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Caspase-1-driven neutrophil pyroptosis and its role in host susceptibility to Pseudomonas aeruginosa
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These results suggested that neutrophils are not resistant to Caspase-1-dependent pyroptosis but are rather tightly regulated. Studying NADPH oxidase-defective neutrophils from Chronic Granulomatous Diseases (CGDs) patients, we unveiled a key function of the NADPH oxidase at specifically restraining neutrophil pyroptosis. Hence, CGD-associated bacterial pathogens triggered inflammatory Caspase -1dependent pyroptosis in CGD but not in healthy neutrophils. Mechanistically, lack of NADPH-dependent oxidation of inflammatory Caspases unleashed inflammasome-driven pyroptosis in neutrophils, inefficient against all CGD pathogen tested.

Together, our data demonstrated that neutrophils are not universally resistant for Caspase-1dependent pyroptosis and identified the NADPH oxidase as an essential safe-keeper against neutrophil pyroptosis-driven inflammatory damages. Partial results of this project have been already published (Santoni et al, Caspase-1-driven neutrophil pyroptosis and its role in host susceptibility to Pseudomonas aeruginosa. Plos Pathogens, 2022) and the ongoing results will be submitted soon (Santoni et al, Defective control of inflammatory Caspases in chronic granulomatous neutrophils contributes to detrimental inflammation. In preparation, 2022) Keywords: Neutrophils -Inflammasome -Pyroptosis -P. aeruginosa infection Résumé Au cours des 30 dernières années, les formes inflammatoires de mort cellulaire sont apparues comme des processus cruciaux conduisant à l'inflammation et à la défense de l'hôte contre les infections. Le système immunitaire inné de l'hôte joue un rôle important dans la reconnaissance et l'élimination rapides des pathogènes envahissants. La reconnaissance est obtenue par plusieurs classes de récepteurs appelés « Pattern Recognition Receptors » (PRR), qui détectent des molécules microbiennes conservées appelées « Pattern-Associated Molecular Patterns » (PAMPs). Bien que la plupart de ces voies déclenchent la sécrétion de cytokines, les protéines de type récepteur NOD, appelés « NOD-like Receptors » (NLR), une classe de PRR cytosoliques, déclenchent une réponse plus forte, caractérisée par l'induction la mort des cellules hôtes et la sécrétion de cytokines inflammatoires via l'assemblage d'inflammasomes. Les inflammasomes sont des complexes multiprotéiques qui activent les caspases-1/-11 inflammatoires, qui à son tour favorisent la libération de cytokines (interleukine (IL)-1β/-18) et la pyroptose, une forme inflammatoire de mort cellulaire, qui tue les cellules infectées, éliminer la niche de réplication des agents pathogènes intracellulaires et expose l'agent pathogène aux réponses immunitaires extracellulaires. L'inflammasome est crucial pour obtenir des réponses immunitaires innées efficaces contre divers pathogènes microbiens et son assemblage est étroitement réglementé et lié à d'autres voies de signalisation.

Les neutrophiles jouent un rôle essentiel contre les infections. Bien que plusieurs types de mort du neutrophile contribuent à la défense de l'hôte contre les infections, comme la NETose, les neutrophiles sont considérés comme incapables d'induire la pyroptose dépendante de la Caspase-1, médiée par l'activation de l'inflammasome. En effet, il a été décrit qu'en cas d'infection par Salmonella, les neutrophiles sont capables d'induire une sécrétion d'IL-1β dépendante de Caspase-1, mais pas la mort cellulaire, malgré l'expression de tous les composants nécessaires.

Mon principal travail en thèse consistait à déterminer les mécanismes de régulation de la pyroptose du neutrophile ainsi que les conséquences immunopathologiques. Pour cela, nous avons étudié la capacité de plusieurs espèces bactériennes à contourner la résistance des neutrophiles à la pyroptose induite par l'inflammasome canonique et avons constaté que la bactérie Pseudomonas aeruginosa déclenche une mort Caspase-1-dépendante chez les neutrophiles humains et murins. En particulier, la délétion des Exotoxines U ou S chez P. aeruginosa redirige entièrement la mort des neutrophiles vers la pyroptose dépendante de la Caspase-1, suggérant que ces exotoxines bactériennes suppriment en quelque sorte la pyroptose des neutrophiles. Mécaniquement, la pyroptose induite par P. aeruginosa nécessite l'expression d'un système fonctionnel de sécrétion de type 3 (T3SS) et de flagelline. Par conséquent, P. aeruginosa active sélectivement l'inflammasome NLRC4 du neutrophile, induisant le clivage de la gasdermine D (GSDM-D) par la Caspase-1 et l'induction de pyroptose chez le neutrophile.

De plus, nous montrons que le clivage de GSDM-D favorise l'activation de la « Peptidyl arginine Deaminase 4 » (PAD4) dépendante du calcium. PAD4 induit la citrullination des histones, conduisant à la décondensation et à la translocation de l'ADN dans le cytosol de la cellule hôte, sans qu'il soit expulsé des cellules dans l'environnement extracellulaire. Enfin, nous montrons par microscopie intravitale que la pyroptose du neutrophile se produit in vivo dans les poumons de souris MRP8-GFP infectées par P. aeruginosa, et que la suppression de la caspase-1 spécifiquement dans les neutrophiles (chez les souris MRP8-CreCasp1flox) réduit la production d'IL-1β et la sensibilité à l'infection à P. aeruginosa in vivo.

Ces résultats suggèrent que les neutrophiles ne sont pas résistants à la pyroptose dépendante de Caspase-1, mais sont plutôt finement régulés. En étudiant les neutrophiles défectueux pour la NADPH oxydase chez les patients atteints de Maladies Granulomateuses Chroniques (MGC), nous avons dévoilé une fonction clé de la NADPH oxydase qui limite spécifiquement la pyroptose du neutrophile. Par conséquent, les pathogènes bactériens associés à la MGC déclenchent une pyroptose inflammatoire dépendante de la caspase-1 chez les patients MGC, mais pas dans les neutrophiles de patients sains.

Mécaniquement, l'absence d'oxydation des caspases inflammatoires médié par la NADPH oxydase déclenche une pyroptose chez les neutrophiles, inefficace contre tous les pathogènes CGD testés.

Dans l'ensemble, nos données démontrent que les neutrophiles ne sont pas universellement résistants à la pyroptose dépendante de Caspase-1 chez le neutrophile et avons identifié la NADPH oxydase comme un élément clé, essentiel contre les dommages inflammatoires induits par la pyroptose neutrophile.

Mots clés : Neutrophiles -Inflammasome -Pyroptose -Infection à P. aeruginosa I. Cell death and inflammation 1. Cell death : why so many ways to die ? Cell death has been viewed for a long time as unavoidable consequence of cellular life and dismissed by biologists. The first observation of cell death historically began in 1842 when Karl Vogt noticed dying cells in toads. However, the cell death research only started one century later, in 1972, with the characterization of apoptosis by John Kerr, Andrew Wyllie and Alastair Currie and the classification of cell death in two forms: apoptosis and necrosis 1 . Apoptosis has been for a long time considered as a regulated and non-immunogenic form of cell death that differ from necrosis, an unregulated and inflammatory cell death. However, over the past decades, experimental evidence has unveiled and characterized genetically encoded mechanisms for elimination of cells and discovered various regulated forms of cell necrosis, named regulated cell death (RCD) 2,3 . Therefore, in order to provide a widely accepted nomenclature on cell death in support of the continued development of the field, the Nomenclature Committee on Cell Death (NCCD) was created 4 . Cell death is now classified into two types: accidental cell death (ACD) and regulated cell death (RCD) [2][3][4] .

Cell death may occur in multiple forms in response to different stresses. ACD is a form of instantaneous and lytic form of cell death induced by exposure to severe attacks of physical (temperature, high pressures, osmotic forces), chemical (pH variations) or mechanical (shear forces) nature that overwhelm any possible control mechanisms [2][3][4] . In contrast, RCD relies on a molecular machinery modulated genetically or pharmacologically, with precise signaling cascades and defined effector molecules leading to immunological consequences. The dysregulation or overactivation of RCD contributes to human diseases such as cancer, neurodegeneration, autoimmune diseases and infectious diseases [2][3][4] .

