adenine dinucleotide (NAD), and quinone cofactors. Additionally, some inorganic molecules can also serve as cofactors, such as iron-sulfur clusters or iron in hemes.

In neutrophils, redox state and regulation are mainly associated with oxygen species generation in inflammatory settings using NADPH as a cofactor. It has been suggested that cellular redox and metabolism is only significant during activation since neutrophils circulate in a "resting state" (reviewed by [START_REF] Griffiths | Redox regulation in metabolic programming and inflammation[END_REF].

In physiological conditions, neutrophils, compared to other immune cells, such as lymphocytes and monocytes, are known to rely exclusively on glycolysis for energy production [START_REF] Maianski | Functional characterization of mitochondria in neutrophils: A role restricted to apoptosis[END_REF]. However, several major metabolic pathways have been described in parallel in activated neutrophils, such as the pentose phosphate pathway (PPP) and mitochondria-related metabolic pathways (reviewed in [START_REF] Injarabian | Neutrophil Metabolic Shift during Their Lifecycle: Impact on Their Survival and Activation[END_REF]Kumar and Dikshit, 2019;[START_REF] Sbarra | The biochemical basis of phagocytosis. I. Metabolic changes during the ingestion of particles by polymorphonuclear leukocytes[END_REF][START_REF] Raam | Mitochondrial Membrane Potential in Human Neutrophils Is Maintained by Complex III Activity in the Absence of Supercomplex Organisation[END_REF]. Major metabolic pathways occurring in neutrophils in homeostasis and activation will be detailed hereafter.

Glucose metabolism

Circulating neutrophils are highly glycolytic cells, depending on glucose availability to maintain their energy production. Glycolysis, however, is not the only glucose-dependent pathway active in these cells. Indeed, neutrophils rely on glucose shuffling to fuel and control the kinetics of their glucose utilization.

Glucose shuffling consists of the cycling of glucose-6-phosphate (G6P) through the G6P transporter (G6PT)/G6Pase-β complex. Briefly, when glucose enters the cell it is immediately transformed into G6P by the hexokinase. G6P can be directly used in glucose-dependent metabolic pathways, transformed into glycogen, or be imported into the endoplasmic reticulum (ER) through the G6PT. In the ER G6P will be hydrolyzed back into glucose by the G6Paseβ. Glucose can then return into the cytosol, where it will be converted back into G6P. The restriction and shuffling of cytosolic G6P are believed to control the flux of glucose utilization in neutrophils. Moreover, defects in this cycling system have been shown to decrease the overall glucose uptake, thus lowering intracellular G6P leading to impaired energy metabolism [START_REF] Jun | Lack of glucose recycling between endoplasmic reticulum and cytoplasm underlies cellular dysfunction in glucose-6-phosphatase--deficient neutrophils in a congenital neutropenia syndrome[END_REF]. Pathologies linked to glucose cycling in neutrophils include glycogen storage disease type Ib (deficiency in G6PT) and SCN type 4 (deficiency in G6Pase-β) and are linked to neutropenia and neutrophil dysfunction [START_REF] Jun | Lack of glucose recycling between endoplasmic reticulum and cytoplasm underlies cellular dysfunction in glucose-6-phosphatase--deficient neutrophils in a congenital neutropenia syndrome[END_REF][START_REF] Boztug | A Syndrome with Congenital Neutropenia and Mutations in G6PC3[END_REF]McDermott et al., 2010).

Glucose import into neutrophils is mediated by solute carriers (SLCs) transporters [START_REF] Maratou | Glucose transporter expression on the plasma membrane of resting and activated white blood cells[END_REF]. SLC transporters are a group of membrane transport proteins, including more than 400 members, classified into 65 families. The classification is exclusively based on their biological function of solute influx and efflux of metabolites (sugars, amino acids, fatty acids), nucleotides, drugs, and ions [START_REF] Hediger | The ABCs of solute carriers: physiological, pathological and therapeutic implications of human membrane transport proteins: Introduction[END_REF]. Resting circulating neutrophils express 134 SLC family members [START_REF] Foulkes | Expression and regulation of drug transporters in vertebrate neutrophils[END_REF]. Under physiological conditions, GLUT1 (SLC2A1) is considered to be the main glucose importer in neutrophils, whereas activated neutrophils use both GLUT1 and GLUT3 [START_REF] Maratou | Glucose transporter expression on the plasma membrane of resting and activated white blood cells[END_REF]: Simpson et al., 2008).

Interestingly, besides transporting glucose, both can transport dehydroascorbic acid, the oxidized form of vitamin C [START_REF] Rumsey | Glucose transporter isofroms GLUT1 and GLUT3 transport dehydroascorbic acid[END_REF].

Neutrophils use two major glucose-utilizing metabolic pathways, glycolysis and the PPP detailed below.

Glycolysis

Glycolysis is a highly conserved anaerobic source of energy production pathway. Although it does not use oxygen it remains active in the presence of oxygen, referred to as aerobic glycolysis.

It consists of 10 major cytosolic enzymatic reactions (Fig. 2):

1) Imported glucose will be transformed into G6P by the hexokinase.

2) G6P will be transformed into fructose 6-phosphate (F6P) by the G6P isomerase.

3) F6P will be transformed into fructose 1,6-bisphosphate (F-1,6-BP) by the phosphofructokinase 1 (PFK-1).

4)

F-1,6-BP will be transformed into dihydroxyacetone phosphate (DHAP) and Dglyceraldehyde 3-phosphate (GADP) by the F-1,6-BP aldolase (ALDO).

5)

DHAP will be transformed into GADP by the triosephosphate isomerase (TPI).

6)

The two GADP molecules will then be transformed into D-1,3-bisphoshoglycerate (1, by glyceraldehyde phosphate dehydrogenase (GAPDH). Hydrogen from this reaction is used to reduce two NAD + molecules.

7)

The 1,3-BPG will be transformed into 3-phosphoglycerate (3-PG) by the phosphoglycerate kinase (PGK; transferase), producing 1 molecule of ATP.

8)

The 3-PG will be transformed into 2-phosphoglycerate (2-PG) by phosphoglycerate mutase (PGM; mutase).

9)

The 2-PG will be transformed into phosphoenolpyruvate (PEP) by the enolase (ENO; lyase), releasing water.

10) PEP will be transformed into pyruvate (Pyr) by the pyruvate kinase (PK; transferase), producing one molecule of ATP.

Overall, glycolysis will consume 2 molecules of ATP (in steps 1 and 3) while producing 4 (steps 7 and 10), making the total yield at 2 molecules of ATP by a molecule of glucose. Many secondary reactions can occur between these steps fueling other metabolic pathways, such as glycogen generation using G6P, and triglyceride formation from DHAP conversion into glycerol-3-phosphate (G3P).

In the presence of oxygen, further oxidation for additional energy production can occur via pyruvate entering the tricarboxylic acid (TCA) cycle in the mitochondria. However, during anaerobic glycolysis, pyruvate is converted into lactate to replenish the supply of NAD + and enable the continuity of glycolytic flux.

Although the yield of energy produced during glycolysis is minor compared to the energy produced in the mitochondria (discussed next), rapidly dividing cells, such as cancer cells are known to use aerobic glycolysis for energy production. In sufficient glucose availability, the glycolytic flux can be much more important than the flux of mitochondria-dependent metabolic pathways. Additionally, glycolysis requires far fewer enzymes meaning far fewer limitations.

In neutrophils, however, the use of lactic/anaerobic glycolysis is more likely linked to low metabolic requirements as well as high glucose and low oxygen availability in plasma (Pittman et al., 2011;[START_REF] Injarabian | Neutrophil Metabolic Shift during Their Lifecycle: Impact on Their Survival and Activation[END_REF].

Pentose phosphate pathway

The PPP is another conserved glucose-dependent metabolic pathway that uses G6P produced during the first step of glycolysis. It generates NADPH, pentoses, and ribose-5-phosphate. The PPP consists of two consecutive phases, the oxidative and the non-oxidative phase.

During the oxidative phase NADP + is reduced to form NADPH using energy produced from the conversion of G6P into ribulose 5-phosphate (R5P) in three reactions (Fig. 2):

1) Transformation of G6P into 6-phosphogluconolactone (6PGL) by the glucose 6phosphate dehydrogenase.

2)

Transformation of 6PGL into 6-phosphogluconate (6PG) by the 6phosphogluconolactonase.

3) Transformation of 6PG into ribulose 5-phosphate (Ri5P) by the 6-phosphogluconate dehydrogenase.

During the non-oxidative phase 5-carbon sugars are synthesized by converting Ri5P into ribose 5-phosphate (R5P) or xylulose 5-phosphate (X5P):

1) Transformation of ribulose 5-phosphate into R5P by the ribose-5-phosphate isomerase or transformation of ribulose 5-phosphate into X5P by the ribulose 5-phosphate 3epimerase.

2) Transformation of X5P and R5P into G3P and sedoheptulose 7-phosphate (S7P)

respectively by the transketolase.

3) Transformation of G3P and S7P into erythrose 4-phosphate (E4P) and F6P respectively by the transaldolase.

4)

Transformation of X5P and E4P into G3P and F6P respectively by the transketolase.

Overall, 2 molecules of F6P and 1 molecule of G3P will be generated. Both sugars can enter glycolysis and fuel energy production. 

Mitochondrial metabolism

Mitochondria are organelles contributing to major energy production in most multicellular organisms. Most mitochondrial proteins are encoded by nuclear genes, however, mitochondria do hold their genetic material that encodes for some mitochondrial components, mostly composing the respiratory chain and mitochondrial ribosomes. In humans, mitochondrial DNA encodes for 2 rRNAs, 22 tRNAs, and 13 proteins, all involved in oxidative phosphorylation.

Neutrophils are known to contain few mitochondria [START_REF] Maianski | Functional characterization of mitochondria in neutrophils: A role restricted to apoptosis[END_REF]. Nevertheless, mitochondrial metabolism plays an important role in neutrophil maturation during myelopoiesis as well as activation [START_REF] Riffelmacher | Autophagy-Dependent Generation of Free Fatty Acids Is Critical for Normal Neutrophil Differentiation[END_REF][START_REF] Zhou | Neutrophil-specific knockout demonstrates a role for mitochondria in regulating neutrophil motility in zebrafish[END_REF][START_REF] Bao | Mitochondria Regulate Neutrophil Activation by Generating ATP for Autocrine Purinergic Signaling[END_REF].

Mitochondria are associated with three metabolic pathways: Tricarboxylic acid (TCA) cycle, OXPHOS, and FAO, which are described below.

Tricarboxylic acid cycle

The TCA cycle, also known as the citric acid cycle or Krebs cycle, is a mitochondrial metabolic pathway that produces energy via acetyl-CoA oxidation. Acetyl-CoA, deriving from carbohydrates, fatty acids (FAs), and amino acids (AAs), will be transformed, through series of enzymatic reactions involving AA precursors, into 2 carbon dioxide (CO2) molecules.

During the cycle, ATP is produced and coenzymes, such as NAD + and FAD will be reduced and contribute directly to the functionality of OXPHOS. Although acetyl-CoA can derive from various sources, it mainly originates from pyruvate produced during glycolysis. Pyruvate is converted into acetyl-CoA by the pyruvate dehydrogenase complex.

The oxidation of acetyl-CoA can be divided into eight steps (Fig. 3):

1) Condensation of oxaloacetate and acetyl-CoA into citrate and CoA-SH by the citrate synthase (CS).

2) Isomerization of citrate into isocitrate by the aconitase (ACO2).

3) Oxidative decarboxylation of isocitrate into ɑ-KGDH by the isocitrate dehydrogenase (IDH).

4)

Oxidative decarboxylation of ɑ-KGD into succinyl-CoA by the ɑ-KGD dehydrogenase (ɑ-KGDH).

5)

Cleavage of succinyl-CoA into succinate by succinate thiokinase/succinyl-CoA synthetase.

6)

Oxidation of succinate into fumarate by succinate dehydrogenase (SDH).

7)

Hydration of fumarate into L-malate by fumarate hydratase/fumarase (FH).

8)

Oxidation of L-malate into oxaloacetate by malate dehydrogenase (MDH).

9)

The pathway repeats with oxaloacetate and new acetyl-CoA.

Besides the main products, NADH is produced during steps 3, 4 and 8; FADH2 is produced in step 6, CO2 is produced in steps 3 and 4 and GTP is produced in step 5.

Many TCA cycle intermediates can leave the cycle and participate in the biosynthesis of other compounds (Fig. 3) For example, ɑ-KGD and oxaloacetate can be used for AA synthesis, citrate for FA synthesis, succinyl-CoA for heme synthesis and malate is involved in gluconeogenesis. 

Oxidative phosphorylation

OXPHOS is a metabolic pathway using cofactors produced from the TCA cycle and catabolism to regenerate these cofactors and release ATP. The major component of OXPHOS is the electron transport chain (ETC; respiratory chain) coupled with the ATP synthase (complex V) located within the mitochondrial inner membrane (Fig. 4). The respiratory chain consists of 4 subunits: NADH-coenzyme Q oxidoreductase (complex I), succinate-Q oxidoreductase (complex II), Q-cytochrome c-oxidase (complex III) and cytochrome c oxidase (complex IV).

Electrons are transferred through the respiratory chain to molecular oxygen via electron carriers such as quinone and cytochrome c. These reactions are coupled with the translocation of H + into the intermembrane space via complexes I, III and IV, generating a membrane potential.

The H + gradient will be used by the ATP synthase to generate ATP from ADP. Complex II (CII), also known as the succinate dehydrogenase (SDH) is the only complex in the respiratory chain fully encoded by the nucleus. Similarly to CI, it also participates in mROS production. Because of its ability to oxidize succinate into fumarate, it is considered to take part both in the TCA cycle and the respiratory chain. SDH is the only complex that does not transfer protons across the inner mitochondrial membrane.

R E V I E W

Definitive confirmation of respiratory SCs came recently with the elucidation of their structures at subnanometer resolution using cryo-EM 34-37 . The earlier structures 38,39 , at resolutions around 20 Å, did not allow the specific interactions between the individual complexes to be resolved. The new structures, together with high-resolution structures of the individual complexes 10,11,40-43 , demonstrate that the SCs form via specific interactions involving conserved residues from both the core subunits, present from bacteria to mammals, and supernumerary subunits 34,36,37 , not generally present in bacteria.

Proteins from three different species have been used for cryo-EM analyses, producing structures of bovine SCs at ~9-Å resolution 36 , ovine SCs at ~5.8-Å resolution 34 and porcine SCs at 5.4-Å and ~4-Å resolution 35,37 . Unfortunately, the porcine structures suffer from several drawbacks. The density for CIV in the deposited porcine maps (EMDB-9534 or EMDB-9539) is very weak, and transmembrane (TM) helices are not visible, severely limiting the reliability of its positioning and any inferred contacts. The porcine maps refined by focusing on CI or CIII 2 are well resolved; however, in the overall SC map, the contacts between those two complexes are not resolved at the level of the side chains. Furthermore, most maps describing the intermediate states of processing are of the wrong hand (mirror image) 35,37 , and the CI model (PDB 5GUP) has several limitations: the iron-sulfur cluster geometry and environment are incorrect, the flavin mononucleotide (FMN) isoalloxazine ring is flipped, the B factors are not refined, the 10-kDa subunit is misassigned and model statistics were not reported. Finally, the mechanism of electron transfer between CI and CIII 2 proposed based on the porcine data 37 is inconsistent with established knowledge on CIII (refs. 44-46), as also pointed out in a recent It had previously been suggested that SC assembly may occur before complete assembly of the individual complexes 20 ; however, a comprehensive proteomic complexome profiling study that followed nearly all CI subunits through the entire assembly process indicates that, as originally proposed 17 , SC formation only occurs after complete assembly of the individual complexes 48,49 . This is likely the normal order of events, except in mutant strains lacking specific subunits or assembly factors 50,51 .

A controversy developed when SCAF1 was proposed to be required for the formation of SCs 28 . That proposal was based on the identification of two SCAF1 genes in different mouse lines: the full-length 113-amino-acid SCAF1 in 129S2/SvPasCrlf and CD1 mice and a short 111-amino-acid form (SCAF1 short ) in C57BL/6J and C57BL/ 6N mice 28,31 . Mitochondria from the heart and liver of mice with SCAF1 short lacked SC III 2 +IV and the respirasome but maintained SC I+III 2 , thus leading to the conclusion that full-length SCAF1 was required for the assembly all of SCs containing CIV 28 . However, these findings were in direct conflict with previous observations of SCs in heart mitochondria of C57BL/6N and C57BL/6J mice 52-54 , and SCs have since been observed in liver mitochondria of these mice 55,56 . A mouse SCAF1-knockout study 30 indicated that SCAF1 was important for muscular activity and heat production and that SCAF1 supported, but was not required for, the formation of the respirasome in skeletal muscle mitochondria, with no substantial effects on SC III 2 +IV formation. A more detailed investigation of heart mitochondria from C57BL/6N and C57BL/6J mice 31 demonstrated that SCAF1 short does not affect respirasome assembly but results in a reduction of SC III +IV. Taken together, these results indicate that in heart mito-
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The complexes of the mitochondrial OXPHOS-ETC. The experimentally determined structural models of the mammalian mitochondrial OXPHOS-ETC complexes are shown. The atomic structures of complex I (CI, ovine, PDB 5LNK) 40 , complex II (CII, porcine, PDB 1ZOY) 61 , complex III (CIII, bovine, PDB 1NTM) 42 , complex IV (CIV, bovine, PDB 5B1A) 43 and the medium-resolution structure of complex V (CV, bovine, PDB 5ARA) Complex III (CIII) is a multiheterometric enzyme composed of eleven subunits that oxidizes ubiquinone to ubiquinol passing electron onto cytochrome c. Only one of its subunits is encoded by mtDNA.

Complex IV (CIV) or cytochrome c oxidase (COX) is the last electron acceptor in the respiratory chain and is involved in the reduction of O2 to H2O. COX is a multimeric complex formed by 2 hemes (a, a3) and two metallic centers (CuA and CuB). The transfer of electrons is coupled to proton translocation into the intermembrane space.

ATP synthase/Complex V (CV) is not per se part of the respiratory chain. However, it is often referred to as complex V of the respiratory chain. Indeed, the proton gradient created by complexes I, III and IV can be, and usually is, used by the ATP synthase to synthesize ATP from ADP.

Under physiological conditions, neutrophils do not use mitochondria for energy production and consume almost no oxygen [START_REF] Raam | Mitochondrial Membrane Potential in Human Neutrophils Is Maintained by Complex III Activity in the Absence of Supercomplex Organisation[END_REF][START_REF] Maianski | Functional characterization of mitochondria in neutrophils: A role restricted to apoptosis[END_REF]). Yet, neutrophil mitochondria have a membrane potential that can be detected with mitochondrial dyes, such as JC-1, MitoTracker Red, and Rhodamine-123 (Rho123) (Fossati et al., 2003). Compared to peripheral blood mononuclear cells (PBMCs) and HL-60 cells, that can be differentiated into neutrophils, PMNs contain very low amounts of CIV [START_REF] Raam | Mitochondrial Membrane Potential in Human Neutrophils Is Maintained by Complex III Activity in the Absence of Supercomplex Organisation[END_REF], in accordance with previously demonstrated low amounts of cytochrome c [START_REF] Maianski | Functional characterization of mitochondria in neutrophils: A role restricted to apoptosis[END_REF][START_REF] Murphy | The Apoptosome Pathway to Caspase Activation in Primary Human Neutrophils Exhibits Dramatically Reduced Requirements for Cytochrome c[END_REF]. Although long incubations with oligomycin (ATP synthase inhibitor) do alter the activity of NOX2 and neutrophil chemotaxis, it does not affect ATP production, since the ATP synthase is not coupled to the respiratory chain [START_REF] Raam | Mitochondrial Membrane Potential in Human Neutrophils Is Maintained by Complex III Activity in the Absence of Supercomplex Organisation[END_REF]. However, incubation with decouplers, such as carbonyl cyanide 3-chlorophenylhydrazone (CCCP) and respiratory chain complex inhibitors, such as KCN in the absence of glucose was shown to lower the ATP yield by 30%, indicating that the functionality of the respiratory chain is important in neutrophil energy production in low glucose environments [START_REF] Raam | Mitochondrial Membrane Potential in Human Neutrophils Is Maintained by Complex III Activity in the Absence of Supercomplex Organisation[END_REF].

To ensure the continuity of glycolysis as the sole energy-producing pathway in physiological conditions, NADH must be reoxidized. Besides producing NAD + from lactate production, neutrophils were also shown to obtain NAD + by using the G3P shunt/shuttle [START_REF] Raam | Mitochondrial Membrane Potential in Human Neutrophils Is Maintained by Complex III Activity in the Absence of Supercomplex Organisation[END_REF].

The G3P shunt consists of two G3P dehydrogenases (G3PH), a cytosolic and a mitochondrial enzyme, forming a shuttle and catalyzing the conversion of dihydroxyacetone phosphate (DAP) into G3P, coupled with oxidation of cytosolic NADH and reduction of FAD by the mG3PH (Fig. 5). This shuttle will enable the reoxidation of cytosolic NADH produced by glycolysis and reduce the production of lactic acid. The oxidation of G3P into DAP will also reduce flavin adenine dinucleotide (FAD) into FADH2 while transferring an electron to coenzyme Q (ubiquinone, forming ubiquinol). Coenzyme Q will then be oxidized back into ubiquinone by CIII, leading to the release of protons into the intermembrane space.

Additionally, mGPDH was described to produce ROS with similar levels to CIII [START_REF] Miwa | The topology of superoxide production by complex III and glycerol 3-phosphate dehydrogenase in Drosophila mitochondria[END_REF][START_REF] Vrbacky | Respiratory chain components involved in the glycerophosphate dehydrogenase-dependent ROS production by brown adipose tissue mitochondria[END_REF]. FAO is a significant source of energy when glucose and glycogen become limited. In most tissues (except for the liver), FAO provides acetyl-CoA as a final product that enters the TCA cycle and fuels OXPHOS. Also, FAO itself generates reduced cofactors, such as FADH2 and NADH that can be used by OXPHOS.

Mitochondrial FAO consists of four steps during which FAs are processed, two carbon atoms at a time (Fig. 6):

1) Long-chain, medium-chain, or short-chain FA processing by acyl-CoA dehydrogenases, leading to the formation of a double bond between the ɑ and the β carbons of acyl-CoA molecules by transferring two electrons to FAD.

2) Hydration of the double bond between the ɑ and the β carbons by enoyl-CoA hydratase by adding a hydroxyl (OH -) group to the β carbon and a proton (H + ) to the ɑ carbon. FAs can be stored in cells in lipid droplets. Increasing evidence suggests that lipid droplets are essential for cellular stress response mechanisms, as well as inflammatory response development in immune cells. Moreover, besides their energetic role, it has been suggested that lipid droplets are involved in several signaling pathways. In neutrophils, lipid droplet accumulation has been observed under pathophysiological conditions and is now considered as a key marker of leukocyte activation (reviewed in [START_REF] Melo | Lipid Bodies in Inflammatory Cells[END_REF].

NEUTROPHIL PHYSIOLOGY

From the bone marrow to the circulation

Neutrophils develop in the bone marrow from hematopoietic stem cells (HSCs, CD34 + ). They undergo several differentiation steps, leading to the sequential formation of myeloblasts (MBs), promyelocytes (PMs), myelocytes (MCs), metamyelocytes (MMs), band cells (BCs), segmented cells (SCs), until reaching the mature neutrophil form (Fig. 7).

The first steps of differentiation are shared with other myeloid cells (monocytes, eosinophils, basophils), whereas the first neutrophil-committed cells are promyelocytes. Together with myelocytes, they form the mitotic neutrophil pool, consisting of proliferating cells. Following the myelocyte stage, neutrophil progenitors enter the postmitotic pool, where they lose their capacity to divide. During this phase, differences in nuclei shape and cytoplasm density can be observed (Fig. 7).

Figure 7. Schematic representation of neutrophil maturation in the bone marrow. The first step of myelopoiesis produces neutrophil progenitors, forming a mitotic pool of proliferating cells with a dense cytosol and some granules. The mitotic pool matures into the post-mitotic pool, with non-proliferating cells having a decreased cytoplasmic density and more granules. During the post-mitotic phase, major changes in neutrophils' nuclei shape can be observed, eventually becoming polylobal. 10 % of the produced segmented neutrophils will be released into the circulation under homeostatic conditions.

Besides morphological changes, significant metabolic shifts occur during neutrophil maturation. HSCs have a highly glycolytic metabolism, directly linked to the stability of the Hypoxia-Inducible-Factor 1ɑ (HIF1ɑ) in the bone marrow's hypoxic environment [START_REF] Takubo | Regulation of the HIF-1alpha level is essential for hematopoietic stem cells[END_REF]. During self-renewal or differentiation, HSCs undergo an asymmetric division, where one daughter cell inherits most of its mitochondrial content [START_REF] Katajisto | Asymmetric apportioning of aged mitochondria between daughter cells is required for stemness[END_REF]. The daughter cell with the higher mitochondrial content will then continue differentiation and give rise to blood cells. Mitochondrial ROS has been shown to be essential for differentiation, yet deleterious for stemness (reviewed by Papa et al., 2019).

The metabolism of cells with an increased mitochondrial content will induce a switch from glycolysis to OXPHOS. Interestingly, the oxygen gradient in the bone marrow decreases from the stem cell niche (Spencer et al., 2017), suggesting that the switch is induced due to a high mitochondrial abundance rather than oxygen concentration. Since a high autophagic activity was observed in the MB and MC progenitors, it was suggested that cells will specifically switch from glycolysis to FAO-OXPHOS [START_REF] Riffelmacher | Autophagy-Dependent Generation of Free Fatty Acids Is Critical for Normal Neutrophil Differentiation[END_REF].

How and when neutrophil progenitors switch their metabolism back to glycolysis is not known.

It could occur when mature neutrophils exit the bone marrow since major transcriptomic changes are observed [START_REF] Grassi | Dynamics of Transcription Regulation in Human Bone Marrow Myeloid Differentiation to Mature Blood Neutrophils[END_REF]. Moreover, the role of metabolic changes in neutrophil differentiation remains unclear. It remains to be established if metabolic changes occur because of differentiation or are the cause of differentiation.

Under basal conditions, most of the neutrophil population will remain stored in the bone marrow and mobilized under inflammatory or infectious conditions. Only 10% of mature neutrophils are released into the circulation, where they circulate in the plasma fraction of the blood. Since neutrophils have a relatively short lifespan, which remains debated; from few hours to several days [START_REF] Athens | Leukokinetic studies. IV. The total blood, circulation and marginal granulocyte pools and the granulocyte turnover rate in normal subjects[END_REF][START_REF] Pillay | In vivo labeling with 2H2O reveals a human neutrophil lifespan of 5.4 days[END_REF], they would undergo massive apoptosis and clearance under basal conditions, which has not been demonstrated. Indeed, bone marrow neutrophils, as well as one part of the circulating neutrophils, are removed by stromal macrophages in the bone marrow, red pulp macrophages in the spleen and by Kupffer cells in the liver and the spleen [START_REF] Furze | Neutrophil mobilization and clearance in the bone marrow[END_REF][START_REF] Shi | Role of liver in regulating numbers of circulating neutrophils[END_REF][START_REF] Martin | Chemokines acting via CXCR2 and CXCR4 control the release of neutrophils from the bone marrow and their return following senescence[END_REF][START_REF] Stark | Phagocytosis of apoptotic neutrophils regulate granulopoiesis via IL-23 and IL-17[END_REF], also called marginated pools. If in mice, these three marginated pools were shown to contribute equally to neutrophil removal [START_REF] Furze | Neutrophil mobilization and clearance in the bone marrow[END_REF], then in humans the kinetics is unknown.

From the circulation to tissues

Neutrophil recruitment

Under pathophysiological conditions, a larger pool of neutrophils is released from the bone marrow, facilitating neutrophil recruitment to inflammation sites.

Neutrophil recruitment from the blood circulation to infection/inflammation sites requires the crossing of the endothelial barrier (neutrophil extravasation). It consists of neutrophil rolling, adhesion and crawling on the endothelial cell surface before crossing the endothelial barrier using different adhesion molecules stored in their granules (Fig. 8). Neutrophil migration is induced by stimulating signals, such as leukotriene B4 (LTB4), interleukin 8 (IL-8), complement component 5a (C5a) or H2O2 and/or microbial peptides, such as formylated met-leu-phe (fMLF) [START_REF] Palmblad | Effects of leukotrienes and f-Met-Leu-Phe on oxidative metabolism of neutrophils and eosinophils[END_REF][START_REF] Smith | Interleukin-8 induces neutrophil transendothelial migration[END_REF][START_REF] Klybin | Hydrogen peroxide-induced chemotaxis of mouse peritoneal neutrophils[END_REF]Denk et al., 2017). Chemokines are produced by inflamed tissues or immune cells recruited at inflammation sites, inducing the directional migration of neutrophils. Chemokines are a large family of small cytokines divided into three groups: pro-inflammatory, homeostatic and anti-inflammatory.

Since neutrophils are mostly associated with inflammatory reactions, then neutrophilrecruiting chemokines are considered as pro-inflammatory cytokines. The most characterized neutrophil chemokine is CXC8 (IL-8), which is mainly secreted by leukocytes themselves and endothelial cells. Other neutrophil trafficking chemokines are CXCL1 (GROɑ), CXCL2

(GROβ), CXCL3 (GROɣ), CXCL4 (PF4), CXCL5 (ENA78), CXCL6 (GCP-2), CXCL7

(NAP-2) and CXCL9 (MIG). The major neutrophil chemokine receptors are CXCR1 and CXCR2 [START_REF] Chuntharapai | Monoclonal antibodies detect different distribution patterns of IL-8 receptor A and IL-8 receptor B on human peripheral blood leukocytes[END_REF][START_REF] Sabroe | Chemoattractant cross-desensitization of the human neutrophil IL-8 receptor involves receptor internalization and differential receptor subtype[END_REF], which contribute the most to neutrophil recruitment into inflammatory sites through recognition of several ligands, including CXCL8, CXCL1 and CXCL6 [START_REF] Sabroe | Toll-like receptor (TLR)2 and TLR4 in human peripheral blood granulocytes: a critical role for monocytes in leukocyte lipopolysaccharide responses[END_REF]. bundles of actin will assemble on the opposite pole and form the uropod (Fig. 9). These changes will allow neutrophils to go through the endothelial barrier also known as diapedesis. Following diapedesis, neutrophils will need to cross the pericyte layer and the venular basal membrane (the extracellular matrix; ECM) before reaching the inflamed tissues.

Once in inflamed tissues, neutrophil can migrate in an integrin-independent manner by pushing through the matrix [START_REF] Lämmermann | Rapid leukocyte migration by integrin-independent flowing and squeezing[END_REF].

Neutrophil migration has been shown to not depend on glycolysis [START_REF] Lane | Phagocytosis-induced chemotaxis receptor cycling in neutrophils is mediated by thiol oxidation[END_REF].

However, rearrangements in the cytoskeleton during polarization consume large amounts of energy. Therefore, neutrophils must obtain energy via other sources than glucose oxidation.

Recent studies demonstrate that mitochondria have an important role in neutrophil migration and chemotaxis. It was shown that mitochondrial membrane potential is crucial for migration in vivo [START_REF] Zhou | Neutrophil-specific knockout demonstrates a role for mitochondria in regulating neutrophil motility in zebrafish[END_REF] and that mitochondria-produced ATP has a purinergic purpose in neutrophil chemotaxis regulation [START_REF] Bao | Mitochondria Regulate Neutrophil Activation by Generating ATP for Autocrine Purinergic Signaling[END_REF]. More recently, a mitochondrial protein mitofusin 2, was shown to directly regulate neutrophil adhesive migration through the maintenance of the ER-mitochondria tethering and the regulation of the actin cytoskeleton [START_REF] Zhou | 2 regulates neutrophil adhesive migration and the actin cytoskeleton[END_REF]. These findings suggest that mitochondria and mitochondria-associated metabolism have an important role driving neutrophil chemotaxis, consistent, since during migration the oxygen gradient between the circulation and the tissues increases (discussed earlier), giving access to more available oxygen, crucial for the functionality of the mitochondria ETC.

Neutrophil antimicrobial functions

Neutrophils are the most abundant immune cells present during acute infection. Following their recruitment to infection sites through chemokine/chemoattractant signaling, neutrophils detect the presence of pathogens through specific receptors, recognizing PAMPs. Besides NOD-like receptors (NLRs) that recognize intracellular PAMPs (discussed in the next chapter), neutrophils also use toll-like receptors (TLRs) for external PAMP recognition. Currently, 10

TLRs have been characterized (TLR1-10), from which 9 are expressed by human neutrophils [START_REF] Hayashi | Toll-like receptor stimulate human neutrophil functions[END_REF], except TLR3. The stimulation of TLRs induces cytokine release, superoxide generation, L-selectin shedding, and phagocytosis, while inhibiting IL-8 dependent chemotaxis [START_REF] Hayashi | Toll-like receptor stimulate human neutrophil functions[END_REF]. Known pro-inflammatory cytokines expressed in human neutrophil are Il-1ɑ, Il-1β, IL-6, IL-7, IL-18, and MIF (reviewed in Tecchio et al., 2014).

It is therefore not surprising that many pathogens have evolved mechanisms to block/reduce neutrophil recruitment by targeting chemoattractants. For example, Streptococcus pyogenes (Group A Streptococcus) produces ScpA, a peptidase capable of degrading C5a and IL-8 [START_REF] Cleary | Streptococcal C5a peptidase is a highly specific endopeptidase[END_REF][START_REF] Hidalgo-Grass | A streptococcal protease that degrades CXC chemokines and impairs bacterial clearance from infected tissues[END_REF]. Similar mechanisms are observed with other pathogens, such as Streptococcus pneumoniae [START_REF] Surewaard | Staphylococcal alpha-phenol soluble modulins contribute to neutrophil lysis after phagocytosis[END_REF], Staphylococcus aureus [START_REF] Haas | Chemotaxis Inhibitory Protein of Staphylococcus aureus, a Bacterial Antiinflammatory Agent[END_REF], Bordetella pertussis [START_REF] Nagamatsu | Bordetella evades the host immune system by inducing IL-10 through a type III effector[END_REF] and Shigella [START_REF] Arbibe | An injected bacterial effector targets chromatin access for transcription factor NF-κB to alter transcription of host genes involved in immune responses[END_REF][START_REF] Boal | PI5P Triggers ICAM-1 Degradation in Shigella Infected Cells, Thus Dampening Immune Cell Recruitment[END_REF].

Upon arrival to inflammation sites, neutrophils possess an arsenal of antimicrobial functions making them very efficient in killing pathogens. These functions will be discussed hereafter.

Phagocytosis

Neutrophils are considered professional phagocytes and can internalize a target in less than 20s [START_REF] Segal | The respiratory burst of phagocytic cells is associated with a rise in vacuolar pH[END_REF]. Indeed, phagocytosis is undoubtedly one of the most important neutrophil antimicrobial function. In vivo, phagocytosis is usually facilitated by the interplay of adhesion molecules still on the surface of neutrophils (after transmigration) and the complement systemdependent microbe opsonization. For example, C3b complement system iC3b-opsonized bacteria are recognized by neutrophil adhesion receptor CR3. Similar cooperation can be observed with antibodies, where IgG coated bacteria are recognized by FCɣ receptors, such as FCɣRIII (CD16), FCɣRIIA (CD32A), FCɣRIIIA (CD16A), FCɣRIIC (CD32C), FCɣRIIB (CD32B), FCɣRIIIB (CD16B) and FCɣRI (CD64). FCɣ class receptors are expressed in all professional phagocytes (monocytes/macrophages, neutrophils, dendritic cells, mast cells) and FCɣRI, FCɣRIIA and FCɣRIIIB are consecutively expressed in resting and activated neutrophils (reviewed in [START_REF] Wang | Expression, role, and regulation of neutrophil Fcɣ receptors[END_REF]. The most important FCɣ receptor involved in neutrophil activation is FCɣIIa, which, similarly to other FCɣ-s, contain immunoreceptor tyrosine-based activation motifs (ITAMs) in its cytosolic tail. Upon activation, ITAM tyrosine residues are phosphorylated by Src-family kinases initiating a cascade that will lead to cytosolic-free calcium elevation (reviewed in [START_REF] Daeron | FC receptor biology[END_REF]. Increased calcium will then activate the NADPH oxidase, actin polymerization and granule secretion as well as NET formation [START_REF] Crockett-Torabi | Soluble and insoluble immune complexes activate human neutrophil NADPH oxidase by distinct Fc gamma receptor-specific mechanisms[END_REF][START_REF] Bredius | Role of neutrophil Fc gamma RIIa (CD32) and Fc gamma RIIIb (CD16) polymorphic forms in phagocytosis of human IgG1-and IgG3-opsonized bacteria and erythrocytes[END_REF][START_REF] Chen | Endocytosis of soluble immune complexes leads to their clearance by FcɣRIIIB but induces neutrophil extracellular traps via FcɣRIIA in vivo[END_REF].

Following microbe internalization, a phago-lysosome is formed. Its maturation requires fusion with preformed granules containing powerful antimicrobial peptides. Additionally, neutrophils can recruit NOX to the phagosome leading to localized ROS production. The origin of the phagosome membranes in neutrophils is still under debate. First, it was suggested that phagosome membranes originated from the plasma membrane as seen in macrophages. Yet, neutrophil phagosomes were shown to differ in their composition, giving rise to speculation that the origin of the membrane could differ as well [START_REF] Burlak | Maturation of Human Neutrophil Phagosomes Includes Incorporation of Molecular Chaperones and Endoplasmic Reticulum Quality Control Machinery[END_REF]. However, since neutrophils contain very little ER [START_REF] Bessis | Living blood cells and their ultrastructure[END_REF] and almost none near the plasma membrane [START_REF] Pettit | The microanatomy of calcium stores in human neutrophils: relationship of structure to function[END_REF], it is unlikely that the membrane originates from the ER. Taking into account the high abundance of granules and other vacuoles in neutrophils, it is currently considered that the phagosome is made up of membranes originating from granules, other intracellular vesicles as well as the plasma membrane.