Non-regulated cell death

Non-regulated cell necrosis (also named ACD) is induced by a number of external factors (physical, chemical or mechanical) leading to morphological alterations such as cytoplasmic swelling, membrane and nuclear disruption. This type of cell necrosis is called "accidental" because it is independent of any known molecular machinery and occur almost immediately after stimulation. ACD cannot be retarded by pharmacological or genetic interventions [2][3][4] .

Regulated cell death

Regulated cell death is implicated in closely integrated signaling cascades and molecularmediated effector mechanisms. Dependent on the morphological characteristics and molecular mechanisms, RCD can be further categorized into apoptotic cell death and nonapoptotic cell death (also known as regulated cell necrosis) [2][3][4] . Apoptosis retains cell membrane integrity and occurs in a caspase-dependent manner. By contrast, cell necrosis is mostly characterized by membrane rupture, release of inflammatory compounds and can be caspase-Figure 1: Regulated and non-regulated forms of cell deaths dependent or independent. Unlike non-regulated cell death, regulated cell necrosis can be modulated genetically and pharmacologically [2][3][4] .

Apoptotic cell death

Apoptotic cell death (also known as apoptosis) was first characterized by John Kerr, Andrew

Wyllie and Alastair Currie in 1972 1 . Apoptosis is an evolutionarily conserved cell death pathway that is responsible for the programmed culling of cells during normal eukaryotic development and maintenance of organismal homeostasis. It is generally referred to as an immunologically silent process without inflammatory response. It occurs in response to many different stimuli either extrinsic, through the activation of death receptors, or intrinsic stress factors such as DNA damage or major change in cell homeostasis [1][2][3][4] . It is characterized by cell shrinkage, membrane blebbing, chromatin condensation as well as nuclear fragmentation. This process is dependent on the activation of caspases without inflammatory reaction. Caspases are an evolutionary conserved family of cysteine proteases that, upon activation, induce the cleavage of proteins implicated in the structural integrity of the cell and nucleus. In mammals, there are two apoptosis pathways: the intrinsic and extrinsic apoptosis. In both cases, the final step of apoptosis induction is mediated by caspase-3/-7 [2][3][4] .

The intrinsic apoptosis

The intrinsic apoptosis is a form of RCD induced by a multitude of intracellular stress factors including DNA damage, hypoxia and metabolic stress. This pathway is mediated by the proapoptotic and anti-apoptotic members of the B-cell lymphoma 2 (BCL2) family [2][3][4] . In response to intrinsic stimuli, there is permeabilization of the mitochondrial outer membrane (MOMP) by the BCL2 associated X protein (BAX) and/or BCL2 antagonist/killer 1 (BAK1) which leads to the release of cytochrome-C as well as mitochondrial proteins into the cytosol. The mitochondrial proteins in the cytosol then interact with APAF1, which recruits the pro-caspase-9 to form the Apoptosome. Activated caspase-9 then catalyze the proteolytic activation of caspase-3/-7 which leads to irreversible cell dismantling resulting in apoptosis (Figure 2) [2][3][4] .

The extrinsic apoptosis

The extrinsic apoptosis, also called death receptor-mediated apoptosis, is an RCD induced by perturbations of the extracellular microenvironment. It can be induced upon recognition of specific ligands by either two types of plasma membrane receptors: death receptors and dependence receptors. Death receptors are activated upon recognition of the cognate ligand and include Fas cell surface death receptor (FAS) and TNF receptor superfamily member 1A (TNFR1A), 10a (TRAILR1) and 10b (TRAILR2). Their activation enables the Fas-associated death domain protein (FADD) to drive the assembly of multiprotein complexes at the intracellular tail of the receptor, called "death-inducing signaling complex" (DISC), "complex I" and "complex 2". These complexes act as a platform allowing the recruitment and activation of the procaspase-8/-10. Activated caspase-8/-10 then catalyse the proteolytic activation of caspase-3/-7 in extrinsic apoptosis. In addition, activated caspase-8/-10 can trigger intrinsic mitochondrial apoptosis through the generation of truncated BID (tBID) that can further translocate to mitochondria and cause MOMP via activation of BAX/BAK1. By contrast, dependence receptors are activated when the levels of their specific ligand drop below a specific threshold. Thus, in the absence of their respective ligands, caspase-9 is recruited and results in the activation of the caspase-3/-7 cascade leading to apoptosis (Figure 2) [2][3][4] .

Figure 2 : Intrinsic vs Extrinsic apoptosis pathways

Regulated cell necrosis

Cell death may occur in multiple forms in response to different stimuli. Over the past decades, many novel forms of non-apoptotic RCD (also known as regulated cell necrosis) have been identified, including pyroptosis 5 , NETotic cell death 6 , necroptosis 7 , entotic cell death 8 , parthanatos 9 , ferroptosis 10 , immunogenic cell death 11 , lysosome-dependent cell death 12 , autophagy-dependent cell death 13 , oxeiptosis 14 and alkaliptosis 15,16 (Figure 3) 4 . All of them are mediated by different signaling pathways but share the same necrotic characteristics such as membrane rupture and release of inflammatory compounds, including alarmins and damageassociated molecular patterns (DAMPs). These inflammatory and immunogenic deaths are beneficial for the organism, in particular in the fight against pathogenic microbes. However, an overaction or dysregulation of these inflammatory cell death can lead to the development of autoimmune, inflammatory, ischemic or degenerative diseases [2][3][4] .

In this section, I will briefly describe some regulated cell necrosis, focusing in particular on Pyroptosis and NETotic cell death, which are part of my PhD thesis. 

a. Ferroptosis

Ferroptosis is a new form of RCD characterized by an excess iron accumulation and subsequent unbalanced redox states [2][3][4]18 . Although several studies on ferroptosis and its mechanisms emerged several years ago, the term "Ferroptosis" was described for the first time by Bren R.

Stockwell´s lab in 2012 and has become a research hotspot in the field of cell death 10 . The molecular mechanisms of ferroptosis are mainly dependent on the production and elimination of lipid peroxidation. Ferroptosis is induced when excess of iron generates abundant intracellular ROS production by Fenton reaction, breaking the redox balance and inducing lipid peroxidation. Several antioxidative mechanisms regulates the redox state of the cell, such as Glutathione peroxidase 4 (GPX4), which catalyses the reduction reaction of lipid peroxide (LOOH) and maintains the balance of redox reaction [2][3][4]10,[17][18] . When cells are unable to remove the excess of peroxide, the accumulation of lipid peroxidation induces ferroptosis. This regulated necrosis is characterized by increased membrane density, shrunken mitochondria and outer mitochondrial membrane rupture. Ferroptosis is involved in several diseases such as Parkinson´s and Huntington´s disease, cancer, renal or hepatic ischemia-reperfusion but also in infectious diseases [2][3][4]18 . (green, bottom left). Once PL-PUFAs are produced, iron-dependent enzymes and labile iron use molecular oxygen (O2) to make a peroxidation reaction, generating PL-PUFA-OOH (LOXs and CYPOR enzymes). Labile iron is imported through the TfR1 and stowed in ferritin (blue, top left). Ferritin can be degraded via an autophagy-like process, ferritinophagy, which releases labile iron and facilitates the lipid peroxidation driving ferroptosis (top left). Three main pathways for removing peroxidised PL-PUFAs (green, middle, and bottom right): the GPX4-GSH axis, the FSP1-CoQ10 axis, and the GCH1-BH4 or MUFA axis: The canonical ferroptosis controlling axis involves uptake of cystine through the cystine-glutamate antiporter (systemxc), GSH-, GSH biosynthesis, and GPX4-mediated reduction of phospholipid hydroperoxides (PL-PUFA-OOH). GSH-disulfide reductase (GSR) allows recycling of oxidized GSH (GSSG) using electrons provided by NADPH. Reduced coenzyme Q10, also known as ubiquinol, prevents lipid peroxidation and so ferroptosis. FSP1 (previously known as AIFM2; green, bottom right), regenerates ubiquinol from ubiquinone, which is produced through the mevalonate pathway (bottom right). The last ferroptosis-suppressive mechanisms consist ofGCH1/BH4 pathway, which permits the production of reduced ubiquinol and the remodelling lipids to disfavour lipid peroxidation. Moreover, MUFAs, when incorporated into phospholipids via ACSL3, act through an unknown mechanism to suppress ferroptosis (green, top right).

b. NETosis

NETosis (also called NETotic cell death) is an antimicrobial and pro-inflammatory form of RCD in neutrophils that promotes the formation of extracellular web-like structures called Neutrophil Extracellular Traps (NETs) [4][5][6][19][20][21][22] . NETs were discovered in 1966 by Takei et al. and were further characterized and named NETosis by the Zychlinsky laboratory 6 . NETosis is induced in response to microbes and endogenous signals and must be tightly regulated to prevent excessive acute inflammation. It is characterized by nuclear envelope disintegration, DNA decondensation, cytosolic expansion of nuclear DNA and its subsequent expulsion through the plasma membrane. Although its importance in host immunity to infections has been well established, its dysregulation is also associated to autoimmunity, host tissue damage, aberrant coagulation and thrombus formation [19][20][21][22] .

NETosis has originally been reported as an antimicrobial strategy that captures and kills bacteria but also act as a barrier to prevent their dissemination. However, increasing evidences suggest that NETs could also play a role in autoimmunity, coagulation and cancer [19][20][21][22] . NETs formation occurs in sequential steps, starting with the activation of neutrophils upon recognition of Pathogen-Associated Molecular Patterns (PAMPs) or Damage-Associated Molecular Patterns (DAMPs) that lead to the activation of the Nicotinamide Adenine Dinucleotide Phosphate (NADPH) oxidase (NOX) [22][23][24][25][26] . The NADPH oxidase complex is located within the phagosome-granule bilayer and is responsible for the production of Reactive Oxygen Species (ROS) through the protein kinase K (PKC)-MERK-ERK pathway. Once activated, ROS activates the Myeloperoxidase (MPO) that bind Neutrophil Elastase (NE) in the primary granules, forming the Azurozome complex, that is further translocated into the cytosol, allowing the release of serine proteases, such as NE, from the granules to the cytosol. MPO and NE then migrate to the nucleus and facilitate DNA decondensation through histone processing. MPO plays an important role in the formation of the Azurozome complex and the release of serine proteases from the granules to the cytosol. In addition, the ROS produced by the NOX activates the Peptidyl-Arginine Deaminase 4 (PAD4) allowing the citrullination of histones, which neutralize arginine positive charges and facilitate chromatin relaxation and decondensation [22][23][24][25][26] . At the final stages of NETosis, the decondensed DNA fills the cytosol et physically binds cytoplasmic and granule proteins, such as NE, MPO, Cathepsin G (CathG) and Proteinase-3 (PR3). Finally, sub-cortical actin network is disassembled promoting efficient DNA extrusion through the permeabilized plasma membrane [22][23][24][25][26] . endotoxin-activated Caspase-11 [22][23][24][25][26][27][28] . Both ROS and Caspase-11 dependent NETosis require the same final executer for plasma membrane and nuclear disruption, which is the cytosolic pyroptotic protein Gasdermin-D (GSDM-D) 25 . Active GSDM-D is able to form pores on PIP2enriched domains of the plasma membrane and nuclear envelope of neutrophils, leading to IL-1β release and DNA expulsion 25 . However, the role of GSDM-D in the ROS dependent NETosis is now controversial as the study was performed using a GSDM-D inhibitor, the LDC559, which has been recently demonstrated by the Dixit laboratory to actually be a ROS inhibitor and not a GSDM-D inhibitor 29 .

Intriguingly, despite a role of GSDM-D in NETosis and expressing all necessary compounds, neutrophils were described to resist caspase-1 dependent pyroptosis upon NLRC4 and NLRP3 inflammasome activation [START_REF] Chen | The Neutrophil NLRC4 Inflammasome Selectively Promotes IL-1β Maturation without Pyroptosis during Acute Salmonella Challenge[END_REF] .

c. Pyroptosis

Pyroptosis is a specific pro-inflammatory form of RCD described in 2001 by Cookson and Brennan dependent on the activation of the inflammatory caspase-1 and caspase-11 (caspases -4/-5 in human) 5 . Pyroptosis comes from the Greek "pyro" (fire) and "ptosis" (to fall) and is characterized by cell swelling, plasma membrane pore formation leading to cell lysis and the release of cytoplasmic content [2][3][4][5] . Its induction is dependent on the cytosolic protein gasdermin-D (GSDM-D) [30][31][32][33][34] . GSDM-D is a member of the gasdermin pore-forming protein family (gasdermin A/B/C/D/E) 32 . Its induction is mediated by the activation of high weight molecular complex, called inflammasome, upon recognition of PAMPs/DAMPs [30][31][32][33][34] . Once assembled, the inflammasome activates the inflammatory caspase-1 that will cleave GSDM-D, generating an N-terminal fragment that binds to the plasma membrane, oligomerizes and induce the formation of pores, driving pyroptotic cell death [30][31][32][33][34] . More recently, it has also been described a GSDM-D mediated pyroptotic cell death dependent on the non-canonical inflammasome caspase-11 in mice (caspase-4/-5 in human) 35 . Caspase-11 is an inflammatory caspase activated upon recognition of lipopolysaccharides (LPS) able to also induce the cleavage of GSDM-D and to generate an N-terminal fragment leading to pyroptosis 35 . Recent findings have shown that pyroptosis can also be driven by several other caspases, such as caspase-3, and mediated by other gasdermin proteins, such as gasdermin-E (GSDM-E) [30][31][32][33][34][35][36] .

Despite evidence of the role of GSDM-D in the induction of pyroptotic cell death, the mechanisms leading to plasma membrane rupture and cell death were not clear. Very recently, a new protein called Nerve Injury-induced Protein 1 (NINJ1) was described to play a crucial role in the rupture of the plasma membrane, leading to the release of the cytoplasmic content and inducing the so-called pyroptosis [37][38] . Indeed, cells lacking NINJ1 still undergo cell swelling and plasma membrane pore formation-mediated by GSMD-D-but failed to release cytoplasmic content [37][38] . NINJ1 is a protein expressed on the cell surface that, upon activation, binds to plasma membrane and oligomerizes inducing plasma membrane rupture. However, the signals that induce NINJ1 activation as well as the mechanisms by which it oligomerizes leading to plasma membrane rupture still remain elusive [37][38] .

Pyroptosis was initially defined as a caspase 1-dependent cell death, based on the specific requirement for caspase 1, but was further redefined as an inflammasome-dependent cell death with the discovery in 2002 of the inflammasome complex and the non-canonical inflammasome pathway in 2011 5,[30][31][32][33][34][35] . However, over the past few years it also became clear that pyroptosis was not only fully dependent on capase-1/caspase-11 (caspase-4/-5 in human)

and GSDM-D. Additional reports have shown that neutrophil elastase and caspase-8 can cleave and activate GSDM-D to cause cell death and that caspase-3 is able to process GDSM-E to also cause pyroptotic cell death 25,[30][31][32][33][34][35][36] .

Pyroptosis mediates a broad range of inflammatory responses and plays a major role in innate immunity against intracellular pathogens. However, despite its important role, it also underlies a range of pathological conditions including sepsis, infectious diseases and chronic inflammatory diseases such as the inherited disease CAPS (Cryopyrin-Associated Periodic Syndrome), diabetes, atherosclerosis, asthma and Alzheimer's disease 31,[33][34] . recognition of the danger signal, recruitment of cells, elimination of the danger and resolution of the inflammation 40 . PRRs are expressed in a large amount of immune and non-immune cells and detect a variety of ligands conferring an efficient response to diverse dangers. Since Charles Janeway initially postulated the pattern recognition theory, several families of PRRs have been identified, among them: the Toll-Like Receptors (TLRs) [42][43][44] , the RIG-I Like Receptors (RLRs) [46][47] , the C-type Lectine Receptors (CLRs) [48][49][50] , the NOD-Like receptors (NLRs) 51 as well as AIM2-Like Receptors (ALRs) 53 , PYRIN and cGAS/STING (Table 1) 45,[52][53] .