Antimicrobial granules

The high abundance of granules is a characteristic feature of neutrophils. Granules can be divided into three main groups: primary or azurophilic granules, secondary or specific granules and tertiary or gelatinase granules (Fig. 10). In addition, neutrophils also contain secretory vesicles. Each neutrophil granule type contains a distinct pool of antimicrobial proteins as well as pro-inflammatory cytokines, receptors and other components necessary for neutrophil activation. Azurophilic granules contain major antimicrobial substances, such as lytic enzymes and defensins (Fig. 11) and will be used first-hand for the fusion with pathogen-containing phagosomes but are the last ones to be mobilized during degranulation. Secretory vesicles, on the other hand, are the first vesicles to be mobilized during early steps of activation. They contain receptors mediating neutrophil attachment to the endothelium and directional transmigration into tissues (Fig. 11). Gelatinase granules are the second granule subtype to be mobilized. Likewise, they contain receptors for chemotaxis, as well as enzymes able to degrade the ECM (Fig. 11).

Specific granules contain a pool of cytotoxic molecules, such as enzymes and antimicrobial peptides (Fig. 11) and can act via two mechanisms of action. First, they can fuse with the phagosome and contribute to intracellular microbe killing. Secondly, they can fuse with the plasma membrane and release their content and mediate extracellular microbe killing. Nevertheless, the mechanism of granule trafficking in neutrophils is not fully understood. The current concept is that neutrophil granule exocytosis, but not phagosomal fusion [START_REF] Nordenfelt | Different Requirements for Early and Late Phases of Azurophilic Granule-Phagosome Fusion[END_REF] depends on calcium signaling. It was shown that azurophilic granules have the highest dependency of calcium for exocytosis [START_REF] Lew | Quantitative analysis of the cytosolic free calcium dependency of exocytosis from three subcellular compartments in intact human neutrophils[END_REF], explaining why these granules are more likely used for intracellular killing than exocytosis. Thus, regulation of granule trafficking is a step-by-step process, where the release of each granule subtype depends on a specific signaling event. Activation of calcium-and kinase-dependent pathways are considered to make up the first step. The second step consists of a reorganization of actin and microtubulerelated transport, giving the direction of mobilization towards the plasma membrane or the phagosome.

Oxidative burst

Another key antimicrobial function of neutrophils is the generation of an oxidative burst using the NOX2. The generation of an oxidative burst is usually linked to the presence of bacterial factors, such as formylated Met-Leu-Phe (fMLP), and phagocytosis induction.

The source of NADPH in neutrophils comes from the PPP, explaining the increased glucose uptake during neutrophil activation. In the absence of glucose, neutrophils are able to metabolize glutamine at very high levels (Curi et al., 1997) and transform glutamine through the Krebs cycle into NADPH, used by NOX2 (Fig. 12).

NOX2 is composed of cytosolic and membrane-bound subunits (Fig. 12). The separation of these two, enables to keep NOX2 inactive under homeostatic conditions. The membrane-bound components are mainly found in specific granules but also the plasma membrane [START_REF] Jesaitis | Ultrastructural localization of cytochrome b in the membranes of resting and phagocytosing human granulocytes[END_REF] and secretory vesicles [START_REF] Sengelov | Separation of human neutrophil plasma membrane from intracellular vesicles containing alkaline phosphatase and NADPH oxidase activity by free flow electrophoresis[END_REF]. Upon activation, the cytosolic components of NOX2 (P47 phox , P67 phox , P40 phox ) and Rac, a small GTPase, associate with the membrane-bound ones (gp91 phox , p22 phox ). Rac1 or Rac2 proteins, in association with RhoGDO, are essential for NOX2 assembly. They mediate the conformation change and attachment of P67 phox that lacks the membrane attachment signal [START_REF] Kreck | Membrane association of Rac is required for high activity of the respiratory burst oxidase[END_REF][START_REF] Sarfstein | Dual Role of Rac in the Assembly of NADPH Oxidase, Tethering to the Membrane and Activation of p67phox A STUDY BASED ON MUTAGENESIS OF p67phox-Rac1 CHIMERAS[END_REF]. As a result, NOX2 becomes active and reduces molecular oxygen to superoxide anion. In combination with myeloperoxidase (MPO), localized in azurophilic granules, the produced superoxide is further transformed into ROS molecules, including hydrogen peroxide, hydroxyl radicals, hypochlorous acid and singlet oxygen (Fig. 13).

Figure 13. Neutrophil phagosome formation and antimicrobial functions.

Neutrophil phagosomal microbe killing mechanisms consist of 1) phagocytosis, 2) azurophilic granule fusion with phagosome 3) activation of NOX2 in phagosome membranes. In the phagosome, detoxifying enzymes (Sod, catalase) further process NOX2 produced ROS. Granular proteins (myeloperoxidase) and H2O2 react and form more powerful ROS, such as HOCl and chloramines). Adapted from Witko-Sarsat and Descamps-Latscha, 1994.

Neutrophil extracellular traps (NETs)

NETs are neutrophil extracellular fibers composed of DNA and granular antimicrobial proteins, which bind to pathogens [START_REF] Brinkmann | Neutrophil Extracellular Traps Kill Bacteria[END_REF]. NET formation is the latest and most debated antimicrobial function characterized in neutrophils. It consists of the release of DNA and antimicrobial proteins stored in neutrophil granules. Different triggers exist for NET formation (bacteria, fungi, viruses, chemical compounds). Moreover, these triggers require distinct cues for activation, such as ROS production via NOX2 [START_REF] Fuchs | Novel cell death program leads to neutrophil extracellular traps[END_REF][START_REF] Parker | Requirements for NADPH oxidase and myeloperoxidase in neutrophil extracellular trap formation differ depending on the stimulus[END_REF], ROS production via the mitochondria [START_REF] Rochael | Classical ROS-dependent and early/rapid ROS-independent release of Neutrophil Extracellular Traps triggered by Leishmania parasites[END_REF] and metabolite availability (Rodriguez-Espinosa et al., 2015;[START_REF] Amini | Neutrophil extracellular trap formation requires OPA1-dependent glycolytic ATP production[END_REF].

The main purpose of NET formation is to attenuate pathogen replication and facilitate its elimination. The controversy comes from different results obtained in vitro and in vivo. Indeed, most studies in vitro demonstrating neutrophil NET formation are induced by a pharmacological agent, phorbol myristate acetate (PMA). Nevertheless, many other "natural" agents, such as IL8, platelet-derived TLR4 and lipopolysaccharide (LPS), have been shown to induce NET formation in vitro [START_REF] Brinkmann | Neutrophil Extracellular Traps Kill Bacteria[END_REF][START_REF] Clark | Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic blood[END_REF][START_REF] Keshari | Neutrophil extracellular traps contain mitochondrial as well as nuclear DNA and exhibit inflammatory potential[END_REF][START_REF] Pieterse | Neutrophil discriminate between lipopolysaccharides of different bacterial sources and selectively release neutrophil extracellular traps[END_REF].

In contrary, the characterization and presence of NETs in vivo are still unclear. Moreover, a general confusion exists surrounding the terminology of NETs. Currently, NETs are considered as an antibacterial mechanism that does not necessarily induce cell death, known as NETosis (discussed in the next chapter). Furthermore, discrimination between mitochondrial and nuclear DNA release has been suggested, where mitochondrial DNA release will not induce cell death in comparison with nuclear DNA release observed during NETosis (reviewed in [START_REF] Yousefi | NETosis" from NETs[END_REF]. Moreover, it has been strongly suggested that NET formation and cell death (NETosis or necrosis) should be distinguished since the mechanism employed differ.

Neutrophil activation and metabolism in inflammation

Different neutrophil activation mechanisms have distinct metabolic requirements in terms of activity and/or energy. For example, neutrophil migration is dependent on the mitochondrial membrane potential [START_REF] Zhou | Neutrophil-specific knockout demonstrates a role for mitochondria in regulating neutrophil motility in zebrafish[END_REF], phagocytosis and NET formation are considered highly glycolysis-dependent [START_REF] Sbarra | The biochemical basis of phagocytosis. I. Metabolic changes during the ingestion of particles by polymorphonuclear leukocytes[END_REF]Borregaard and Herlin, 1982;Rodriguez-Espinosa et al., 2015) and ROS production via NOX2 requires both glycolysis and FAO [START_REF] Rice | Tumour-elicited neutrophils engage mitochondrial metabolism to circumvent nutrient limitations and maintain immune suppression[END_REF]. Only granule fusion and degranulation do not require energy and are initiated via changes in the intracellular calcium levels. However, granule formation during hematopoiesis depends on autophagy and FAO [START_REF] Riffelmacher | Autophagy-Dependent Generation of Free Fatty Acids Is Critical for Normal Neutrophil Differentiation[END_REF].

To perform a different antimicrobial functions, neutrophils need to switch from glycolytic metabolism towards the metabolism required. These metabolic changes are called metabolic shifts and constitute a new field of immune cell biology in current research. Metabolic shifts in neutrophils have been poorly characterized. However, neutrophils are often compared to macrophages that shuffle between two metabolic states: the M1 and the M2 state [START_REF] Xu | Akt1-Mediated Regulation of Macrophage Polarization in a Murine Model of Staphylococcus aureus Pulmonary Infection[END_REF]. A similar classification has been suggested for neutrophils (N1 and N2) [START_REF] Fridlender | Polarization of Tumor-Associated Neutrophil Phenotype by TGF-β: "N1" versus "N2[END_REF].

Metabolic shifts occur as an adaptation to a changing environment. During inflammation, metabolite availability tends to change, thus creating distinct microenvironments (reviewed in [START_REF] Injarabian | Neutrophil Metabolic Shift during Their Lifecycle: Impact on Their Survival and Activation[END_REF] (Fig. 14). Changes occur in major metabolite availability, such as oxygen and glucose (as discussed earlier), but also in other metabolites, such as glutamine, which in physiological condition is found in abundant amounts (reviewed in [START_REF] Injarabian | Neutrophil Metabolic Shift during Their Lifecycle: Impact on Their Survival and Activation[END_REF]. As mentioned previously, neutrophils can switch to glutamine consumption with very high affinity in the absence of glucose (Curi et al., 1997). Moreover, glutamine consumption by immune cells during inflammation has been shown to exceed the endogenous production [START_REF] Karinch | Glutamine Metabolism in Sepsis and Infection[END_REF][START_REF] Holecek | Enhanced Glutamine Availability Exerts Different Effects on Protein and Amino Acid Metabolism in Skeletal Muscle From Healthy and Septic Rats[END_REF]. However, the impact of glutamine supplementation is still controversial. While one study suggested that glutamine supplementation for critically ill patients worsened the outcome [START_REF] Heyland | Randomized Trial of Glutamine and Antioxidants in Critically Ill Patients New[END_REF], others argue that glutamine supplementation before infection will prevent infection onset [START_REF] Wilmore | Role of glutamine in immunologic responses[END_REF].

In neutrophils, glutamine consumption is observed during activation where it largely contributes to superoxide production via increasing the activation of NOX2 through NADPH generation (Fig. 14) and induction of gp91, p22 and p47 expression (Pithon- Curi et al., 2002).

Figure 14. The interplay of metabolism and antimicrobial functions in neutrophils.

The entry and processing of metabolic substrates (glucose and glutamine) are shown in white circles. 1) Glucose entry via GLUT1 and/or GLUT3 receptors. Glucose is then used by glycolysis to produce energy (ATP) or PPP to produce NADPH for NOX2. 2) Glutamine entry via SLC transporter. Glutamine is transported into the mitochondria where it will be converted into ɑ-KGD that can enter the TCA cycle in exchange for NADPH that can exit the mitochondria and be used by NOX2. Antimicrobial functions are indicated with blue circles. 1) Granule fusion with phagosomes.

2) NOX2 activation and fusion with phagosome membrane or plasma membrane generating ROS from O2 using energy from glycolysis and NADPH from PPP and glutamine 3) Degranulation. 4) NET formation using energy from glycolysis.

Substrate availability, however, is not the only factor triggering metabolic shifts. From a thermodynamic point of view, the flux of a metabolic pathway is maintained via the product/substrate ratio and start with a flux-generating step. This step consists of a nonequilibrium reaction (non-reversible) that needs to be saturated with the substrate (Newsholme and Crabtree, 1973). Enzymes catalyzing these non-equilibrium reactions are called "key enzymes" as they participate in "key steps" of a given metabolic pathway. For example, in glycolysis, one of the key steps consists of the production of G6P from glucose via the hexokinase, which will control the flux of the pathway. In vivo, metabolic pathways are regulated not only at the substrate and enzymatic reaction level but also at the enzyme and/or transporter availability level. Therefore, shifts in metabolism can be regulated by the expression or activation of key enzymes and transporters.

In the past, this regulation would have been considered mostly unlikely since neutrophils were considered transcriptionally inactive after leaving the bone marrow. However, as discussed earlier, this concept has been dismissed with data showing upregulation of numerous genes during neutrophil activation (Jiang et al., 2015;Subrahmanyam et al., 2001;[START_REF] Ericson | Gene expression during the generation and activation of mouse neutrophils: implication of novel functional and regulatory pathways[END_REF]. Furthermore, gene expression regulation is mostly under the control of transcription factors (TF), which differ between homeostatic and pathological states [START_REF] Zhang | Gene expression in mature neutrophils: early responses to inflammatory stimuli[END_REF].

The most common TFs described in inflammation generation and resolution, as well as metabolism regulation and oxygen sensing, are nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), peroxisome proliferator-activated receptors (PPARs) and HIFs.

NF-κB

NF-κB/Rel transcription family plays a central role in inflammation through the upregulation of proinflammatory gene expression. The pathway is activated by a variety of stimuli and is a master regulation of inflammatory response to pathogens, cancer and autoimmune diseases.

The family is composed of members, such as NF-κB1 (p50/p105), NF-κB2 (p52/p100), p65

(RelA), RelB and c-Rel. The most common form of activated NF-κB is a heterodimer consisting of p50/p52 and p65. Similarly to the HIF complex, NF-κB is present in the cytoplasm in a non-active form, associated with inhibitory proteins inhibitors of κB (IκB). The activation of NF-κB is induced by the phosphorylation of IκB and is mediated by the IKK complex that induces the ubiquitination of the IκBɑ subunit followed by the translocation of NF-κB into the nucleus.

In neutrophils, NF-κB activation leads to an increased expression of adhesion receptors, enabling their transmigration into tissues [START_REF] Rahman | Thrombin-Induced p65 Homodimer Binding to Downstream NF-κB Site of the Promoter Mediates Endothelial ICAM-1 Expression and Neutrophil Adhesion[END_REF][START_REF] Chen | Neutrophils and monocytes express high levels of PU.1 (Spi-1) but not Spi-B. Blood[END_REF], and proinflammatory cytokines, such as tumor necrosis factor alpha (TNFɑ), Il-1β, IL-6 and IL-8.

Besides regulating the inflammation response, NF-κB activation in other cell types has been suggested to negatively regulate mitochondrial metabolism via promoting a shift towards glycolytic ATP production (reviewed in [START_REF] Johnson | Nuclear factor-κB, p53, and mitochondria: regulation of cellular metabolism and the Warburg effect[END_REF]. Moreover, it was recently shown in skeletal muscles that NF-κB activation induces an important reduction of mitochondrial respiration, elevation of cellular ROS production, mitochondrial fragmentation, increased mitophagy and downregulation of key mitochondrial biogenesis transcription factors (e.g. PGC1ɑ) [START_REF] Nisr | Proinflammatory NFkB signalling promotes mitochondrial dysfunction in skeletal muscle in response to cellular fuel overloading[END_REF]. How NF-κB activation modulates neutrophil metabolism is not known. In neutrophils, as in macrophages, PPARɣ has been the utmost characterized PPAR, shifting the production of pro-to anti-inflammatory cytokines and promotes inflammation resolution [START_REF] Standiford | Peroxisome proliferator-activated receptorgamma as aregulator of lung inflammation and repair[END_REF][START_REF] Yoon | PPARɣ activation following apoptotic cell instillation promotes resolution of lung inflammation and fibrosis via regulation of efferocytosis and proresolving cytokines[END_REF]. PPARɣ has a dual role: it either acts as a direct repressor of NF-κB or operates as a transcription factor (Fig. 15). The latter mechanism consists of the formation of a heterodimer of PPARɣ with retinoid X receptor alpha (RXRɑ), bound to a corepressor under basal conditions. Upon ligand stimulation, the repressor molecules are removed and ligands, PPARɣ, RXRɑ and coactivators (CBP, SRC1) form an active complex able to regulate gene expression through the binding to PPARɣ response elements (PPREs). 

HIF

Hypoxia is one of the hallmarks of inflammation and is characterized as an oxygen level between 0 and 2%. In neutrophils, as in other cell types, oxygen sensing is mediated via the HIF pathway, playing an important role by delaying neutrophil turnover during inflammation [START_REF] Walmsley | Hypoxia-induced neutrophil survival is mediated by HIF-1↵-dependent NF-B activity[END_REF]. Two HIF isoforms have been described in neutrophils: HIF-1ɑ and HIF-2ɑ. Both require HIF-1β for dimerization in the nucleus and regulate the expression of distinct sets of genes (Hu et al., 2003).

In general, HIF transcription complexes senses and adapts the cell's response to oxygen availability. The HIF family is composed of 6 members, the most well-characterized being HIF-1ɑ. Under physiological conditions, HIF-1ɑ is only expressed in hematopoietic stem cells which reside in the hypoxic part of the bone marrow. In pathophysiological conditions, HIF-1ɑ activation has been associated with inflammation and tumor microenvironments. Briefly, a functional HIF complex needs an ɑ and a β subunit to assemble. When stabilized, the HIF complex will translocate into the nucleus and upregulates the expression of several genes necessary for hypoxic adaptation.

The regulation and activation of HIF assembly and stabilization is tightly regulated by dual mechanisms of repression, consisting of the hydroxylation of its proline and asparagine residues, inducing its degradation or inhibiting its transcriptional activity (Fig. 16).

The degradation of HIF1a is carried out by proline hydroxylases (PHDs) 1-3 through the prolyl-hydroxylation of the P402 and P564 residues, allowing the binding of the von Hippel-Lindau protein (VHL) and the formation of an E3 ubiquitin ligase complex (pVHL-E3 complex), degraded by the proteasome [START_REF] Jaakkola | Targeting of HIF-alpha to the von Hippel-Lindau ubiquitylation complex by o2regulated prolyl hydroxylation[END_REF]. PHDs belong to the 2oxoglutarate-dependent dioxygenases family. Their activity depends on the availability of molecular oxygen, ɑ-KGD [START_REF] Frezza | Metabolic Profiling of Hypoxic Cells Revealed a Catabolic Signature Required for Cell Survival[END_REF] and ascorbate as a co-factor (Ang et al., 2014;[START_REF] Sonveaux | Targeting the Lactate Transporter MCT1 in Endothelial Cells Inhibits Lactate-Induced HIF-1 Activation and Tumor Angiogenesis[END_REF]. Although low oxygen availability has been defined as the main trigger of HIF stabilization, ascorbate addition was shown to inhibit this effect (Kuiper et al., 2014).

Thus, the role of additional factors, besides oxygen, in the stabilization or degradation of HIF

should not be underestimated.

The second mechanism of HIF stabilization inhibition consists of the asparagine 803 (N803) hydroxylation, mediated by the factor inhibiting HIF (FIH), preventing the binding of the transcriptional coactivator p300 [START_REF] Mahon | FIH-1: a novel protein that interacts with HIF-1alpha and VHL to mediate repression of HIF-1 transcriptional activity[END_REF] and thus the transcriptional activity of HIF.

Figure 16. HIF1 complex stabilization and inhibition mechanisms.

Under normal oxygen levels (normoxia), HIF assembly is inhibited by PHDs and FIH that hydroxylate proline and asparagine residues of HIF1ɑ leading to its degradation by the proteasome or blocks its transcriptional activity by blocking its assembly with p300. PHD activity requires oxygen, ɑ-KGD and cofactors (ascorbate, Fe 2+ ). Modified from [START_REF] Iommarini | Non-Canonical Mechanisms Regulating Hypoxia-Inducible Factor 1 Alpha in Cancer[END_REF] Besides contributing to neutrophil survival [START_REF] Walmsley | Hypoxia-induced neutrophil survival is mediated by HIF-1↵-dependent NF-B activity[END_REF], HIF1ɑ also increases neutrophil bactericidal capacity as phagocytes [START_REF] Walmsley | Hypoxia-induced neutrophil survival is mediated by HIF-1↵-dependent NF-B activity[END_REF]. HIF-2ɑ, on the other hand, mostly contributes to the inhibition of apoptosis and the persistence of inflammation [START_REF] Vergara-Irigaray | RNA-seq analysis of the influence of anaerobiosis and FNR on Shigella flexneri[END_REF].

A growing number of HIF targets have a direct or indirect influence on mitochondrial biology.

The interplay of mitochondria and HIF stabilization was discovered when cells lacking mitochondria were shown to fail to induce HIF1ɑ stabilization in hypoxia [START_REF] Chandel | Reactive oxygen species generated at mitochondrial complex III stabilize hypoxia-inducible factor-1alpha during hypoxia: a mechanism of O2 sensing[END_REF]. Indeed, mitochondrial mROS was shown to stabilize HIF1ɑ through ɑ-KGD decarboxylation [START_REF] Guzy | Loss of the sdhB, but not the SdhA, subunit of complex II triggers reactive oxygen species-dependent hypoxia-inducible factor activation and tumorigenesis[END_REF], iron oxidation [START_REF] Kaczmarek | Metal ions-stimulated iron oxidation in hydroxylases facilitates stabilization of HIF-1alpha protein[END_REF][START_REF] Hagen | Oxygen versus reactive oxygen in the regulation of HIF-1alpha: the balance tips[END_REF] and FIH inhibition [START_REF] Hagen | Oxygen versus reactive oxygen in the regulation of HIF-1alpha: the balance tips[END_REF]. Several studies show that hypoxia itself can stimulate mROS production via CI, CII [START_REF] Paddenberg | Essential role of complex II of the respiratory chain in hypoxia-induced ROS generation in the pulmonary vasculature[END_REF] and CIII [START_REF] Guzy | Mitochondrial complex III is required for hypoxia-induced ROS production and cellular oxygen sensing[END_REF]. The mechanism of hypoxia-induced mROS production is initiated by the remodeling of the ETC complexes, the exchange of subunits in the ETC and the activity of the TCA cycle enhancing the leakage of oxygen radicals from the mitochondria (reviewed in [START_REF] Fuhrmann | Mitochondrial composition and function under the control of hypoxia[END_REF]. Besides ROS production, hypoxia is also known to modulate mitochondrial distribution in the cell [START_REF] Al-Mehdi | Perinuclear Mitochondrial Clustering Creates an Oxidant-Rich Nuclear Domain Required for Hypoxia-Induced Transcription[END_REF], to downregulate the mitochondrial mass by increasing its turnover [START_REF] Zhang | Mitochondrial Autophagy Is an HIF-1-dependent Adaptive Metabolic Response to Hypoxia[END_REF] and to induce changes in the mitochondrial morphology [START_REF] Chiche | Tumour hypoxia induces a metabolic shift causing acidosis: a common feature in cancer[END_REF]. Mitochondria form a dynamic network that undergoes continuous fission and fusion processes.

They are also the primary source of cellular ROS under homeostatic conditions. To maintain a balance between function and ROS production, mitochondria undergo mitophagy, a form of autophagy, consisting of the removal of old or dysfunctional mitochondria.

Besides their canonical roles, mitochondrial dynamics is currently considered to regulate additional innate immune cell functions. Disturbances in mitochondrial dynamics have been correlated to changes in cell metabolic activity and immune cell functions (reviewed in [START_REF] Mohanty | Mitochondria: the indispensable players in innate immunity and guardians of the inflammatory response[END_REF].

Some key roles of mitochondria in inflammatory response induction include the activation of NF-κB signaling pathway by mitochondrial outer membrane (MOM) protein mitochondrial 56 antiviral-signaling protein (MAVS; [START_REF] Seth | Identification and characterization of MAVS, a mitochondrial antiviral signaling protein that activates NF-kappaB and IRF 3[END_REF], HIF stabilization and inflammasome activation via DAMPs, such as mtDNA release, mtDNA synthesis [START_REF] Zhong | New mitochondrial DNA synthesis enables NLRP3 inflammasome activation[END_REF] and mROS production [START_REF] Bell | Mitochondria reactive oxygen species trigger hypoxia-inducible factor-dependent extension of the replicative life span during hypoxia[END_REF][START_REF] Zhou | A role for mitochondria in NRLP3 inflammasome activation[END_REF]. Additionally, mROS drives NOXindependent NET formation [START_REF] Takishita | Formation of neutrophil extracellular traps in mitochondria DNA-deficient cells[END_REF], which is a pro-inflammatory process.

In neutrophils, the production of ROS both by mitochondria and the NADPH-oxidase needs to be controlled to avoid damaging of cell components (lipids, DNA, RNA, proteins). For this reason, all cells, including neutrophils, have developed detoxification methods, such as detoxifying enzymes and redox-active substrates, such as glutathione (GSH) and asc, that can neutralize free radicals in order to maintain the cellular redox balance. In neutrophils both Sod2 and catalase (detoxifying enzymes) are necessary for efficient activation and protection from oxidative stress [START_REF] Peterman | Neutralization of mitochondrial superoxide by superoxide dismutase 2 promotes bacterial clearance and regulates phagocyte numbers in zebrafish[END_REF][START_REF] Roos | The Oxygen Metabolism of Human Blood Monocytes and Neutrophils[END_REF]. However, GSH seems to play a minor role compared to ascorbate in activated neutrophils. Moreover, when neutrophils are stimulated with ROS promoting agents (e.g. PMA), a sharp loss of GSH (30-40%) is observed [START_REF] Carr | Oxidation of neutrophil glutathione and protein thiols by myeloperoxidase-derived hypochlorous acid[END_REF]. Conversely, the intracellular ascorbate concentration linked to cell stimulation increases from 1-2 mM to 10-20 mM [START_REF] Washko | Ascorbic acid transport and accumulation in human neutrophils[END_REF][START_REF] Washko | Ascorbic acid recycling in human neutrophils[END_REF], suggesting that ascorbate has a more significant role in the neutrophil antioxidant protection system.

Neutrophil cell death mechanisms

Mature neutrophils are terminally differentiated cells and do not proliferate. Moreover, neutrophils are short-lived cells with an approximative lifespan of 5.4 days in the circulation [START_REF] Pillay | In vivo labeling with 2H2O reveals a human neutrophil lifespan of 5.4 days[END_REF]. Under homeostatic conditions, neutrophil cell death occurs via "eat me" signals expressed on apoptotic neutrophil surface followed by their removal by macrophages in the bone marrow and the spleen, and by Kupffer cells in the liver. Nevertheless, under pathophysiological conditions, other cell death mechanisms, such as pyroptosis, NETosis and necrosis have been described. Compared to apoptosis, these cell death mechanisms contribute to the pro-inflammatory nature of the inflamed tissue environment.

Different cell death pathways characterized in neutrophils under homeostatic and pathological conditions will be detailed hereafter.

Apoptosis

Apoptosis is an anti-inflammatory cell death mechanism activated in neutrophils under homeostatic conditions as well as during inflammation resolution. Apoptosis initiation can be self-induced or due to external cues, defined as intrinsic and extrinsic apoptosis pathways accordingly (Fig. 17).

The extrinsic pathway involves surface death receptors and their interaction with Fas ligand, tumor necrosis factor (TNF) ɑ or TNF-related apoptosis-inducing ligand (TRAIL). Following extracellular stimuli, caspase-8 is activated and Bid is truncated, translocating to the mitochondria where it induces the oligomerization of BAX and BAK, two major pro-apoptotic proteins [START_REF] Korsmeyer | Pro-apoptotic cascade activates BID, which oligomerizes BAK or BAX into pores that result in the release of cytochrome c[END_REF]. These proteins will form a complex leading to the permeabilization of the mitochondrial outer membrane (MOM) and a subsequent leakage of pro-apoptotic proteins from the intermembrane space to the cytosol (detailed in the intrinsic apoptosis pathway below). The leak will lead to the processing of procaspases inducing cell death.

Contrary to other cells where extrinsic apoptosis does not necessarily require mitochondrial depolarization for caspase activation, neutrophil extrinsic apoptosis necessitates the engagement of the intrinsic pathway (reviewed in [START_REF] Mccracken | Regulation of human neutrophil apoptosis and lifespan in health and disease[END_REF]. Although caspase-8 processing in aged neutrophils and a delay in apoptosis due to caspase-8 inhibitors have been reported [START_REF] Daigle | Critical Role for Caspases 3 and 8 in Neutrophil But Not Eosinophil Apoptosis[END_REF][START_REF] Khwaja | Caspase-mediated proteolysis and activation of protein kinase Cdelta plays a central role in neutrophil apoptosis[END_REF], no current evidence supports the idea that neutrophil turnover under physiological conditions could occur via the 58 extrinsic pathway. Moreover, the current concept of neutrophil turnover strongly suggests that under homeostatic conditions, neutrophils activate the intrinsic apoptotic pathway.

The intrinsic pathway is based on the MOM permeabilization (MOMP). However, the initial stimuli for the activation of the intrinsic apoptotic pathway in neutrophils is still unknown. As described earlier, MOMP is mediated by BAX and BAK, belonging to the Bcl-2 family. Their oligomerization and insertion into the MOM create pores that enable the translocation of proapoptotic proteins, such as cytochrome C, Smac/DIABLO, HtrA2/Omi and apoptosis inducing factor (AIF). Cytochrome c interacts with APAF in the cytosol and forms a complex called the apoptosome. Although neutrophils contain low amounts of cytochrome c in their mitochondria [START_REF] Maianski | Functional characterization of mitochondria in neutrophils: A role restricted to apoptosis[END_REF], APAF-1 is highly expressed [START_REF] Murphy | The Apoptosome Pathway to Caspase Activation in Primary Human Neutrophils Exhibits Dramatically Reduced Requirements for Cytochrome c[END_REF], which is sufficient for the functionality and sensitivity of the apoptosome. Following its assembly, the apoptosome recruits and cleaves pro-caspase-9, initiating the cascade of caspases, where the activation of a pro-caspase enables it to activate other pro-caspase creating a chain reaction. In concert, Smac/DIABLO and Htra2/Omi inhibit various pro-survival factors (reviewed in [START_REF] Green | The Pathophysiology of Mitochondrial Cell Death[END_REF].

Besides pro-apoptotic factors, the Bcl-2 family also contains pro-survival proteins.

Consequently, it is the ratio of pro-apoptotic versus pro-survival Bcl-2 family members that determine the cell's fate. In neutrophils, two pro-survival Bcl-2 members have been characterized: myeloid cell leukemia-1 (Mcl-1) and Bfl-1 [START_REF] Dzhagalov | The antiapoptotic protein Mcl-1 is essential for the survival of neutrophils but not macrophages[END_REF][START_REF] Milot | Regulation of Neutrophil Survival/Apoptosis by Mcl-1[END_REF]. Both are extremely unstable and require constant transcription and translation [START_REF] Moulding | BCL-2 family expression in human neutrophils during delayed and accelerated apoptosis[END_REF]. Mcl-1 and Bfl-1 block the formation of BAK-BAX dimer, protecting the mitochondrial membrane potential and inhibiting apoptosis.

Similarly to the Bcl-2 family members, members of inhibitors of apoptosis (IAPs) family also block caspase activity (reviewed in [START_REF] Salvesen | IAP proteins: blocking the road to death's door[END_REF]. Three main proteins belong to this family: x-linked inhibitor of apoptosis (XIAP), cIAP1, cIAP2. XIAP, in particular, has an important role in neutrophil apoptosis inhibition, since it can bind directly to pro-caspase-9

and pro-caspase-3, blocking their processing into their active form [START_REF] Maianski | Functional characterization of mitochondria in neutrophils: A role restricted to apoptosis[END_REF][START_REF] Gao | A dimeric Smac/diablo peptide directly relieves caspase-3 inhibition by XIAP. Dynamic and cooperative regulation of XIAP by Smac/Diablo[END_REF]. Yet, XIAP's own activity is inhibited by mitochondrial intermembrane proteins, such as Smac/DIABLO and HtrA2/Omi. Therefore, their activity is only maintained as far as the mitochondrial membrane remains intact.

In addition, neutrophils contain specific cell fate regulating proteins, such as proliferating cell nuclear antigen (PCNA) and myeloid nuclear differentiation antigen (MNDA), characteristic to their apoptosis. Contrary to other cells, PCNA in neutrophils is exclusively found in the and processes other pro-caspases, such as pro-caspase-3 and -7. BID activation activates the intrinsic pathway, represented in blue circles. 1) Besides caspase-8, cellular stress can also cause BID activation and truncation. 2) Truncated BID (tBID) translocated to the mitochondrial membrane and induces the oligomerization of BAK and BAX.

3) The BAK and BAX complex then induced mitochondrial outer membrane permeabilization (MOMP) causing the release of mitochondrial intermembrane proteins (pro-apoptotic) and cytochrome C. 4) Cytochrome c will form a complex with apoptosis protease activating factor (APAF) creating the apoptosome, capable of processing pro-caspase-9. Active caspase-9 will then process pro-caspases-3 and -7 and initiate the cascade of caspases, inducing cell death. Besides pro-apoptotic factors, anti-apoptotic factors are represented as well (blue rectangles). PCNA blocks the processing of pro-caspase-9 and -3 and -8; Mcl-1 and Bfl-1 block the oligomerization of BAK and BAX; and XIAP inhibits the processing of pro-caspases-3 and -7. MNDA, however, is not considered a pro-survival protein when it relocates from the plasma to the cytoplasm, as it directs the proteasomal degradation of Mcl-1.

Pyroptosis

Pyroptosis is a caspase-1/11-dependent programmed cell death pathway. Unlike apoptosis, pyroptosis does not depend on the processing of caspases 8/9 or 3, and leads to an inflammatory cell death (Fig. 19).

First observations of pyroptosis were described in infected macrophages where the pathway has been exhaustively characterized. Besides bacterial components, such as flagellin and bacterial DNA, a myriad of other pathological stimuli, such as strokes, heart attacks and cancer, have been characterized as pyroptotic triggers. Here we will give an overview of pyroptosis in the case of bacterial stimuli.

Briefly, the initiation of pyroptosis starts with the recognition of PAMPs by membrane-bound TLRs, inducing myeloid differentiation factor 88 (MyD88)-dependent NF-κB activation through the removal of its inhibitor IκB. The activated NF-κB will translocate into the nucleus and induce the expression of pro-IL1β and inflammasomal proteins described hereafter (Fig.

19).

The The assembly of the inflammasome enables the association of inflammasomal proteins to procaspase-1, inducing its processing into an active form. Moreover, the inflammasome assembly is induced by the self-agglomeration of ASC, forming "specs" due to bacterial stimuli. Although spec visualization is used as a simple method for inflammasome detection in macrophages [START_REF] Stutz | ASC speck formation as a readout for inflammasome activation[END_REF], specs alone do not enable the processing of procaspase-1, demonstrating the necessity of inflammasomal proteins for caspase-1 activity [START_REF] Compan | Apoptosis-Associated Speck-like Protein Containing a CARD Forms Specks but Does Not Activate Caspase-1 in the Absence of NLRP3 during Macrophage Swelling[END_REF]. Following activation, caspase-1 cleaves the pro-inflammatory cytokines IL1β and IL18

into their active form and induces their secretion. Interestingly, other caspase-1 targets besides cytokines have been identified in macrophages, mostly involving metabolic proteins linked to glycolysis, thus inhibiting the glycolytic flux [START_REF] Shao | The Caspase-1 Digestome Identifies the Glycolysis Pathway as a Target during Infection and Septic Shock[END_REF].

In addition to NLR family members, several non-NLR proteins have been identified as ASC ligands, forming an inflammasome. It is the case of absent in melanoma 2 (AIM2), containing a PYD domain, enabling its interaction with ASC.

In concert with pro-inflammatory cytokine processing, caspases 1/11 also activate gasdermin D (GSDMD) by cleaving its inhibitory C-terminal part [START_REF] He | Gasdermin D is an executor of pyroptosis and required for interlekin-1β secretion[END_REF][START_REF] Kayagaki | Caspase-11 cleaves gasdermin D for non-canonical inflammasome signaling[END_REF].

The N-terminal part will then bind to phosphoinositide, residing in the cell membrane and initiate its oligomerization. The oligomerization will create pores in the cell membrane [START_REF] Anglietti | GsdmD p30 elicited by caspase-11 during pyroptosis forms pores in membranes[END_REF][START_REF] Ding | Poreforming activity and structural autoinhibiton of the gasdermin family[END_REF]. These pores will allow the release of processed IL-1b and IL18, which lack a signal sequence allowing a specific secretion [START_REF] Rubartelli | A novel secretory pathway for interleukin-1 beta, a protein lacking a signal sequence[END_REF]. In addition, the N-terminal part of GSDMD is also secreted, contributing to bacterial lysing [START_REF] Liu | Inflammasomeactivated gasdermin D causes pyroptosis by forming membrane pores[END_REF] (Fig. 19). Moreover, it has been suggested that GSDMD generated pores enable the generation of NETs via creating a scaffold for DNA release [START_REF] Liu | Inflammasomeactivated gasdermin D causes pyroptosis by forming membrane pores[END_REF][START_REF] Sollberger | Neutrophil Extracellular Traps: The Biology of Chromatin Externalization[END_REF][START_REF] Ravindran | Neutrophil Extracellular Trap Formation[END_REF]. Overall, the created pores will eventually lead to the disruption of the overall cellular osmotic balance leading to cell swelling, membrane lysis and cell death.