PRR DAMPs/PAMPs

Toll-Like Receptors (TLRs) In this section, I will focus in particular into the NLRs family, which are the main ones implicated in my research project.

1.1 Toll-like Receptors (TLRs)

The TLRs are the most characterized PRR family expressed in a large variety of cells, including immune and non-immune cells such as macrophages, neutrophils, epithelial cells and fibroblasts. They were first described in Drosophila Melanogaster in 1996 as Toll receptors before the first human homologue, called TLR4, was identified 41,42 . To date, 13 Toll homologs have been identified, called Toll-like Receptors (TLRs), allowing the recognition of a large variety of PAMPs and DAMPs (Table 2) 44 . In human 10 TLRs have been identified whereas 12 are expressed in mouse. All the TLRs members are composed of an extracellular transmembrane domain containing leucin-rich-repeat (LRR) motifs, allowing the recognition of the different PAMPs/DAMPs, as well as cystine-rich domains and a conserved intracellular Toll/IL-1R domain, implicated in the transduction of the signal. TLRs are divided into two subfamilies depending on their localisation, either in the plasma membrane or at the intracellular vesicles membranes, such as endosome, endoplasmic reticulum (ER) and lysosomes) 44 . The activation of these receptors leads to the MyD88 / TRIF signalling pathways resulting in the expression and production of pro-inflammatory compounds, such as cytokines and chemokines. Therefore, TLRs play an essential role in the fight against infection.

TLR (mouse/human)

NOD-like Receptors (NLRs)

The NLRs are a family of cytosolic multidomain proteins that evolved as PRRs in plants and animals. They represent the largest and most diversified family of PRRs allowing them to recognize a large amount of signals 51 . Common to all of them, is the structure that comprises an N-terminal domain, a central nucleotide-binding domain (NACHT) and a C-terminal leucinerich repeat (LRR) domain (Figure 6) 51 . The NLRs family is classified into four different subfamilies based on the type of N-terminal domain: NLRA (NLRs containing a transactivating (AD) domain), NLRB (baculovirus IAP repeat (BIR) domain), NLRC (caspase-associated recruitment domain (CARD)), and NLRP (pyrin (PYD) domain) (Table 3) 51 . The NLRC proteins have one or more caspase recruitment (CARD) domains at their N-termini, whereas the NLRP proteins have pyrin domains (PYD) instead. In addition, atypical NLR-like receptors such as zGBP-4 and B30.2-containing proteins have been added. The mechanisms of activation are similar for the majority of the different subfamilies of NLR in which ligand binds to the Cterminal LRR domain inducing NACHT oligomerization and subsequent signaling by the Nterminal domain. The NLRs can be classified functionally in two categories: those inducing innate immunity pathways, such as NF-κB, and those inducing the assembly of cytosolic signaling complexes known as inflammasomes. These high weight molecular complexes act as activation platforms for the cysteine protease caspase-1 leading to the release of the proinflammatory cytokines interleukine-1β (IL-1β) and interleukine-18 (IL-18) and also induces the inflammatory cell death known as pyroptosis. Among the different NLR proteins able to form an inflammasome are several NLRP, such as NLRP1-3, and NLRC, such as NAIP-NLRC4 complexes 51 . 

II. The inflammasomes

The host innate immune system plays an important role in the rapid recognition and elimination of invading pathogens through phagocytosis and induction of inflammation.

Recognition is achieved by several classes of germ-line encoded pattern-recognition receptors (PRRs), which detect conserved microbial molecules called pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) 53 . While most of these pathways initiate the secretion of cytokines, Nod-like Receptors (NLRs) proteins trigger a stronger response, characterised by the induction of host cell death and secretion of inflammatory cytokines via the assembly of inflammasomes [30][31][32][33][34]51 . The term inflammasomes was coined by the team of Jürg Tschopp in 2002 to describe a multiprotein complex that activate inflammatory caspase-1/-11, which in turn promote cytokine release (interleukin (IL)-1β/-18) and pyroptosis, an inflammatory form of host cell death 54 . The inflammasome is crucial to mount effective innate immune responses against a variety of microbial pathogens but a dysregulation is also associated to autoimmune diseases, cancer, metabolic and neurodegenerative diseases. Therefore, its assembly is tightly regulated and linked to other signaling pathways to limit collateral damage to the host [30][31][32][33][34]51 .

To date several cytosolic PRRs are described to form an inflammasome including the NLR family members NLRP1-3, NLRP6-7, NLRP9b, NLRP12, NLRC4 as well as IFI16, AIM2, Pyrin and CARD8 . (GSDM-D). GSDM-D cleavage generates an N-terminal fragment that binds to the plasma membrane, oligomerizes and induce the formation of pores. Plasma membrane-pore formation is responsible for the release of the pro-inflammatory cytokines IL-1β/18 and for driving pyroptotic cell death through osmotic shock and subsequent plasma membrane rupture and cell lysis [30][31][32][33][34][35] . Very recently, the protein Nerve Injury-induced Protein 1 (NINJ1) was described to play a crucial role in the rupture of the plasma membrane, responsible for the socalled pyroptosis [37][38] . NLRP1 was the first inflammasome sensor, described almost 20 years ago, but still the less well understood 33,[71][72][73] . There is only one NLRP1 gene in human whereas two orthologues genes (NLRP1A and NLRP1B) and one pseudogene (NLRP1C) are expressed in mice. The difference between mice and human NLRP1 is the absence of a PYD domain in rodents (needed for ASC interaction) whereas both express a CARD domain allowing the recruitment of caspase-1.

Inflammasome

NLRP1 possesses a unique structure as it contains a Function-to-find Domain (FIIND) in its Cterminal that undergo a constitutive self-cleavage event that is necessary but not sufficient to induce its activation. Once cleaved, the N-terminal and C-terminal remain associated with noncovalent interactions mediated by the proteins ZU5 and UPA. To induce inflammasome assembly and caspase-1 activation, NLRP1 needs the proteolytic activity of the proteasome.

Precisely, the N-terminal domain of NLRP1 needs to be cleaved which results in its ubiquitination (E3-ligases) and further degradation by the proteasome (also called the N-end rule pathway). This results in the release of the C-terminal domain that allows inflammasome assembly and activation. In resting cells, NLRP1 is regulated through the dipeptidyl peptidases DPP8 and DDP9 that interact with the FIIND of NLRP1 and suppress spontaneous NLRP1 activation [71][72][73] .

Ubiquitination of the N-terminal domain can also be induced directly by microbial pathogens through E3 ubiquitin ligases, such as the IpaH7.8 from Shigella flexneri, leading to inflammasome activation [71][72] . The cleavage of the N-terminal fragment of NLPR1 can be achieved by several microbial proteases, such as the Bacillus anthracis Lethal Factor (LF)

protease for NLRP1B (does not activate human NLRP1), the 3C proteases from picornavirus and coronavirus, such as human rhinovirus (HRV) and SarcoV2 33,[71][72][73] . NLRP1 can also be activated through phosphorylation and further ubiquitination of the N-terminal domain of NLRP1 by double-strained RNA from alphaviruses or by UVB as well as by some bacterial toxins, such as anisomycin [71][72] .

NLRP1 plays an important role in the defense against infections but its dysregulation is also associated to inflammatory diseases such as Multiple Self-healing Palmoplantar Carcinoma (MSPC) and dyskeratosis. Activation of NLRP1 is very complex and unique compare to the other inflammasomes, which is challenging for research but also a chance for the development of pharmacological targets [71][72] . NLRC4 is a member of the NLR family originally named IPAF and described as a pro-apoptotic protein in 2001 33,61 . Like all the NLR it shares the common three domain structure composed of an N-terminal domain, a central nucleotide-binding domain (NACHT) and a C-terminal leucine-rich repeat (LRR) domain. NLRC4 has the particularity to express a CARD domain in its N-terminal, which allows it to interact directly with caspase-1 without ASC 33,51,61 .

The NLRC4 inflammasome can be activated in response to the bacterial Type III Secretion System (T3SS) and flagellin 33,61 . However, the mechanisms of activation of NLRC4 differs from the other members of NLRs as it does not directly act as a sensor but is rather activated downstream of sensor proteins from the NLR family Apoptosis Inhibitory Proteins (NAIPs).

Indeed, NAIPs act as sensor that upon recognition of specific ligands induces the interaction with NLRC4 leading to inflammasome assembly and activation of caspase-1. To date, there are four NAIPs in mice (NAIP1, 2 and NAIP5/6) and one NAIP in human (hNAIP) described to activate NLRC4 33,51,61 . Each of the different NAIPs recognize one specific ligand: in mice, NAIP1

recognizes the T3SS needle protein, NAIP5 recognizes the T3SS basal rod component while NAIP5/6 recognize the flagellin. On the other hand, the hNAIP recognizes both T3SS components and flagellin. Once the ligand-bound NAIP complex interacts with NLRC4, it induces a conformational change leading to it activation. The active form of NLRC4 then recruits ASC and pro-caspase-1 to form the inflammasome complex. The presence of a CARD domain in N-terminal allow NLRC4 to recruit directly caspase-1. ASC binding enhances caspase-1 recruitment and inflammasome response 33,51,61 .

In addition to the canonical caspase-1 inflammasome activation, NLRC4 has also been described to induce the recruitment and activation of caspase-8 [59][60] . However, unlike the caspase-1 dependent pathway, caspase-8 recruitment and activation is not able to induce pyroptotic cell death. Indeed, some work reported that during Salmonella infection, NLRC4 recruits and actives caspase-8, leading to IL-1β secretion without cell death. However, in the absence of a functional caspase-1 pathway, caspase-8 recruitment has been shown to induce cell death. Indeed, upon Legionella infection, the NLRC4 activation in macrophages deficient for caspase-1 leads to ASC and caspase-8 recruitment inducing a caspase-8 dependent apoptosis [59][60] .

NLRC4 can also be regulated by transcriptional and post-transcriptional modifications, such as phosphorylation and ubiquitination 33,51,61 . Indeed, the transcriptional factor Interferon Regulatory Factor 8 (IRF8) has been described to regulate the activation of NAIP 1,2,5 and 6 as well as NLRC4. Moreover, the phosphorylation of NLRC4 by Protein Kinase Cδ (PKCδ) and

Leucine-Rich Repeat Kinase 2 (LRRK2) has been suggested as regulatory mechanisms of NLRC4 activation. However, if phosphorylation is needed for NLRC4 activation still remain unclear as some studies reported that flagellin can induce NLRC4 phosphorylation but not activation.

Therefore, the precise role of protein kinases in NLRC4 activation still remain elusive. terminal leucine-rich repeat (LRR) domain [33][34]51 . However, NLRP3 has the particularity to require two signals to be fully activated: the priming and the activation signal.

NLRP3 is expressed at low level in basal conditions, therefore the priming step is necessary to induce transcriptional upregulation of NLRP3. The priming signal is induced upon recognition of PAMPs/DAMPs by the TLRs leading to the upregulation of NLRP3 and pro-inflammatory cytokines expression through the NF-κB/MYD88 pathway. Once NLRP3 is expressed, it can be activated upon recognition of "danger" signal provided by various NLRP3 activators, which correspond to the activation signal [33][34] .

NLRP3 is what we could call a wide inflammasome sensor as it can be activated by a large variety of stimuli, including bacterial RNA, pore-forming toxins such as nigericin, extracellular ATP, crystals, mitochondrial stress… etc [33][34] . (Figure 10). In addition, GSDM-D pore formation in the plasma membrane also induces NLRP3 activation by changes in the ion permeability.

The activation of the NLRP3 inflammasome can also be regulated by post-translational modifications including ubiquitination, phosphorylation, SUMOylation and acetylation (resume in Table 5) [33][34]76 .

Signal Post-translation modification Effect on NLRP3

Table 5 : Post-translational modification of the NLRP3 inflammasome

In physiological conditions, NLRP3 activation is associated with host defence. However, a dysregulation is also linked to the development of inflammatory diseases, such as Cryopyrin-Asssociated Periodic Syndromes (CAPS). CAPS is a group of inflammatory diseases induced by gain-of-function mutations in the NLRP3 gene leading to an over-activation of the NLRP3 inflammasome. This is commonly associated to symptoms including fever, redness and inflammation. To date few treatments exist and are all related to IL-1β blockage, which are not NLRP3 specific. In addition to CAPS, NLRP3 dysregulation is also associated to metabolic diseases, such as atherosclerosis and type II obesity, as well as neurodegenerative diseases, such as Alzheimer's disease (AD) and Parkinson's disease (PD) [33][34]77 . AIM2 is a member of the AIM2-Like Receptors (ALRs) family and is identified as a cytoplasmic sensor of double-strained DNA (dsDNA) since 2009 33,78 . Unlike the other NLRs members, AIM2 has an N-terminal PYD domain, essential for ASC interaction, and a C-terminal HIN-200 domain that binds to dsDNA. In steady state, AIM2 is auto-inhibited by interaction between the PYD and the HIN-200 domain 51 . Upon recognition of cytosolic dsDNA by the HIN-200 domain, it releases the PYD domain that can interact with ASC and assemble the inflammasome complex 33,78 . At basal state, AIM2 expression is mostly detected in the spleen, the small intestine and in peripheral blood. However, it can be upregulated upon type I IFN induction.

AIM2 is critical in the defence against microbes through the recognition of cytosolic bacterial/viral DNA but it is also implicated in the recognition of self-DNA upon nuclear envelope disruption. Besides its well-described ability of AIM2 to recognize dsDNA within the cytosol, AIM2 has also been proposed to detect DNA damage directly in the nucleus 33,78 .

Like the other inflammasomes, the activation of AIM2 is also regulated to avoid aberrant inflammation. Several proteins have been described to interfere with AIM2 inflammasome assembly, mainly by interfering with ASC and caspase recruitment. This is mediated by a family of proteins, called decoy proteins, which can act directly by inhibiting the binding of DNA to the HIN-200 domain (p202), ASC recruitment (POP3) and/or caspase-1 recruitment (COPs) through blockage of PYD-PYD and CARD-CARD interactions. In addition of these decoy proteins, the Tripartite Motif 11 (TRIM11) was reported to be a key regulator of AIM2 assembly by inducing its degradation through the autophagic pathway 33,78 .

To date, AIM2 is not associated to auto-inflammatory diseases and no gain-of-mutation have been identified. However, auto-inflammation induced by an aberrant amount of self-DNA release found in some inflammatory diseases, such as in psoriasis patients, have been linked to AIM2.

Figure 13 : Mechanisms of activation of the AIM2 inflammasome

The Pyrin inflammasome

The Pyrin inflammasome has a particular structure as it possesses a PYD domain in N-terminal, allowing its interaction with ASC, a central domain that play a role in Pyrin oligomerization (Bbox and CC domain) and a B30.2 domain in C-terminal, supposed to directly interact with caspase-1 33,51 . It was initially discovered as a sensor of Rho Guanosine Triphosphate (Rho-GTPases) inactivation by bacterial toxins 63 . Rho-GTPases are cell regulators of a variety of signaling pathways including cellular cycle, immunity and cytoskeleton organization. Pyrin act as a "guardian" of cell homeostasis by sensing modifications in the activity of one specific Rho-GTPase, RhoA, implicated in a variety of signaling pathways, including the PKN1/2 pathway. At steady state, RhoA activation leads to the PKN1/2 -mediated phosphorylation of Pyrin that result in an interaction with the chaperone protein 14-3-3. This interaction keeps Pyrin in an inactive state preventing inflammasome assembly and activation. A downregulation or inactivation of RhoA activity by bacterial toxins suppresses Pyrin phosphorylation and interaction with 14-3-3 allowing inflammasome formation and activation.