In neutrophils, several inflammasome proteins, such as NOD-like receptor family, pyrin containing 3 (NLRP3), AIM2 and ASC have been described [START_REF] Bakele | Localization and Functionality of the Inflammasome in Neutrophils[END_REF]. Recently, another mechanism was demonstrated in ATP-induced activation of NLRP3 in macrophages, where K + efflux was mediated through TWIK2 (two-pore domain weak inwardly rectifying K + channel 2) [START_REF] Di | The TWIK2 potassium efflux channel in macrophages mediates NLRP3 inflammasome-induced inflammation[END_REF]. The canonical NLRP3 inflammasome activation is a two-step process. The first step consists of priming, the recognition of PAMPs/DAMPs, leading to changes in gene expression, such as upregulation of NLRP3 synthesis, and the second step consists of inflammasome activation. Several activation signals have been described, such as agents causing plasma membrane permeability to ions (bacterial toxins) and crystal accumulation (β-amyloids and liposomes). In the case of infection, these substances are first contained in phagosomes and then released into to cytosol followed by cathepsin and Ca 2+

release, inducing the formation of ASC specs. Due to the plasma membrane permeabilization during pyroptosis, ASC specs are released from the cells. Extracellular ASC has been shown

to promote further IL-1β maturation and is phagocytosed by surrounding immune cells.

Internalized ASC will induce cellular damage and caspase-1 and IL-1β processing, inducing pyroptosis in new cells [START_REF] Franklin | The adaptor ASC has extracellular and 'prionoid' activities that propagate inflammation[END_REF]. Thus, pyroptosis induction can start from a small number of cells, eventually impacting a large number of surrounding immune cells. Moreover, ASC release and internalization have been proposed as a cell-to-cell communication method and have been identified in body fluids of patients with autoimmune diseases [START_REF] Franklin | The adaptor ASC has extracellular and 'prionoid' activities that propagate inflammation[END_REF]).

Yet, the NLRP3 inflammasome activation does not always follow the two-step mechanism.

For example, the basal expression of NLRP3 has been shown sufficient for inflammasome direct activation [START_REF] Lin | IRAK-1 bypasses priming and directly links TLRs to rapid NLRP3 inflammasome activation[END_REF][START_REF] Juliana | Non-transcriptional Priming and Deubiquitination Regulate NLRP3 Inflammasome Activation[END_REF], suggesting that priming may be linked to post-transcriptional modifications rather than changes in de novo protein synthesis.

Furthermore, the basal NLRP3 levels in immune cells is different, where for example in macrophages the basal level is quite high compared to neutrophils [START_REF] Guarda | Differential Expression of NLRP3 among Hematopoietic Cells[END_REF].

AIM2 is a cytoplasmic sensor that similarly to TLR9 recognizes dsDNA. Besides recognizing microbial DNA, it also recognizes host DNA leakage, observed in several auto-immune diseases, such as psoriasis and systemic lupus erythematosus. It recognizes dsDNA in a sequence-independent manner, however, DNA must be at least 80 base pairs in length [START_REF] Jin | Structures of the HIN Domain: DNA Complexes Reveal Ligand Binding and Activation Mechanisms of the AIM2 Inflammasome and IFI16 Receptor[END_REF]. AIM2 is composed of two domains, PYD and DNA-binding HIN domain. During homeostasis, HIN-200 and PYR form an intramolecular inactive complex, where PYR is unable to bind ASC [START_REF] Jin | Structure of the Absent in Melanoma 2 (AIM2) Pyrin Domain Provides Insights into the Mechanisms of AIM2 Autoinhibition and Inflammasome Assembly[END_REF]. Upon dsDNA recognition, the conformation changes and PYR (ASC binding site) is exposed. Moreover, the AIM2 inflammasome formation is tightly regulated by the cell using autophagy, which mediates AIM2 degradation, and via POP1 and POP3 proteins that inhibit AIM2 activation via their PYD-domains.
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In neutrophils, inflammasome proteins are found both in the cytosol and granules, such as secretory vesicles and tertiary granules [START_REF] Bakele | Localization and Functionality of the Inflammasome in Neutrophils[END_REF]. Neutrophils ability to produce mature IL-1β has been known for a long time. However, its processing was exclusively attributed to bacterial proteases [START_REF] Majesky | Cleavage of interleukin 1 beta (IL-1 beta) precursor to produce active IL-1 beta by a conserved extracellular cysteine protease from Streptococcus pyogenes[END_REF][START_REF] Irmler | Granzyme A is an interleukin 1 beta-converting enzyme[END_REF][START_REF] Schönbeck | Generation of biologically active IL-1 beta by matrix metalloproteinases: a novel caspase-1-independent pathway of IL-1 beta processing[END_REF][START_REF] Coeshott | Converting enzyme-independent release of TNFa and IL-1b from a stimulated human monocytic cell line in the presence of activated neutrophils or purified proteinase-3[END_REF][START_REF] Joosten | Inflammatory arthritis in caspase 1 gene-deficient mice: contribution of proteinase 3 to caspase 1-independent production of bioactive interleukin-1beta[END_REF][START_REF] Guma | Caspase 1-independent activation of interleukin-1beta in neutrophilpredominant inflammation[END_REF]. The contribution of granule proteases in the processing of pro-inflammatory cytokines during pyroptosis remains elusive. Inflammasome proteins form a complex in the cytosol (the inflammasome), capable of recruiting pro-caspase-1 and process it into active caspase-1 (3). Caspase-1 processes pro-IL1β into active IL1β and removes the inhibitory C-terminal part of Gasdermin D (GSDMD) (4). GSDMD form pores into the plasma membrane creating a leakage of ions (K + efflux, Ca 2+ influx) (5). Additionally, GSDMD pores enable the generation of NETs (5). Changes in ions permeabilize the plasma membrane and release active IL1β into the extracellular space creating a proinflammatory environment (6).

Overall, the role of inflammasome assembly and pyroptotic cell death induction in neutrophils have been associated with several infection models and pathologies, with increasing interest for novel therapeutic approaches targeting neutrophil inflammasomes (reviewed in [START_REF] Liu | Neutrophil pyroptosis: new perspectives on sepsis[END_REF]. Moreover, recent reports highlight the impact of metabolic shifts in NLRP3 activation, where a disruption in the glycolytic flux through increased mROS and an imbalance of NAD + /NADH in macrophages induced NLRP3 activation [START_REF] Sanman | Disruption of glycolytic flux is a signal for inflammasome signaling and pyroptotic cell death[END_REF]. Since neutrophils share similarities with macrophages, the interplay between metabolic changes and inflammatory cell death induction in neutrophils remains an open question.

NETosis

NETosis is a programmed necrotic cell death pathway in neutrophils, associated with enhanced permeabilization of the plasma and nuclear membranes leading to the leakage of DNA into the extracellular media, creating a "cloud" of nuclear DNA (Fig. 20). et al., 2014). Moreover, it has been suggested that necrosis in vivo, compared to the extreme in vitro conditions, is always programmed [START_REF] Proskuryakov | Necrosis: a specific form of programmed cell death?[END_REF], explaining the numerous regulated-necrosis pathways recently discovered.

Nevertheless, the trend of extracellular traps (ETs)-associated cell death continues with the characterization of ETs in many other immune cell subtypes, such as mast cells [START_REF] Köckritz-Blickwede | Phagocytosis-independent antimicrobial activity of mast cells by means of extracellular trap formation[END_REF], monocytes [START_REF] Webster | Distinct Cell Death Programs in Monocytes Regulate Innate Responses Following Challenge with Common Causes of Invasive Bacterial Disease[END_REF], tissue macrophages [START_REF] Mohanan | Identification of Macrophage Extracellular Trap-Like Structures in Mammary Gland Adipose Tissue: A Preliminary Study[END_REF], eosinophils [START_REF] Yousefi | Catapult-like release of mitochondrial DNA by eosinophils contributes to antibacterial defense[END_REF] and lymphocytes [START_REF] Arrieta | The Lymphocytes Stimulation Induced DNA Release, a Phenomenon Similar to NETosis[END_REF].

PROJECT I: OXYGEN AVAILABILITY IN THE BLOOD, DURING PURIFICATION AND IN CULTURE: IMPACT ON NEUTROPHIL VIABILITY AND ACTIVATION

1.1 Oxygen availability in the blood (article 1)

Neutrophils circulate in the plasma fraction of the blood. Plasma contains a variety of antioxidants, such as albumin, uric acid and ascorbate, as well as proteins, which all contribute to the well-being of circulating immune cells. Moreover, plasma, compared to venous and arterial blood was suggested to contain limited amounts of available oxygen (0.1-0.4% O2) (Pittman, 2010), suggesting that under homeostatic conditions, neutrophils are adapted to low oxygen environments. These suggestions were made upon calculations, since no direct measurement had been conducted.

To elucidate the physiological oxygen level in the circulation we measured the oxygen content in the plasma fraction of venous blood and characterized its ability to deplete oxygen (article 1) (Injarabian et al., 2020).

Our results demonstrated that the plasma fraction of venous blood contains low amounts of available oxygen (1.2%). Despite the measured value being higher than the hypothetical ones (0.1-0.4 % O2), the overall conclusion remains the same: neutrophils are adapted to low physiological levels of oxygen.

In addition, we demonstrated the ability of fresh plasma to deplete oxygen when exposed to atmospheric oxygen levels (21% O2). Following the complete oxidation of the plasma, the oxygen-consuming capacities were restored with the addition of ascorbic acid (ascorbate, Asc), suggesting that ascorbate can sustain the oxygen-reduction activity of plasma.

In the literature, ascorbate is described as an antioxidant that contributes to the total plasma antioxidant system by 10% [START_REF] Miller | A novel method for measuring antioxidant capacity and its application to monitoring the antioxidant status in premature neonates[END_REF]). Yet, our results indicated that only ascorbate and ubiquinol, a minor antioxidant in plasma, are sensitive to increased oxygen levels compared to other plasma antioxidants.

Moreover, we demonstrated the Asc-dependent oxygen-reducing capacities in vivo, using guinea pigs and feeding them an Asc-poor diet. Our results demonstrated that animals fed a normal diet sustained a stable and low oxygen concentration in the plasma, compared to animals who received an Asc-poor diet, inducing a significant (2-fold) increase in plasma's oxygen level.

Overall, we validated the results of Pittman by an experimental approach and demonstrated the capacity of fresh plasma to deplete oxygen. We contributed the foremost part of this capacity to the presence and activity of ascorbic acid.

Based on these results, we hypothesize that neutrophils will face higher oxygen levels only under pathophysiological conditions, when they will migrate from the circulation to tissues with increased oxygen availability (Fig. 21). How differential oxygen availability impact neutrophil behavior and functionality remains an open question for further investigations. Article 1 . Only a limited fraction of O 2 is dissolved in plasma, representing less than 2% of the total blood oxygen content. Arterial pO 2 equals 75-100 mmHg (9.9-13.1% O 2 ) and venous pO 2 equals 30-50 mmHg (3.9-5.6% O 2 ); in theory the blood plasma pO 2 would be ranged from 0.9 to 3 mmHg (0.1-0.4% O 2 ), although it has not been experimentally quanti ed. Until now, it was considered that the solubility coe cient of O 2 in plasma was similar in water 2 . e impact of ascorbate (or Vitamin C), a strong reducing molecule, on plasma oxygen level has not yet been investigated, despite of its abundance (50-70 μM 3,4 ) and their respective standard redox potentials (E 0 O2/H2O = 0.815 and E 0 DHA/Ascorbate = 0.08) 5 .

In this report, we con rmed experimentally that plasma is poorly oxygenated and revealed that ascorbate contributes to its low oxygenation level, by reducing O 2 . e impact of plasma "physiological hypoxia" on circulating cells' physiology and plasma components' stability has been further investigated.

Results

In order to quantify the blood plasma oxygen level, we aimed at avoiding non-physiological oxygenation of samples. All commercially available blood collection tubes contain a signi cant amount of oxygen, since they are sealed under atmospheric conditions (Fig. 1A, 75.7 ± 4.6 mmHg; 9.9 ± 0.6% O 2 ). To avoid blood experimental oxygenation, we designed and produced tubes containing a limited amount of oxygen (Fig. 1A, 15.9 ± 2.9 mmHg; 2.1 ± 0.4% O 2 ) herea er termed Hypoxytube. ese noncommercial prototype tubes were produced by the Greiner BioOne company. As opposed to commercial tubes, hypoxic tubes were sealed under a nitrogen atmosphere, hence limiting their oxygen-content. Immediately a er blood collection, oxygen level in plasma was quanti ed with a needle sensor in commercial tubes or Hypoxytubes (Fig. 1B). Plasma pO 2 was 9.8 ± 4. When fresh plasma pO 2 was recorded in a closed chamber (Oroboros), a continuous decrease was observed until anoxia was reached (Fig. 1D). is reaction was signi cantly lower in oxidized plasma or in water (Fig. 1D,E andS1A). ese results strongly suggested that an oxidation-sensitive plasma component was supporting its oxygen-reduction capacity. We hypothesized that plasma ascorbate may play a central role in this reaction. Indeed, the supplementation of oxidized plasma with 200 μM ascorbate restored its oxygen reduction activity, not with dehydroascrobate (DHA) (Fig. 1D,F), supporting this hypothesis. However, this reaction does not occur in water (Figure S1A), indicating that the ascorbate-dependent oxygen reduction involved other plasma redox components. Additionally, we demonstrated that plasma ascorbate concentration (49.5 ± 14.2 μM, Fig. 1G) was drastically reduced in oxidized plasma (p < 0.001, Fig. 1H). e concentration of ubiquinol, another oxidation-sensitive plasma component was signi cantly lower in oxidized plasma (p < 0.05, Fig. 1I); in association with an increase of its oxidized form (ubiquinone) (Fig. 1I).

e concentration of other tested plasma components was unchanged upon plasma oxygenation (salts, proteins or additional oxidation-sensitive components (α-tocopherol, γ-tocopherol, Figure S1B-D).

We con rmed the ascorbate-dependent plasma oxygen reduction capacity in vivo, in guinea pigs, which, like humans, do not synthesize ascorbate. When animals were fed a standard diet, the plasma ascorbate concentration was higher than 15 μM and the plasma pO 2 controlled at a low level (24.11 ± 2.23 mmHg; 3.17 ± 0.29% O 2 ; Fig. 1J-K). ese values are higher compared to human plasma, probably due to technical reasons (time between blood collection and pO 2 measurement). When animals were fed an ascorbate-de cient diet, the plasma ascorbate concentration was lower than 2 μM and the plasma pO 2 no longer maintained at a low level (50.40 ± 26.32 mmHg; 6.63 ± 3.46% O 2 ) (Fig. 1J-K). Altogether these results con rm the in vivo contribution of ascorbate to the maintenance of a low plasma oxygen level. e adaptation of circulating leucocytes to plasma low oxygen level has not been investigated previously. In other celltypes, it has been reported that under hypoxic conditions, mitochondrial abundance and oxygen consumption is reduced 6-8 . We con rmed by immuno uorescence (Fig. 2A) and ow cytometry (Fig. 2B-D) that, compared to two di erent cell lines (HEK293T and HEp-G2) cultured under atmospheric conditions (21% O 2 ), the mitochondrial abundance of leucocytes (granulocytes, monocytes and lymphocytes) was signi cantly reduced (ANOVA, Fig. 2C-D). ese results strongly suggest that leucocytes evolve under low oxygen conditions in the blood plasma fraction.

Further experiments conducted in vitro at 1% O 2 , better re ecting the plasma physiological conditions revealed in this study, will have to be performed to support our conclusions.

We con rm here experimentally that human plasma has a low oxygen level (< 8.4 mmHg, 1.1% O 2 , Fig. 1C) and that ascorbate plays a key role in its maintenance (Fig. 1D). Ascorbate is well described and a strong antioxidant in human plasma, which may either scavenge reactive oxygen species (ROS) or regenerate other plasma antioxidants 9 . Here, we described a physiological and ultimate consequence of the ascorbate reactivity: the dissolved plasma oxygen reduction. Plasma ascorbate is highly susceptible to plasma oxygenation and subsequent oxidation (Fig. 1E). However, our data indicates that ascorbate does not directly react with oxygen (Figure S1A), suggesting that other plasma antioxidants may be involved in its oxygen-depletion capacity. It may be hypothesized that plasma ascorbate acts as a cofactor and increase the oxygen-reduction ability of other plasma components. As an example, ascorbate can bind to human serum albumin, another major antioxidant in the circulation 10 . Further investigations will be required to decipher the overall partners and reactions.

Interestingly, plasma ascorbate concentration is relatively low in plasma (micromolar range, here 50 ± 14 μM, Fig. 1F) compared to human body cells and tissues (millimolar concentrations). Nevertheless, plasma ascorbate concentration is tightly controlled, severe ascorbate de ciency (< 5 μM) is associated with scurvy. We observed in guinea pigs that in these conditions, the plasma low oxygen level was no longer maintained (Fig. 1K). e overall physiological consequences of this regulation defect will have to be further investigated (e.g. red blood cell hemoglobin saturation rate, tissue oxygenation e ciency, integrity of other plasma components, leucocyte Results are expressed as Mean ± S.D.; * indicates p < 0.05, n = 5 individual samples. (F) e impact of oxidized plasma supplementation with ascorbate or dehydroascrobate (DHA) (200 μM) was quanti ed as described in (E). Results are expressed as Mean ± S.D.; ** indicates p < 0.01, n = 4. (G-H) Plasma ascorbate concentration in fresh samples was quanti ed as described in Methods, in blood samples collected in Hypoxytubes (G, n = 18 individual samples). e impact of plasma oxygenation on ascorbate concentration is shown in (H, n = 4). Results are expressed as Mean ± S.D.; *** indicates p < 0.001. (I) Ubiquinol concentration in fresh and oxidized plasma samples was quanti ed, together with other plasma components (see Figure S1). Results are expressed as Mean ± S.D.; * indicates p < 0.05, n = 3 individual samples. (J-K) e impact of plasma ascorbate de ciency on the control of the oxygen level has been investigated in vivo in guinea pigs (J-K). Plasma ascorbate concentration and pO 2 was recorded in animals fed standard (400 mg ascorbate/kg) or ascorbate-de cient diet (< 50 mg ascorbate/kg) (J). Plasma pO 2 was average in each group (plasma ascorbate < 2 μM (de cient) and > 15 μM (control)). Results are expressed as Mean ± S.D.; ** indicates p < 0.01, n = 6 animals. physiology, among others). In particular, in vitro experiments performed in this study (Fig. 2) were conducted at 0% O 2 due to technical limitations.

Further experiments will have to be performed at 1.1% O 2 to even better appreciate the behavior of plasma proteins (stability, oxidation) and leucocyte physiology in the blood circulation.

Plasma ascorbate concentration varies with daily oral intakes but remains controlled at relatively low levels. If 500 mg ascorbic acid/day is su cient to maintain a physiological plasma level (50 μM), it was shown that 3 g ascorbic acid oral intake every 4 h leads to a maximal plasma ascorbate concentration of only 220 μM 11 . Millimolar plasma ascorbate concentrations may only be reached upon intravenous administration, as currently investigated in the treatment of various cancers, based on the selective cytotoxicity to tumor cells in vitro 12 . Currently, the impact of such high ascorbate concentrations on the plasma pO 2 is unknown and will have to be determined. In addition, increased plasma ascorbate concentrations have been shown to be associated with an increased production of ascorbate free radicals, a byproduct of self-oxygenation 13 . ese free radicals have been proposed to react with transient metal (such as copper and iron), leading to deleterious hydroxyl radical production via the Fenton reaction.

Overall, blood plasma low oxygenation level should be better considered for basic research, diagnostics and therapeutic applications. As an illustration, this statement is critical during blood products collection and preservation prior transfusion to avoid detrimental impact on their quality 14,15 . S2A), n = 4 independent biological samples.

Blood samples were collected either in commercial collection tubes (BD Vacutainer K2E (EDTA), ref 368,861) or in Hypoxytubes developed in collaboration with the Greiner Bio One (GBO) company, containing a limited amount of O 2 . (tubes were sealed under a nitrogen atmosphere). Internal pO 2 was quanti ed in commercial tubes and in Hypoxytubes using an oximeter with a microsensor equipped with a steel needle (Unisense).

All participants gave written informed consent and all the study procedures were carried out in accordance with the Declaration of Helsinki principles. Human blood was collected from healthy patients at the ICAReB service of the Pasteur Institut (authorization No. 2020_0120). All donors required to rest in a sitting position for a few minutes before the sampling. cell culture. HEK293T (ATCC CRL-1573) and Hep-G2 (ATCC HB-8065) were cultured in DMEM + 8% SVF. Cells were seeded onto 24-well plates and incubated 24 h at 37 °C at 0% (anoxic cabinet) or 21% O 2 .

White blood cells (WBCs) were puri ed form whole blood in an anoxic chamber by the addition of a 6% dextran solution (30 min,RT). e WBC-containing supernatant was collected and resuspended in RPMI 1,640 ( ermo sher); remaining red blood cells were eliminated with a lysis bu er.

Cells were xed in paraformaldehyde (PFA) 3.3% for immuno uorescent labelling or labeled with uorescent marker for ow cytometry analysis, as previously described 16 .

plasma po

Immediately a er blood collection, the plasma pO 2 was measured directly in the blood collection tube using an oximeter with a standardized microsensor equipped with a steel needle (Unisense), as previously described 17 .

Following centrifugation for 5 min at 2,000×g, the plasma was acidi ed with an equal volume of 10% (w/v) metaphosphoric acid (MPA) containing 2 mmol/L of disodium-EDTA. Ascorbate concentration was quanti ed by high-performance liquid chromatography with coulometric detection, as described previously 18 . Likewise, using high-performance liquid chromatography with coulometric detection, α-and γ-tocopherol were analyzed as described by Sattler et al. 19 , and ubiquinone and ubiquinol as described elsewhere 20 .

Plasma potassium, calcium, magnesium, albumin, brinogen, Factor V and Factor VIII were quanti ed by a medical laboratory (Cerballiance, Paris, France).

Plasma oxygen consumption rate was measured with an oximeter (Oroboros O2k-FluoRespirometer). Immediately a er blood collection, samples were centrifuged, and plasma fractions were loaded in closed cuves (2 mL). Oxygen consumption uxes were assessed when reaching constant values. Experiments were conducted with fresh plasma and a er oxidation (exposure to atmospheric air: at least 30 min on a rotator mixer).

Imaging. Mitochondria were immunolabeled with anti-SDHA antibody (ab14715, Abcam) and a conjugated Alexa Fluor-568 (2,124,366,Invitrogen); nuclei with DAPI. Cell imaging was performed with a confocal microscope (Leica DM5500 TCS SPE).

Flow cytometry. Cells were resuspended in PBS + 2 mM EDTA, labeled with 100 nM TMRM (T5428, Sigma-Aldrich) and analyzed with FACSCcalibur (BD Biosciences). Data were quanti ed with the FlowJo so ware (FlowJo, LLC).

Guinea pig plasma analysis. 

Oxygen availability during purification and culture (article 2)

Most in vitro experiments with neutrophils are carried out under atmospheric conditions (21% O2). However, we and others have demonstrated that culturing neutrophils in low oxygen availability (0-1% O2) decreases their turnover, suggesting that oxygen-exposure (10-21% O2) is deleterious to neutrophil survival and functioning (Monceaux et al., 2016;[START_REF] Walmsley | Hypoxia-induced neutrophil survival is mediated by HIF-1↵-dependent NF-B activity[END_REF].

Therefore, in the second part, we investigated the impact of oxygen exposure on neutrophil viability and activation during neutrophil purification and culture (article 2). We compared the impact of high/hyperoxic (atmospheric, 21%) versus low/anoxic (0%) oxygen availability during neutrophil purification and culture by purifying neutrophils in parallel in anoxia and hyperoxia, and culturing cells under the same conditions for 24h (Fig. 22). We assessed the cytosolic protein content of fresh neutrophils with mass-spectrometry and the viability (4',6diamidino-2-phenylindole (DAPI) pos ) and activation (CD62L low , CD11b high , CD54 high ) of fresh and cultured neutrophils with flow cytometry. Our results on fresh neutrophils (T0) demonstrated no impact on neutrophil viability and activation due to oxygen exposure during purification. However, culturing neutrophils under hyperoxia for 24h significantly increased cell death and activation, whereas anoxic incubation maintained neutrophils in a basal state, in accordance with previous results (Monceaux et al., 2016;Walmsely et al., 2005).

Nevertheless, our results demonstrated a significant difference between fresh neutrophils purified in anoxic and hyperoxic conditions in terms of protein abundance using massspectrometry. We reported a significant loss of numerous proteins in neutrophils purified in hyperoxic conditions. Most of the missing proteins were associated with the cholesterol/lipid metabolism and the complement cascade activation pathway. How these pathways are linked to oxygen availability, especially in neutrophils, remains an open question.

In addition, we observed that culturing neutrophils in autologous plasma significantly reduced the turnover of neutrophils after 24h in anoxia and hyperoxia, suggesting that autologous plasma can protect neutrophils from oxygen-induced cell death as well as maintain neutrophils in their basal state longer than commercial culture media.

Overall, we demonstrated the importance of limiting neutrophil oxygen exposure during purification and in culture, when using culture media, whereas keeping neutrophils in autologous plasma is the most efficient way to increase neutrophil viability and reduce activation. Neutrophils differentiate from hematopoietic stem cells (HSCs, CD34+) in the bone marrow, in an hypoxic compartment (1.3 -4.1% O2) (2). Under basal conditions, 10% of the mature bone marrow neutrophils are released into the blood plasma fraction, containing low amounts of dissolved oxygen ( ∼ 0.1-1.2%) (3) (4). In conclusion, neutrophils are adapted to low concentrations of oxygen during their lifecycle, facing more elevated oxygen tensions only while transmigrating into perfused tissues, during inflammation or infection processes. Under basal conditions, tissues oxygen level is <10% O2 (reviewed in ( 5)), whereas hypoxia (<1% O2) is induced during inflammation and infection (inflammatory hypoxia and infectious hypoxia) (6) (7).

The impact of hypoxia on neutrophils has been well documented (reviewed in (8) ( 9)).

Moreover, our group and others have demonstrated that increased neutrophil viability is maintained under anoxic conditions (0% O2) (10) (11), although in these studies neutrophils were transiently exposed to atmospheric oxygen during their purification prior their culture under controlled-oxygen conditions. Conversely, molecular mechanisms mediating the deleterious impact of hyperoxia on neutrophil physiology remain unclear.

In this report, we investigated the impact of hyperoxia (21%) during neutrophil purification and culture on their viability and activation, demonstrating the importance of preventing cells from oxygen-exposure for the maintenance of neutrophil basal state. We previously demonstrated that when neutrophils were purified under hyperoxic conditions (21% O2, atmospheric air), neutrophil viability was maintained upon subsequent culture under anoxic conditions (11). We therefore hypothesized that avoiding any exposure to oxygen during the purification and manipulation of neutrophils may be beneficial to prevent cell death induction or cell activation. Thus, an innovative method was developed consisting in purifying neutrophils form peripheral human blood samples under oxygen-free conditions (anoxia).

Upon reception, human blood samples were immediately transferred into an anoxic chamber or kept under atmospheric conditions (Fig. 1A). Neutrophils were purified in parallel using the same conditions on a Percoll® gradient and, as a control, a rapid purification method was used (MACSxpress® Whole Blood Neutrophil Isolation Kit, Miltenyi) (Fig. 1A). We demonstrated by flow cytometry that the viability of neutrophils just after the purification was not significantly different between anoxic and hyperoxic purifications (Fig. 1B, p>0.05). However, the viability of neutrophil was slightly increased in both conditions, compared to the viability of neutrophils purified with a rapid method (Fig. 1B, p<0.001 (hyperoxia) and p<0.001 (anoxia)). We further assessed neutrophil activation upon anoxic or hyperoxic purifications and observed no significant difference using CD54, CD11b and CD62L cell-surface markers (Fig 

Combining neutrophil purification and culture under anoxic conditions maintains their viability and limits their activation

We previously demonstrated that the plasma fraction of the blood contains a limited amount of dissolved oxygen (<1.2% O2 ( 4)). Accordingly, we set up a new method consisting in limiting oxygen-exposure during neutrophil culture and compared its impact on the phenotype of neutrophils purified in anoxia or hyperoxia (Fig. 1C). This strategy allowed to evaluate the respective impact of oxygen-exposure during neutrophil purification and culture on their viability and activation. Neutrophils are short-lived cells, with an estimated life expectancy ranging from few hours to few days (12) (13). To observe changes in neutrophil viability and activation, anoxia/hyperoxiapurified neutrophils were cultured in anoxia or hyperoxia for 24h in a previously optimized culture medium (11). As a control, anoxia-purified neutrophils were cultured in autologous plasma in anoxia/hyperoxia (Fig. 1C).

First, we demonstrated that neutrophil survival was increased when cultured in plasma, irrespective of their exposition to oxygen (<10% mortality, Fig. 1D and Fig. S3), suggesting that in addition to oxygen-exposure prevention, other plasma components protect neutrophils from cell death. Based on this observation, further investigations will be required to identify these beneficial components.

When neutrophils were cultured in RMPI+Hepes medium, we confirmed that their mortality was increased in hyperoxia, as observed previously (11), regardless of the purification conditions (anoxia/hyperoxia) (Fig. 1D,p<0.01 and p<0.01 (Fig. S3)). The corollary of this result is that no significant impact of the purification conditions preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this this version posted October 15, 2020. . https://doi.org/10.1101/2020.10.15.340919 doi: bioRxiv preprint Louise Injarabian -doctoral thesis 2020 83 7 (anoxia/hyperoxia) on neutrophil survival was observed, regardless of the culture conditions (p>0.05, Fig. 1D and Fig. S3). In conclusion, culturing neutrophil under anoxic conditions is the most important parameter to maintain their viability. Above all, maintaining neutrophil in plasma is essential to maintain their quiescence and viability.

We subsequently assessed neutrophil activation in all tested conditions. No significant difference was observed using the CD11b marker, probably due to the large variability of the results (Fig. 1E, p>0.05). Conversely, we demonstrated that combining neutrophil purification and culture under anoxia allows to significantly reduce the cellsurface exposure of Icam-1 (CD54) (Fig. 1F, p<0.01). Culturing under anoxia neutrophils purified under hyperoxia do not lead to such a significant protection, as compared to hyperoxic cultures (Fig. 1F, p>0.05). Last, we demonstrated that neutrophil culture under anoxia significantly limits CD62L shedding, regardless of the purification conditions (anoxia/hyperoxia) (Fig. 1G, p<0.05 and p<0.01 respectively), which is in accordance with previous studies on neutrophils from mice and rabbits (14) (15) (16).

In conclusion, we have demonstrated here that neutrophil culture under anoxia is crucial to maintain their viability and limit their activation in vitro (Fig. 1D-G). We have shown that purifying neutrophils under anoxia do not lead to significant changes regarding these two parameters (Fig. 1D-G). Beyond neutrophil cell-surface marker abundance and viability assessment, we further investigated the impact of the purification method on neutrophil cytosolic protein content. We hypothesized that the stability of neutrophil cytosolic oxidation-sensitive proteins may be affected by a transient exposure to oxygen (hyperoxic conditions) of neutrophils during their purification. This hypothesis was validated using a proteomic analysis, revealing that the neutrophil cytosolic protein content was largely modified upon their purification under anoxic or hyperoxic conditions. Mass-spectrometry sample quality control using principal component analysis (PCA) indicated very little variation between samples enabling the study of the majority of cytosolic proteins (Fig. 2A-B, n=3). Indeed, most of the cytosolic proteins identified by mass spectrometry were present in all replicates (Fig. 2A, 1741 proteins upon anoxic purification and 1940 proteins upon hyperoxic purification). Strikingly, a large set of proteins (148 proteins) was more abundant in the cytosol of neutrophils purified under anoxia, while 56 proteins were significantly more abundant in the cytosol of neutrophils purified under hyperoxia (Fig. 2C and Fig. S4 andS5). More importantly, only 4 proteins were uniquely present in the cytosol of neutrophils purified under hyperoxic conditions (Fig. S4), while 57 proteins were uniquely present in the cytosol of neutrophils purified under anoxic conditions (Fig. S5). We performed a pathway enrichment analysis of uniquely abundant proteins using Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database (11.0). Interestingly, STRING analysis did not reveal any metabolic pathway specifically expressed in neutrophils purified under hyperoxic conditions (Fig. 2D andS4), while the cholesterol pathway (KEGG ID : hsa04979 composed of APOA1, APOA2, APOA4 and APOC3) and the complement activation and coagulation cascades (KEGG ID: hsa04610 composed of C3, CFH, SERPINF2 and VTN) were uniquely enriched when neutrophils were purified under anoxic conditions (Fig. 2E andS5). 

Neutrophil purification under hyperoxic conditions (21% O2) leads to the loss of

Impact of oxygen exposure in the induction of neutrophil cell death

Last, we investigated the oxygen-dependent cell death induction observed when neutrophils were exposed to oxygen for 24h. The following results were not conclusive and were not published, yet they opened a new outlook on inflammatory cell death mechanisms induced in neutrophils due to excessive oxygen availability and will be pursued by the team.

Under homeostatic conditions, neutrophils are known to die from apoptosis. Under pathological conditions, neutrophils die from apoptosis or through pro-inflammatory cell death pathways. During active inflammation, the hypoxic conditions in the inflammation site extend neutrophil survival (reviewed in Eltzsching and Carmeliet, 2014). However, during inflammation resolution, neutrophils will be removed by macrophages with an enhanced capacity to engulf neutrophils (reviewed in [START_REF] Jones | The role of neutrophils in inflammation resolution[END_REF].

In several auto-immune diseases (e.g. atherosclerosis), neutrophil clearance is altered (nonresolving inflammation), leading to increase of inflammation severity and tissue damage.

Excessive cytokine production associated with neutrophil clearance deficiency may induce additional adverse effect, such as the formation of NETs, described in disease settings (reviewed in Brostjan and Oehler, 2020). Moreover, NOX2-dependent NET generation has been observed in patients with rheumatoid arthritis and systemic lupus erythematosus [START_REF] Pieterse | Cleaved N-terminal histone tails distinguish between NADPH oxidase (NOX)-dependent and NOX-independent pathways of neutrophil extracellular trap formation[END_REF], meaning that the inflammatory tissues, considered hypoxic, should contain a sufficient amount of oxygen to sustain NOX2 activity.

Since neutrophil apoptosis seems to be induced under low oxygen tensions, we hypothesized that neutrophil cell death under increased oxygen tension may differ from apoptosis and have a pro-inflammatory phenotype.

Results

Neutrophil cell death induced by oxygen exposure differs from apoptosis

Apoptotic cells can be easily identified by a decrease in the mitochondrial membrane potential, measured with mitochondrial membrane potential probes such as tetramethylrhodamine (TMRM), and by their unique condensed and fragmented nuclei by using nuclear dies, such as 4',6-diamidino-2-phenylindole (DAPI) (Fig. 23). In addition, Annexin-V and a viability marker, such as propidium iodide (PI) or DAPI, double staining is commonly used in flow cytometry, where Annexin-V pos /DAPI neg cells are considered as apoptotic cells. Another way to characterize apoptosis is by the use of Annexin-V and PI (or DAPI) double staining using flow cytometry, where Annexin-V pos and PI neg cells are characterized as apoptotic.

Our results with flow cytometry and immunofluorescence did not indicate a classic apoptotic phenotype since no significant changes in membrane potential were observed (Fig. 25A-C)

and nuclei in the 24h+O2 condition were not fragmented, but mostly round (Fig. 25D).

Interestingly, we observed that DAPI + cells maintained TMRM staining (DAPI + TMRM + ) through unknown mechanisms. Since dead cells lose their mitochondrial membrane potential, it is possible that TMRM binds to dead neutrophil mitochondria or other compartments via non-specific binding. Adding CCCP to viable neutrophils as a control (a decoupler) abolished the TMRM signaling, meaning that the issue did not come from the probe itself (Fig. 25C). In addition, we did not observe any Annexin-V pos and PI neg cells when exposing neutrophils to oxygen (data not shown), which consolidates our results that oxygen-exposure does not induce apoptosis.

We then investigated the nuclear morphological change of neutrophils exposed to oxygen and its association with neutrophil cell death induction.

In terms of nuclear composition, neutrophils possess a unique lamin composition in their nuclear envelope (Fig. 24), which is considered to enable rapid mobility and transmigration of neutrophils from the circulation into tissues (reviewed in [START_REF] Manley | The neutrophil nucleus: an important influence on neutrophil migration and function[END_REF]. Indeed, if in most cells the repertoire of lamins found within the nuclear envelope increases stiffness; then in neutrophils, the unique pattern of lamins confers flexibility and softness [START_REF] Manley | The neutrophil nucleus: an important influence on neutrophil migration and function[END_REF]. Besides lamins, a difference in the expression of an inner nuclear envelope protein SUN2 has been demonstrated in mouse neutrophils during maturation, where neutrophils nuclear morphology changes from round to polylobal [START_REF] Pelletier | Studies of murine neutrophil and macrophage progenitors with ectopic A-type lamins or Sun2 expression implicate the importance of nuclear envelope proteins in myelopoiesis[END_REF]. Moreover, SUN2

overexpression in various cell-lines and monocyte-derived dendritic cells, which normally present a round nucleus, was shown to induce the formation of flower-like nuclei [START_REF] Donahue | Sun2 overexpression deforms nuclear shape and inhibits HIV[END_REF], attributing SUN2 a function in shaping the nuclear morphology.

Our preliminary results indicate that similarly to murine neutrophils, SUN2 is highly abundant withing neutrophil nuclear envelope and participates in the maintenance of the nuclear morphology in human neutrophils (Fig. 25E). However, in neutrophils exposed to oxygen, the subnuclear localization of SUN2 is disrupted (Fig. 25E), suggesting that changes in SUN2 localization could be involved in the morphological changes of neutrophil nuclei due to oxygen exposure. 

Oxygen exposure induces AIM2 inflammasome activation in human neutrophils

Besides morphological changes of their nuclei, we observed that neutrophil exposed to oxygen increased in cell size prior to dying (Fig. S1), suggesting that the induced cell death mechanism is pro-inflammatory. Since we did not observe DNA fibers (characterized in NETosis), we favored the onset of another inflammatory cell death mechanism characterized in neutrophilspyroptosis.

In neutrophils, pyroptosis is described via the formation of a NLRP3-or an AIM2-ASC inflammasome (Fig. 26A).

To study the presence of these two inflammasomes we incubated neutrophils in hyperoxic conditions for 24h and analyzed cells with immunofluorescence. We observed that neutrophils containing a round nucleus (in 24h+O2) have an increased abundance of ASC and AIM2 compared to neutrophils having a polylobal nucleus (Fig. 26B).

No changes in NLRP3 expression were observed between fresh and oxygen-exposed neutrophils (Fig. 26C).

In addition, we tested the abundance of other inflammasome proteins, less studied in neutrophils, such as NLRP1, NLRP4, and NLRC4. Our preliminary results indicate no major differences in the abundance of NLRP1 and NLRC4 in neutrophils exposed to oxygen.

However, we observed an increased abundance of NLRP4 in neutrophils exposed to oxygen (Fig. S2). Unfortunately, very little is known about NLRP4 and its function in general, even less in neutrophils. To date, NLRP4 is known to enable the recognition of intracellular microbes and to promote autophagy/xenophagy, characterized in Group A Streptococcus infections [START_REF] Jounai | NLRP4 negatively regulates autophagic processes through an association with beclin1[END_REF][START_REF] Nozawa | The intracellular microbial sensor NLRP4 directs Rho-actin signaling to facilitate Group A Streptococcus-containing autophagosome-like vacuole formation[END_REF]. Thus, the role of NLRP4 in neutrophil cell death induction remains elusive.

Discussion

Exposing neutrophils to hyperoxia increases cell death. Accelerated cell death due to oxygen exposure has not been demonstrated in other cell types, however, other deleterious effects have.

Furthermore, similar conclusions in terms of basal state maintenance and increased fitness have been drawn from previous studies on hematopoietic stem cells (HSCs). Similarly to neutrophils, HSCs reside in a low oxygen environment, often described as the hypoxic stem cell niche. The importance of culturing HSCs in a low oxygen (hypoxic) environment has been demonstrated by numerous studies, demonstrating how hyperoxia negatively impacts HSC fitness, proliferation rate and differentiation ability [START_REF] Bradley | The effect of oxygen tension on haemopoietic and fibroblast cell proliferation in vitro[END_REF][START_REF] Koller | Reduced oxygen tension increases hematopoiesis in long-term culture of human stem and progenitor cells from cord blood and bone marrow[END_REF][START_REF] Cipolleschi | The role of hypoxia in the maintenance of hematopoietic stem cells[END_REF][START_REF] Ivanovic | Incubation of murine bone marrow cells in hypoxia ensures the maintenance of marrow-repopulating ability together with the expansion of committed progenitors[END_REF]. In addition, the impact of hyperoxia on immune cell proliferation and activation has been studied in lymphocytes with controversial results [START_REF] Loeffler | Influence of tumour physico-chemical conditions on interleukin-2-stimulated lymphocyte proliferation[END_REF][START_REF] Cladwell | Differential effects of physiologically relevant hypoxic conditions on T lymphocyte development and effector functions[END_REF][START_REF] Atkuri | Culturing at atmospheric oxygen levels impacts lymphocyte function[END_REF][START_REF] Krieger | Differential in vitro effect of physiological and atmospheric oxygen tension on normal cell proliferation, cytokine and immunoglobulin production[END_REF][START_REF] Carswell | Low oxygen tension enhances the stimulation and proliferation of human T lymphocytes in the presence of IL-2[END_REF][START_REF] Haddad | Low oxygen tension and autologous plasma enhances Tcell proliferation and CD49d expression density in serum-free media[END_REF].

Our results reveals the induction of an oxygen-dependent inflammatory cell death pathway linked to changes in the nuclear shape. In addition, we observed an increase of AIM2 and ASC abundance in neutrophils exposed to oxygen, suggesting an onset of the pyroptotic cell death mechanism. These observations are consolidated by our preliminary results showing a significant amount of mature IL1β in the supernatants of several samples of neutrophils exposed to oxygen (data not shown). Further experiments need to be carried out to validate the presence of IL1β in the supernatants. These experiments require the presence of anti-proteases to overcome the high inter-sample variability we experienced, possibly due to the high abundance of proteases found in neutrophils, able to degrade cytokines [START_REF] Hahn | Aggregated neutrophil extracellular traps resolve inflammation by proteolysis of cytokines and chemokines and protection from antiproteases[END_REF].

Furthermore, our preliminary results indicated that besides AIM2, NLRP4 abundance is also increased, suggesting that several inflammasomal proteins could be involved in the induction of oxygen-dependent pyroptosis.

Oxidative damage has not been described as triggers for AIM2-and NLRP4-dependant inflammasome activation, suggesting that oxygen-exposure is not the direct trigger of the inflammasome assembly. Since AIM2 is known to recognize DNA leakage, we hypothesize that oxygen exposure will lead to the destabilization of the neutrophil nucleus, triggering pyroptotic cell death. Moreover, besides nuclear DNA, we must consider the possibility that due to excessive oxidative damage to the mitochondria, it is the mitochondrial DNA that is leaked and activates AIM2.

Nevertheless, we cannot exclude the possibility of NLRP3 inflammasome activation in neutrophils exposed to oxygen, since oxidative damage has been described as a major trigger for the NLRP3-ASC inflammasome assembly [START_REF] Cruz | ATP activated a reactive oxygen species-dependent oxidative stress response and secretion of pro-inflammatory cytokines in macrophages[END_REF][START_REF] Zhou | A role for mitochondria in NRLP3 inflammasome activation[END_REF][START_REF] Kim | NLRP3 inflammasome activation by mitochondrial ROS in bronchial epithelial cells is required for allergic inflammation[END_REF][START_REF] Sanman | Disruption of glycolytic flux is a signal for inflammasome signaling and pyroptotic cell death[END_REF]. Using specific inhibitors, such as MCC950, a NLRP3 inhibitor targeting its ATP-hydrolysis motif in the NACHT domain [START_REF] Coll | A small-molecule inhibitor of the NLRP3 inflammasome for the treatment of inflammatory diseases[END_REF][START_REF] Coll | MCC950 directly targets the NLRP3 ATP-hydrolysis motif for inflammasome inhibition[END_REF], will allow us to determine the activity of different ASC-dependent inflammasomes during neutrophil pyroptosis.

Overall, our results suggest that neutrophil oxygen exposure gives rise to a pro-inflammatory phenotype as neutrophils sense excessive oxygen availability. Our data supports the onset of an ASC-dependent pyroptosis, trigged directly or indirectly by the presence of excessive oxygen.

Introduction

Shigella is a genus of a gram-negative bacteria infecting the human colon, and the causative agent of bacillary dysentery (shigellosis). Shigellosis is considered a major threat to human health (WHO, 2017). The virulence of Shigella has been mostly characterized and studied in S. flexneri 5a. However, other strains, such as S. flexneri 2a and S. sonnei are more prevalent and account for the majority of shigellosis cases worldwide. Interestingly, S. flexneri 2a is mostly observed in developing countries, whereas the increase of S. sonnei is now associated with industrialization (reviewed in [START_REF] Thompson | The rising dominance of Shigella sonnei: an intercontinental shift in the etiology of bacillary dysentery[END_REF]. Moreover, there is strong evidence that different Shigella species use diverse virulence strategies, which have not been profoundly studied, underlying the need of using other Shigella strains in research (reviewed in [START_REF] Anderson | Shigella diversity and changing landscape: insights for the twenty-first century[END_REF].

In general, during infection, Shigella invades the colonic epithelium and causes an acute inflammatory reaction, associated with mucosal destruction, leading to a severe form of bloody diarrhea.

During Shigella infection, an important influx of neutrophils into the colonic tissues can be observed (Fig. 27). As mentioned previously, our lab demonstrated the ability of Shigella to deplete oxygen in vivo in the guinea pig colonic mucosa (Tinevez et al., 2019). Interestingly, Tinevez et al., noted that neutrophils were only observed near the foci but at a distance from individual bacteria.

Although the basal colonic oxygen tension is low, our group demonstrated that hypoxia was induced within foci of infection, where oxygen consumption was attributed to the bacteria and not to the infiltrating immune cells. These observations strongly suggested that neutrophils are drawn to hypoxic niches, conditions to which neutrophils are well adapted.

On the other hand, oxygen plays an important role in neutrophil key antibacterial functions, such as NOX2-dependent ROS production, which itself has been shown to deplete oxygen during sterile inflammation [START_REF] Campbell | Transmigrating neutrophils shape the mucosal microenvironment through localized oxygen depletion to influence resolution of inflammation[END_REF]. Albeit, the competition for oxygen between the pathogen and the immune cell remains poorly understood during infectious processes (Rustad et al., 2008;[START_REF] Werth | Activation of Hypoxia Inducible Factor 1 Is a General Phenomenon in Infections with Human Pathogens[END_REF][START_REF] Jennewein | Low-oxygen tensions found in Salmonella-infected gut tissue boost Salmonella replication in macrophages by impairing antimicrobial activity and augmenting Salmonella virulence[END_REF]Hajdamowicz et al., 2019).

Taking into account current knowledge, we can appreciate that both immune cells and pathogens may impact local oxygen availability, creating a microenvironment to which they need to adapt. It is therefore not surprising that Shigella can regulate its virulence gene expression according to the oxygen tension present [START_REF] Marteyn | Modulation of Shigella virulence in response to available oxygen in vivo[END_REF][START_REF] Vergara-Irigaray | RNA-seq analysis of the influence of anaerobiosis and FNR on Shigella flexneri[END_REF]. Moreover, pathogens are known to disturb the overall homeostasis of host metabolite availability and induce metabolic changes in host cells. Metabolic shifts in macrophages have been well characterized using sterile and non-sterile inflammation models (reviewed in [START_REF] Atri | Role of human macrophage polarization in inflammation during infectious diseases[END_REF][START_REF] Funes | Implications of macrophage polarization in autoimmunity[END_REF].

Metabolic shifts in neutrophils have been poorly characterized. Moreover, the impact of changes in the inflammatory microenvironment, such as the decrease in oxygen availability and its impact on neutrophil metabolism has not been studied. To group current findings on the subject, we published a review article entitled "Neutrophil metabolic shift during their lifecycle: impact on their survival and activation" (supplementary data).

Here, we investigated the availability of glucose, a key metabolite for neutrophils in the inflammatory environment. Currently, no measurements or estimations have been conducted

on the distribution and availability of glucose in inflamed tissues, except for studies showing the intracellular glucose consumption of several pathogens (e.g. Listeria, Salmonella, Brucella), inducing metabolic changes in the host in vitro [START_REF] Passalacqua | Bacterial Metabolism Shapes the Host-Pathogen Interface[END_REF]. Hence, how invading bacteria and infiltrating immune cells influence the glucose availability in inflamed tissues remains an open question.

Using imaging mass-spectrometry, we demonstrated a sharp reduction of glucose in the colonic tissues of guinea pigs infected with Shigella (see below, Fig. 28). To investigate the role of glucose availability on neutrophil metabolism and activation we mimicked these conditions in vitro (low oxygen, low glucose). We emphasized the impact of low glucose availability on neutrophil metabolic reprogramming and antimicrobial functions, since major bactericidal functions, such as phagocytosis and NETosis are glycolysis-dependent (discussed in the introduction; [START_REF] Sbarra | The biochemical basis of phagocytosis. I. Metabolic changes during the ingestion of particles by polymorphonuclear leukocytes[END_REF]Borregaard and Herlin, 1982;Rodriguez-Espinosa et al., 2015).

Overall, we demonstrated that both glucose and oxygen availability impact the mitochondrial metabolism and functionality of human neutrophils and modulate their response against Shigella.

Results

Shigella infection induces the depletion of glucose in the colonic tissues.

In mice, Shigella infection does not occur, making it difficult to study the course of infection in this model. Using a new model of Shigella infection, the ascorbate-deficient guinea pig [START_REF] André | The ascribate-deficient guinea pig model of shigellosis allows the study of the entire Shigella life cycle[END_REF], enabled us to follow prolonged infection processes (up to 30h), facilitating the study of metabolic changes during Shigella infection.

First, we measured the overall glucose abundance in tissues infected by S. flexneri 5a by extracting infected colons at 8 and 30h, and dosed the overall glucose concentration (experiments done by Dr. Joao Diniz de Araujo). Our results demonstrated a significant decrease in glucose after 30h infection (Fig. 28A). Since neutrophils are highly abundant at 30h in the infected tissues (Fig. 27) and are known to have high glucose utilization ability and necessity, we measured the glucose consumption-ability of both neutrophils and S. flexneri 5a in vitro in a glucose-rich medium (10 mM; experiments done by Dr. Joao Diniz de Araujo).

Our results demonstrated that Shigella utilizes glucose more efficiently than neutrophils (Fig. 28B), suggesting that the decrease in tissue glucose levels is more likely caused by Shigella and not by infiltrated neutrophils.

To assess the local distribution of glucose within Shigella infected tissues, we used imaging mass spectrometry to map glucose in the colonic tissues infected with three different Shigella strains (flexneri 2a, flexneri 5a, and sonnei; collaboration with Dr. A. Walch, Helmholtz Zentrüm, Munich) (Fig. 28C). We defined different colonic tissue subtypes (muscularis propria, submucosa, muscularis mucosa, mucosa, epithelium and foci of infection) and quantified glucose in all regions (Fig. 28D).

In non-infected animals, we observed a differential distribution of glucose in different tissue subtypes, where the highest glucose concentration was measured in the muscularis propria and the lowest in the epithelium.

In infected samples, we observed a sharp reduction of the glucose abundance in all tissues and most of the different tissue layers infected with all three Shigella strains (Fig. 28C).

Interestingly, S. flexneri 2a induced the strongest reduction in glucose availability compared to the other two strains (Fig. 28C-D).

We did not observe significant changes in the glucose abundance in the epithelium due to infection (where the concentration is physiologically low) with S. flexneri 5a and S. sonnei.

However, S. flexneri 2a induced a significant decrease in the epithelium compared to the non-100 infected control (Fig. 28D). Suggesting that different Shigella strains have a differential ability in modulating the host's metabolite availability. Furthermore, we compared changes in metabolite availability in all tissue layers infected with S. flexneri 2a, S. flexneri 5a, and S. sonnei. Our results revealed both an increase and a decrease of hundreds of metabolites (Fig. 29). The most significant differences were observed in tissues infected with S. flexneri 2a, suggesting again that distinctive Shigella strains induce specific changes in metabolite availability. Furthermore, to understand the extent of difference in metabolite abundance, we investigated the associated metabolic pathways linked identified metabolites in each tissue subtype infected with S. flexneri 2a, S. flexneri 5a, and S. sonnei using Metaboanalyst software.

We observed differences between tissue subtypes as well as between tissues infected with different Shigella strains, demonstrating a high degree of variation due to different Shigella strains (Fig. 30). Yet, similarities were observed, such as the galactose metabolism, the pentose 102 phosphate pathway, and the D-glutamine and D-glutamate pathway (Fig. 30). The galactose metabolism enables the conversion of galactose to glucose, the pentose phosphate pathway converts glucose into pentoses (producing NADPH as a cofactor) and the D-glutamine and Dglutamate pathway, producing glutamine/glutamate that can be used as an oxidative fuel for intestine and immune cells (reviewed in Newsholme et al., 2003). Overall, these results suggest that Shigella infection induces changes in the abundance of metabolites linked to the glucose metabolism or metabolic pathways having a similar role. Do the inter-strain differences between metabolite consumption play a role in the virulence of each strain remains a further topic of investigation. 

Glucose supplementation reduces the maximal work capacity of the mitochondrial ETC of human neutrophils.

Consequently, we hypothesized that in the absence of glucose, neutrophils must use other metabolic pathways than glycolysis. Since recent reports have highlighted the importance of mitochondria during neutrophil activation [START_REF] Zhou | Neutrophil-specific knockout demonstrates a role for mitochondria in regulating neutrophil motility in zebrafish[END_REF][START_REF] Bao | Mitochondria Regulate Neutrophil Activation by Generating ATP for Autocrine Purinergic Signaling[END_REF], we speculated that the switch would occur from glycolysis to OXPHOS, as described in macrophages [START_REF] Xu | Akt1-Mediated Regulation of Macrophage Polarization in a Murine Model of Staphylococcus aureus Pulmonary Infection[END_REF]. Therefore, we investigated the activity of the mitochondrial ETC in neutrophils in the presence and absence of glucose.

First, we characterized the glycolytic phenotype of human neutrophils using a Seahorse analyzer, measuring the extracellular acidification rate (ECAR). We observed that glucose and oligomycin (an ATP synthase inhibitor) addition did not significantly increase the ECAR (Fig. 31A), demonstrating that i) the glycolytic flux in resting neutrophils is not greatly modulated by the excess of extracellular glucose and that ii) glycolysis is not coupled to the mitochondrial ATP synthase activity (lactic glycolysis), in accordance with previous reports [START_REF] Raam | Mitochondrial Membrane Potential in Human Neutrophils Is Maintained by Complex III Activity in the Absence of Supercomplex Organisation[END_REF][START_REF] Stjernholm | Carbohydrate metabolism by leukocytes[END_REF].

However, how glucose availability impacts the mitochondrial ETC activity in neutrophils is not known. Nevertheless, it has been shown that neutrophils can produce 30% of their ATP through OXPHOS in low glucose availability [START_REF] Raam | Mitochondrial Membrane Potential in Human Neutrophils Is Maintained by Complex III Activity in the Absence of Supercomplex Organisation[END_REF].

To study the mitochondrial ETC activity in low versus high glucose availability, we measured the basal and the maximal oxygen consumption rate in these two conditions using an Oroboros oximeter. We observed a significantly increased maximal work capacity in the absence of glucose (Fig. 31B), which was inhibited by glucose addition in a dose-dependent manner (Fig. 31C). The direct inhibition of ETC activity by glucose, also known as the Crabtree effect, has been poorly studied in neutrophils [START_REF] Sbarra | The biochemical basis of phagocytosis. I. Metabolic changes during the ingestion of particles by polymorphonuclear leukocytes[END_REF]. Compared to the Warburg effect, consisting of a high glycolytic flux in the presence of oxygen and linked to glucose availability, the Crabtree effect is a direct and immediate mechanism of ETC inhibition, which does not require an adaptation phase. By the current understanding, available glucose will enhance/sustain glycolysis and glycolytic byproducts will directly inhibit several ETC complexes, inducing the Crabtree effect [START_REF] Diaz-Ruiz | The Warburg and Crabtree effects : on the origin of cancer cell energy metabolism and of yeast glucose repression[END_REF]. Overall, these results highlight the rapid impact of changes in glucose availability on resting neutrophil mitochondrial functionality, demonstrating the Crabtree effect in neutrophils in an elaborated way for the first time. 

Reduced glucose availability and anoxia decrease neutrophil mitochondrial membrane potential.

As discussed in the introduction, Shigella infection of the guinea pig colon creates a gradient of oxygen, whereas the lowest oxygen availability was measured in the FOIs (Tinevez et al., 2019). Therefore, neutrophils will face differential levels of oxygen availability in infected tissues.

Since our results indicated a sharp depletion of glucose in most of the colonic tissue layers, we investigated the interplay of both differential oxygen and glucose availability on neutrophil mitochondria, in terms of functionality and abundance.

We incubated neutrophils for 3h in the absence of glucose (0mM) and absence or presence of oxygen (0% and 21%), and measured, using flow cytometry, their mitochondrial membrane potential for mitochondrial abundance and functionality with TMRM. In addition, we used transmission electron microscopy (TEM) for mitochondria counting and morphology assessment.

Our results demonstrated that in the absence of both glucose and oxygen, neutrophils display a reduced mitochondrial membrane potential, which is restored by the addition of glucose (Fig. 32A). However, oxygen exposure in the absence of glucose did not impact the mitochondrial membrane potential (Fig. 32A). Although mitochondrial membrane potential is often associated with mitochondrial abundance, we did not observe an increased number of mitochondria or morphological changes with TEM (Fig. 32B).

These results indicated that glucose supplementation in anoxic conditions, which has been described as optimal for neutrophil viability (Monceaux et al., 2016), masks the impact of differential oxygen availability on mitochondrial dynamics.

Since no major morphological changes were observed due to differential oxygen and glucose availability, we hypothesized that functional changes may occur due to differential gene expression regulation in these conditions. 

Oxygen exposure has a stronger impact on neutrophil gene expression in low glucose availability

To investigate changes in gene expression, emphasizing genes participating in metabolic pathways, we performed RNA sequencing (RNAseq) on fresh neutrophils and neutrophils exposed or not to oxygen for 3h in the absence of glucose, to reveal the differential phenotype observed using TMRM in flow cytometry (Fig. 33A).

Overall, our results indicated down-and up-regulation of a large set of genes in both conditions compared to fresh neutrophils (Fig. 33A). However, hundreds of genes were uniquely upregulated in differential oxygen availability, represented in a Venn's diagram (Fig. 33B).

Interestingly, we did not observe differential regulation of gene expression (upregulated in one, downregulated in the other). Yet, oxygen-exposure induced the upregulation of a higher number of genes ( 250), compared to anoxic incubation (134).

Using STRING enrichment analysis tool we analyzed the upregulated genes in both conditions and observed a significant enrichment only in the +O2 condition (p=0.00766) (Fig. 33C), whereas no significant enrichment was seen in the -O2 condition (p=0.0674) (Fig. 33D). Yet, STRING did not identify an enrichment in metabolic pathways or neutrophil functions related pathways. In +O2, lysosome-related proteins were enriched, and in -O2, interleukin signaling and acetylation related proteins were enriched (Fig. 33C).

Using the KEGG database, we analyzed the expression of genes participating in mitochondriarelated metabolic pathways, such as the OXPHOS, the FAO, and the TCA cycle. Our results indicated no major differences between -O2 and +O2 conditions (Fig. 32E; Fig. S2). We did not find major changes related to genes associated with glycolysis (hsa00010) (Fig. S4), FAO (hsa00071) (Fig. S5), TCA cycle (ko00020) (Fig. S6), and mitochondria (MitoCarta2.0) (Fig.

S7).

However, several OXPHOS related genes were upregulated both in -O2 and +O2, suggesting that glucose starvation could have a positive impact on the expression of ETC components and thus its functionality.

Furthermore, since our results suggested that low glucose availability has an impact on neutrophil gene expression, we analyzed the commonly up-regulated genes in both conditions.

STRING identified 528 genes (out of 536) and generated a dense network with a very significant enrichment p-value (p<1.10 -16 ) (Fig. S8). Several pathways specific to neutrophils were enriched (neutrophil activation, degranulation, migration), as well as immune cellspecific pathways (inflammatory reaction, response to cytokines). No metabolic pathway enrichment was observed.

These results suggest that limited glucose availability could impact neutrophil activation through gene expression regulation. However, the impact of differential oxygen exposure in gene expression regulation was less obvious. Yet, several unique and highly expressed genes in both -O2 and +O2 were identified as novel proteins (Fig. 33A) or regulatory RNA (shRNA, iRNA; data not shown) with unknown functions, indicating that further analysis is needed for revealing the impact of oxygen on neutrophil physiology. Venn's diagram comparing down-and upregulated genes in neutrophils exposed or not to oxygen for 3h in the absence of glucose. C. STRING analysis using a high confidence interaction score on uniquely up-regulated genes in +O2 conditions. Lysosome-related genes are in blue. D. STRING analysis using high confidence interaction score on uniquely up-regulated genes in -O2 conditions. Genes associated with interleukin signaling are in red and genes associated with acetylation in blue. E. Volcano plot representing the expression of genes from major mitochondrial metabolic pathways (oxidative phosphorylation, FAO, and tricarboxylic acid cycle) in neutrophils incubated with or without oxygen for 3h in the absence of glucose. Upregulated OXPHOS-related genes are represented in a table below.

Low glucose availability induces the upregulation of pro-inflammatory cytokinesencoding genes and changes in chemokine expression in human neutrophils

Since STRING analysis on commonly up-regulated genes indicated an enrichment of genes associated with neutrophil activation, we analyzed the expression of known neutrophil chemokines, cytokines and TLRs in our conditions (Fig. 34A).

Our results show a strong downregulation of C-X-C type chemokines and an upregulation of C-C type chemokines in both conditions (3h -/+ O2) compared to fresh neutrophils (Fig. 34B).

C-X-C type chemokines are known to act as chemoattractants to neutrophils, the most important one being CXCL8 (IL8). C-C type chemokines, however, attract other immune cells, such as monocytes/macrophages (CCL2 or MCP1; CCL3 or MIP-1-alpha), T cells, eosinophils, and basophils (CCL5 or RANTES).

Furthermore, we observed the upregulation of several pro-inflammatory cytokines (LIGHT-, CD30L-, TNFa-, IL12b-, Il1a-encoding genes) in both conditions (Fig. 34C). The strongest upregulation was observed with LIGHT-, TNFɑ-and IL-12β-encoding genes. LIGHT is known to promote neutrophil bactericidal activity [START_REF] Heo | LIGHT enhances the bactericidal activity of human monocytes and neutrophils via HVEM[END_REF] and TNFɑ contributes to neutrophil apoptosis and cytotoxicity (Cross et al., 2008;Comen et al., 2016). IL-12β, serves as a subunit of both IL-12 and IL-23. Both cytokines are known to participate in tissue inflammation regulation, especially during mucosal inflammation in the gut (reviewed in [START_REF] Moschen | Il-12, IL-23 and IL-17 in IBD : immunobiology and therapeutic targeting[END_REF].

Many neutrophil pro-inflammatory cytokines, such as IL-16, IL-18, MIF and APRIL, are preformed and stored in their granules, explaining why we did not observe changes in the expression of these genes.

No differences in the expression of anti-inflammatory cytokines were observed (Fig. 34D).

Moreover, we did not identify major changes in TLR expression in our conditions, with the exception of TLR5, recognizing bacterial flagellin, downregulated both in the absence and presence of oxygen (Fig. 34E). In general, neutrophils are known to express all 10 TLRs, except for TLR3 [START_REF] Hayashi | Toll-like receptor stimulate human neutrophil functions[END_REF]. In addition, TLR7 is expressed at a very low level only in activated neutrophils [START_REF] Hayashi | Toll-like receptor stimulate human neutrophil functions[END_REF]. Thus, our results are consistent with current knowledge on neutrophil TLR expression, as we did not identify TLR3 or TRL7 RNA in our samples (Fig. 34E). Moreover, the lack of TLR3 confirms the purity of our samples, since peripheral monocytes express TLR3 [START_REF] Zarember | Tissue expression of human toll-like receptors and differential regulation of toll-like receptor mRNAs in leukocytes in response to microbes, their products, and cytokines[END_REF] and monocyte RNA contamination is considered a major problem in neutrophil gene expression analysis (reviewed in [START_REF] Ericson | Gene expression during the generation and activation of mouse neutrophils: implication of novel functional and regulatory pathways[END_REF]. 

Low glucose and oxygen availability increase neutrophil viability during Shigella infection in vitro

To investigate the impact of changes in glucose and oxygen availability on neutrophil antibacterial functions, we proceeded with functional tests. We performed in vitro infection assays in differential glucose and oxygen availability using human peripheral neutrophils and S. flexneri 2a, since it induced the most significant changes in the infected guinea pig colons.

Briefly, we infected human neutrophils purified under anoxic conditions with GFP-tagged S.

flexneri 2a at MOI 20 for 1h in the absence or presence of glucose and oxygen and assessed neutrophil viability with immunofluorescence on fixed cells, by counting the absolute number of neutrophils after infection, and by using flow cytometry to assess cell death with propidium iodide (PI).

In addition, we investigated intracellular bacteria abundance in neutrophils under the same conditions by measuring intracellular GFP intensity with flow cytometry, and by performing killing assays, consisting of the lysis of neutrophils after infection, plating intracellular bacteria and counting colony-forming units (CFUs).

Our results demonstrated that low glucose availability, especially in the absence of oxygen, promotes neutrophil survival during S. flexneri 2a infection compared to neutrophils infected in high glucose and high oxygen availability (Fig. 35A-B). Even if no significant difference was observed between glucose -oxygen -and glucose + oxygen + , we observed a clear trend of increased mortality in glucose + oxygen + . Moreover, using immunofluorescence, we observed necrotic/NETotic neutrophils when infected in glucose + oxygen + condition, whereas most of the nuclei in glucose -oxygen -condition were intact (Fig. 36). However, we observed an overall loss of approximately 50% of neutrophils after 1h of infection (Fig. 35B), indicating that S.

flexneri 2a has strong cytotoxic capacities towards neutrophils whatsoever the condition.

We did not observe differences in the abundance of intracellular bacteria (Fig. 35C-D). Since phagocytosis is glucose-dependent and we did not observe differences between tested conditions, we presume that S. flexneri 2a is capable of evading the neutrophil antimicrobial response. 

S. flexneri 5a and S. sonnei have a reduced cytotoxicity towards human peripheral neutrophils

Our results using S. flexneri 2a demonstrated high and rapid cytotoxicity towards neutrophils, making it difficult to assess the differences between differential oxygen and glucose availability on neutrophil antimicrobial functions. For this reason, we investigated the microbicidal capacities of neutrophils towards other Shigella strains, S. flexneri 5a and S. sonnei.

Our results show that S. flexneri 5a and S. sonnei have reduced cytotoxicity towards neutrophils compared to S. flexneri 2a (Fig. 37A). We did not observe differences between different conditions, since the overall neutrophil mortality was low.

To observe possible differences between the tested conditions, we pre-incubated neutrophils for 3h in the presence or absence of glucose and oxygen prior to infection with S. flexneri 2a, S. flexneri 5a and S. sonnei (1h, MOI 20). We did not observe changes in neutrophil viability when infected with S. flexneri 2a (Fig. 37B). However, we did observe improvements in neutrophil viability when neutrophils were pre-incubated in anoxia proceeding infection with S. flexneri 5a and S. sonnei (Fig. 37B).

These results suggest that in the case of less virulent Shigella strains (S. flexneri 5a and S.

sonnei), neutrophil pre-incubation in anoxia increases neutrophils survival during infection.

These results are in accordance with previous reports, showing that low oxygen preconditioning protects against increased mortality during S. pneumoniae infection [START_REF] Thompson | Hypoxia determines survival outcomes of bacterial infection through HIF-1a-dependent reprogramming of leukocyte metabolism[END_REF]. Moreover, HIF pathway activation in activated neutrophils has been demonstrated to promote neutrophil antimicrobial capacities [START_REF] Cramer | HIF-1alpha is essential for myeloid cell-mediated inflammation[END_REF][START_REF] Walmsley | Hypoxia-induced neutrophil survival is mediated by HIF-1↵-dependent NF-B activity[END_REF].

Yet, the role of hypoglycemia in neutrophil priming has not been investigated. However, hypoglycemia has been shown to activate monocytes and PBMCs, and is associated with a continuous inflammatory state [START_REF] Ratter | Proinflammatory effects on hypoglycemia in humans with or without diabetes[END_REF].

Despite the differences observed between fresh and pre-incubated neutrophils being minor, we hypothesize that using longer infection times or higher MOIs could lead to a more distinctive phenotype in differential glucose and oxygen availability. Moreover, doing the opposite when performing S. flexneri 2a infection assays (shorter infection time, lower MOI) would be beneficial to overcome the excessive cytotoxicity. 

Discussion

Neutrophils are the first immune cells recruited to infectious sites during shigellosis. Previous reports from our lab demonstrated that Shigella can deplete oxygen in the infected colon (Tinevez et al., 2019).

Our results describe for the first time that in addition to oxygen, glucose is also depleted during acute infection, meaning that neutrophils face both oxygen and glucose deficiency in the inflammatory environment. Despite being adapted to low oxygen availability in the bone marrow and the plasma (Spencer et al., 2017;Pittman, 2011;Injarabian et al., 2020), the impact of low glucose on neutrophil functionality and metabolism in inflammatory settings had not been studied.

Mature peripheric neutrophils are characterized as highly glycolytic cells. Moreover, they are known to depend on glucose availability for major antimicrobial functions, such as phagocytosis, NET formation and oxidative burst generation, as discussed previously. Our results, on the other hand, indicate that low extracellular glucose availability increases neutrophil mitochondrial ETC activity and upregulates mitochondria-related metabolic pathways and neutrophil-related activation pathways, suggesting that neutrophils undergo metabolic reprogramming in the absence of glucose.

Moreover, culturing neutrophils in a glucose-poor media, in the absence or presence of oxygen, reveals a differential oxygen-dependent mitochondrial phenotype, indicating that neutrophil metabolism during Shigella infection might differ from more oxygenated regions towards the FOIs, containing the lowest amount of oxygen (Tinevez et al., 2019).

These results are in accordance with previous reports, showing that in a glucose-poor media, neutrophils are able to produce ATP with OXPHOS [START_REF] Raam | Mitochondrial Membrane Potential in Human Neutrophils Is Maintained by Complex III Activity in the Absence of Supercomplex Organisation[END_REF]. Furthermore, we estimate, that several metabolic pathways fuel neutrophil energy production simultaneously, used for antimicrobial functions during shigellosis. Meaning, that neutrophils will switch from an entirely glycolysis-dependent metabolism to alternative metabolic pathways to encompass their energetic needs during bacterial clearance.

Furthermore, we propose that beyond differences observed in immature neutrophil populations [START_REF] Hsu | Immature Low-Density Neutrophils Exhibit Metabolic Flexibility that Facilitates Breast Cancer Liver Metastasis[END_REF][START_REF] Rice | Tumour-elicited neutrophils engage mitochondrial metabolism to circumvent nutrient limitations and maintain immune suppression[END_REF], mature neutrophils are also able to modulate their metabolism in pathological microenvironments due to changes in glucose availability. These results are in accordance with reports showing that genomic differences in mature circulating neutrophils can be observed during both homeostasis and bacterial infections [START_REF] Xie | Single-cell transcriptome profiling reveals neutrophil heterogeneity and orchestrated maturation during homeostasis and bacterial infection[END_REF].

Likewise, our results suggest that mature neutrophils are able to adapt to nutrient starvation by changes in their mitochondria functionality and by modulating their gene expression. We acknowledge that additional mechanisms exist, which remain to be determined.

In addition, we demonstrated in vitro, that neutrophil survival is increased in the absence of glucose and oxygen when infected with highly cytotoxic S. flexneri 2a. Less virulent Shigella strains S. flexneri 2a and S. sonnei did not cause similar cytotoxicity and no major differences were observed in differential glucose and oxygen availability, suggesting once more that alternative energy harvesting pathways may be employed.

Hence, the question remains, what other sources of energy/carbon can neutrophils use for fueling antimicrobial functions? The answer could still be glucose since neutrophils are known to store glycogen in their cytosol. Moreover, a 10-fold increase of glycogen content has been observed in activated peritoneal neutrophils (Robinson et al., 1982). However, the increase in glycogen storage requires the presence of extracellular glucose, which is not the case in our in vivo model. We can estimate that during an in vitro infection (1h), neutrophils possess sufficient amount of glycogen to fuel phagocytosis, however, in tissues, intracellular glycogen will probably not be sufficient to maintain bacterial clearance.

The potential glucose alternatives in tissues vary from other sugar molecules to FAs. One of the suggested carbon sources used by immune cells during glucose starvation is glutamine (Reitzer et al., 1979).

Glutamine is a non-essential amino acid and is found in abundant amounts in all tissues. It can be used at high amounts (higher than glucose) by neutrophils (Pithon- [START_REF] Pithon-Curi | Glucose and glutamine utilization by rat lymphocytes, monocytes and neutrophils in culture: a comparative study[END_REF]. Our preliminary data using imaging mass spectrometry shows a different abundance of glutamine in infected tissues (S. flexneri 2a and S. sonnei) (Fig. S9). Interestingly, the glutamine levels in tissues infected with S. sonnei were significantly higher compared to the non-infected tissues, indicating that different Shigella strains impact the availability of glutamine with distinctive mechanisms, which remain elusive. Moreover, we did identify D-glutamine and D-glutamate metabolism in tissues infected with S. flexneri 2a, S. flexneri 5a but not with S. sonnei (with the exception of the muscularis mucosa), suggesting that changes in glutamine availability could be relevant in differences observed between Shigella strains and thus the outcome of bacterial clearance.

Indeed, we observed a difference, both in vivo and in vitro, in the virulence of different Shigella strains.