Pyrin inflammasome activation is also regulated by microtubules as its pharmacological inhibition by colchicine has been describe to alter ASC recruitment and subsequent inflammasome activation 63 .

Pyrin is associated to several inflammatory disorders such as Familial Mediterranean Fever (FMF). FMF the most frequent hereditary auto-inflammatory disease induced by a mutation in MEFV gene (Pyrin), characterized by systemic inflammation. It is common in many populations of the Mediterranean basin. In addition, Pyrin has also been linked to auto-inflammatory disorders such as Pyrin-associated Auto-inflammation with Neutrophilic Dermatosis (PAAND)

and Pyrin-Associated Dominant Disease (PADD), both related to MEFV and causing periodic inflammatory diseases 63 . NLRP6 activation is regulated at different stages to avoid excessive inflammation. Indeed, the activation of NLRP6 is mediated by LTA-binding and ubiquitination of the receptor. The deubiquitinase CYLD negatively regulated NLRP6 activation by cleaving the ubiquinated K63 of NLRP6 thereby inhibiting its ability to interact with ASC and to form and inflammasome complex. NLRP6 is also regulated at a transcriptional level. Indeed, Tumor Necrosis Factor α (TNF-α), some viral stimuli as well as microbiome signaling can induce Nlrp6 transcription.

Moreover, the transcription factor peroxisome proliferator-activated receptor-γ (PPAR-γ) has been described to bind to the promoter region of Nlrp6 and induces its transcription 70 .

In addition to its ability to form an inflammasome complex, NLRP6 seems to also negatively regulate Nk-κB signaling, dampening inflammatory response upon bacterial infection.

Moreover, it has been described a role of NLRP6 in the production of interferons in response to intestinal viral infection 70 .

Figure 15 : Mechanisms of activation of the NLRP6 inflammasome 1.7 The NLRP9 inflammasome NLRP9 is one of the newest described NLR able to form an inflammasome. Like NLRP1, only one NLRP9 gene exists in human (hNLRP9) whereas three genes are harbor by mice (mNLRP9a, mNLRP9b and mNLRP9c) 62,68 . NLRP9 was first described as important during embryonic development. However, whether NLRP9 can form an inflammasome was not clear until very recently. Indeed, recent work have shown that NLRP9b in mice act as a sensor of Rotavirus in intestinal epithelial cells (IECs) 62 . Rotavirus are double-strained RNA viruses that infect small intestine and are responsible for diarrheal diseases. The study revealed that in the absence of NLRP9b, ASC or caspase-1, mice have elevated levels of viral RNA and more severe pathogenesis compare to Wild-Type (WT) mice 62 . However, despite the high expression of NLRP9 in human IECs, whether it can trigger inflammasome formation and activation is still unknown.

The mechanisms of formation and activation of the NLRP9b inflammasome are similar to the other NLRP members. NLRP9b shares the common three-domain structure composed of an Nterminal, a central nucleotide-binding domain (NACHT) and a C-terminal leucine-rich repeat (LRR) domain 51 . Upon rotavirus infection in IECs, the RNA helicase DHX9 binds to viral RNA and form a complex with NLRP9b leading to inflammasome assembly and activation 68 . However, the mechanisms leading to the formation of the DHX9-NLRP9b complex still remain elusive. CARD8 is a particular inflammasome as it is only expressed in humans. It shares common features with the NLRP1 inflammasome, in particular structurally: it possesses a CARD and a Function-to-find Domain (FIIND) in its C-terminal that undergo a constitutive self-cleavage event that is necessary but not sufficient for its activation 64 . CARD8 is also regulated by the dipeptidyl peptidases DPP8 and DDP9 that interact with the FIIND and suppress spontaneous CARD8 activation [64][65] . However, unlike NLRP1, CARD8 does not harbour a PYD domain and can interact directly with caspase-1 through its CARD domain without need of ASC recruitment.

To induce CARD8 inflammasome assembly and activation, it needs to be cleaved and further degraded by the proteasome (also called the N-end rule pathway), such as NLRP1 [64][65] .

Recently, CARD8 has been described to be a sensor of HIV-1 infection in CD4 + T cells and human macrophages [64][65] . Specifically, HIV-1 proteases cleaved the N-terminal domain of CARD8 resulting in inflammasome formation and activation leading to IL-1β secretion and pyroptosis. 

The non-canonical inflammasome

This set of so-called canonical inflammasome is complemented by the non-canonical inflammasome, mediated by the protease caspase-11 in mouse (caspase-4/-5 in human), upon recognition of lipopolysaccharides (LPS), from gram-negative bacteria, leading to the direct cleavage of GSDM-D and subsequent pyroptosis 33,35 .

LPS is a potent PAMP implicated in sepsis and septic shock. It is composed of a lipid A, a core oligosaccharide chain and a variable polysaccharide chain known as O-antigen. LPS can reach the cytosol upon infection through outer membrane vesicles (OMVs)-mediated entry or by Guanylate-Binding Proteins (GBPs)-mediated vacuolar membrane disruption 33,35 . GBPs are IFN-inducible GTPases that play important functions in the immune defense against pathogens.

They can directly bind to cell wall bacteria and induce their lysis or disrupt outer membrane vesicles allowing LPS release in the cytosol 33,79 . More recently, GPBs have been described to function as LPS receptor to allow caspase-11/-4/-5 recruitment 79 . By analogy to the canonical inflammasome, caspase-11/-4/-5 is activated upon recognition and binding to the LPS lipid A through its CARD domain. Once activated, it induces the cleavage of GSDM-D releasing the Nterminal fragment that self-oligomerize to form a pore through the plasma membrane leading to pyroptosis. By contrast to the caspase-1 dependent canonical inflammasome, caspase-11/-4/-5 are not able to cleave the inflammatory cytokines pro-IL1β/-18 [33][34][35] . However, GSDM-D pores formation induce K + efflux that secondary activates the canonical NLRP3 inflammasome resulting in IL-1β/-18 secretion.

The non-canonical inflammasome plays a critical role in detecting and clearing various bacterial infections. stored in specialized granules, capable of eliminating the invading pathogens [80][81][82] .

Granulopoiesis

Originally, neutrophils are produced in the bone marrow from hematopoietic stem cells (HSCs)

to granulo-monocytic progenitors (GMPs) [80][81][82]86 . These GMPs, under the control of the Granulocyte Colony-Stimulating Factor (G-CSF), differentiate into myeloblasts (MB) and follow a maturation process starting from promyelocyte (PM), myelocyte, metamyelocyte, band cell and finally mature neutrophil (Figure 15). The different maturation stages are characterized by changes in the nuclear form leading to the development of a multilobular nucleus and the generation of intracellular granules. Mature neutrophils express three different type of granules: primary, secondary and tertiary as well as secretory vesicles. Each of the different granules are formed at specific stages of neutrophil differentiation. Primary granules, also known as azurophil granules, are produced at the myeloblast (MB) stage. Secondary granules, known as specific granules, are generated at the myelocyte (MC) stage whereas tertiary granules, known as gelatinase granules, are found at the metamyelocyte (MMC) stage [80][81][82]86 .

Concerning the secretory vesicles, they are detected only in mature neutrophils. These granules are important as they store all the arsenal of antimicrobial agents, such as myeloperoxidase (MPO), neutrophil elastase (NE), cathepsin G (CathG) and metalloproteinases, used to eliminate invading pathogens [80][81][82] .

Azurophil granules

Azurophil granules are the first synthesized granules during neutrophil differentiation and mark the transition between MB and PM [80][81][82]86 . They are generally defined as peroxidase positive granules due to their high content in MPO. MPO is an inflammatory enzyme implicated in a variety of functional activities. The main role of MPO is to generate reactive hypochlorous acid (HOCL) in the presence of hydrogen peroxide (H2O2) and chloride ion (Cl -), which are potent oxidants that contribute to neutrophil's microbicidal capabilities. MPO can also be released in the extracellular environment upon neutrophil activation by inflammatory mediators, such as TLR ligands, and bind to the surface of environment neutrophils and platelets provoking degranulation of azurophilic and specific granules.