We hypothesize that the differences observed are due to the specific virulence genes present in each strain. Indeed, all Shigella species express a Type III Secretion System (T3SS) and a T5SS, both regulated by oxygen availability (Marteyn et al., 2012;Tinevez et al., 2019). The T3SS contributes to the invasion of the epithelium and the T5SS participates in the degradation of the mucosal layer, secreting mucolytic factors belonging to the Serine Protease Autotransporters of Enterobacteriaceae (SPATE) [START_REF] Anderson | Shigella diversity and changing landscape: insights for the twenty-first century[END_REF]. Three SPATEs have been identified in Shigella -Pic, SigA, and SepA. S. flexneri 2a expresses all three SPATES, whereas S. flexneri 5a only expresses SepA and S. sonnei only Pic.

Besides the mucus layer, SPATEs also target several leukocyte glycoproteins, suggesting that their role goes beyond the mucus layer degradation. For example, Pic was demonstrated to degrade several surface proteins, such as CD43, CD44, CD45, CD93, and CD162, involved in leukocyte trafficking, migration and inflammation (Ruiz-Perez et al., 2011). Moreover, neutrophil incubation with Pic resulted in impaired chemotaxis and transmigration, without causing cell death.

We hypothesize that the differences in SPATE expression between Shigella strains induce the variations observed, explaining the high virulence of S. flexneri 2a (expressing all three SPATEs) and the lower virulence of flexneri 2a and sonnei. Moreover, if confirmed by flexneri 2a SPATE mutant generation, our results would consolidate previous reports, suggesting that the role of SPATEs goes beyond the mucus layer degradation.

Overall, our results illustrate the host-pathogen interaction between Shigella and neutrophils,

where Shigella shapes the inflammatory environment by modulating metabolite abundance, which shifts the metabolism of infiltrating neutrophil, thus increasing their survival during bacterial clearance. Moreover, our results illustrate that in inflammatory conditions, neutrophil mitochondria have enhanced activity. These results are in accordance with recent publications, underlying that the mitochondria are the central hub of the induction of the metabolic and physiological state of immune cells (reviewed in [START_REF] Souza Breda | Mitochondria as central hub of the immune system[END_REF].

SUPPLEMENTARY DATA Preliminary results: impact of glucose starvation during purification on human neutrophil mitochondrial functionality and gene expression regulation

Our results demonstrated that neutrophils are able to rapidly sense a decrease in glucose availability. Moreover, during neutrophil purification using Percoll© gradient, neutrophils are transiently removed from autologous plasma and kept in glucose-poor media. Furthermore, different neutrophil purification methods have been described to impact neutrophil behavior and functionality in a different manner, with mechanisms that remain elusive [START_REF] Marchi | Comparison of four methods for the isolation of murine blood neutrophils with respect to the release of reactive oxygen and nitrogen species and the expression of immunological receptors[END_REF].

We hypothesized that the short-term glucose starvation imposed during purification could impact the mitochondrial ETC activity of human neutrophils.

The data presented hereafter are preliminary and need additional experiments. However, these supplementary results consolidate our previous results, and validate the importance of manipulating neutrophils under physiological conditions in order to keep them in their basal state.

For this project we compared the mitochondria ETC activity, mitochondrial phenotype, and gene expression regulation of two neutrophils population, purified using two different methods, the long-purified neutrophils (L-PMNs) form Percoll© gradient purification, and the fastpurified neutrophils (F-PMNs) from MACSxpress purification method, which enables to keep neutrophils in autologous plasma throughout the purification.

Results

L-PMNs have a distinguished mitochondrial network.

First, we decided to investigate the mitochondrial network in L-PMNs using three different imaging techniques: TEM, immunofluorescence, and cryogenic electron microscopy (cryo-EM), both on fixed and live neutrophils, and on purified mitochondria (Fig. 38A-C).

Mitochondria in neutrophils have been described as rare, small and having a fragmented phenotype with few cristae [START_REF] Maianski | Functional characterization of mitochondria in neutrophils: A role restricted to apoptosis[END_REF], Fossati et al., 2003). Our results, however, indicated a different mitochondrial phenotype in neutrophils when using live imaging (Fig. 38B), where mitochondria formed networks, compared to the mitochondria in fixed cells, presenting a fragmented phenotype (Fig. 38B). Moreover, we successfully purified 121 mitochondria from human neutrophils and used cryo-EM for visualization. The results demonstrated that mitochondria in neutrophils are dense, have a diameter of roughly 200 nm (data not shown) and contain several cristae (Fig. 38C). 

L-PMNs have an increased maximal work capacity of the mitochondrial ETC.

In order to compare the differences in mitochondrial abundance and functionality between L-PMNs and F-PMNs, we assessed parameters, such as the mitochondrial membrane potential with TMRM using flow cytometry, mitochondrial morphology using TEM and functionality using an Oroboros oximeter.

With flow cytometry, no significant differences were observed between the two purification methods in terms of SSC/FSC profiles and membrane potential (Fig. 39A-B). However, TEM images suggested a slightly different mitochondrial phenotype in L-PMNs, where mitochondria had a more elongated phenotype (Fig. 39C).

We proceeded with mitochondrial ETC functionality analysis, measuring neutrophil oxygen consumption capacity with an Oroboros oximeter. We measured the saturated basal state of oxygen consumption in the presence of pyruvate ("basal"), the maximal work capacity using DNP (mitochondrial decoupler; "Max"), and the non-mitochondrial oxygen-consumption as a control using Antimycin A (CIII inhibitor; "AA"). The results revealed that L-PMNs have a significantly higher ETC functionality compared to F-PMNs (Fig. 39D). Moreover, we did not observe an increased oxygen consumption in F-PMNs due to decoupling, suggesting that the ETC in F-PMNs is hardly functional and below our detection threshold. The basal state was measured after pyruvate addition, the decoupled state was obtained after addition of DNP in 3 consecutive times. Specificity of mitochondrial O2 consumption was measured with the addition of Antimycin A (inhibitor of complex III). p=0.002. E. Assessment of ATP production via the mitochondrial ATP synthase by measuring intracellular ATP with HPLC in fresh L-PMNs and neutrophils treated with oligomycin for 30 min (ATP synthase inhibitor).
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In addition to increased maximal oxygen consumption, L-PMNs had also an increased basal oxygen consumption (Fig. 39D), suggesting that other, non-mitochondrial O2-consuming mechanisms, such as the NOX2 might be activated during long purification.

In accordance with previously published data, we did not observe significant changes in intracellular ATP concentration using high-performance liquid chromatography (HPLC) when oligomycin (ATP synthase inhibitor) was added to L-PMNs, indicating that even if the ETC in L-PMNs has an increased functionality, it is not coupled to the ATP synthase (Fig. 39E).

Nevertheless, due to experimental limitations, we were not able to detect ADP peaks in our samples, used for comparing ATP/ADP ratios and considered more precise for assessing the ΔGp in cells.

We hypothesized that transient oxygen exposure would cause increased oxidative damage and decided to add N-acetyl cysteine (NAC; antioxidant) to all of the purification solutions (0.5 mM) to compare the mitochondrial ETC functionality.

Interestingly, although no significant differences were observed due to high sample variability, we observed a strong tendency of an increased maximal work capacity of NAC + -PMNs and lower basal oxygen consumption (Fig. 40). These results suggest that i) PMNs lack sufficient amounts of oxidative damage removing systems (antioxidants), which under physiological conditions is provided by the plasma, and ii) neutrophil mitochondria are sensitive to oxidative damage and have an increased functionality when antioxidants are present. Oxygen-consumption rate measured in human neutrophils purified in the presence or absence of NAC (0.5 mM) in glucose-free RPMI medium with an Oroboros oximeter. Basal state was measured after pyruvate addition, the decoupled state was obtained after addition of DNP in 3 consecutive times. Specificity of mitochondrial O2 consumption was measured with the addition of Antimycin A (inhibitor of complex III).

Since circulating neutrophils are adapted to low oxygen environments, adding antioxidants to working solutions when purifying or working with neutrophils in atmospheric conditions could be beneficial to protect them from oxidative damage. 

Percoll-gradient purification induces changes in metabolism-related gene expression

To monitor metabolic and activation-associated changes in L-PMNs compared to F-PMNs, we performed RNAseq and analyzed the gene expression patterns in both conditions. We empathized the regulation of genes linked to glycolysis and mitochondria-associated metabolic pathways.

We observed a significant upregulation of gene expression in L-PMNs (Fig. 41A).

Since no differences were observed in the expression of glycolytic enzymes (Fig. S9), we proceeded with the analysis of the expression of genes participating in mitochondria-linked metabolic pathways. First, we analyzed the expression of major transcription factors playing a role in mitochondria biogenesis and FA metabolism/oxidation (Fig. 41B-C). Interestingly, PGC1ɑ and PGC1β, major mitochondria biogenesis transcription factors were significantly upregulated in L-PMNs compared to F-PMNs (Fig. 41C). In addition, PPARɑ, a major transcription factor involved in lipid metabolism (e.g. FAO)

regulation was also upregulated. In contrary, a significant downregulation of genes encoding for NRF1 and PPARɣ was observed. NRF1 is a transcriptional activator of genes participating in mitochondrial respiration and DNA replication. PPARɣ, however, has a more diverse function, enhancing PGC1ɑ expression, and thus mitochondrial biogenesis, but also participating in the positive regulation of glucose and FA metabolism.

In neutrophils, PPARɣ upregulation has been linked to HIF1ɑ stabilization in GSD-Ib (Jun et al., 2014). Yet, our data did not show differences in the expression of HIF1ɑ targets (Fig. S10).

Besides transcription factors, we analyzed the expression of genes participating in glycolysis-, mitochondria-, and mitochondria-associated metabolic pathways (FAO, OXPHOS, TCA cycle) between L-PMNs and F-PMNs (Fig. 42). Our results demonstrate that many mitochondria-associated genes (in purple) are upregulated in a significant manner in L-PMNs compared to F-PMNs. Moreover, we observe the upregulation of several TCA cycle (green)and OXPHOS (red)-associated genes in L-PMNs as well as glycolysis-associated genes (pink). Deseq2) is represented in -log10 (p-value) and log2FC. Glycolysis-associated proteins are in pink, mitochondria-associated genes in purple, FAO-associated genes in green, OXPHOS-associated genes in red and TCA cycle-associated genes in blue. PRXL2C, FBB1, PDK4, GRPEL1, ABCB10, RDH11, SESN2, COX7C are represented on the graph and detailed in the table below, indicating the gene name, the protein name, and the molecular function/biological process.

L-PMNs have an increased expression of genes encoding respiratory chain-composing proteins.

Taking into account our previous results demonstrating changes in mitochondrial functionality in L-PMNs, we analyzed the expression of major ETC-encoding genes.

As described in the introduction, the mitochondrial electron transport chain is composed of four major subunits (CI, CII, CIII, CIV) creating a proton gradient, which can be used by the ATP synthase (Fig. 43A). A large part of mitochondrially-encoded genes belongs to the ETC complexes. Only CII is fully composed of nuclear-encoded proteins.

Interestingly, we did not observe any changes in the expression of mitochondrially-encoded genes(in pink). However, our data showed that several ETC-encoding genes were upregulated in L-PMNs. Briefly, 2 major CI-encoding genes (NDUFA5, NDUFB) (Fig. 43B), CIII UQCRH (Fig. 43D), CIV COX7C, COX6C, COX11, COX10-AS1 (Fig. 43E) and CV ATP5MC3 (Fig.

41F

) were significantly upregulated in L-PMNs. No changes were observed in CII expression.

Only one protein-encoding gene in CI, NDUFAF1 was significantly downregulated.

NDUFAF1 is an assembly factor of CI, and its downregulation has been associated with mitochondria dysfunction and decreased ROS generation (Kaminski, et al., 2010), which is not in accordance with our results obtained when measuring the oxygen-consumption ability of neutrophils.

Overall, long purification increased the expression of genes in ETC complexes, especially the expression of CI and CIII composing genes. These results suggest that the increased oxygenconsumption ability of L-PMNs observed with an Oroboros oximeter could be due to an increased expression of ETC-composing components. 

Discussion

Overall, our results show that major changes occur in the expression of metabolic transcription factors as well as mitochondria and metabolism-related gene expression during neutrophil Percoll©-gradient purification.

Since we observed similar oxygen-consumption profiles in the absence of glucose (Fig. 31),

we propose that the mitochondrial phenotype observed is due to transient glucose starvation during purification. Additional experiments with glucose complementation of the purification solutions need to be performed to validate this hypothesis. If true, however, it would consolidate our previous results, showing that glucose starvation is a trigger for neutrophil mitochondria "activation".

Moreover, besides glucose, neutrophils seem to lack sufficient amounts of antioxidants to overcome oxidative stress due to transient oxygen exposure. Taking into account our previous results, demonstrating the antioxidant system present in the plasma together with the impact of NAC supplementation on neutrophil mitochondria functionality, we urge the use of antioxidants in solutions and media during neutrophil purification and culture in hyperoxia.

Figures

Supplementary figure 1. Changes in neutrophil cell shape due to oxygen exposure. Human neutrophils were filmed during 6h in the presence of. Morphological changes in cell shape were observed with differential interference contrast (DIC) and in nuclei shape with SiR-DNA (far-red). Cell diameter was measured in T0 neutrophils and in neutrophils exposed to oxygen for 6h that had augmented in volume (right). **** p<0.0001.

Introduction

Polymorphonuclear neutrophils (neutrophils, PMNs) like all migratory cells face various microenvironments during their lifecycle from their site of production to their site of action or clearance (view Figure 1). Neutrophils are the most abundant leukocytes in the circulation, which represent 50% Int. J. Mol. Sci. 2020, 21, 287 2 of 23 to 70% of circulating leukocytes. Circulating neutrophils are fully di↵erentiated cells and are believed to have a relatively short lifespan, which is likely largely dependent on environmental parameters. Bone marrow and blood plasma homeostasis are expected to play a central role in maintaining neutrophils in a quiescent state under basal conditions, even though the parameters involved in this process remain largely undefined. In eukaryotic cells, energy is produced by glycolysis in the presence of glucose, mitochondrial respiration (oxidative phosphorylation) in the presence of oxygen, and the tricarboxylic acid (TCA) cycle, in the presence of oxygen and pyruvate, glutamine, or free fatty acids. Under a basal condition, neutrophils are mainly glycolytic and contain few mitochondria [1]. However, the contribution of mitochondrial respiration or the TCA cycle to neutrophil energy production has not been fully investigated upon activation. We have demonstrated that oxygen exposure has a deleterious e↵ect on neutrophil viability [2][3][4], even though the potential involvement of mitochondria in this process has not been established. As a consequence, the respective abundance of metabolites and substrates, such as glucose, glutamine, and oxygen in the neutrophil microenvironment appears to be critical for neutrophil physiology, survival, and activation. This point may be illustrated by the metabolic shift occurring during neutrophil di↵erentiation (granulopoiesis) from hematopoietic stem cells (HSCs) in the bone marrow. The importance of metabolic shifts in immune cell adaptation to their microenvironment has been extensively demonstrated in the polarization of tumor-associated macrophages (TAM), which allows the characterization of two populations: M1 and M2. M1 macrophages are mainly glycolytic with limited oxygen consumption capacity. In comparison, M2 macrophages mainly use oxidative phosphorylation for energy production. The M1/M2 metabolic shift has a functional correlation, where M1 exhibits a pro-inflammatory and anti-tumoral phenotype and M2 exhibits an anti-inflammatory and pro-tumoral one [5,6]. Similar classification of tumor-associated neutrophil (TAN) populations has been proposed by Fridlender (namely N1/N2 populations) in response to TGF- [7]. This concept is currently evaluated in di↵erent inflammatory models and is being discussed [8]. Although no metabolic shifts or di↵erences have yet been reported between the N1 and N2 populations, their identification strongly suggests that neutrophils can e ciently respond and adapt to local microenvironmental changes.

The ability of neutrophils to sense and adapt to changes of microenvironmental parameters, such as the pO 2 or the glucose concentration, is well documented through transcriptional regulations (e.g., HIF1-dependent and HIF2-dependent) [9]. However, the impact of neutrophil metabolic activity or activation on its microenvironment is likely underestimated and will be further discussed. In addition, it remains unclear whether heterogeneous microenvironments encountered by neutrophils during their lifecycle modulate and shape the population homogeneity (N1/N2 or high-density/low-density neutrophils) if these processes are reversible or not. 

Available Metabolites in the Bone Marrow, Plasma, and Inflamed Tissues

Under basal conditions, blood plasma homeostasis is expected to limit neutrophil activation and to sustain their viability. Conversely, the inflammatory tissue microenvironment allows neutrophil activation (migration, degranulation, phagocytosis, or reactive oxygen species (ROS) production). The relative abundance of glucose, glutamine, and oxygen in plasma and in inflammatory tissues is reviewed hereafter (view Table 1). In this case, current knowledge on neutrophil metabolism under basal conditions will be reviewed, and potential metabolic shifts occurring within inflamed tissues or upon cell activation will be described. We aim to elucidate how neutrophils adapt to stressful conditions encountered during their lifecycle, by either tuning or modulating their metabolic pathways or using stored metabolites.

Available Metabolites in the Bone Marrow, Plasma, and Inflamed Tissues

Under basal conditions, blood plasma homeostasis is expected to limit neutrophil activation and to sustain their viability. Conversely, the inflammatory tissue microenvironment allows neutrophil activation (migration, degranulation, phagocytosis, or reactive oxygen species (ROS) production). The relative abundance of glucose, glutamine, and oxygen in plasma and in inflammatory tissues is reviewed hereafter (view Table 1). 

Bone Marrow Homeostasis

The bone marrow microenvironment plays a crucial role in the control of hematopoietic stem cell proliferation and di↵erentiation [10]. However, to our knowledge, the concentrations of glucose and glutamine in this microenvironment remain unknown. Further investigations are required to determine these key parameters to better appreciate and understand the physiology of mature neutrophils stored in the bone marrow, which represent the vast majority of the neutrophil population. The bone marrow has long been described as a hypoxic environment, despite being densely perfused. This perception has been recently confirmed by local pO 2 quantification in mice bone marrow by Spencer and colleagues using two-photon phosphorescence lifetime microscopy, which is a non-invasive and non-destructive quantification method [11]. In this study, the authors demonstrated that the bone marrow oxygenation level is heterogeneous but still rather low in all compartments (below 32 mmHg, or 4.2%). Surprisingly, the most hypoxic environment was measured in peri-sinusoidal regions (9.9 mmHg, or 1.3%), while the endosteal region was less hypoxic (21.9 mmHg, or 2.9%), which is being perfused by small arteries.

Plasma Homeostasis

Under basal conditions, the glucose level remains tightly controlled at 5.6-6.9 mM in the blood. These values are relatively high with regard to neutrophil glucose metabolic needs and to the maintenance of their viability. Hyperglycemia has been reported to have an adverse e↵ect on neutrophil activation (e.g., mobilization defect) [12,13], induction of neutrophil extracellular traps (NET) formation [14], and inflammasome activation [15], even though no direct link with potential metabolic shifts has been reported. To our knowledge, the neutrophil metabolic adaptation under hypoglycemia has not been investigated.

Similar to glucose, l-glutamine is well maintained in the plasma at a 0.4-0.6 mM concentration. Being the most abundant amino acid in the body, it fuels the production of the most abundant intracellular amino acid l-glutamate [16]. A constant glutaminemia is crucial for proper functioning of the immune system. Compared to hyperglycemia or hypoglycemia, neither changes in glutaminemia in plasma, nor its impact on a potential neutrophil metabolic shift have yet been investigated.

The plasma oxygen level is contained at very low concentrations, as described by Pittman [17]. Since 98% of oxygen is transported by red blood cells, the dissolved fraction represents only 2%. Plasma oxygenation has never been quantified in situ due to technical and ethical limitations. Based on a theoretical calculation of plasma oxygenation (Henry's law of gas di↵usion), it is estimated that plasma pO 2 varies between 1.4 mmHg in veins and 2 mmHg in arteries (with pO 2 vein =70 mmHg, and pO 2 artery = 100 mmHg). Taken these values together with the high amount of glucose in plasma, it is anticipated that the glucose metabolism will be favored for the oxidative metabolism in circulating neutrophils (see below).

pH in the plasma is strictly maintained between 7.35 and 7.45 via large amounts of carbonic acid and bicarbonate.

Tissue Homeostasis

Glucose passively di↵uses from the blood plasma to organs to ensure that the supply meets the needs under basal conditions. Apart from getting nutritional glucose, some organs, such as the liver and muscles, can store glucose in the form of glycogen (100 g and 400 g, respectively). Circulating neutrophils are known to rely on glycolysis to maintain their viability and function [1,18,19]. Glycogen bodies have been observed in quiescent neutrophils (electron microscopy) [20,[START_REF] Ackerman | Histochemical di↵erentiation during neutrophil development and maturation[END_REF] as well as the presence and expression of glycogen synthase (Gly1), which is necessary for glycogen synthesis [START_REF] Sadiku | Prolyl hydroxylase 2 inactivation enhances glycogen storage and promotes excessive neutrophilic responses[END_REF]. The intracellular glycogen concentration in quiescent neutrophils is estimated at 1 µg/1.10 6 cells [START_REF] Sadiku | Prolyl hydroxylase 2 inactivation enhances glycogen storage and promotes excessive neutrophilic responses[END_REF].

Glutamine is a non-essential amino acid. However, it may be considered conditionally essential during illness since intestines and the immune system utilize a large amount of glutamine during inflammation, which exceeds endogenous production. The glutamine concentration in tissues under basal conditions is relatively poorly known and is estimated to be higher than in the plasma fraction (intracellular concentration 2-20 mM). For example, the measurements performed in human muscles indicated a glutamine concentration ranging from 2-4 mmol/L [START_REF] Vinnars | Influence of the Postoperative State on the Intracellular Free Amino Acids in Human Muscle Tissue[END_REF]. In rat hepatocytes, intracellular glutamine was even higher, measured at 7 mM [START_REF] Häussinger | Role of plasma membrane transport in hepatic glutamine metabolism[END_REF]. In mice, basal glutamine concentration in the plasma is around 0.2 mM in organs such as the liver and the kidney at 2.8 and 0.5 µmol/g, respectively [START_REF] Quesada | Contribution by host tissues to circulating glutamine in mice inoculated with Ehrlich ascites tumor cells[END_REF].

The importance of glutamine concentration during inflammation remains elusive and will be discussed in the next chapter.

The basal level of oxygen in tissues is organ-specific and depends on the local supply and metabolic needs. Physiological O 2 concentration has been defined as "physioxia" [START_REF] Mckeown | Defining normoxia, physoxia and hypoxia in tumours-Implications for treatment response[END_REF][START_REF] Carreau | Why is the partial oxygen pressure of human tissues a crucial parameter? Small molecules and hypoxia[END_REF] and ranges from 1% to 11% in human body compartments [START_REF] Wang | Oxygen Partial Pressure in Outer Layers of Skin of Human Finger Nail Folds[END_REF][START_REF] Muller | Renocortical Tissue Oxygen Pressure Measurements in Patients Undergoing Living Donor Kidney Transplantation[END_REF].

Similar to oxygen, pH values tend to vary between di↵erent tissue types, whereas skeletal muscle tissue's pH is 6.8-7.1, colon tissue's pH is 7.9-8.5, and small intestine tissue's pH is 7.2-7.5.

Available Metabolites in the Inflamed Tissue Microenvironment

Not much is known about changes in the glucose concentration and local distribution in tissues during sterile inflammation. However, during infection, some intracellular pathogens, such as Salmonella and Brucella consume glucose, which alters its homeostasis in tissues [START_REF] Bowden | Glucose and Glycolysis Are Required for the Successful Infection of Macrophages and Mice by Salmonella enterica Serovar Typhimurium[END_REF][START_REF] Xavier | PPAR -Mediated Increase in Glucose Availability Sustains Chronic Brucella abortus Infection in Alternatively Activated Macrophages[END_REF]. In the case of Brucella infection, a two-fold decrease of intracellular glucose was measured in murine macrophages (from 1 to 0.5 µM, respectively) [START_REF] Xavier | PPAR -Mediated Increase in Glucose Availability Sustains Chronic Brucella abortus Infection in Alternatively Activated Macrophages[END_REF], and reduces the glucose supply during Listeria monocytogenes infection, which increases the mice survival rate [START_REF] Wang | Opposing E↵ects of Fasting Metabolism on Tissue Tolerance in Bacterial and Viral Inflammation[END_REF].

Many studies report the benefit of glutamine supplementation on intestinal inflammation. In general, glutamine sustains enterocyte proliferation, suppresses pro-inflammatory pathways, and protects host cells from apoptosis, among other functions [START_REF] Kim | The Roles of Glutamine in the Intestine and Its Implication in Intestinal Diseases[END_REF]. Under continuous stress conditions, muscles and lungs are known to release glutamine, since other organs increase glutamine uptake and consumption. In human tissues, the intracellular glutamine concentration decreases compared to murine tissues where a two-fold increase in glutamine concentration was observed in plasma and tissues samples during stress conditions. Measurements done in patients with chronic inflammatory stress, causing intestinal permeability, showed a correlation between the severity of inflammation and decreased glutamine levels in human intestines (mucosa) and plasma [START_REF] Hulsewé | Inflammation rather than nutritional depletion determines glutamine concentrations and intestinal permeability[END_REF]. In this particular study, tissue glutamine concentration of inflammatory mucosa ranged from 1.4 to 4 mM, whereas higher values were measured in patients with low inflammation markers [START_REF] Hulsewé | Inflammation rather than nutritional depletion determines glutamine concentrations and intestinal permeability[END_REF]. A decrease of glutamine concentration was associated with inflammatory activity rather than nutritional depletion, which suggests an increase in local glutamine consumption. Values of glutamine fluctuations in case of infection are not well known. However, it was recently shown that Escherichia coli can use glutamine during infection, which mediates their protection from acid stress and copper ion toxicity, which lowers the local glutamine concentration [START_REF] Djoko | Interplay between tolerance mechanisms to copper and acid stress in Escherichia coli[END_REF].

It is well accepted that the local oxygen level decreases during inflammation, as first demonstrated in a colitis mouse model by Karhausen and colleagues [36]. This observation has been further confirmed by other groups, which leads to the concept of "inflammatory hypoxia" [START_REF] Schwartz | Hypoxia and Inflammation[END_REF]. Recently, our group demonstrated a severe hypoxia induction during Shigella infection in the guinea pig colon, which refers to the "infectious hypoxia" concept [START_REF] Arena | The infectious hypoxia: Occurrence and causes during Shigella infection[END_REF]. The main cause of hypoxia induction is the consumption of oxygen by the bacteria aerobic respiration [START_REF] Tinevez | Shigella-mediated oxygen depletion is essential for intestinal mucosa colonization[END_REF]. Similar observations have been seen during Staphylococcus aureus [START_REF] Werth | Activation of Hypoxia Inducible Factor 1 Is a General Phenomenon in Infections with Human Pathogens[END_REF] (reviewed by Hajdamowicz et al. [41]) and Salmonella typhimurium infections [START_REF] Jennewein | Low-oxygen tensions found in Salmonella-infected gut tissue boost Salmonella replication in macrophages by impairing antimicrobial activity and augmenting Salmonella virulence[END_REF] or upon Mycobacterium tuberculosis granuloma formation [START_REF] Rustad | The Enduring Hypoxic Response of Mycobacterium tuberculosis[END_REF].

Similar to pathogens, tumor cells are capable of shaping the local microenvironment to promote their growth and survival.

Cancer cells are usually characterized by a high glycolytic phenotype, which produces lactate and lowers the extracellular pH in the tumor microenvironment (TME). However, tumors can have a glycolytic (mainly) or an oxidative metabolism. TMEs of each phenotype di↵er in nutrient availability. Some parameters are similar in both, such as hypoxia (<2%) and acidosis (pH 6.5-6.9) [START_REF] Van Sluis | In vivo imaging of extracellular pH using 1H MRSI[END_REF], which are considered potential cancer drug targets (reviewed by Bailey et al. [45]). The glycolytic tumor cell metabolism is highly impacted by the stabilization of the hypoxia-inducing factor (HIF) pathway, which upregulates glycolysis. Glycolytic tumors have a higher glucose consumption rate, compared to other cells present in the TME [START_REF] Chang | Metabolic Competition in the Tumor Microenvironment Is a Driver of Cancer Progression[END_REF]. Therefore, glycolytic TMEs are characterized by low glucose availability, high lactate concentration, and high acidity. On the other hand, oxidative TMEs are characterized by low fatty acid, amino acid, and oxygen availability (reviewed by Scharping and Delgo↵e [47]).

In addition to consuming most of the glucose in the TME, glycolytic tumor cells were shown to have an increased glutamine metabolism. It is, therefore, not surprising that glutamine levels in the TME are low [START_REF] Rivera | Amino acid metabolism in tumour-bearing mice[END_REF][START_REF] Roberts | Free amino acids in growing and regressing ascites cell tumors: Host resistance and chemical agents[END_REF][START_REF] Márquez | Nitrogen metabolism in tumor bearing mice[END_REF]. However, a recent publication challenged the importance of glutamine in tumor metabolism by demonstrating that glutamine consumption was not increased and remained relatively low in in vivo mouse lung cancer models [START_REF] Davidson | Environment impacts the metabolic dependencies of Ras-driven non-small cell lung cancer[END_REF]. These opposing findings finely illustrate the heterogeneity of tumor cell metabolism and potential biases occurring during in vitro experiments.

Tumor hypoxia is perceived as a deleterious factor in cancer therapy. Hypoxia within the tumor varies and creates a gradient of 0.1-6% O 2 , depending on the size and the vascularization of the tumor [START_REF] Lewis | Intratumoral oxygen gradients mediate sarcoma cell invasion[END_REF]. Despite the fact that hypoxia induction has been reported in various inflammatory models, no pO 2 quantification has yet been achieved in situ with non-disruptive quantification methods. This likely represents one of the most challenging goals in the field.

pH values during inflammation tend to di↵er dramatically from homeostatic values. Inflammation sites are characterized by a drop in pH rather than an increase. The acidification is linked to the glycolytic metabolism of infiltrating immune cells in case of infection and to the glycolytic metabolism of cancer cells in tumor microenvironments, which produces and releases lactic acid. 

Neutrophil Metabolism

The most thoroughly described metabolism in neutrophils is glycolysis since circulating neutrophils are considered to be highly glycolytic under physiological conditions (view Figure 2). However, additional metabolic pathways have been described in neutrophils, such as the pentose phosphate pathway (PPP), The Krebs/Tricarboxylic (TCA) cycle, oxidative phosphorylation (OXPHOS), and a fatty acid oxidation (FAO) pathway (view Figure 2). 

Glucose Metabolism: Glycolysis and Pentose Phosphate Pathways

Neutrophils rely on intracellular glucose shuffling to fuel their glucose-dependent metabolisms: glycolysis and PPP.

Glucose shuffling per se consists in G6P/glucose cycling through the G6P transporter (G6PT)/G6Pase-beta complex. Shortly, G6P is imported into the endoplasmic reticulum (ER) via the G6PT, where it is hydrolyzed back into glucose by the G6Pase-. Glucose can return to the cytoplasm where it is immediately converted back into G6P. This pathway, which limits available G6P in the cytoplasm, ensures tight control over the glucose metabolism fluxes. Neutrophils rely on intracellular glucose shu✏ing to fuel their glucose-dependent metabolisms: glycolysis and PPP.

Glucose shu✏ing per se consists in G6P/glucose cycling through the G6P transporter (G6PT)/G6Pase-beta complex. Shortly, G6P is imported into the endoplasmic reticulum (ER) via the G6PT, where it is hydrolyzed back into glucose by the G6Pase-. Glucose can return to the cytoplasm where it is immediately converted back into G6P. This pathway, which limits available G6P in the cytoplasm, ensures tight control over the glucose metabolism fluxes.

Defects in neutrophil glucose cycling result in decreased glucose uptake and lower intracellular G6P, but also impaired energy metabolism [START_REF] Jun | Lack of glucose recycling between endoplasmic reticulum and cytoplasm underlies cellular dysfunction in glucose-6-phosphatase--deficient neutrophils in a congenital neutropenia syndrome[END_REF][START_REF] Jun | Molecular mechanisms of neutrophil dysfunction in glycogen storage disease type Ib[END_REF][START_REF] Bashan | Impaired glucose transport in polymorphonuclear leukocytes in glycogen storage disease Ib[END_REF][START_REF] Boztug | A Syndrome with Congenital Neutropenia and Mutations in G6PC3[END_REF].

Several pathologies linked to defects in G6P/glucose cycling have been described, such as the glycogen storage disease type Ib (GSDIb, deficiency in G6PT) and severe congenital neutropenia syndrome (SCN4, deficiency in G6Pase-). Patients with these pathologies su↵er from neutropenia and neutrophil dysfunctions due to glycolysis inhibition [START_REF] Veiga-Da-Cunha | Failure to eliminate a phosphorylated glucose analog leads to neutropenia in patients with G6PT and G6PC3 deficiency[END_REF], which highlights the importance of the glucose metabolism for neutrophil survival and functioning.

Glycolysis is a ubiquitous energy metabolism, which does not di↵er between cell types. Extracellular glucose is imported into human neutrophils via glucose transporter 1 (GLUT1), which is expressed basally and upregulated in glucose-rich environments [START_REF] Veiga-Da-Cunha | Failure to eliminate a phosphorylated glucose analog leads to neutropenia in patients with G6PT and G6PC3 deficiency[END_REF]. Other glucose transporters, such as 3 and 4, are also expressed but poorly described in neutrophils. If, in humans, upon activation with phorbol 12-myristate 13-acetate (PMA), only glucose transporter (GLUT) 1 and GLUT3 are upregulated [START_REF] Maratou | Glucose transporter expression on the plasma membrane of resting and activated white blood cells[END_REF][START_REF] Simpson | The facilitative glucose transporter GLUT3: 20 years of distinction[END_REF], then in rats, increased GLUT4 expression has also been described when activated by the platelet activation factor [START_REF] Rodrigues | 18F-fluoro-2-deoxyglucose PET informs neutrophil accumulation and activation in lipopolysaccharide-induced acute lung injury[END_REF]. Upon uptake, glucose is immediately transformed into glucose-6-phosphate (G6P) by the hexokinase, where localization may be modulated by the neutrophil activation status [START_REF] Huang | Hexokinase translocation during neutrophil activation, chemotaxis, and phagocytosis: Disruption by cytochalasin D, dexamethasone, and indomethacin[END_REF]. The consumption of each G6P molecule will lead to the production of two molecules of pyruvate, two molecules of ATP, and two molecules of NADH. In aerobic conditions, pyruvate can be oxidized in mitochondria through the TCA cycle (see below). However, in neutrophils, pyruvate is converted into lactate, which enables the regeneration of NAD+ essential for the continuity of glycolysis [1,18,[START_REF] Van Raam | Mitochondrial Membrane Potential in Human Neutrophils Is Maintained by Complex III Activity in the Absence of Supercomplex Organisation[END_REF].

Another glucose-dependent pathway in neutrophils is the PPP, which is also known as the hexose monophosphate shunt, that has been studied in quiescent neutrophils and during activation (NET formation) [START_REF] Azevedo | A Metabolic Shift toward Pentose Phosphate Pathway Is Necessary for Amyloid Fibril-and Phorbol 12-Myristate 13-Acetate-induced Neutrophil Extracellular Trap (NET) Formation[END_REF]. The PPP encompasses an oxidative and a non-oxidative phase. During the oxidative phase, G6P-dehydrogenase (G6PD), 6-phosphogluconolactonase, and 6-phosphogluconate dehydrogenase convert G6P into CO 2 , ribulose-5-phosphate, and nicotinamide adenine dinucleotide phosphate (NADPH). NADPH production is essential for the maintenance of the redox balance under stress situations. During the non-oxidative phase, several enzymes will be involved: the ribose-5-phosphate isomerase, the ribulose-5-phosphate 3-epimerase, a transketolase, and a transaldolase, which leads to the conversion of ribulose-5-phosphate into nucleic acids, sugar phosphate precursors, or glycolytic precursors, such as fructose-6-phosphate (F6P) and glyceraldehyde-3-phosphate (G3P). Thus, PPP and glycolysis share a pool of G3P and F6P yielding in lactate or pyruvate.

In neutrophils, PPP-dependent NADPH production was shown to be essential for the cytosolic NADPH oxidase (NOX)-dependent ROS production for NET induction [START_REF] Azevedo | A Metabolic Shift toward Pentose Phosphate Pathway Is Necessary for Amyloid Fibril-and Phorbol 12-Myristate 13-Acetate-induced Neutrophil Extracellular Trap (NET) Formation[END_REF]. In addition, inhibition of the PPP key enzyme, G6PD, in high glucose concentrations, was also shown to reduce superoxide production [START_REF] Perner | High glucose impairs superoxide production from isolated blood neutrophils[END_REF]. In leukocytes, NADPH produced via the PPP is essential for catalase positive bacteria killing [START_REF] Cooper | Complete Deficiency of Leukocyte Glucose-6-Phosphate Dehydrogenase with Defective Bactericidal Activity[END_REF]. Cooper et al. reported in an old case-study that neutrophils from a patient lacking G6PD with a functional NOX had deficient bactericidal functions [START_REF] Cooper | Complete Deficiency of Leukocyte Glucose-6-Phosphate Dehydrogenase with Defective Bactericidal Activity[END_REF]. However, further investigations are required to fully appreciate the contribution of PPP to neutrophil survival and antimicrobial activity.

Even if neutrophils are known to rely mainly on glycolysis, the glycolytic flux is often measured by the consumption of glucose and production of lactate. However, as seen previously, glucose consumed by the PPP can equally yield lactate production. Therefore, the importance of glycolysis has potentially been overestimated, especially during neutrophil activation.

Glutamine Metabolism

Under physiological conditions, glutamine is used to produce precursor nucleotides for RNA and DNA synthesis. The metabolization of glutamine results in glutamate, aspartate, lactate, and ammonia production.

Nevertheless, under pathophysiological conditions, when glucose supply is limited, cells, including neutrophils, can switch to the utilization of glutamine to meet their energetic need [16,[START_REF] Le | Glucose-Independent Glutamine Metabolism via TCA Cycling for Proliferation and Survival in B Cells[END_REF][START_REF] Newsholme | Why Is L-Glutamine Metabolism Important to Cells of the Immune System in Health, Postinjury, Surgery or Infection?[END_REF][START_REF] Gaglio | Oncogenic K-Ras decouples glucose and glutamine metabolism to support cancer cell growth[END_REF][START_REF] Rabinowitz | Glutamine-driven oxidative phosphorylation is a major ATP source in transformed mammalian cells in both normoxia and hypoxia[END_REF]. In short, glutamine can enter the cell via several solute carrier type transporters (SLCs), such as the sodium-coupled neutral amino acid transporter (SNAT) family proteins. After entering the cytosol of neutrophils (and macrophages), glutamine is not fully oxidized and is converted into glutamate. Glutamate enters the mitochondria and is converted to ↵-ketoglutarate, which oxygenates NAD + into NADH. ↵-ketoglutarate can enter the TCA cycle (see below) and produce malate, which is then converted to pyruvate via the malate dehydrogenase, which oxygenates NADP + . Pyruvate is then converted into lactate in the cytosol or contributes to the oxidative metabolism (OXPHOS) in the mitochondria. However, in low oxygen conditions (characteristic to inflammation), NAD + can be regenerated through the production of lactate. Yet, how cytosolic NAD + gets into mitochondria is not well established, especially since mammalian mitochondria do not synthesize NAD + and are considered impermeable to pyridine nucleotides. It was recently demonstrated that cytosolic NAD + or NADH can be directly transported into mammalian mitochondria. Yet, the transport mechanism as the transporter itself remains unknown [START_REF] Davila | Nicotinamide adenine dinucleotide is transported into mammalian mitochondria[END_REF].

Interestingly, in neutrophils, glutamine can be used in higher rates than glucose [START_REF] Curi | Glutamine utilisation by rat neutrophils[END_REF]. Similar to PPP, glutaminolysis plays a role in the production of NADPH and the expression of the NOX complex [START_REF] Pithon-Curi | Glutamine plays a role in superoxide production and the expression of p47phox, p22phox and gp91phox in rat neutrophils[END_REF]. In fact, in di↵erentiated cells, such as macrophages and neutrophils, glutamine mainly plays a role during activation. It has been demonstrated that the glutamine consumption rate is highly increased under catabolic conditions.

Mitochondrial Metabolism: TCA Cycle, OXPHOS, and Fatty Acid Oxidation

Mitochondria are involved in many metabolic and cellular functions, such as cell death (apoptosis, pyroptosis), calcium and iron homeostasis, heme biosynthesis, and energy production. As discussed previously, under basal conditions, mitochondria do not contribute significantly to neutrophil energy metabolism and participate only in the initiation of apoptosis [1]. However, recent findings suggest a potential metabolic shift during activation due to changes in the microenvironment, which favor an oxidative metabolism and are described in many neutrophil subpopulations (discussed in Section 5).

ATP is generated via three major pathways: glycolysis, the tricarboxylic acid (TCA) cycle, and oxidative phosphorylation (OXPHOS).

The TCA cycle produces OXPHOS intermediates from acetyl-CoA oxidation, which are derived from sugars, fats, or amino acids. OXPHOS produces ATP via a series of oxidation-reduction reactions, which creates a membrane electrochemical potential (DY m ). The DY m is generated through the coupling of electron transfer and H + pumping via four complexes (C) in the mitochondrial inner membrane. These complexes are CI (NADH-ubiquinone oxidoreductase), CII (succinate-ubiquinone oxidoreductase), CIII (ubiquinol-cytochrome c oxidoreductase), and CIV (cytochrome c oxidase). Complex I, III, and IV are the proton pumps, which transfer protons out of the mitochondrial matrix and generates DY m . Although controversial, it has been shown that the mitochondrial respiratory chain complexes can form supercomplexes [START_REF] Allen | An investigation of mitochondrial inner membranes by rapid-freeze deep-etch techniques[END_REF], containing several copies of CI, CIII, and CIV within one respiratory chain. The association of four or more copies of CIV was shown to enhance significantly the e ciency of CI and CIII to transfer electrons [START_REF] Schäfer | Architecture of Active Mammalian Respiratory Chain Supercomplexes[END_REF][START_REF] Wittig | Supercomplexes and subcomplexes of mitochondrial oxidative phosphorylation[END_REF], which creates an increased membrane potential and produces more ATP. It was suggested that the lack of supercomplexes in circulating neutrophils may be the cause of a defective OXPHOS contribution to energy production under physiological conditions [START_REF] Huang | Hexokinase translocation during neutrophil activation, chemotaxis, and phagocytosis: Disruption by cytochalasin D, dexamethasone, and indomethacin[END_REF]. In neutrophils, DY m was shown to be mainly maintained via the transfer of electron from glycolysis to CIII, via the glycerol-3-phosphate (G3P) shuttle [START_REF] Van Raam | Mitochondrial Membrane Potential in Human Neutrophils Is Maintained by Complex III Activity in the Absence of Supercomplex Organisation[END_REF]. G3P is a product of glucose metabolism that can enter mitochondria where it is re-oxidized on the outer surface of the inner mitochondrial membrane. Although, in most cells, a membrane potential is coupled to ATP synthesis, it seems to di↵er in circulating neutrophils [START_REF] Van Raam | Mitochondrial Membrane Potential in Human Neutrophils Is Maintained by Complex III Activity in the Absence of Supercomplex Organisation[END_REF].

Fatty acid oxidation (FAO) is essential for the production of several enzymes, hormones, and cell membrane components. In the cytosol, fatty acids are converted by the acyl-CoA synthetases into fatty acyl-CoA esters, which enter the mitochondria for subsequent oxidation. FAO consists of four enzymatic reactions: dehydrogenation, hydration, another dehydrogenation, and thiolysis, which results in one acetyl-CoA molecule, NADH, H + , FADH 2 , and a fatty acyl-CoA ester. After the first reaction, the fatty acyl-CoA ester is shortened by two carbon atoms and can return to the FAO pathway, where it will be re-oxidized until only two acetyl-CoA molecules remain. Acetyl-CoA then enters the mitochondrial TCA cycle where it will be oxidized into CO 2 and H 2 O, generating additional FADH 2 and NADH, H + . Electrons from both beta-oxidation and the TCA cycle can then be used by the OXPHOS system to generate ATP.

To sum up, the role of mitochondrial oxidative metabolism in the function and activation of neutrophils has become more relevant in recent years due to the discovery of heterogenous neutrophil populations. Some neutrophil key functions, which were di cult to study before, have now been revealed to depend on mitochondrial functions [START_REF] Bao | mTOR and di↵erential activation of mitochondria orchestrate neutrophil chemotaxis[END_REF]. For example, neutrophil chemotaxis is impaired when neutrophils lack a functional membrane potential or ATP synthase [START_REF] Zhou | Neutrophil-specific knockout demonstrates a role for mitochondria in regulating neutrophil motility in zebrafish[END_REF], which indicates the importance of mitochondria and mitochondrial metabolism during neutrophil transmigration into tissues.

Changes in Metabolism

Metabolic Shift from Hematopoietic Stem Cells to Mature Neutrophils

Hematopoietic stem cells (HSCs, CD34+) residing in the hypoxic niche of the bone marrow [11,[START_REF] Morrison | The bone marrow niche for haematopoietic stem cells[END_REF] remain in a resting quiescent state [START_REF] Morrison | Stem Cells and Niches: Mechanisms That Promote Stem Cell Maintenance throughout Life[END_REF][START_REF] Simsek | The Distinct Metabolic Profile of Hematopoietic Stem Cells Reflects Their Location in a Hypoxic Niche[END_REF], exhibiting low bioenergetic activity [START_REF] Simsek | The Distinct Metabolic Profile of Hematopoietic Stem Cells Reflects Their Location in a Hypoxic Niche[END_REF][START_REF] Suda | Metabolic Regulation of Hematopoietic Stem Cells in the Hypoxic Niche[END_REF][START_REF] Piccoli | To breathe or not to breathe: The haematopoietic stem/progenitor cells dilemma[END_REF]. HSCs glycolytic metabolism is directly linked to the stability of HIF1↵, which is an oxygen-sensitive transcription factor, mainly involved in the expression of glycolytic enzyme genes. HSCs can exit the quiescent state for the purpose of self-renewal and di↵erentiation, which leads to their asymmetric division, associated with a di↵erential mitochondrial abundance [START_REF] Katajisto | Asymmetric apportioning of aged mitochondria between daughter cells is required for stemness[END_REF]. The daughter cell with a higher mitochondrial content will commit to di↵erentiation and give rise to the blood cell lineages (such as neutrophils), whereas the cell with lower mitochondrial content will re-enter the quiescent phase [START_REF] Katajisto | Asymmetric apportioning of aged mitochondria between daughter cells is required for stemness[END_REF][START_REF] Mantel | Upregulation of nascent mitochondrial biogenesis in mouse hematopoietic stem cells parallels upregulation of CD34 and loss of pluripotency: A potential strategy for reducing oxidative risk in stem cells[END_REF][START_REF] Piccoli | Characterization of Mitochondrial and Extra-mitochondrial Oxygen Consuming Reactions in Human Hematopoietic Stem Cells Novel Evidence of the Occurrence of Nad(P)H Oxidase Activity[END_REF][START_REF] Kim | Rhodamine-123 Staining in Hematopoietic Stem Cells of Young Mice Indicates Mitochondrial Activation Rather Than Dye E✏ux[END_REF][START_REF] Norddahl | Accumulating Mitochondrial DNA Mutations Drive Premature Hematopoietic Aging Phenotypes Distinct from Physiological Stem Cell Aging[END_REF]. The ability of HSCs to maintain a low mitochondrial pool is now considered a hallmark of stemness reviewed by Papa et al. [88]. It is suggested that the importance of a di↵erential mitochondrial pool between self-renewing and di↵erentiating cells is linked to the control of ROS production [START_REF] Papa | Mitochondrial Role in Stemness and Di↵erentiation of Hematopoietic Stem Cells[END_REF]. A higher mitochondrial pool will lead to a higher energy yield but also an increased ROS production, both necessary for di↵erentiation. HSCs, on the other hand, are sensitive to oxidative stress and show low endogenous ROS levels [START_REF] Jang | A low level of reactive oxygen species selects for primitive hematopoietic stem cells that may reside in the low-oxygenic niche[END_REF][START_REF] Ito | Reactive oxygen species act through p38 MAPK to limit the lifespan of hematopoietic stem cells[END_REF][START_REF] Ito | Regulation of oxidative stress by ATM is required for self-renewal of haematopoietic stem cells[END_REF][START_REF] Tothova | FoxOs Are Critical Mediators of Hematopoietic Stem Cell Resistance to Physiologic Oxidative Stress[END_REF][START_REF] Chen | TSC-mTOR maintains quiescence and function of hematopoietic stem cells by repressing mitochondrial biogenesis and reactive oxygen species[END_REF][START_REF] Mantel | Enhancing Hematopoietic Stem Cell Transplantation E cacy by Mitigating Oxygen Shock[END_REF]. Moreover, compared to other cell types in the bone marrow, HSCs have an increased glycolytic capacity [START_REF] Simsek | The Distinct Metabolic Profile of Hematopoietic Stem Cells Reflects Their Location in a Hypoxic Niche[END_REF], strongly related to their adaptation to the hypoxic niche of the bone marrow.

Under basal conditions, neutrophil di↵erentiation from HSCs (granulopoiesis) leads to the sequential formation of myeloblasts (MBs), promyelocytes (PMs), myelocytes (MCs), metamyelocytes (MMs), band cells (BCs), segmented cells (SCs), and mature neutrophils (PMNs). As previously mentioned, HSCs are heavily dependent on glycolysis [START_REF] Simsek | The Distinct Metabolic Profile of Hematopoietic Stem Cells Reflects Their Location in a Hypoxic Niche[END_REF] to meet their energetic demand compared to neutrophil progenitors, which shifts their metabolism toward OXPHOS during di↵erentiation. However, the reason for the initiation of the metabolic shift during di↵erentiation, previously believed to be due to higher oxygen concentration, has been recently challenged. As discussed previously, the oxygen gradient in the bone marrow decreases in the endosteal region. Thus, there must be another factor other than oxygen availability influencing the metabolic shift.

The main trigger for metabolic reprogramming during hematopoiesis, apart from di↵erential oxygen availability in the bone marrow [11] is autophagy [START_REF] Ri↵elmacher | Autophagy-Dependent Generation of Free Fatty Acids Is Critical for Normal Neutrophil Di↵erentiation[END_REF]. Autophagy will allow the metabolic shift toward FAO-OXPHOS by enabling lipid droplet breakdown, providing su ciently free fatty acids [START_REF] Ri↵elmacher | Autophagy-Dependent Generation of Free Fatty Acids Is Critical for Normal Neutrophil Di↵erentiation[END_REF]. The inhibition of autophagy-mediated lipid degradation or fatty acid oxidation, accompanied with a two-fold increase of the mitochondrial content, was shown to be su cient to cause defective neutrophil di↵erentiation. The highest autophagic activity was measured in the MB and MC stage, which indicates a more mitochondria-dependent metabolism during these stages [START_REF] Ri↵elmacher | Autophagy-Dependent Generation of Free Fatty Acids Is Critical for Normal Neutrophil Di↵erentiation[END_REF]. However, the mechanism of how mature neutrophils modulate metabolic fluxes and switch their metabolism back to glycolysis remains to be discovered.

Neutrophils' Metabolic Shift from Plasma to Tissues

After their release from the bone marrow through sinusoidal capillaries, neutrophils enter the plasma fraction of the blood. Circulating neutrophils are considered quiescent and have a low transcriptional activity [START_REF] Jiang | RNA sequencing from human neutrophils reveals distinct transcriptional di↵erences associated with chronic inflammatory states[END_REF], which does not reflect their inability to modulate gene expression during infection or inflammation [START_REF] Jiang | RNA sequencing from human neutrophils reveals distinct transcriptional di↵erences associated with chronic inflammatory states[END_REF][START_REF] Subrahmanyam | RNA expression patterns change dramatically in human neutrophils exposed to bacteria[END_REF].

Like HSC, neutrophils are also highly dependent on HIF-1↵ regulation [3]. HIFs are transcription factors, recognized as key modulators to hypoxic stress. HIFs are heterodimers containing an oxygen-labile ↵ cytosolic subunit and a more stable nuclear subunit. In neutrophils, two HIF isoforms are known as HIF1↵ and HIF2↵ [3,[START_REF] Thompson | Hypoxia-inducible factor 2↵ regulates key neutrophil functions in humans, mice, and zebrafish[END_REF]. HIF1 is the major transcriptional regulator involved in the adaptation to low oxygen environments in terms of glycolytic enzyme expression upregulation. Similar to HIF1, HIF2 has an important role in neutrophils, but regulates a di↵erent set of genes [START_REF] Hu | Di↵erential Roles of Hypoxia-Inducible Factor 1↵ (HIF-1↵) and HIF-2↵ in Hypoxic Gene Regulation[END_REF]. If the main role of HIF1 is to facilitate a metabolic adaptation to a low oxygen environment, then HIF2 is mainly involved during the inflammation resolution, which regulates apoptosis signaling pathways [START_REF] Hu | Di↵erential Roles of Hypoxia-Inducible Factor 1↵ (HIF-1↵) and HIF-2↵ in Hypoxic Gene Regulation[END_REF]. Moreover, neutrophils accumulate antioxidants, such as ascorbate (vitamin C), capable of reducing available oxygen in cells, which limits ROS production and oxidative damage. Neutrophils contain high intracellular ascorbate concentrations (1-2 mM) compared to plasma ascorbate concentration (20-80 µM) and are known to increase their intracellular ascorbate intake even more during oxidative burst (10-20 mM), which contributes to their chemotaxis and ROS generation [100]. However, high ascorbate concentrations are known to promote HIF1↵ degradation, even at low (1-3%) oxygen concentrations [101,102]. This suggests that the neutrophil glycolytic phenotype is more likely linked to parameters, such as low oxygen, high glucose, and low energetic needs.

Upon inflammation or infection, neutrophils transmigrate into tissues (diapedesis) and will further evolve in various microenvironments where they will exert di↵erent functions. The metabolic requirements for di↵erent neutrophil functions is represented in Table 2. However, how neutrophil metabolism is modulated during this transition remains largely unexplored. The recruitment of neutrophils to inflammation sites is a multi-step process consisting of (i) a selectin-mediated rolling, (ii) a chemokine-induced activation, and (iii) an integrin-dependent strong adhesion followed by trans-endothelial migration (TEM).

For a long time, neutrophil migration was considered unidirectional and, together with the adhesion cascade, has been exhaustively characterized [103][104][105]. However, recently, Woodfin and colleagues discovered that neutrophils were able to retro-transmigrate back into the circulation and identified junctional adhesion molecule C (JAM-C) as the key regulator of directional TEM [106]. The retro-trans-endothelial migration (rTEM) was thought to contribute to the dissemination of systemic inflammation. The existence of rTEM also raises the question whether neutrophils returning from a di↵erent environment would exhibit phenotypic and metabolic changes and contribute to the heterogeneity found in the circulating neutrophilic pool in both healthy and nonhealthy subjects. The heterogeneity found among neutrophils was recently reviewed by Silvestre-Roig and colleagues [107]. Not much is known about the metabolic changes occurring during migration in vivo. However, using a zebrafish model, the function of mitochondria was shown to play a crucial role in the migration fitness of neutrophils into tissues. Zhou and colleagues showed that, by creating a mitochondrial DNA polymerase mutant, neutrophils had an altered motility in vivo [START_REF] Zhou | Neutrophil-specific knockout demonstrates a role for mitochondria in regulating neutrophil motility in zebrafish[END_REF]. It is well documented that, in many migrating cells, such as cancer cells and lymphocytes, motility is induced with localized ATP production (reviewed by [START_REF] Furnish | Purinergic P2X4 receptors and mitochondrial ATP production regulate T cell migration[END_REF]Ledderose et al., 2018 [108,109]). In neutrophils, it seems that it is the maintenance of the mitochondrial membrane potential that is crucial for migration [START_REF] Zhou | Neutrophil-specific knockout demonstrates a role for mitochondria in regulating neutrophil motility in zebrafish[END_REF], which suggests that mitochondria can drive cell migration with additional mechanisms, not only through ATP production. Another report describes the role of exogenous glutamine in neutrophils chemotaxis. The authors showed that glutamine administration impairs neutrophils migration during endotoxemia, induced by E. coli lipopolysaccharide (LPS) [112]. The migration of neutrophils was enhanced in the absence of glutamine, which suggests a drop in glutamine concentration during infection would facilitate neutrophils migration to inflammation sites. In endothelial cells, glutamine was shown to promote proliferation and not migration [113]. In transformed breast cells, glutamine deprivation enhanced inflammatory gene expression [114]. Thus, the enhanced neutrophil motility could be explained by an active phenotype, which is promoted by glutamine deficiency causing metabolic stress. Thus, the administration of glutamine during infection should be wisely reviewed since it seems to have potentially deleterious anti-inflammatory properties.

The role of neutrophils in inflamed tissues di↵ers depending on the cause of inflammation. In the case of infection, neutrophils will be the first line of defense, using a myriad of anti-bacterial mechanisms to overcome pathogen propagation. However, in the case of auto-immune diseases, such as systemic vasculitis, systemic lupus erythematosus, rheumatoid arthritis, and some cancer types, neutrophils acquire a pro-inflammatory phenotype, which induces tissue damage, cancer progression, and, thus, the severity of the disease. It is, therefore, important to consider a heterogeneity in terms of pro-inflammatory or anti-inflammatory phenotypes among neutrophil populations depending on the inflammation type/source and local micro-environment.

Neutrophils Metabolic Shift upon Neutrophil Antimicrobial Functions Activation

Several metabolic pathways have been shown to be required for neutrophil antimicrobial functions, as briefly reviewed below. However, the impact of antimicrobial function activation on a potential metabolic shift has not been reported so far and remains an important question to be addressed.

Borregaard and colleagues provided the first link between metabolism and antimicrobial activity [18]. The authors demonstrated that resting neutrophil produce ATP mainly through glycolysis from glucose taken up from the surrounding medium. During phagocytosis, no significant change of the ATP generation rate was reported, while a fall in intracellular ATP concentration was observed, due to energy utilization. Consistently, it was shown that mitochondria do not play a role in phagocytosis regulation [19]. Nevertheless, neutrophils were also shown to use di↵erent energy sources for di↵erent functions, demonstrating the versatile nature of neutrophils [115].

More recently, other anti-microbial functions, such as NADPH production via NOX and NET formation, were shown to be glucose-dependent and glycolysis-dependent [START_REF] Azevedo | A Metabolic Shift toward Pentose Phosphate Pathway Is Necessary for Amyloid Fibril-and Phorbol 12-Myristate 13-Acetate-induced Neutrophil Extracellular Trap (NET) Formation[END_REF]116]. The NADPH used by NOX originates from the PPP, which demonstrates the importance of a tightly regulated glucose metabolism in neutrophil functions. Moreover, hyperglycemia was shown to promote NET formation [14], explaining the increased number of spontaneous NETs observed in Type 2 diabetes mellitus patients. However, deficient NET formation has been reported in high glucose concentrations, describing the released NETs as unstable and containing decreased amounts of anti-microbial peptides compared to NETs released in physiological glucose concentrations [117,118]. It has been suggested that high glucose concentration activates neutrophils, and hinders them to react to additional stimuli, such as LPS [119,120]. It is currently well accepted that hyperglycemia impairs many neutrophils' key functions [121], such as phagocytosis, ROS production, and bacterial killing, as reviewed by Insuela and colleagues [121]. The exact mechanism involved in neutrophil impairment in high-glucose conditions remains to be identified. Nevertheless, since glucose concentration seems to be the centerpiece of neutrophil functions, the choice of the cell culture medium for in vitro experiments is crucial (e.g., RPMI medium contains 11 mM glucose).

On the other hand, in the absence of extracellular glucose, ATP generation in neutrophils is exclusively associated with glycogenolysis, which consists of breaking down glycogen molecules present in the cytosol of neutrophils. It has been demonstrated that, in the absence of glucose, ATP generation decreases from 1.3 fmol/cell/min to 0.75 fmol/cell/min [18]. Yet, phagocytosis was shown to upregulate ATP generation (and glycogenolysis) up to 1.2 fmol/cell/min [18]. However, it has not been reported whether or not NET formation e ciency is modulated in these conditions, which raises the question of NET formation potential in glucose-poor environments. Moreover, the di↵erences of glucose-associated anti-microbial functions in terms of e ciency and energy metabolism during glycogenolysis or in the presence of glucose remains to be further investigated.

The importance of glycogen storage and utilization has been elegantly demonstrated by Walmsley and colleagues. The authors showed that, in the absence of Phd2, the HIF-hydroxylase, by inhibiting the HIF pathway activation, neutrophil functions were enhanced [START_REF] Sadiku | Prolyl hydroxylase 2 inactivation enhances glycogen storage and promotes excessive neutrophilic responses[END_REF]. Moreover, hypoxia pre-conditioning activating HIF and increasing glucose utilization, was shown to increase the e ciency of neutrophils in terms of antimicrobial activity [122]. Since HIF-1 plays a crucial role in the adaptation to low oxygen concentrations by upregulating glycolysis, we can appreciate that the regulation of the glycolytic flux and glycogen storage are important during pathogen clearance but also during inflammation resolution [START_REF] Sadiku | Prolyl hydroxylase 2 inactivation enhances glycogen storage and promotes excessive neutrophilic responses[END_REF]. Until now, no direct link between glutaminolysis or a shift toward this metabolic pathway upon neutrophil antimicrobial function activation has been reported.

As previously mentioned, NET formation relies on glucose metabolism in terms of NOX activity (PPP) and energy production (glycolysis), which correlates with observation of Glut1 and Glut3 upregulation upon PMA stimulation [START_REF] Maratou | Glucose transporter expression on the plasma membrane of resting and activated white blood cells[END_REF]. However, besides NOX-dependent NETs (ND-NETs), NOX-independent NETs (NI-NETs) have also been characterized. NI-NETs are induced by calcium ionophores, which enhances mitochondrial ROS production [123] and are, therefore, believed to be less dependent on glucose metabolism. Although the source of ROS di↵ers between ND-NETs and NI-NETs, the di↵erence in terms of energy metabolism has not been investigated. Moreover, oxygen seems to be the centerpiece of NET formation. However, in inflammatory conditions, oxygen concentration tends to be very low compared to the atmospheric oxygen concentration (21%). This parameter should be taken into account when investigating ROS-induced anti-microbial functions in vitro. In addition, increased pH has also been described as an enhancer of 125]. The authors explained the pH sensitive nature of NI-NETs by demonstrating that many key enzymes participating in NI-NET formation have an alkaline pH optimum. However, the authors did not investigate changes in energy metabolism in increased pH conditions. It is, however, known and described in leukocytes that glycolysis is optimal at pH 7.5 and is enhanced in alkaline pH [126]. Overall, these reports clearly demonstrate the impact of environmental changes, such as pH on enhancing neutrophil key functions during inflammation.
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Metabolic Shift during Infection

Metabolic shifts may occur at infectious sites in response to changes in the neutrophil microenvironment due to the presence of pathogens, rather than a result of neutrophil activation, as illustrated by the depletion of oxygen due to bacterial aerobic respiration [START_REF] Tinevez | Shigella-mediated oxygen depletion is essential for intestinal mucosa colonization[END_REF] in comparison with neutrophil ROS production [127]. However, the concentrations of glucose or glutamine at infectious sites remain largely unknown so far. Since most changes in metabolism are linked to alterations in the carbon and nitrogen energy metabolism, understanding these changes will enable a better characterization of neutrophil adaptation to pathophysiological conditions. Some examples of metabolic modulation during infection will be discussed afterward.

In general, intracellular bacteria trigger "host core defense mechanisms," which consist of inducing the production of ROS and reactive nitrogen species. These core functions in host cells are controlled by NF-B and are activated by pathogen-associated molecular patterns (PAMPs). Several PAMP-associated NF-B targets are linked with metabolic reactions, such as heme oxygenase-1, Ca 2+ transporters, divalent metal ions, adenosine-and adenosine-monophosphate deaminases, indolamine-2,3-dioxygenase, and upregulation of mitochondrial O 2 respiration [128]. Besides NF-B, another transcription factor, such as HIF-1, has also been linked to host defense mechanisms. Strikingly, the stabilization and activation of HIF-1 during infection was shown to be oxygen-independent [129], which raises the question of intracellular oxygen availability during intracellular pathogen infection. In neutrophils, several intracellular pathogens have been shown to induce a "pro-bacteria" metabolism. Francisella tularensis, which is the causative agent of tularemia, is able to inhibit neutrophil ROS production by secreting several acid phosphatases [130]. Similar acid phosphatases are produced by Coxiella burnetii and released via the T2SS, which causes a dramatic decrease in neutrophil NADPH oxidase and, thus, ROS production [131].

Besides modulating the intracellular compartment, many pathogens shape the extracellular infectious microenvironment. Together with glucose and other carbohydrate consumption, pathogens can also consume oxygen, which leads to a transition from inflammatory hypoxia to infectious hypoxia. Many oxygen-utilizing bacteria, such as E. coli, can utilize oxygen at nanomolar levels [132], which explains the severity of tissue hypoxia during infection.

Infectious hypoxia was recently reviewed by Arena and colleagues [START_REF] Arena | The infectious hypoxia: Occurrence and causes during Shigella infection[END_REF]. In addition to resident host cells and infiltrating immune cells, bacteria also consume oxygen, which prevents its further use by neutrophil NADPH oxidase and illustrates the "battle for oxygen" occurring during bacterial infections.

How and if tissue oxygenation and glutamine or glucose availability during infection can modulate the energy metabolism of neutrophils and other immune cells remains to be studied. It seems possible that a metabolic shift will occur not only upon arrival to the infectious inflammation site but also during inflammation, where the microenvironment may change.

Importance of Metabolic Shifts in Neutrophil Population Heterogeneity

In recent years, several observations had led to the understanding that neutrophils do not always form a homogenous population, especially in auto-immune disease and cancer. The identification and classification of di↵erent neutrophil subtypes together with immunometabolism has opened a new field of research discussed hereafter.

Tumor-Associated Neutrophils

Neutrophils are mostly associated with anti-tumoral functions, such as direct tumor cell killing and antigen presentation, which increases cytotoxic T lymphocyte-mediated anti-tumor immunity. However, it is now clear that neutrophils do not form a homogenous population and can play an important role in tumor progression by impairing the activation of CD8 + T cells and enhancing tumor invasion through NETosis [133,134]. Two major neutrophil subpopulations have been intensively studied in the tumor microenvironment, which include tumor associated neutrophils (TANs) and myeloid-derived suppressor cells (MDSCs). First, defined in 2007 [135], MDSC are the most studied neutrophil-like cell population in cancer progression, present in great numbers in several cancer models [136][137][138]. It was first suggested that MDSCs are immature myeloid cells, able to di↵erentiate into macrophages (tumor-associated macrophages, TAMs) or neutrophils (tumor-associated neutrophils, TANs) based on their myeloid origin (PMN-MDSCs and M-MDSCs). Metabolically, MDSCs are described as flexible, able to sense and adapt to di↵erent TMEs. For example, several studies point out the importance of lipid oxidative metabolism in these cells, especially in low glucose availability [139][140][141]. However, a recent publication challenges the link between lipid uptake and an energetic switch in MDSCs. Even if an upregulation of fatty acid transport protein 2 in PMN-MDSCs was observed, it did not lead to changes in the energy metabolism of MDSCs [142]. Nevertheless, it did increase the synthesis of prostaglandin E 2 from arachidonic acid , contributing to the immunosuppressive activity of .

Similar to macrophages, (M1 for anti-tumor and M2 for pro-tumor [5,6]) neutrophils are also reported to form two populations, N1 (anti-tumor/anti-inflammatory) and N2 (pro-tumor/pro-inflammatory) [7]. Even if phenotypically di↵erent, there is no current marker to distinguish N1/N2 neutrophils in the tumor micro-environment.

The pro-inflammatory/pro-tumor neutrophils (N2), which are also called N2 TANs, are characterized by the release of excessive ROS, which enable cancer progression in several ways. Since increased ROS stabilizes HIF1, it promotes VEGF and MIF production, which are both important in cancer progression and chemotherapy resistance [143].

Because N2 TANs promote cancer metastasis to distant organs, they are now considered a potential therapeutic target. Currently, not much is known about the energy metabolism of TANs. However, similarities with tumor-associated macrophages (TAMs) can be drawn.

In the tumor microenvironment, high numbers of M2 TAMs (pro-tumor/pro-inflammatory phenotype) is associated with tumor growth, metastasis, angiogenesis, and poor prognosis. It is progressively acknowledged that, because of their high plasticity, macrophages undergo metabolic changes that establish their functional fate. The metabolic shift toward the M2 phenotype in TAMs occurs when they accumulate in hypoxic areas of the tumor micro-environment [144]. In these conditions, TAMs will be exposed to lactic acid produced by the cancer cells, stabilizing HIF-1↵, even in the presence of increased oxygen levels [145]. Consequently, M2 TAMs will adapt to aerobic glycolysis, which is also known as the Warburg e↵ect, a hallmark of cancer.

Recent evidence suggests that not only do cancer cells modulate the metabolism of immune cells, but also immune cells, such as macrophages, enhance tumor hypoxia by depleting oxygen and secreting TNF↵ by inducing the glycolytic phenotype observed in tumors [146].

Although similarities have been drawn between PMN-MDSCs and N2 TANs, recent findings suggest otherwise. Results from transcriptomic analyses comparing MDSCs, TANs, and normal neutrophils revealed that MDSCs resemble more normal neutrophils, than TANs [147], which indicates that MDSCs and TANs are clearly two di↵erent populations with di↵erent mechanisms. Compared to MDCSs, TANs showed a lower expression of granule proteins and the NOX complex, which are both important for major neutrophil functions [147]. Recently, a new tumor-associated neutrophil population was described by Rice et al.,. This subpopulation was characterized with the ability to use mitochondrial oxidative metabolism in low glucose availability. The authors showed that, in a limited glucose supply, TENs were able to use FAO-OxPHOS metabolism to maintain their NADPH supply, which is essential for ROS production.

Another recent publication highlights the link between neutrophil mitochondria and motility in vivo [START_REF] Wittig | Supercomplexes and subcomplexes of mitochondrial oxidative phosphorylation[END_REF]. The authors showed that, similar to cancer cells, migrating neutrophils have mitochondria localized in the front and in the rear, which could serve the purpose of localized ATP production. Bao and colleagues, however, demonstrated that, although neutrophils produce most of their ATP via glycolysis, mitochondria are essential for producing the ATP that triggers their activation via a purinergic signaling process [111]. They observed that external stimulation of neutrophils with fMPL increased the DY m and released ATP, which leads to Ca 2+ mobilization and oxidative burst.

Low-Density Neutrophils

Low-density neutrophils (LDNs) are a population of neutrophils obtained from the PBMC (peripheral blood mononuclear cells) fraction after density gradient centrifugation. LDNs are currently divided into two subpopulations, which include the immunosuppressive LDNs, mainly found in cancer, pregnancy, infections, and systemic inflammation; and the proinflammatory LDNs, mainly found in autoimmune diseases, such as systemic lupus erythematosus and anti-neutrophil cytoplasmic autoantibody (ANCA) vascularitis, and often referred to as low density granulocytes (LDGs).

Although LDNs have been found in many tumor microenvironments, their presence in liver metastasis seems to be the most relevant [149]. Recently, Hsu et al. showed that cancer-cell-produced granulocyte colony-stimulating factor (G-CSF) was involved in the mobilization of immature low-density neutrophils (iLDNs), which promote extensive liver metastasis. These immature cells constitute another subpopulation of LDNs found in several disease models. Mature LDNs, however, seemed to inhibit the formation of liver metastases. In liver metastases, iLDNs were shown to engaged in mitochondrial-dependent ATP production and were able to perform NETosis under nutrient-deprived conditions (without glucose). This is uncommon since NETosis has been reported to rely strongly on glucose availability in mature neutrophils [116]. The authors reported that iLDNs relied on the catabolism of glutamate and proline to support mitochondrial-dependent metabolism in the absence of glucose.

With some exception discussed previously, not much is known about tumor/metastasis-promoting neutrophils. Since similarities are drawn between TAMs and neutrophil-like tumor promoting cells (PMN-MDCSs, TANs, TENs, LDNs), the question regarding if neutrophils serve a similar purpose in the tumor microenvironment remains uncertain.

Taken together, it seems like tumor-promoting neutrophils are metabolically more flexible than circulating neutrophils, which enables them to adapt in situ to di↵erent tumor micro-environments.

Conclusions

Neutrophil metabolism plays a central role in their survival in changing environments encountered during their life cycle beginning from their development to the activation of their antimicrobial functions. Neutrophil metabolism dysregulation has been observed in many inflammatory diseases such as diabetes, sepsis, cystic fibrosis, lupus, or atherosclerosis [150]. The link between metabolism modulation and several activation pathways has been established in many reports. However, no direct link has been established with changes of their micro-environment and the availability of key metabolites such as glucose, glutamine, and oxygen. Major e↵orts should be made in the future to assess local micro-environmental changes, which requires the development of new and non-disruptive methods to perform quantification in situ. As outlined in Figure 1 and Table 1, knowledge remains scarce in pathophysiological conditions. It has to be highlighted in this section that, without these data, any attempt to validate the relevance of neutrophil metabolic adaptation in health and diseases will be challenging.

Most of the recent studies are aimed at describing the impact of neutrophil metabolic shifts on neutrophil survival and activation. However, the impact of neutrophil activation on neutrophil metabolic shift induction should also be considered, even though it remains largely unexplored. This idea may be supported by the fact that neutrophil metabolic activity and activation may di↵erentially "imprint" their microenvironment (oxygen availability, pH, glucose, or glutamine concentration), potentially leading to secondary metabolic shifts. As a consequence, the contribution of neutrophil metabolic shifts in the neutrophil lifecycle has likely been underestimated so far and, thus, represents an attractive emerging field of research. It is anticipated that neutrophil metabolic shifts will be di↵erent in inflammatory and infectious diseases and may be considered in the future as a specific "signature" for the development of the pathology. Further investigations are urgently needed to fully understand how neutrophils adapt to their microenvironment and to decipher to which extent their metabolic shifts impact the outcome of inflammatory diseases, to envision new therapy strategies.

MATERIALS AND METHODS

Blood collection and neutrophil purification

All participants gave written, informed consent in accordance with the Declaration of Helsinki principles. Peripheral human blood was collected from healthy patients at the ICAReB service of the Pasteur Institute (authorization DC No.2008-68) and from the Établissement Français du Sang (EFS) Bordeaux and Strasbourg (authorization ALC-PIL-DIR-AJR-FO-606). Human blood samples were collected from the antecubital vein into tubes or blood collection bags containing sodium citrate (3.8% final) as an anticoagulant.