In addition to MPO, primary granules also contain serine proteases, such as proteinase 3 (PR3), CG, NE and neutrophil serine protease 4 (NSP4). These enzymes play an important role as potent antimicrobial agents, notably through their proteolytic enzymatic activity against microbes. They are also able to induce the activation of a variety of cells, including endothelial cells, macrophages, lymphocytes and platelets and are also involved in the degradation of extracellular matrix components such as elastin, fibronectin as well as cytoskeleton, such as actin [80][81][82]86 .

Azurophilic granules are also composed of other vital microbicidal peptide including αdefensin, azurocidin and bactericidal/permeability-increasing protein (BPI). These proteases have antimicrobial properties against a variety of microbes by directly targeting microbial outer membrane and induce the formation of pores. They also allow the recruitment of immune cells, such as T cells and monocytes, and increase vascular permeability during neutrophil migration [80][81][82]86 .

Specific granules

Specific granules are produced during MC stage and are characterized by the presence of antibiotic substances that participate to neutrophil antimicrobial activities. One of the main substances is lactoferrin, a bactericidal agent against a variety of microbes. Lactoferrin is an enzyme able to sequester iron, destabilize and disrupt microbial cell membrane as well as impair reactive oxygen species (ROS) production [80][81][82]86 . In addition, lactoferrin is able to modulate innate and adaptative immune response by enhancing serine proteases activation as well as the differentiation and maturation of T cells and B cells.

In addition to lactoferrin, specific granules also contain antimicrobial agents such as neutrophil gelatinase-associated lipocalin (NGAL), resistin, olfactomedin-4 (OLFM-4) and signal-regulatory protein alpha (SIRPα). These proteins act in synergy with lactoferrin to limit microbial growth and recruit immune cells but also negatively regulate neutrophil activation by limiting their accumulation at the inflammatory sites and inhibiting serine proteases such as CG [80][81][82]86 .

Gelatinase granules

Tertiary granules, also known as gelatinase granules, are the last granules produced during neutrophil differentiation, at MMC stage. These granules are important during neutrophil migration and extravasation into the inflammatory site. Indeed, tertiary granules are composed by receptors, such as CD11b/CD18, CD67, CD177, SCAMP and VAMP2, as well as matrix-degrading enzymes, such as gelatinase, important for neutrophil adhesion and extravasation. One important key gelatinase protein is arginase 1, which metabolizes arginine, thereby reducing nitric oxide (NO) synthase (NOS) substrate leading to endothelial dysfunction and therefore allowing neutrophil extravasation [80][81][82]86 .

Secretory vesicles

Secretory vesicles are expressed at the final stages of neutrophil differentiation. They are not considered neutrophil granules as they are smaller and not densely packed with antimicrobial protein. They are scattered throughout the cytoplasm and are highly exocytosed. They express a large amount of receptors that play an important role during neutrophil migration and extravasation into the inflammatory site to eliminate invading pathogens [80][81][82]86 .

Neutrophil exit and circulation

Mature neutrophils are kept in bone marrow by interaction between CXCR4-expressing neutrophils and CXCL12 on stromal cells [80][81][82] . A key regulator of neutrophil exit from bone marrow is G-CSF, which, in addition to induce neutrophil differentiation, interferes with CXCR4-CXCL12 interaction by downregulating CXCR4 expression and upregulating CXCR2 in neutrophils. The production of CXCR2 ligands, such as CXCL1, CXCL2, CXCL5 and CXCL8 (in human) by endothelial cells allows mature neutrophils to exist from bone marrow to the blood [80][81][82] .

Neutrophil production and release in the blood is also regulated by a cytokine network 

Neutrophil adhesion and migration

Neutrophils from the blood are recruited to the inflammatory site through an adhesion/migration cascade (Figure 19). This process is divided in several steps starting by the capture, rolling, crawling and finally extravasation of the neutrophil into the inflamed site. The first step consists in the adhesion of recruited neutrophils to endothelial cells. This is mediated by the interaction between E-selectin receptors from endothelial cells and the β2 integrin LFA1 from neutrophils [80][81][82] . This interaction cause neutrophils to roll on the endothelium before being stopped and "arrested" by endothelial cells through more permanent interactions between β2 integrins (LFA1 and MAC1) and endothelial receptors, such as ICAM1. This is followed by neutrophil's crawling over the endothelium and transmigration through endothelial cells, also called diapedesis. Once in peripheral tissues, neutrophils use chemoattractants such as formyl-methionyl-leucyl-phenylalanine (fMLF) and the anaphylatoxin C5a to home into the inflammatory site where they deploy their effector functions [80][81][82] .

Neutrophils can also re-enter the vasculature across the endothelial layer through a process called "reverse migration" [80][81][82] . Indeed, it has been suggested that neutrophils that perform their effector functions, like phagocytosis, are not always destined to die but can instead reenter the blood stream. In addition to this, it has been observed a phenomenon called "hesitant migration" where some neutrophils seem to abort their migration to peripheral tissues and remain in circulation during extravasation through the endothelium. However, it is not clear if these neutrophils can be "activated" and might affect host homeostasis and could contribute to inflammatory pathologies [80][81][82] . 

Phagocytosis

Phagocytosis is the physical uptake of a microbe by neutrophils in an intracellular compartment that is the phagosome and subsequent killing. Recognition of invading pathogens relies on the expression of PRRs, such as TLRs, and opsonic receptors at the surface of the neutrophil [44][45] .

These receptors are able to recognize microbe-associated molecular patterns (MAMPs) at the microbial surface activating signaling pathways that modulate phagocytosis and killing. Actin polymerization is a requisite for phagocytosis as it induces cytoskeleton reorganization allowing plasma membrane to uptake and sequester the microbe in the phagosome [80][81][82] . Once in the phagosome, neutrophils focused all their antimicrobial activities in order to kill the invading pathogen while avoiding collateral damages [80][81][82][83][84][85][86] . To this purpose, neutrophil granules fuse with the phagosome delivering microbicide agents, such as MPO, close to the microbe. In addition, phagosome membrane is embedded with the NADPH oxidase complex, which generates intraphagosomal ROS production, important for killing 87 .

The ability of neutrophils to kill phagocytosed microbes is 1-2 times higher than any other phagocyte [80][81][82][83][84][85][86][87] . Therefore, it is not surprising that some pathogens have developed mechanisms to evade neutrophil phagocytosis. One of the most common strategies is to mask surface antigen/epitopes to avoid their detection by PRRs. For example, S. Typhimurium and Yersinia spp. modify their lipid A structure to avoid TLR4 detection [START_REF] Scott | Lipid A structural modifications in extreme conditions and identification of unique modifying enzymes to define the Tolllike receptor 4 structure-activity relationship[END_REF] . In addition, some pathogens have also developed mechanisms to directly inhibit phagocytosis following neutrophil recognition. It is the case of some gram-negative bacteria that target small Rho GTPases, leading to actin cytoskeleton impairment and therefore phagocytosis [START_REF] Popoff | Bacterial factors exploit eukaryotic Rho GTPase signaling cascades to promote invasion and proliferation within their host[END_REF] .

Degranulation

Neutrophil degranulation share similarities with phagosomal granule-fusion, but occurs in the plasma membrane. Degranulation occurs in a hierarchical way and is inversely related to granule production [80][81][82][83][84][85][86] . The release of each of the different granules depends on the stimuli: minimal stimulation provokes the release of secretory vesicles whereas increasing stimuli will induce the release of gelatinase granules, followed by specific granules and finally azurophilic granules 86 . Azurophilic granules are the most powerful neutrophil granules due to their high antimicrobial agents, thus their release is tightly regulated to avoid excessive inflammation and tissue damage. Therefore, azurophilic granules are the first mobilized in the phagosome, in order to kill microbes, but are the last to be released extracellularly 86 . The role of each specific granule has been detailed in section 1.1-4.