For "long" human neutrophil purification, neutrophils were purified in an anoxic chamber (0% O2) or at atmospheric conditions (21% O2). Whole blood samples were centrifuged at 1800 rpm for 20 minutes without a break. Platelet-rich plasma was collected and centrifuged at 3800 rpm for 20 min to form platelet-poor plasma. Blood cells were resuspended in NaCl 0.9% and dextran sulfate (0.72%). After 30 min sedimentation, the leukocyte-containing upper layer was centrifuged at 300x g for 10 min. The resuspended pellet was separated on a 42% Percollplasma (GE Healthcare) gradient by centrifugation at 800x g for 20 min. Neutrophils were collected from the pellet with remaining red blood cells. Red blood cells were removed using CD235a (glycophorin) microbeads (negative selection of neutrophils, Miltenyi Biotec).

For "fast" purification of human neutrophils we used MACSxpress Whole Blood Neutrophil Isolation Kit, human (Miltenyi Biotec), and followed the manufacturer's instructions.

Purified neutrophils were counted and centrifuged at 300x g for 20 minutes, resuspended in autologous plasma at 10.10 6 cells/ml, and kept in the anoxic chamber until use.

Bioenergetics

OXPHOS. The respiratory parameters of human neutrophils were determined with a highresolution respirometer Oxygraph-2k (OROBOROS Instruments, Austria), which uses a Clarktype oxygen electrode to measure oxygen consumption.

The parameters of mitochondrial respiration were measured with 2.10 7 cells in 2 ml of SILAC-RPMI 1640 (ThermoFisher)-Hepes buffer (0 mM glucose, no phenol red, no glutamine) or RPMI 1640 (ThermoFisher)-Hepes buffer (11 mM glucose, no phenol red, no L-glutamine).

To determine the activity of the respiratory chain, the system was saturated with the addition of pyruvate-Na (2 mM). 150 µM DNP (2, was added (in 3 consecutive doses of 50 µM) to obtain the maximal respiratory chain activity, and the experiment was finished with the addition of 0.5 µM Antimycin A (inhibitor of complex III of the ETC) to ensure the mitochondria specificity of the oxygen consumption.

GLYCOLYSIS. The glycolytic capacities of human neutrophils were assessed by Dr. Joao Diniz de Araujo from Institut Pasteur.

Extracellular acidification rate (ECAR), which is considered a reliable way of accessing glycolysis [START_REF] Zhang | Measuring energy metabolism in cultured cells, including human pluripotent stem cells and differentiated cells[END_REF] ATP MEASUREMENT. The ATP content in neutrophils was determined using neutrophil extracts, adapted from Loret et al. [START_REF] Loret | Revised procedures for yeast metabolites extraction: application to a glucose pulse to carbon-limited yeast cultures, which reveals a transient activation of the purine salvage pathway[END_REF]. Briefly, 1.10 6 neutrophils were added to 5 ml of cold extraction buffer (ethanol/10 mM Hepes, pH 7.2 (4/1 vol/vol)) and incubated at 80°C for 3 min. Samples were then evaporated using a rotavapo apparatus. The residue was resuspended in 500 µl of dH2O and centrifuged to remove insoluble particles. The samples were centrifuged twice to remove debris at maximal speed for 10 min. The separation of metabolites was performed as described in Pinson et al. on a CarboPac PA1 column, linked to an ICS3000 chromatography workstation (Dionex), by using a NaOH/Na acetate gradient [START_REF] Pinson | Dual control of NAD + synthesis by purine metabolites in yeast[END_REF]. 120 µl of sample was injected, representing the content of 2.4x10 5 neutrophils. Sugar phosphate and nucleotide derivates were, respectively, detected by amperometry (IntAmp, carbohydrates standard quad potential ED50; Dionex) and UV diode array (Ultimate 3000; Dionex) detectors. ATP and ADP peaks were determined using Chromeleon TM software (ThermoFisher).

Flow cytometry

Cell viability and mitochondria content was measured with flow cytometry. First, the cells were Purified cell sample preparation. 1.10 6 neutrophils were fixed on glass coverslips using 3% PFA for 30 min at RT. Samples were washed and permeabilized with PBS-Triton 0.1% and stained with primary and secondary antibodies for 1h at RT. The slides were mounted using ProLongGold® (Invitrogen) and allowed to dry overnight at RT.

Colonic tissue sample preparation. Slides were fixed with 4% PFA for 10 minutes at RT.

Samples were washed and permeabilized with PBS-Triton 0.1% for 15 min at RT and saturated with PBS-Triton-0.1%-BSA-0.2% for 1h at RT. Staining with primary antibodies was done overnight at 4°C, proceeding staining with secondary antibodies for 1h at RT. Slides were mounted with ProLongGold® (Invitrogen) and allowed to dry overnight at RT. Primary antibodies used (reference, species, dilution): TOMM20 (ab186734; rabbit; 

Guinea pig model and infection with Shigella

The protocol used for obtaining Shigella-infected guinea pig colons is described by [START_REF] André | The ascribate-deficient guinea pig model of shigellosis allows the study of the entire Shigella life cycle[END_REF] Briefly, young conventional guinea pigs (3 weeks old; female; Dunkin-Hartley; <150 g) were used to study changes in the metabolite abundance during infection with Shigella.

Guinea pigs were fed for fifteen days with an ascorbate-deficient diet specifically designed and produced by Safediet (<50 mg ascorbate/kg). Guinea pig infection with Shigella infection was achieved with Shigella flexneri 5a wild-type, Shigella flexneri 2a and S. sonnei wild-type strains, performed by intrarectal challenge (Tinevez et al., 2019), or oral challenge of animals with 10 10 CFU exponentially grown. Infections proceeded 30h before animals were sacrificed.

Experimental procedures were approved by the Institut Pasteur ethics committee (auth. n°190127).

The distal colon was sectioned (7 cm) and flash-frozen in liquid nitrogen for metabolite ascorbate abundance quantification (using imaging mass spectrometry, see below).

Glucose dosage

Glucose dosage of infected colonic tissues was performed by Dr. Joao Diniz de Araujo. Briefly, tissues were homogenized and digested with Precellys® and glucose was quantified from the supernatants using a commercial D-glucose oxidase kit according to the manufacturer's instructions (GAGO-20, Sigma, St. Louise, MO, USA).

Imaging mass spectrometry (IMS) for metabolite mapping in colonic tissues

Metabolite mapping was done using frozen (15 μm, Leica Microsystems, CM1950, Germany) guinea pig colonic tissue samples. Samples were mounted onto indium-tinoxide (ITO)-coated glass slides (Bruker Daltonik, Bremen, Germany) pretreated with 1:1 poly-Llysine (Sigma Aldrich, Munich, Germany) and 0.1% Nonidet P-40 (Sigma). The air-dried tissue sections were spray-coated with 10 mg/ml 9-aminoacridine hydrochloride monohydrate matrix (Sigma-Aldrich, Munich, Germany) in 70% methanol using the SunCollect™ sprayer (Sunchrom, Friedrichsdorf, Germany). Spray-coating of the matrix was conducted in eight passes The number of intracellular bacteria was assessed by the addition of gentamycin (1/1000; antibiotic) to infected cells for 30 min, followed by centrifugation at 2000 rpm for 10 min, removal of the media and cell lysis in 1 ml of 1%Triton-PBS lysis buffer. 10 µl of the lysate was added into 90 µl PBS in a 96-well plate for 10x dilutions (10 -1 -10 -6 ). 10 µl of dilutions were plated (drops) on LB-plates and incubated at 37℃ O/N. Each condition was done in 2 replicates 3 times. CFU-s were counted and the number of intracellular bacteria calculated.

REPLICATION ASSAY. In order to assess the intracellular replication efficiency of Shigella, 1.10 6 human neutrophils were infected with S. flexneri 2a, S. flexneri 5a and S. sonnei at MOI 20 for 1h in the absence or presence of oxygen (0% and 21%) in in SILAC-RPMI (ThermoFisher) containing lysine (0.2 mM), arginine (1 mM), Hepes (10 mM), pyruvate (0.01 mM) and 10% autologous plasma, complemented or not with glucose (0mM and 15mM).

Plates were centrifuged 10 min at 2000 rpm prior to incubation. After 1h, gentamycin (1/1000) was added for 30 min followed by media exchange (without gentamycin). Plates were incubated for another 2h in the respective conditions. The media was removed and cells lysed with 1 ml of 1%Triton-PBS lysis buffer. 10 µl of the lysate was added into 90 µl PBS in a 96well plate for 10x dilutions (10 -1 -10 -6 ). 10 µl of dilutions were plated (drops) on LB-plates and incubated at 37℃ O/N. Each conditions was done in 2 replicates 3 times. CFU-s were counted and the number of intracellular bacteria calculated.

As a control for initial bacterial load in wells, 20.10 6 bacteria were added to 1 ml RPMI media containing wells without neutrophils and dilutions were done in the same way.

168 Results are expressed in mM glucose.

GLUCOSE
To assess the glucose-consumption ability of both Shigella and human neutrophils, freshly isolated neutrophils were plated in 96-well polystyrene plates at a density of 5×10 

RNA extraction and RNAseq analysis

RNA was obtained using 5.10 7 purified neutrophils. Briefly, cells were washed with PBS 1x and pelleted for 5 min at 1400 rpm. Cells were then lysed with 350 µL of RLT buffer (Qiagen).

Lysed cells were resuspended with a sterile needle to increase lysis efficiency. Samples were stored at 80°C.

EXTRACTION.

Lysed samples were thawed. 3 volumes of TRIzol was added to each sample followed by vortex and short spin. Then, 1/5 of chloroform was added, followed by another vortex of 15 sec. Samples were incubated 2-3 minutes at RT before transferring them to PLG heavy tubes. Samples were centrifuged 15 min at 12000g at 4°C. RNA-containing aqueous solution was then transferred into a new tube. The following steps were done at RT using RNeasy Mini Kit (Qiagen), following the manufacturer's instructions. Obtained RNA was quantified with Nanodrop and the quality was assessed with Tapestation.

RNA samples were analyzed by the Cochin GENOM'IC platform where RNA was sequenced and analyzed with Deseq2 method.

Neutrophil mitochondria purification

Human neutrophils were suspended in ice-cold PBS 1x at 27.10 6 cells/ml containing DFP (0.5 µL/mL) and incubated on ice for 15 min. Cells were centrifuged at 1300 rpm for 10 min at 4°C. The pellet was resuspended in relaxation buffer 1x (3 mM PMSF, 1 mM orthovanadate, 400 µM pepstatin, 400 µM leupeptin, 1 mM ATP, 1 mM EDTA) at 20.10 6 cells/ml and added into the cavitation bomb chamber. Pressure was stabilized at 350 psi for 20 minutes with nitrogen. Cell lysates were collected in tubes containing 1.25 mM EGTA.

For mitochondria purification, we used the lysate of 2.10 7 neutrophils and the Mitochondria Isolation kit (Miltenyi Biotec) following manufacturer's instructions. The mitochondria fraction was centrifuged twice at 13 000 rpm and suspended in 10 µl mitochondria buffer (250mM sucrose, 20mM Tris, 1mM EGTA) and kept at on ice.

Data analysis

Data were analyzed using Prism 8.0 software (GraphPad). For statistical analyses, significance was accepted when P≤0.05 (Student's t-test, ANOVA). Data are expressed as mean ± SEM and are representative of at least 3 independent experiments.

IMS DATA ANALYSIS.

Pathway enrichment analysis for IMS data was applied using two modules on Metaboanalyst website (http://www.metaboanalyst.ca/): "statistical analysis", for fold change analysis (untargeted approach), and "pathway analysis", to identify pathways linked to identified metabolites (targeted approach). Pathway analysis was done using identified masses from the HMDB database.

RNA-SEQ DATA ANALYSIS. To assess the ontological enrichment of gene sets associated with specific metabolic pathways (glycolysis, TCA cycle, FAO, OXPHOS) the KEGG pathway database of metabolic pathways. For mitochondria-associated genes we used the Mitocarta 2.0 database, containing 1158 human genes encoding proteins with strong support of mitochondrial localization.

Volcano plots and heatmaps were generated using the R packages ggplot2 and superheat respectively.

For enrichment analysis of gene clustering and visualization based on their differential expression level, we used Search Tool for the Retrieval of Interacting proteins database (STRING, v11) [START_REF] Szklarczyk | The STRING database in 2017: quality-controlled protein-protein association networks, made broadly accessible[END_REF]. The STRING database collects, score and integrate all publicly available sources of protein-protein interaction information, giving computational predictions and highlighting functional enrichments using functional classification systems, such as GO, Pfam and KEGG. A protein interaction-network was built based on high confidence (0.7) evidence. The confidence score is the approximate probability that a predicted link exists between two enzymes in the same metabolic map in the KEGG database. The line thickness between genes indicates the strength of the data support.
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Figure 2

 2 Figure 2 Schematic representation of glucose utilization via glycolysis and PPP. Glucose enters the cells via solute carriers and is immediately transformed into G6P by the hexokinase (HK). Glycolysis (left) consists of 10 consecutive enzymatic reactions which require 2 molecules of ATP to produce 4, and 2 NADH. PPP (right) consists of an oxidative phase, producing NADPH and a non-oxidative phase producing glycolysis substrates (F6P, G3P).

Figure 3 .

 3 Figure 3. Schematic representation of the TCA cycle. TCA products are in orange boxes, alternative pathways employed by TCA products are in green boxes. NAD + is converted into NADH in steps 3, 4 and 8; FAD + is converted into FADH2 in step 6 and energy in form of GTP is formed in step 5.

Figure 4 .

 4 Figure 4. Schematic representation of the OXPHOS-ETC system. The representation consists of complexes I-IV of the respiratory chain and the ATP synthase. From Letts and Sazanov, 2017.

Figure 5 .

 5 Figure 5. Schematic representation of the G3P shunt/shuttle. An alternative electron transfer mechanism described in neutrophils between glycolysis and the mitochondrial ETC (CIII) using G3P dehydrogenases to transfer electrons to ubiquinone (Q). cGPD -cytosolic G3P dehydrogenase; mGPD -mitochondrial G3P dehydrogenase.

Figure 6 .

 6 Figure 6. Schematic representation of mitochondrial FAO. First, FA-s are transformed into acyl-carnitine in the cytosol before entering the mitochondria for FAO. FAO consists of four steps during which cofactors for OXPHOS and acetyl-CoA for the TCA are produced, leading to ATP production via OXPHOS.

Figure 7 .

 7 Figure 7. Schematic representation of neutrophil maturation in the bone marrow. The first steps of myelopoiesis produces neutrophil progenitors, forming a mitotic pool of proliferating cells with a dense cytosol and some granules. The mitotic pool matures into the post-mitotic pool, with non-proliferating cells having a decreased cytoplasmic density and more granules. During the post-mitotic phase, major changes in neutrophils nuclei shape can be observed, eventually becoming polylobal. 10 % of the produced segmented neutrophils will be released into the circulation under homeostatic conditions.

Figure 8 .

 8 Figure 8. Illustration of neutrophil transmigration towards an inflammation site.

Figure 9 .

 9 Figure 9. Images of human neutrophil uropod formation after fMLP stimulation.

Figure 10 .

 10 Figure 10. Granular content of neutrophils. Blood-purified neutrophils have high granular content. Here, an electron microscopy image identifying different neutrophil compartments (Nnuclei, M-mitochondria, G-Golgi apparatus) and different granules types (P-primary, Ssecondary, T-tertiary, SV-secretory vesicles). Adapted from Sheshachalam et al., 2014.

Figure 11 .

 11 Figure 11. Content of neutrophil granules. Content of azurophilic, specific, gelatinase granules and secretory vesicles. Modified and adapted from Eyles et al., 2006.

Figure 12 .

 12 Figure 12. Neutrophil NOX2 assembly and activation. Under homeostatic conditions membrane-bound (gp91 phox , p22 phox ) and cytosolic (P47 phox , P67 phox , P40 phox ) components of NOX2 are dissociated. Upon activation the two compartments and Rac GTPase assemble into a functional complex and use NADPH-derived electrons to fuel ROS production. Modified and adapted from Singel and Segal, 2017.

Figure 13 .

 13 Figure 13. Neutrophil phagosome formation and antimicrobial functions. Neutrophil phagosomal microbe killing mechanisms consist of 1) phagocytosis, 2) azurophilic granule fusion with phagosome 3) activation of NOX2 in phagosome membranes. In the phagosome, detoxifying enzymes (Sod, catalase) further process NOX2 produced ROS. Granular proteins (myeloperoxidase) and H2O2 react and form more powerful ROS, such as HOCl and chloramines). Adapted from Witko-Sarsat and Descamps-Latscha, 1994.

Figure 14 .

 14 Figure 14. The interplay of metabolism and antimicrobial functions in neutrophils. The entry and processing of metabolic substrates (glucose and glutamine) are shown in white circles. 1) Glucose entry via GLUT1 and/or GLUT3 receptors. Glucose is then used by glycolysis to produce energy (ATP) or PPP to produce NADPH for NOX2. 2) Glutamine entry via SLC transporter. Glutamine is transported into the mitochondria where it will be converted into ɑ-KGD that can enter the TCA cycle in exchange for NADPH that can exit the mitochondria and be used by NOX2. Antimicrobial functions are indicated with blue circles.1)

Figure 15 .

 15 Figure 15. PPARɣ activation. PPARɣ activation via ligand interaction induces the release of its repressor proteins from PPARɣ-RXRɑ complex and association of activation proteins SRC1 and CBP. The activated complex can then translocate into the nucleus, attach to PPRE elements and induce gene transcription (left). Ligan-bounds free PPARɣ can directly interact with NF-κB, inhibiting its translocation into the nucleus, and thus inhibiting NF-κB-mediated gene expression. Modified from Croasdell et al., 2015.

Figure 16 .

 16 Figure 16. HIF complex stabilization and inhibition mechanisms.

Figure 17 .

 17 Figure 17. Intrinsic and extrinsic pathways of apoptosis in neutrophils. Extrinsic apoptosis pathway is represented in white circles and consists of steps 1) attachment of death ligand to the death receptor, inducing the formation of the death-inducing signaling complex (DISC) that binds to the adaptor protein Fas-associated adaptor protein with death domain (FADD). 2) FADD enables the recruitment of pro-caspase-8 to the DISC complex leading to the generation of active caspase-8. 3) Caspase-8 activates BH3 interacting-domain death agonist (BID) and processes other pro-caspases, such as pro-caspase-3 and -7. BID activation activates the intrinsic pathway, represented in blue circles. 1) Besides caspase-8, cellular stress can also cause BID activation and truncation. 2) Truncated BID (tBID) translocated to the mitochondrial membrane and induces the oligomerization of B-cell lymphoma (Bcl) -2

Figure 18 .

 18 Figure 18. Representation of AIM2, NLRP3, ASC and Caspase-1 interaction domains.

Figure 19 .

 19 Figure 19. Pyroptosis induction in neutrophils.

Figure 20 .

 20 Figure 20. Image of a human neutrophil undergone NETosis after stimulation.

Figure 21 .

 21 Figure 21. Oxygen concentration in different human organs. Modified from Hancock et al., 2015.

Figure 22 .Figure 23 .

 2223 Figure 22. Description of the experimental plan used for neutrophil purification and culture.

Figure 24 .

 24 Figure 24. Nuclear envelope composition in most cells (A) and neutrophils (B).From[START_REF] Manley | The neutrophil nucleus: an important influence on neutrophil migration and function[END_REF] 

Figure 25 .

 25 Figure 25. The cell death phenotype in neutrophils exposed to oxygen in RPMI. A. TMRM profile of neutrophils purified in anoxic conditions and exposed or not to oxygen in complemented RPMI media for 3 and 24h, measured with flow cytometry. B. TMRM negative

Figure 26 .

 26 Figure 26. NLRP3 and AIM2 Inflammasome activation in human neutrophils exposed to oxygen. A. Schematic representation of the two well established ASC-dependent inflammasomes in human neutrophils, NLRP3 and AIM2. B. Immunofluorescence of T0 and 24h+O2 neutrophils using DAPI for DNA staining and ASC and AIM2 for inflammasome detection. C. Immunofluorescence of T0 and 24h+O2 neutrophils using DAPI for DNA staining, ASC and NLRP3 for inflammasome detection, and TOMM20 for mitochondria staining. Bars are 10µm.

Figure 27 .

 27 Figure 27. Immunofluorescence images of guinea pig colons infected with Shigella. Guinea pig colonic tissues infected with S. flexneri 5a (GFP) for 24h, stained with DAPI (nucleus), and MUB40-Cy5 (neutrophil granules).

Figure 28 .

 28 Figure 28. Glucose distribution in infected tissues. A. Glucose concentration in the guinea pig's colon in non-infected animals or animals infected with Shigella flexneri 5 for 8 and 30h. B. Extracellular glucose concentration (in the medium) after the addition of PMNs, S. flexneri 5a or both (PMNs + S. flexneri 5a), and intracellular (PMNs) glucose concentration with or without the presence of S. flexneri 5a. Incubation time 30 min, infection at MOI 20, temperature 37℃. *p<0.05. C. Glucose distribution in the guinea pig's colon infected with S. flexneri 2a, 5a and S. sonnei after 30h measured with imaging mass spectrometry. D. Glucose relative intensity in defined regions (epithelium, mucosa, muscularis mucosa, submucosa, muscularis propria and foci of infection) of the guinea pig's colon using imaging mass spectrometry.

Figure 29 .

 29 Figure 29. Changes in metabolite abundance in tissues infected with Shigella. Changes in metabolite abundance in the guinea pig's colonic tissues infected with S. flexneri 2a, 5a and S.

Figure 30 .

 30 Figure 30. Identified metabolic pathways in colonic tissue layers during Shigella infection.

Figure 31 .

 31 Figure 31. Impact of glucose in glycolysis and mitochondrial electron transport chain (ETC) activity in human neutrophils. A. Glycolytic activity and capacity of human neutrophils after glucose addition (glc. activity) and oligomycin addition (glc. capacity). B. Mitochondrial ETC basal (+pyruvate) and maximal (+DNP) activity in human neutrophils is the presence and absence of glucose measured by the oxygen consumption rate (pmol(s*ml) per 10 6 cells) with an Oroboros 2k-oximeter. *p=0.0303. C. Impact of glucose addition (5mM doses) on the maximal ETC activity (obtained with DNP addition) of human neutrophils measured by the oxygen consumption rate (pmol(s*ml) per 10 6 cells) with an Oroboros 2koximeter. *p=0.0273.

Figure 32 .

 32 Figure 32. Impact of oxygen availability on human neutrophil mitochondrial membrane potential and mitochondrial gene regulation. A. Mitochondrial membrane potential measured with TMRM in human neutrophils incubated without glucose in the presence or absence of glucose for 3h. B. Transmission electron microscopy images of fresh neutrophils and neutrophils incubated with or without oxygen for 3h in the absence of glucose. Red arrows indicate mitochondria.

Figure 33 .

 33 Figure 33. Impact of oxygen availability on human neutrophil mitochondrial membrane potential and mitochondrial gene regulation. A. Differential gene expression regulation due to differential oxygen exposure of human neutrophils. B. Venn's diagram comparing downand upregulated genes in neutrophils exposed or not to oxygen for 3h in the absence of glucose.

Figure 34 .

 34 Figure 34. Impact of oxygen availability on the expression of human neutrophil chemokines, cytokines, and TLRs in the absence of glucose. A. Representation of known neutrophil chemokines, pro-and anti-inflammatory cytokines and toll-like receptors. B. Heatmap representing the differential expression of chemokines, pro-inflammatory cytokines (C.), anti-inflammatory cytokines (D.), and TLRs (E.) in neutrophils exposed or not to oxygen in the absence of glucose.

Figure 35 .

 35 Figure 35. Antibacterial capacities of human neutrophils against Shigella flexneri 2a in differential glucose and oxygen availability. A. Neutrophil viability after 1h of S. flexneri 2a infection in -/+ O2 and -/+ glucose using PI in flow cytometry. B. Neutrophil count in 1ml after 1h of S. flexneri 2a infection in -/+ O2 and -/+ glucose. (*p=0.0204) C. Intracellular bacteria (GFP-tagged) measured in neutrophil infected with S. flexneri 2a infection in -/+ O2 and -/+ glucose for 1h measured with flow cytometry. D. Intracellular bacteria counted by neutrophil lysis after 1h infection by plating lysate onto LB plates in 10x dilution series and incubating plates at 37°C O/N.

Figure 36 .

 36 Figure 36. Antibacterial capacities of human neutrophils against Shigella flexneri 2a in differential glucose and oxygen availability. Images of fixed neutrophils infected with S. flexneri 2a in -/+ O2 and -/+ glucose, using immunofluorescence. Staining was done using DAPI for nuclei, MUB40 for granules, CII for mitochondria staining. Bacteria are GFP-tagged. Bars are 10µm.

Figure 37 .

 37 Figure 37. The mortality of human neutrophils due to infection with S. flexneri 2a, S. flexneri 5a and S. sonnei in differential glucose and oxygen availability. A. Viability of fresh neutrophils after 1h of S. flexneri 2a S. flexneri 5a and S. sonnei infection in -/+ O2 and -/+ glucose using PI and flow cytometry. B. Viability of pre-incubated (3h, -/+ O2, 0/15 mM glucose) neutrophils after 1h of S. flexneri 2a S. flexneri 5a and S. sonnei infection in -/+ O2 and -/+ glucose using PI and flow cytometry (*p=0.0451; *p=0.0403).

Figure 38 .

 38 Figure 38. Mitochondrial network in human neutrophils. A. Transmission Electron Microscopy images (TEM) of fresh human neutrophils and their mitochondria. Examples of mitochondria are marked with red rectangles. B. Cryo-EM images of neutrophil purified mitochondria. C. Immunofluorescence images of live or fixed fresh human neutrophils. Live

Figure 39 .

 39 Figure 39. Comparison of L-PMNs to F-PMNs in terms of viability, mitochondria abundancy and functionality. A. SSC/FSC profiles of long and fast purified neutrophils with flow cytometry. B. Mitochondrial membrane potential in L-PMNs and F-PMNs measured with TMRM with flow cytometry. C. TEM images L-PMNs and F-PMNs. Red arrows indicate mitochondria. The width and height of mitochondria in different conditions were measured, results are represented in the right panel. D. Oxygen-consumption rate of L-PMNs and F-PMNs measured with an Oroboros oximeter. The basal state was measured after pyruvate addition, the decoupled state was obtained after addition of DNP in 3 consecutive times. Specificity of mitochondrial O2 consumption was measured with the addition of Antimycin A (inhibitor of complex III). p=0.002. E. Assessment of ATP production via the mitochondrial ATP synthase by measuring intracellular ATP with HPLC in fresh L-PMNs and neutrophils treated with oligomycin for 30 min (ATP synthase inhibitor).

Figure 40 .

 40 Figure 40. Comparison of the oxygen consumption rate of L-PMNs purified with or without NAC supplementation. Oxygen-consumption rate measured in human neutrophils purified in the presence or absence of NAC (0.5 mM) in glucose-free RPMI medium with an Oroboros oximeter. Basal state was measured after pyruvate addition, the decoupled state was obtained after addition of DNP in 3 consecutive times. Specificity of mitochondrial O2 consumption was measured with the addition of Antimycin A (inhibitor of complex III).

Figure 41 .

 41 Figure 41. Metabolism-related transcription factor expression in human neutrophils in response to glucose starvation and exposure to differential oxygen levels. A. Volcano plots of gene expression, represented in -log10(p-value) vs log2FC comparing L-PMNs vs F-PMNs. B. Illustration of major transcription factors of the mitochondrial metabolism. C. Heatmap of previously described transcription factor comparing expression (log2FC) between L-PMNs and F-PMNs. Red crosses indicate significant p-value (<0.05).
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 42432345 Figure 42. Differential expression of glycolysis-, mitochondria-, FAO-, OXPHOS-and TCA cycle-associated genes in L-PMNs compared to F-PMNs. Differential gene expression (Deseq2) is represented in -log10 (p-value) and log2FC. Glycolysis-associated proteins are in pink, mitochondria-associated genes in purple, FAO-associated genes in green, OXPHOS-

Figure 2

 2 Figure 2 Schematic representation of glucose utilization via glycolysis and PPP.Glucose enters the cells via solute carriers and is immediately transformed into G6P by the hexokinase (HK). Glycolysis (left) consists of 10 consecutive enzymatic reactions which require 2 molecules of ATP to produce 4, and 2 NADH. PPP (right) consists of an oxidative phase, producing NADPH and a non-oxidative phase producing glycolysis substrates (F6P, G3P).

Figure 4 .

 4 Figure 4. Schematic representation of the OXPHOS-ETC system. The representation consists of complexes I-IV of the respiratory chain and the ATP synthase. Letts and Sazanov, 2017.

  Figure1The complexes of the mitochondrial OXPHOS-ETC. The experimentally determined structural models of the mammalian mitochondrial OXPHOS-ETC complexes are shown. The atomic structures of complex I (CI, ovine, PDB 5LNK)40 , complex II (CII, porcine, PDB 1ZOY)61 , complex III (CIII, bovine, PDB 1NTM)42 , complex IV (CIV, bovine, PDB 5B1A)43 and the medium-resolution structure of complex V (CV, bovine, PDB 5ARA) 107 are shown shaded by subunit with CI dark blue to light blue, CII cyan to light green, CIII 2 green to yellow, CIV magenta to red and CV red to yellow. The atomic structure of cytochrome c (cyt c, equine, PDB 5IY5) is shown in orange. Atoms from the models are shown as spheres. The reactions catalyzed by the complexes are shown. Q, ubiquinone; QH 2 , ubiquinol. The approximate boundary of the membrane is indicated by the light blue rectangle with mitochondrial matrix up and intermembrane space down.

Figure 5 .

 5 Figure 5. Schematic representation of the G3P shunt/shuttle. An alternative NAD + generation pathway is described in neutrophils between glycolysis and the mitochondrial ETC (CIII) using G3P dehydrogenases to transfer electrons to ubiquinone (Q). cGPD -cytosolic G3P dehydrogenase; mGPD -mitochondrial G3P dehydrogenase
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 34 Removal of electrons and protons from the hydroxyl group and β carbon by the βhydroxyl acyl-CoA dehydrogenase and production of NADH. Cleavage of the bond between the ɑ and the β carbon by CoASH producing one molecule of acetyl-CoA and two carbon shorter fatty acyl-CoA.

Figure 6 .

 6 Figure 6. Schematic representation of mitochondrial FAO. First, FA-s are transformed into acyl-carnitine in the cytosol before entering the mitochondria for FAO. FAO consists of four steps during which cofactors for OXPHOS and acetyl-CoA for the TCA cycle are produced, leading to ATP production via OXPHOS.

Figure 8 .

 8 Figure 8. Illustration of neutrophil transmigration towards an inflammation site. Neutrophil migration from the circulation to the inflammation site consists of selectin (PSGL-1, CD62L)-dependent rolling, integrin (CD11b, CD11a)-dependent adhesion to the epithelium and diapedesis through the epithelial layer and the extracellular matrix (ETC) towards the inflammation site.

  The first step of neutrophil transmigration is neutrophil "rolling". It consists of reducing neutrophil speed in the circulation without inducing stalling. Rolling is achieved by a transient expression of adhesion molecules creating only weak interactions between neutrophils and endothelial cells. Although being weak, these interactions are sufficient for neutrophil activation by endothelia-produced cytokines on the luminal surface. The activation will lead to the expression of integrins, such as lymphocyte function-associated antigen-1 (LFA-1/CD11a), macrophage-1 antigen (Mac-1/CD11b/CD18) and very late antigen-4 (VLA-4) on the plasma membrane, leading to a firm adhesion of neutrophils on the endothelial surface. Once firmly attached, neutrophils change in morphology and polarize. The polarization consists of F-actin polymerization into lamellipodia on the plasma membrane facing the chemotactic gradient (front). At the same time, myosin filaments associate with

Figure 9 .

 9 Figure 9. Live microscopy images of human neutrophil uropod formation after fMLP stimulation.

Figure 10 .

 10 Figure 10. Granular content of neutrophils. Blood-purified neutrophils have high granular content. Here, an electron microscopy image identifying different neutrophil compartments (N-nuclei, M-mitochondria, G-Golgi apparatus) and different granules types (P-primary, S-secondary, T-tertiary, SV-secretory vesicles). Adapted from Sheshachalam et al., 2014.

Figure 11 .

 11 Figure 11. Content of neutrophil granules. Content of azurophilic, specific, gelatinase granules and secretory vesicles. Modified and adapted from Eyles et al., 2006.

Figure 12 .

 12 Figure12. Neutrophil NOX2 assembly and activation. Under homeostatic conditions membrane-bound (gp91 phox , p22 phox ) and cytosolic (P47 phox , P67 phox , P40 phox ) components of NOX2 are dissociated. Upon activation, the two compartments and Rac GTPase assemble into a functional complex and use NADPH-derived electrons to fuel ROS production. Modified and adapted fromSingel and Segal, 2017. 

  family of transcription factors that regulate cellular differentiation, cell development and metabolism (FA synthesis and storage, glucose metabolism) under physiological conditions. However, under pathophysiological conditions, PPARs participate in the regulation of inflammation and immune response modulation.PPARs are members of the nuclear-hormone-receptor super-family and can be activated during events, such as environmental stress, nutritional stress and inflammation. So far, three of PPARs are FAs and eicosanoids (from the arachidonic acid metabolism), such as leukotrienes (LTs), hydroxyeicosatetraenoic acids (HETEs) and prostaglandins (PGs). PPARs are considered important TFs during inflammation resolution via the regulation of energy homeostasis, membrane lipid composition, apoptosis sensitivity and their ability to trans-repress other (pro-inflammatory) transcription factors, such as NF-κB, signal transducers and activators of transcription (STATs), activator protein 1 (AP1) and nuclear factor of activated T cells (NFAT) (reviewed in[START_REF] Daynes | Emerging roles of PPARS in inflammation and immunity[END_REF].

Figure 15 .

 15 Figure 15. PPARɣ activation.PPARɣ activation via ligand interaction induces the release of its repressor proteins from PPARɣ-RXRɑ complex and association of activation proteins SRC1 and CBP. The activated complex can then translocate into the nucleus, attach to PPRE elements and induce gene transcription (left). Liganbounds free PPARɣ can directly interact with NF-κB, inhibiting its translocation into the nucleus, and thus inhibiting NF-κB-mediated gene expression. Modified from[START_REF] Croasdell | PPARγ and the Innate Immune System Mediate the Resolution of Inflammation[END_REF] 
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 234 Mitochondria and mitochondrial transcription factors in inflammation Mitochondria canonical functions consist of the regulation of calcium homeostasis, energy production, apoptosis and cell differentiation. Mitochondria biogenesis is essentially regulated by PGC1ɑ and PGC1β TFs. However, many other TFs have been shown essential in this process, such as transcription factor A (TFAM), interferon regulatory factor 1 (IRF1) and nuclear respiration factors (NRF) -1 and -2.

Figure 17 .

 17 Figure 17. Intrinsic and extrinsic pathways of apoptosis in neutrophils.Extrinsic apoptosis pathway is represented in white circles and consists of steps 1) attachment of death ligand to the death receptor, inducing the formation of the death-inducing signaling complex (DISC) that binds to the adaptor protein Fas-associated adaptor protein with death domain (FADD). 2) FADD enables the recruitment of pro-caspase-8 to the DISC complex leading to the generation of active caspase-8. 3) Caspase-8 activates BH3 interacting-domain death agonist(BID) 

  next step of pyroptosis initiation is the formation of a cytosolic multiprotein complex called the inflammasome. The inflammasome consists of proteins mostly belonging to the NOD-like receptor (NLR) family. Members of NLR recognize intracellular PAMPs and DAMPs and play key roles in the innate immune response regulation. More specifically, inflammasomes are formed by members of the NLR subfamilies, the NLRPs and IPAFs. NLRPs contain a pyrin domain (PYD) and IPAFs contain a caspase recruitment domain (CARD). These domains are used to bind to an adaptor protein called apoptosis-associated speck-like protein containing CARD domain (ASC), which contains both a PYD and a CARD domain (Fig. 18).

Figure 18 .

 18 Figure 18. Representation of AIM2, NLRP3, ASC and Caspase-1 interaction domains.

  NLRP3 belongs to the NLR family and recognizes a myriad of PAMPs/DAMPs, such as bacterial exotoxins, bacterial and viral nucleic acids, hemozoin, protein aggregates, FAs, hyperglycemia, crystals, extracellular ATP and many others. NLRP3 is composed of three domains: an N-terminal PYD domain that recruits ASC, a central NACHT domain, composed of NAIP, class II major histocompability complex transactivator (CIITA), HET-E and TP1 that has an ATPase activity, and a C-terminal leucin-rich repeat (LRR) domain that can bind to HSP90, SGT1 and PML and regulates NLRP3 inflammasome activity. The key features of NLRP3 activation are a decrease of cytosolic K + , mitochondrial dysfunctions (loss of membrane potential, mROS, mtDNA release) and endolysosomal leakage. If the two latter ones are being questioned as essential for NLRP3 activation, then K + efflux is recognized as a fundamental necessity. The mechanisms of how K + efflux is achieved remain elusive. One of the proposed mechanisms is the use of purinergic P2X7 receptor that forms pore-forming channels enabling the release of K +(Chen and Nunez, 2010;[START_REF] Pelegrin | The P2X(7) receptor-pannexin connection to dye uptake and IL1beta release[END_REF].

Figure 19 .

 19 Figure 19. Pyroptosis induction in neutrophils. Pyroptosis initiation via PAMP recognition by membranebound TLR receptors (1a), inducing myeloid differentiation factor 88 (MyD88) dependent NF-κB activation via removal of its inhibitor IκB. Active NF-κB translocates into the nucleus and induces the expression of non-active pro-inflammatory cytokines, such as pro-IL1β, and inflammasome proteins (NLRP3, AIM2, ASC) (2).Inflammasome proteins form a complex in the cytosol (the inflammasome), capable of recruiting pro-caspase-1 and process it into active caspase-1 (3). Caspase-1 processes pro-IL1β into active IL1β and removes the inhibitory C-terminal part of Gasdermin D (GSDMD)(4). GSDMD form pores into the plasma membrane creating a leakage of ions (K + efflux, Ca 2+ influx)(5). Additionally, GSDMD pores enable the generation of NETs(5). Changes in ions permeabilize the plasma membrane and release active IL1β into the extracellular space creating a proinflammatory environment(6).

Figure 20 .

 20 Figure 20. Scanning electron microscopy image of a human neutrophil undergone NETosis after PMA stimulation. Unpublished data from our lab produced by A. André

Figure 21 .

 21 Figure 21. Oxygen concentration in different human organs. Modified from Hancock et al., 2015.

  Figure 1. e plasma oxygen level is low, mainly sustained by the ascorbate oxygen. (A) Blood collection tubes containing a limited amount of oxygen (Hypoxytubes; picture) have been designed and validated using an oximeter with a microsensor equipped with a steel needle. Commercial tube used as a control was BD Vacutainer K2E (EDTA). Results are expressed as Mean ± S.D.; **** indicates p < 0.0001, n = 20 (tubes). (B-C) Plasma oxygen level was directly quanti ed in whole venous blood collected in commercial tube or Hypoxytube. Plasma pO 2 quanti cations are expressed as Mean ± S.D.; ** indicates p < 0.01, n = 12 individual donors. (D) Plasma samples were loaded in closed cuve to record the time-dependent oxygen availability in fresh plasma, oxidized plasma and water, supplemented or not with 200 μM ascorbate (representative experiment). (E) Plasma oxygen reduction rates were quanti ed in fresh or oxidized plasma samples, as described in (D).
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 3 1% O 2 ) in Hypoxytube (p < 0.01): the latest value being the most accurate quanti cation of the plasma oxygen level (Fig.1C).

Figure 2 .

 2 Figure 2. e mitochondria abundance is reduced in circulating leucocytes in low-oxygenated plasma. (A) Immuno uorescence staining of white blood cells (WBCs: monocytes, lymphocytes and granulocytes) Hep-G2 cells, and HEK293T cells using anti-CII (mitochondria, red) and DAPI (nuclei, blue). Bars are 10 μm. (B) Flow cytometry analysis of WBCs (granulocytes, monocytes and lymphocytes), Hep-G2 and HEK293T. Representation of SSC and FSC pro les. (C) TMRM (mitochondria) intensity pro les in granulocytes, monocytes, lymphocytes, Hep-G2 and HEK293T cells (representative experiment) (D) Quanti cation of TMRM mean uorescence intensity (MFI) in cells described in (C). Results are expressed as Mean ± S.D.; **** indicates p < 0.0001 (one-way ANOVA with Tukey's test, see Tablesin Figure S2A), n = 4 independent biological samples.

  3-week Dunkin-Hartley guinea pigs (Charles River) were fed for een days with a standard diet (400 mg ascorbate/kg, Safediet ref. 106) or an ascorbate-de cient diet (< 50 mg ascorbate/ kg). Blood samples were collected in Hypoxytubes; plasma ascorbate concentration and pO 2 were determined as described above. Procedure approved by the Institut Pasteur ethics committee (auth. n°190127). Statistics. Data were analyzed with the Prism 8 so ware (GraphPad). ANOVA or Student T-test were performed to analyze the di erent datasets.

Figure 22 .

 22 Figure 22. Description of the experimental plan used for neutrophil purification and culture.

2 Abstract

 2 Neutrophils are the most abundant circulating white blood cells and are central players of the innate immune response. During their lifecycle, neutrophils mainly evolve under low oxygen conditions (0.1 -4% O2) to which they are well adapted. Neutrophils are atypical cells since they are mainly glycolytic, and highly susceptible to oxygen-exposure, which induces their activation and death, through mechanisms which remain currently elusive. Nevertheless, nearly all studies conducted on neutrophils are carried out under atmospheric oxygen (21%), corresponding to hyperoxic conditions. Here we investigated the impact of hyperoxia during neutrophil purification and culture on neutrophil viability, activation and cytosolic protein content. Neutrophil hyper-activation (CD62L shedding) is induced during culture under hyperoxic conditions (24h), compared to neutrophils cultured under anoxic conditions. In addition, we show that maintaining neutrophils in autologous plasma is the most suitable strategy to maintain their basal state. Our results show that manipulating neutrophils under hyperoxic conditions leads to the loss of ∼100 cytosolic proteins during purification, while it does not lead to an immediate impact on neutrophils activation (CD11b high , CD54 high , CD62L low ) or viability (DAPI + ). We identified two clusters of proteins belonging to the cholesterol metabolism and to the complement and coagulation cascade pathways, which are highly susceptible to neutrophil oxygen-exposure during their purification.In conclusion, preserving neutrophil from oxygen-exposure during their manipulationpurification and culture-is recommended to avoid their preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.The copyright holder for this this version posted October 15, 2020. . https://doi.org/10.1101/2020.10.15.340919 doi: bioRxiv preprintIntroductionPolymorphonuclear neutrophils (neutrophils, PMNs) are the most abundant leukocytes in the blood circulation(2.5-7.5x10 9 PMNs/L). Neutrophils are atypical and fully differentiated cells, with a polylobal nucleus(3-5 lobes), a granule-rich cytosol, a low mitochondrial content and produce most of their energy using glycolysis(1).

  preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.The copyright holder for this this version posted October 15, 2020. . https://doi.org/10.1101/2020.10.15

  S1A-C, p>0.05). It has to be noticed here that the purification of neutrophils on a preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.The copyright holder for this this version posted October 15, 2020. . https://doi.org/10.1101/2020.10.15tend to activate neutrophils (CD62L shedding) in both conditions, compared to the rapid purification method (Fig.S1C, p<0.01).

  was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.The copyright holder for this this version posted October 15, 2020. . https://doi.org/10.1101/2020.10.

  preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.The copyright holder for this this version posted October 15, 2020. . https://doi.org/10.1101/2020.10.preserving neutrophils from hyperoxia during their purification, manipulation and physiological study is a critical parameter to maintain cells under a basal state. Our results confirmed the beneficial effect of the neutrophil purification and culture under anoxic conditions. New metabolic and signaling pathways have been revealed in this study, which open new doors in the study of neutrophil physiology.
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 111 Figure and legends
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Figure 2 .

 2 Figure 2. Neutrophil cytosolic protein composition is altered during their purification in hyperoxia, compared to anoxia. (A) Commonly identified proteins in all three samples (A, B, C) in anoxia and hyperoxia. (B) Data quality control assessment using principal component analysis (PCA) of cytosolic protein samples of neutrophils purified in anoxia or hyperoxia after mass-spectrometry analysis. (C) Heatmap representing differential protein abundance between anoxia-and hyperoxia-purified human neutrophils. (D) Pathway enrichment analysis of uniquely identified proteins in hyperoxic conditions using Database for Annotation, Visualization, and Integrated Discovery (DAVID) and Cytoscape for network visualization. (E) Enrichment of the lipid and cholesterol metabolism (GO0043691, GO0001523, GO0042157, GO0008203) and the complement and coagulation cascade (GO0006958/hsa04610) pathways identified with DAVID and visualized with Cytoscape in anoxia-purified neutrophils. Enrichment p-values for the GO terms and hsa pathways are p(GO0043691; Reverse cholesterol transport)=9.10x10 -6 , p(GO0001523; Retinoid metabolic process)=1.77x10 -5 , p(GO0042157; Lipoprotein metabolic processes)=2.6x10 -4 , p(GO0008203; Cholesterol metabolic process)=3.76x10 -4 , p(GO0006958; Complement activation, classic pathway)=3.87x10 -22 , p(hsa04610; Complement and coagulation cascade)=5.57x10 -12 .
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Figure 23 .

 23 Figure 23. Schematic representation of methods used for apoptosis assessment in neutrophils.

Figure 24 .

 24 Figure 24. Nuclear envelope composition in most cells (A) and neutrophils (B). From Manley et al., 2018.

Figure 25 .

 25 Figure 25. Characterization of the cell death phenotype in neutrophils exposed to oxygen. A. TMRM profile of neutrophils purified in anoxic conditions and exposed or not to oxygen in complemented RPMI media for 3 and 24h, measured with flow cytometry. B. TMRM negative control using CCCP (decoupler). ****p<0.0001. C. Left: DAPI/TMRM dot plots of T0 neutrophils, neutrophils exposed to anoxia or hyperoxia for 24h and neutrophils incubated with CCCP. Right: percentage of Q3 (TMRM + DAPI -; viable), Q4 (TMRM -DAPI -; apoptotic), Q2 (TMRM + DAPI + ; uncharacterized) populations in T0, 24h-O2 and 24h+O2 neutrophils. The experiment was done on N=3 donors. ****p<0.0001; ***p=0.0009; **p=0.0058 D. Percentage of polylobal, apoptotic or round nuclei in T0, 24h-O2 and 24h+O2 neutrophils using immunofluorescence. The experiment was done on N=3 donors, counting 100 cells from each condition. ****p<0.0001. E. SUN2 localization in T0 and 24h+O2 neutrophils visualized with immunofluorescence. Additionally, DAPI and phalloidin were used for nuclear shape and actin cytoskeleton visualization. Bars are 10µm.

Figure 26 .

 26 Figure 26. NLRP3 and AIM2 Inflammasome activation in human neutrophils exposed to oxygen. A. Schematic representation of the two well established ASC-dependent inflammasomes in human neutrophils, NLRP3 and AIM2. B. Immunofluorescence of T0 and 24h+O2 neutrophils using DAPI for DNA staining and ASC and AIM2 for inflammasome detection. C. Immunofluorescence of T0 and 24h+O2 neutrophils using DAPI for DNA staining, ASC and NLRP3 for inflammasome detection, and TOMM20 for mitochondria staining. Bars are 10µm.

Shigella comprises 4

 4 groups (S. flexneri, S. sonnei, S. dysenteriae and S. boydii), each composed of various serotypes based on the structure of the LPS O-antigen repeats, where S. flexneri has 14, S. sonnei 1, S. dysenteriae 15 and S. boydii 20 serotypes.

Figure 27 .

 27 Figure 27. Immunofluorescence images of guinea pig colons infected with Shigella. Guinea pig colonic tissues infected with S. flexneri 5a (GFP) for 24h, stained with DAPI (nucleus), and MUB40-Cy5 (neutrophil granules).

Figure 28 .

 28 Figure 28. Glucose distribution in infected tissues. A. Glucose concentration in the guinea pig's colon in noninfected animals or animals infected with Shigella flexneri 5 for 8 and 30h. B. Extracellular glucose concentration (in the medium) after the addition of PMNs, S. flexneri 5a or both (PMNs + S. flexneri 5a), and intracellular (PMNs) glucose concentration with or without the presence of S. flexneri 5a. Incubation time 30 min, infection at MOI 20, temperature 37℃. *p<0.05. C. Glucose distribution in the guinea pig's colon infected with S. flexneri 2a, 5a and S. sonnei after 30h measured with imaging mass spectrometry. D. Glucose relative intensity in defined regions (epithelium, mucosa, muscularis mucosa, submucosa, muscularis propria and foci of infection) of the guinea pig's colon using imaging mass spectrometry.

Figure 29 .

 29 Figure29. Changes in metabolite abundance in tissues infected with Shigella. Changes in metabolite abundance in the guinea pig's colonic tissues infected with S. flexneri 2a, 5a and S. sonnei, measured in muscularis propria, submucosa, muscularis mucosa, mucosa and the epithelium, using Metaboanalysit software. Epithelium from animals infected with S. flexneri 5a is missing due to technical issues.

Figure 30 .

 30 Figure 30. Identified metabolic pathways in colonic tissue layers during Shigella infection. Metabolic pathways identified in the guinea pig's colonic tissues during Shigella infection, measured in muscularis propria, submucosa, muscularis mucosa, mucosa and the epithelium using Metaboanalysit software. Epithelium from animals infected with S. flexneri 5a is missing due to technical issues.

Figure 31 .

 31 Figure 31. Impact of glucose in glycolysis and mitochondrial electron transport chain (ETC) activity in human neutrophils. A. Glycolytic activity and capacity of human neutrophils after glucose addition (glc. activity) and oligomycin addition (glc. capacity). B. Mitochondrial ETC basal (+pyruvate) and maximal (+DNP) activity in human neutrophils is the presence and absence of glucose measured by the oxygen consumption rate (pmol(s*ml) per 10 6 cells) with an Oroboros 2k-oximeter. *p=0.0303. C. Impact of glucose addition (5mM doses) on the maximal ETC activity (obtained with DNP addition) of human neutrophils measured by the oxygen consumption rate (pmol(s*ml) per 10 6 cells) with an Oroboros 2k-oximeter. *p=0.0273.

Figure 32 .

 32 Figure 32. Impact of oxygen availability on human neutrophil mitochondrial membrane potential and mitochondrial gene regulation. A. Mitochondrial membrane potential measured with TMRM in human neutrophils incubated without glucose in the presence or absence of glucose for 3h. B. Transmission electron microscopy images of fresh neutrophils and neutrophils incubated with or without oxygen for 3h in the absence of glucose. Red arrows indicate mitochondria.

Figure 33 .

 33 Figure33. Impact of oxygen availability on human neutrophil mitochondrial membrane potential and mitochondrial gene regulation. A. Differential gene expression regulation due to differential oxygen exposure of human neutrophils. B. Venn's diagram comparing down-and upregulated genes in neutrophils exposed or not to oxygen for 3h in the absence of glucose. C. STRING analysis using a high confidence interaction score on uniquely up-regulated genes in +O2 conditions. Lysosome-related genes are in blue. D. STRING analysis using high confidence interaction score on uniquely up-regulated genes in -O2 conditions. Genes associated with interleukin signaling are in red and genes associated with acetylation in blue. E. Volcano plot representing the expression of genes from major mitochondrial metabolic pathways (oxidative phosphorylation, FAO, and tricarboxylic acid cycle) in neutrophils incubated with or without oxygen for 3h in the absence of glucose. Upregulated OXPHOS-related genes are represented in a table below.

Figure 34 .

 34 Figure 34. Impact of oxygen availability on the expression of human neutrophil chemokines, cytokines, and TLRs in the absence of glucose. A. Representation of known neutrophil chemokines, pro-and anti-inflammatory cytokines and toll-like receptors. B. Heatmap representing the differential expression of chemokines, proinflammatory cytokines (C.), anti-inflammatory cytokines (D.), and TLRs (E.) in neutrophils exposed or not to oxygen in the absence of glucose.

Figure 35 .

 35 Figure 35. Antibacterial capacities of human neutrophils against Shigella flexneri 2a in differential glucose and oxygen availability. A. Neutrophil viability after 1h of S. flexneri 2a infection in -/+ O2 and -/+ glucose using PI in flow cytometry. B. Neutrophil count in 1ml after 1h of S. flexneri 2a infection in -/+ O2 and -/+ glucose. (*p=0.0204) C. Intracellular bacteria (GFP-tagged) measured in neutrophil infected with S. flexneri 2a infection in -/+ O2 and -/+ glucose for 1h measured with flow cytometry. D. Intracellular bacteria counted by neutrophil lysis after 1h infection by plating lysate onto LB plates in 10x dilution series and incubating plates at 37°C O/N.

Figure 36 .

 36 Figure 36. Antibacterial capacities of human neutrophils against Shigella flexneri 2a in differential glucose and oxygen availability. Images of fixed neutrophils infected with S. flexneri 2a in -/+ O2 and -/+ glucose, using immunofluorescence. Staining was done using DAPI for nuclei, MUB40 for granules, CII for mitochondria staining. Bacteria are GFP-tagged. Bars are 10µm.

Figure 37 .

 37 Figure 37. The mortality of human neutrophils due to infection with S. flexneri 2a, S. flexneri 5a and S. sonnei in differential glucose and oxygen availability. A. Viability of fresh neutrophils after 1h of S. flexneri 2a S. flexneri 5a and S. sonnei infection in -/+ O2 and -/+ glucose using PI and flow cytometry. B. Viability of pre-incubated (3h, -/+ O2, 0/15 mM glucose) neutrophils after 1h of S. flexneri 2a S. flexneri 5a and S. sonnei infection in -/+ O2 and -/+ glucose using PI and flow cytometry (*p=0.0451; *p=0.0403).

Figure 38 .

 38 Figure 38. Mitochondrial network in human neutrophils. A. Transmission Electron Microscopy images (TEM) of fresh human neutrophils and their mitochondria. Examples of mitochondria are marked with red rectangles. B. Cryo-EM images of neutrophil purified mitochondria. C. Immunofluorescence images of live or fixed fresh human neutrophils. Live neutrophils were incubated with sir-DNA for nuclei TMRM for mitochondria visualization, using a spinning disk. Fixed cells were stained with DAPI for nuclei and anti-CII for mitochondria visualization using a confocal microscope. Bars are 10µm.

Figure 39 .

 39 Figure 39. Comparison of L-PMNs to F-PMNs in terms of viability, mitochondria abundancy and functionality. A. SSC/FSC profiles of long and fast purified neutrophils with flow cytometry. B. Mitochondrial membrane potential in L-PMNs and F-PMNs measured with TMRM with flow cytometry. C. TEM images L-PMNs and F-PMNs. Red arrows indicate mitochondria. The width and height of mitochondria in different conditions were measured, results are represented in the right panel. D. Oxygen-consumption rate of L-PMNs and F-PMNs measured with an Oroboros oximeter.The basal state was measured after pyruvate addition, the decoupled state was obtained after addition of DNP in 3 consecutive times. Specificity of mitochondrial O2 consumption was measured with the addition of Antimycin A (inhibitor of complex III). p=0.002. E. Assessment of ATP production via the mitochondrial ATP synthase by measuring intracellular ATP with HPLC in fresh L-PMNs and neutrophils treated with oligomycin for 30 min (ATP synthase inhibitor).

Figure 40 .

 40 Figure 40. Comparison of the oxygen consumption rate of L-PMNs purified with or without NAC supplementation.Oxygen-consumption rate measured in human neutrophils purified in the presence or absence of NAC (0.5 mM) in glucose-free RPMI medium with an Oroboros oximeter. Basal state was measured after pyruvate addition, the decoupled state was obtained after addition of DNP in 3 consecutive times. Specificity of mitochondrial O2 consumption was measured with the addition of Antimycin A (inhibitor of complex III).

Figure 41 .

 41 Figure 41. Metabolism-related transcription factor expression in human neutrophils in response to glucose starvation and exposure to differential oxygen levels. A. Volcano plots of gene expression, represented in -log10(p-value) vs log2FC comparing L-PMNs vs F-PMNs. B. Illustration of major transcription factors of the mitochondrial metabolism. C. Heatmap of previously described transcription factor comparing expression (log2FC) between L-PMNs and F-PMNs. Red crosses indicate significant p-value (<0.05).

Figure 42 .

 42 Figure 42. Differential expression of glycolysis-, mitochondria-, FAO-, OXPHOS-and TCA cycleassociated genes in L-PMNs compared to F-PMNs. Differential gene expression (Deseq2) is represented in -log10 (p-value) and log2FC. Glycolysis-associated proteins are in pink, mitochondria-associated genes in purple, FAO-associated genes in green, OXPHOS-associated genes in red and TCA cycle-associated genes in blue. PRXL2C, FBB1, PDK4, GRPEL1, ABCB10, RDH11, SESN2, COX7C are represented on the graph and detailed in the table below, indicating the gene name, the protein name, and the molecular function/biological process.

Figure 43 .

 43 Figure 43. Differential expression of ETC complexes encoding genes in L-PMNs compared to F-PMNs. A. Illustration of the mitochondrial ETC compromising complexes (CI, CII, CIII, CIV) and ATP synthase. B. Heatmap of major CI-encoding genes. C. Heatmap of major CII-encoding genes. D. Heatmap of major CIIIencoding genes. E. Heatmap of major CIIV-encoding genes. F. Heatmap of major ATP synthase encoding genes. Red crosses indicate significant p-value (<0.05). Mitochondrially-encoded genes are in pink.
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 1 Figure 1. Neutrophil presence in the bone marrow, plasma and tissues under physiological (A) and under pathophysiological conditions (B). PMNs-polymorphonuclear neutrophils; HSCshematopoietic stem cells.
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 1 Figure 1. Neutrophil presence in the bone marrow, plasma and tissues under physiological (A) and under pathophysiological conditions (B). PMNs-polymorphonuclear neutrophils; HSCs-hematopoietic stem cells.
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 242 Figure 2. Metabolic pathways in non-activated (A) and activated neutrophils (B). G6P-Glucose-6phosphate; PPP-Pentose Phosphate Pathway; GLUT1-Glucose Transporter 1; SLC-Solute Carrier; OXPHOS-Oxidative Phosphorylation; G3P-Glycerol-3-Phosphate; F6P-Fructose-6-Phosphate; FAO-Fatty Acid Oxidation; TCA-Tricarboxylic Acid Cycle; NOX-NADPH Oxidase; ER-Endoplasmic Reticulum; NETs-Neutrophil Extracellular Traps.
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 2231 Figure 2. Metabolic pathways in non-activated (A) and activated neutrophils (B). G6P-Glucose-6-phosphate; PPP-Pentose Phosphate Pathway; GLUT1-Glucose Transporter 1; SLC-Solute Carrier; OXPHOS-Oxidative Phosphorylation; G3P-Glycerol-3-Phosphate; F6P-Fructose-6-Phosphate; FAO-Fatty Acid Oxidation; TCA-Tricarboxylic Acid Cycle; NOX-NADPH Oxidase; ER-Endoplasmic Reticulum; NETs-Neutrophil Extracellular Traps.

  , was quantified using the extracellular flux analyzer (Seahorse Bioscience XF96) following the manufacturer's instructions. Purified neutrophils were plated in 96-well Seahorse polystyrene plates at a density of 6×10 6 cells/well in unbuffered glucosefree Dulbecco's Modified Eagle's Medium containing 2 mM glutamine, pH 7.4. Before measuring the ECAR, cells were maintained at 37°C in a non-CO 2 incubator for 30-45 min. After that, 3 baseline ECAR measurements of 3-min duration were undertaken. Then, Dglucose (10 mM working concentration), the ATP synthase inhibitor oligomycin (3 µM working concentration), and the glycolysis inhibitor 2-deoxy-D-glucose (50 mM working concentration) were serially injected in the cell medium and 3 further measurements of 3-min duration were undertaken after each addition. The ECAR is reported as mpH change per min per 6×10 6 cells (mpH/min/6×10 6 cells). Glycolysis was accessed by quantifying the following parameters (as described elsewhere (Pike Winer and Wu, 2014)): glycolytic activity, calculatedas the difference between the third measurement after glucose injection and the third baseline measurement; and glycolytic capacity, calculated as the difference between the third measurement after oligomycin injection and the third baseline measurement.

centrifuged 5

 5 min 300x g to remove plasma, and resuspended in 500 µL PBS supplemented with 2 mM EDTA and incubated for 15 min at 37℃ in the presence of the following fluorescent markers (1/100 dilution): AnnexinV-APC (Thermofisher), DAPI (10mM; Sigma-Aldrich), and CD15-FITC, PI (10mM; Sigma-Aldrich), CD62L-FITC (Thermofisher), CD11b-PE (Thermofisher), CD54-APC (Thermofisher), TMRM (20 nM; Sigma-Aldrich), Rhodamine123 (20 nM; Sigma-Aldrich). For mitochondria membrane potential negative control, 10 µM CCCP was used for 5 min. Labeled cells were analyzed with an 8-color cell analyzer BD FACSCanto™ (BD Biosciences) or a BD FACSCalibur™ (BD Biosciences).Flow cytometry data mining was done using the FlowJo software (FlowJo, LLC).ImagingIMMUNOFLUORESCENCE.Imaging of immunolabeled cells and tissues was achieved with a confocal/confocal spinning disk microscope/live imaging microscope (Leica DM5500 TCS SPE5/Andor Revolution XD/Leica DMI8) with 40x and 63x oil-immersed objectives.

  Subsequently, cells were washed in water then dehydrated through a series of graded ethanol and embedded in a mixture of pure ethanol and epoxy resin (Epon 812; Delta Microscopies, Toulouse, France) 50/50 (v/v) for 2 hours and then in 100% resin overnight at RT. The polymerization of the resin was carried out over a period between 24-48 hours at 60°C. Samples were then sectioned using a diamond knife (Diatome, Biel-Bienne, Switzerland) on an ultramicrotome (EM UCT, Leica Microsystems, Vienna, Austria). Ultrathin sections(65 nm) were picked up on copper grids with butvar membrane and then stained with Uranyless (Delta Microscopies, Toulouse, France) and lead citrate.Grids were examined with a Transmission Electron Microscope (Talos F200S G2 -Thermofisher -Eindhoven) at 200 kV, equipped with a 4K*4K camera One View (Gatan, Paris (France)).CRYOGENIC ELECTRON MICROSCOPY.A drop of 3.5 μL purified neutrophil mitochondria (representing the mitochondria of 35.10 6 neutrophils) was applied to glow-discharged Lacey carbon grids (Lacey/Carbon 200 Mesh Cu), and plunge-frozen by using a Vitrobot Mark III (FEI company, USA) with a blot time is 4sec. Images of mitochondria were collected on a FEI TALOS Arctica cryo-electron microscope (FEI Company) equipped with a field mission electron source and a FEI Falcon 3 camera (FEI Campany). The microscope was operated at an accelerating voltage of 200 kV. All images were recorded with a defocus in the range of -3 to -5µm. Grids of frozen-hydrated samples were imaged at a dose rate 6.8 e -/Å 2 s. All images of frozen hydrated mitochondria samples used here were recorded at a nominal magnification of 45 000X, corresponding to a physical pixel size of 3.22 Å at the specimen level. The Falcon3 camera has 4096 × 4096 physical pixels. Cryo-EM acquisitions were conducted by the team of Rémi Fronzes (IECB, Bordeaux) on samples we prepared.

(

  ascending flow rates 10 µl/min, 20 µl/min, 30 µl/min for layers 1-3, and layers 4-8 with 40 µl/min), utilizing 2 mm line distance, and a spray velocity of 900 mm/min. Metabolites were detected in negative-ion mode on a 7T Solarix XR Fourier-transform ion cyclotron resonance (FTICR) mass spectrometer (Bruker Daltonik) equipped with a dual ESI-MALDI source and a smartbeam-II Nd:YAG (355 nm) laser. Data acquisition parameters were specified in ftmsControl software 2.2 and flexImaging (v. 5.0) (Bruker Daltonik). Mass spectra were acquired in negative-ion mode covering ⁄ 75-1100, with a 1M transient (0.367 sec duration), and an estimated resolving power of 49,000 at m/z 200,000. The laser operated at a frequency of 1,000 Hz utilizing 200 laser shots per pixel with a pixel resolution of XX15 μm. L-Arginine was used for external calibration in the ESI mode. On-tissue MS/MS was conducted on guinea pig colonic tissue section using a continuous accumulation of selected ions' mode and collision-induced dissociation (CID) in the collision cell. MS/MS spectra were analyzed by Bruker CompassDataAnalysis 5.0 (Build 203.2.3586).IMS was done by the team of Dr. Axel Walch (Helmholtz Zentrum München) on samples we prepared.Bacteria strains and cultureS. flexneri 2a (WT), S. flexneri 5a (WT; M90T) and S. sonnei (WT) were used for in vitro infection assays of human neutrophils. All three wild-types are ampicillin-resistant and have a GFP-tag containing plasmid. Bacteria were routinely frown on Tryptic Soy (TSB BD TM )-agar supplemented with 1% Congo Red and ampicillin (100µg/mL). Precultures were grown over-night (O/N) in 8 ml in TSB medium containing 100 µg/mL ampicillin, at 37℃, shaking. The next day, the O/N culture were diluted 1/30 into TSB medium, containing 100µg/mL ampicillin, and grown approximately 1.5 h until reaching OD 0.2-0.4. The volume corresponding to MOI 20 was calculated based on OD1=1.10 9 bacteria/ml.Neutrophil functional tests/infection assayKILLING ASSAY. Infection of fresh neutrophils: purified human neutrophils were infected with S. flexneri 2a, S. flexneri 5a and S. sonnei at MOI 20 for 1h. Neutrophil viability was assessed with flow cytometry using propidium iodide and neutrophil absolute count was evaluated by counting cells using a counting chamber and a light microscope.Infection of pre-conditioned neutrophils: purified human neutrophils were incubated in SILAC-RPMI (ThermoFisher) complemented with lysine (0.2 mM), arginine (1 mM), Hepes (10 mM), pyruvate (0.01 mM) and 10% autologous plasma in the absence or presence glucose (15 mM) in anoxia (0% O2) and hyperoxia (21% O2) at 1.10 6 cells/ml for 3h. Neutrophils were then infected with S. flexneri 2a, S. flexneri 5a and S. sonnei at MOI 20 for 1h. Plates were centrifuged 10 min at 2000 rpm prior to incubation. Neutrophil viability was assessed with flow cytometry using PI.PHAGOCYTOSIS ASSAY. In order to assess the amount of intracellular bacteria, 1.10 6 human neutrophils were infected with S. flexneri 2a, S. flexneri 5a and S. sonnei at MOI 20 for 1h in the absence or presence of oxygen (0% and 21%) in in SILAC-RPMI (ThermoFisher) containing lysine (0.2 mM), arginine (1 mM), Hepes (10 mM), pyruvate (0.01 mM) and 10% autologous plasma, complemented or not with glucose (0mM and 15mM). Plates were centrifuged 10 min at 2000 rpm prior to incubation. Wells for immunofluorescence assay contained sterile glass coverslips. Intracellular or attached bacteria were quantified using flow cytometry (GFP). Morphological changes and intracellular bacterial load were assessed with immunofluorescence on fixed cells (30 min at RT with 3% PFA).

  CONSUMPTION ASSAY. The glucose consumption of Shigella and human neutrophils was measured by Dr. Joao Diniz de Araujo from Institut Pasteur.Briefly, after an overnight culture of S. flexneri 5a, the strain was subcultured in Dulbecco's Modified Eagle's Medium (DMEM) containing 1 mM D-glucose and 2 mM glutamine, pH 7.4, at a density of 1.25×10 8 bacteria/ml. Bacteria and neutrophils (together or separately) were incubated in a 96-well plate 30 min at 37℃. For D-glucose levels determination, bacterial/cell suspensions were centrifuged at 3000 rpm for 10 mins and supernatants were collected. Pellets were washed two times in PBS and continuously sonicated during 30s at 50% amplitude using an UP50H Sonicator (Hielscher Ultrasound Technology). Intracellular and extracellular (supernatant) D-glucose levels were determined using a commercial D-glucose oxidase kit according to the manufacturer's instructions (GAGO-20, Sigma, St. Louis, MO, USA).
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 4 5 cells/well and were immediately infected 1h with S. flexneri 5a at a MOI of 20 (1×107 bacteria/well) in unbuffered glucose-free Dulbecco's Modified Eagle's Medium containing 2 mM glutamine, pH 7.Intracellular and extracellular glucose concentrations were determined using a commercial Dglucose oxidase kit according to the manufacturer's instructions (GAGO-20, Sigma, St. Louis, MO, USA). Results are expressed in mM glucose.

  

  

  

  

Figure 3. Schematic representation of the TCA cycle. The TCA

  

	cycle consists of 8 reactions. TCA products
	are in orange rectangles, enzyme generating reactions are next to blue circles. During the cycle, NAD + is converted
	into NADH in steps 3, 4 and 8; FAD + is converted into FADH2 in step 6. Energy in form of GTP is formed in step
	5. In addition, TCA cycle byproducts can leave the cycle and participate in other biological functions (green
	rectangles).

Table 1 .

 1 Oxygen, glucose and glutamine concentrations in the bone marrow, plasma and tissues under physiological conditions (upper panel) and pathophysiological conditions (lower panel).

	Physiological Conditions		
	Compartment	Oxygen [c]	Glucose [c]	Glutamine [c]
	Bone marrow	1.3-2.9%	?	?
	Plasma	0.9%	5 mM	0.5 mM
	Tissue	1-11%	?	2-20 mM
	Pathophysiological Conditions		
	Compartment	Oxygen [c]	Glucose [c]	Glutamine [c]
	Bone marrow	?	?	?
	Plasma	?	?	

Table 1 .

 1 Oxygen, glucose and glutamine concentrations in the bone marrow, plasma and tissues under physiological conditions (upper panel) and pathophysiological conditions (lower panel).

	Physiological Conditions		
	Compartment	Oxygen [c]	Glucose [c]	Glutamine [c]
	Bone marrow	1.3-2.9%	?	?
	Plasma	0.9%	5 mM	0.5 mM
	Tissue	1-11%	?	2-20 mM
	Pathophysiological Conditions		
	Compartment	Oxygen [c]	Glucose [c]	Glutamine [c]
	Bone marrow	?	?	?
	Plasma Tissue	? #	? #	# #

Table 2 .

 2 Metabolic pathways involved in neutrophil functions.

	Neutrophil Function	Metabolic Requirements	References
	Phagocytosis	Glycolysis	[18]
	ROS production (NOX)	PPP, Glutaminolysis	[63,72]
	Degranulation	Glycolysis	[12,110]
	NET formation	PPP, Glycolysis	[14,63]
	Chemotaxis/migration	Glycolysis, mitochondrial metabolism	[76,77,111]
	ROS-reactive oxygen species; NOX-NADPH oxidase; NET-neutrophil extracellular trap; PPP-pentose
	phosphate pathway.		

  TRANSMISSION ELECTRON MICROSCOPY. Cells were fixed with 1, 6% (v/v) paraformaldehyde 2% (v/v) glutaraldehyde in culture medium during 1h30 at room temperature (RT), washed in 0.1M sodium cacodylate buffer (pH 7.4), included in 1% agarose and then post-fixed in a mix 1% osmium tetroxide (v/v) / 1% potassium ferricyanide K3Fe (CN)6 (p/v) in 0.1 M sodium cacodylate buffer during 1h30 on ice in the dark.After washing in water, samples were stained in block in 0.5% (p/v) aqueous uranyl acetate solution for 30 min, in the dark, at RT.

	(ab131428; rabbit; 1/500), NLRC4/CARD12 (ab115537; rabbit; 1/500), SUN2
	(APrEST73388; mouse; 1/200).
	Secondary antibodies used (reference, dilution): ɑRabbit-647 (A32733; 1/1000), ɑRabbit-488
	(A3271; 1/1000), ɑRabbit-568 (A11036; 1/1000), ɑMouse-647 (A32728; 1/1000), ɑMouse-
	488 (A32723; 1/1000), ɑMouse-568 (A11031; 1/1000), ɑDonkey-647 (ab15031; 1/1000).
	1/500), CII/SDHA
	(ab14715; mouse; 1/500), NLRP3 (ab4207; goat; 1/500), AIM2 (ab180665; rabbit; 1/500),
	ASC (sc-514414; mouse; 1/500), NLRP1/NALP1 (sc-166368; mouse; 1/500), NLRP4/NALP4
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Supplementary figure 6. Heatmap representing differential expression (Deseq2) of all FAO associated genes identified in neutrophils incubated without glucose in the presence or absence of oxygen. Red crosses indicate a significant p-value (<0.05). Supplementary figure 7. Heatmap representing differential expression (Deseq2) of all mitochondria-associated genes identified in neutrophils incubated without glucose in the presence or absence of oxygen. Red crosses indicate a significant p-value (<0.05). 8. STRING analysis of commonly upregulated genes in human neutrophils incubated 3h in the absence of glucose and in the presence or absence of oxygen. 536 genes were upregulated in both conditions and used for STRING analysis. The tool identified 528 genes from the list and generated a network using a high confidence interaction score. The network was significantly enriched (p<1.e-16) and contained a variety of enriched biological functions/cellular components/pathways. We selected the most relevant functions regarding our samples and mapped proteins belonging to the inflammatory response (in red), response to cytokine (blue), neutrophil migration (light green), response to stress (dark green), neutrophil activation (yellow), neutrophil degranulation (pink). competing interests e authors declare no competing interests.

Supplementary figure

PROJECT II: THE IMPACT OF OXYGEN AND GLUCOSE AVAILABILITY ON NEUTROPHIL ACTIVATION AND METABOLISM

In the second part of my thesis, I studied the impact of changes in glucose and oxygen availability on neutrophil antimicrobial functions against Shigella. The project was developed on the basis of our previous findings, demonstrating that Shigella depletes oxygen during infection and creates an inflammatory microenvironment with differential oxygen availability (Tinevez et al., 2019), and on our preliminary data, showing that Shigella-infected tissues contain reduced levels of glucose.

In order to map glucose in different colonic tissue regions, we set up a collaboration with the team of Dr. Axel Walch (Helmholtz Zentrum, München). They performed imaging mass spectrometry on Shigella-infected guinea pig colons that we provided.

The results consolidated our preliminary results, showing an overall reduction in glucose in the colons of infected animals. Since glucose is a major metabolite for neutrophil energy production, we investigated the impact of its absence on neutrophil metabolism and antibacterial function in the presence and absence of oxygen.

In this part, I will describe the major results obtained in the advancement of this project. Supplementary figure 8. STRING analysis of commonly upregulated genes in human neutrophils incubated 3h in the absence of glucose and in the presence or absence of oxygen. 536 genes were upregulated in both conditions and used for STRING analysis. The tool identified 528 genes from the list and generated a network using a high confidence interaction score. The network was significantly enriched (p<1.e-16) and contained a variety of enriched biological functions/cellular components/pathways. We selected the most relevant functions regarding our samples and mapped proteins belonging to the inflammatory response (in red), response to cytokine (blue), neutrophil migration (light green), response to stress (dark green), neutrophil activation (yellow), neutrophil degranulation (pink).