NETosis

NETosis is an antimicrobial and pro-inflammatory form of cell death leading to the formation of neutrophil extracellular traps (NETs) [20][21][22][23][80][81][82][83][84][85][86] . NETs are extracellular web-like structures composed of decondensed DNA decorated with cytosolic and granule proteins. They play an important role in trapping extracellular microbes and preventing their dissemination. Although their importance in host immunity to infections has been well established, a dysregulation is also associated to inflammatory diseases, such as sepsis and lupus.

NETs formation and release occurs in sequential steps starting by neutrophil activation and actin depolymerisation [20][21][22][23][24][25][26][27][80][81][82][83][84][85][86] . Then, nuclear envelope disassembles, allowing decondensed DNA to expand in the cytosol where it decorates with cytosolic and granules proteins. Finally, plasma membrane permeabilizes resulting in the expulsion of the decorated DNA in the extracellular environment. Despite the antimicrobial role of NETs to capture and kill invading pathogens, increasing evidences suggest that they may also play a role in autoimmunity, coagulation and cancer.

Indeed, it is now well documented that excessive NETosis can lead to severe tissue damages responsible for the development of infection and sepsis [20][21][22][23]82 . In addition, NETs have been described to regulate inflammatory cytokines such as IL-6 and pro-IL1β in macrophages. The 

ROS production

Reactive oxygen species (ROS) refer to a large group of highly reactive derivates of oxygen generated upon host stress response. The oxidative capacity of mature neutrophil is mainly due to the expression of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex 87 . NOX2 (also known as gp91 phox ) is the main catalytic subunit of the NADPH oxidase and is highly express in neutrophils. It is responsible for the production of superoxide (O2 .-), a ROS able to oxidize different types of molecules, including nucleic acids, lipids and proteins, and endowed with antimicrobial properties. The NADPH complex is present in the membrane of granules and assembles in the phagosome and plasma membrane upon neutrophil activation to produce large amounts of ROS. Despite being usually associated with oxidative cell damage, these oxidants are important to modulate other effector responses such as degranulation and NETs formation, and play an important role in cell homeostasis by modulating redox cellular pathways and cell signaling, such as ferroptosis 87 . Additionally, ROS can cross the membranes of bacterial pathogens and damage their cell membranes, proteins and nucleic acids helping to eliminate invading pathogens. Defects in ROS productions is associated with increased bacterial survival and dissemination within the tissues [80][81][82][83][84] .

ROS production is a powerful weapon against a variety of microbes and an important component of the immune response. Therefore, it is not surprising that pathogens have develop different strategies to prevent ROS production, directly by impeding its generation or by detoxifying it 84 .

Neutrophil elimination

While neutrophils survive in the circulation for just few hours (12-24h), activated neutrophils into tissues can extend this period upon inflammatory factors. At the end of acute inflammation, neutrophils undergo apoptosis and are cleared by resident macrophages through phagocytosis, also termed efferocytosis [80][81][82][83][84][85][86] . This is accompanied by the release of proresolving lipid mediators, such as lipoxins and resolvins, to limit inflammation and restore normal tissue homeostasis. In some cases, neutrophils can re-enter the circulation (also known as reverse migration), up-regulate CXCR4 expression and return in the bone marrow for clearance 82 . Failure in the clearance of neutrophils likely contributes to the development of chronic inflammation.

The clearance of apoptotic neutrophils at the end of acute inflammation is also important for controlling neutrophil production in the bone marrow. Indeed, efferocytosis of apoptotic neutrophil reduces IL-23 production by phagocytes. As described previously, IL-23 stimulates IL-17 production by T helper 17 lymphocytes (Th17), promoting granulopoiesis and neutrophil release from bone marrow by up-regulating G-CSF. Therefore, a decrease in IL-23 production inhibits neutrophil production and release from bone marrow [80][81][82][83][84][85][86] .

Neutrophils in disease

Neutrophils play an important role in the elimination of invading pathogens but they also participate in a wide variety of cellular functions and the maintain of cell homeostasis.

Therefore, neutrophil dysregulation is associated with inflammation and tissue injury, detrimental for several inflammatory diseases. Thus, a precise regulation of neutrophil response is essential to maintain a homeostatic equilibrium in the body.

Neutrophils are implicated in the development of various inflammatory diseases, including infection, pulmonary and cardiovascular disorders, autoimmune diseases as well as cancer (described in Table 6) 82 . In most of the cases, the development of the pathology is associated with enhanced neutrophil recruitment and activation leading to excessive tissue injuries. For example, chronic obstructive pulmonary disease (COPD) as well as cystic fibrosis lung disease are linked to excessive inflammation, mediated by enhanced neutrophil recruitment and activation (NETs formation, ROS production...) in the airways, leading to severe airway obstruction 82 . However, insufficient neutrophil response is also detrimental and associated to pathologies. Indeed, insufficient pathogen clearance is linked to systemic infection and sepsis 82 . In addition, neutrophil ageing is also associated with functional defects contributing to chronic inflammation.

Disease Pathology

Infectious diseases and sepsis [START_REF] Anjani | Recent advances in chronic granulomatous disease[END_REF] . It is found in one out of every 200.000 -250.000 live human births and is associated with recurrent severe microbial infections early in childhood and usually fatal.

The NADPH oxidase complex is comprised of 5 subunits 97 : gp91 phox , p22 phox , p47 phox , p67 phox and p40 phox . In resting cells, the NADPH components are dormant and separated, with the heterodimer gp91 phox and p22 phox (cytb558) localizing at the cellular membranes (phagosomes, granules and plasma membrane) while the p47 phox , p67 phox and p40 phox subunits are in the cytoplasm 87 . The separation of the different component in resting cells is important as it prevents spontaneous activation and potential cell damage. Upon neutrophil activation, in response to pro-inflammatory mediators, microbes and PRRs, the three cytoplasmic subunits (p47 phox , p67 phox and p40 phox ) form a heterotrimer and translocate to the cytb558 to form the NADPH oxidase complex, resulting in the generation of superoxide (O2 -) 87 .

Figure 22 : Mechanisms of regulation and activation of the NADPH oxidase complex CGD is caused by mutations in genes encoding for the different components of the NADPH oxidase complex, including CYBB (gp91 phox ) and CYBA (p22 phox ), NCF1 (p47 phox ), NCF2 (p67 phox ) and NCF4 (p40 phox ) [START_REF] Anjani | Recent advances in chronic granulomatous disease[END_REF] . The major genetic form of CGD is the one linked to the CYBB gene (gp91 phox ), which is an X-linked mutation found in 65% of the patients, followed by the autosomal recessive NCF1 gene (p47 phox ) mutation, found in 25% of the patients. The remaining 5% are autosomal recessive mutations in the CYBA, NCF2 and NCF4 genes [START_REF] Anjani | Recent advances in chronic granulomatous disease[END_REF] . Table 8 : Genetic forms of CGD Although CGD patients share the same defect in neutrophil ROS production and NETs formation mediated by an impaired NADPH oxidase complex, the clinical features of the disease as well as its severity relies on the gene mutated. Indeed, the X-linked mutation in the CYBB gene generally causes more severe infections and earlier deaths than the autosomal recessive mutations [START_REF] Anjani | Recent advances in chronic granulomatous disease[END_REF] .

Gene name NADPH oxidase component Inheritance

In addition to recurrent severe infections, CGD patients suffer from a variety of inflammatory conditions, such as colitis, granuloma formation and autoimmune diseases. However, the exact mechanisms leading to this hyperinflammation still remain unknown.

IV. Work context and objectives of the thesis

Neutrophils play an essential role against infections, notably trough the expression of several effector mechanisms including phagocytosis, ROS production, degranulation, release of secretory vesicles and Neutrophil Extracellular Trap (NET) formation. In addition, multiple forms of neutrophil death programs have been described to contribute to host defense against infections, such as NETosis, apoptosis and more recently described an unconventional pyroptotic cell death mediated by caspase-3/-7/-8 and gasdermin-E (GSDM-E). However, an intriguingly feature of neutrophils is that, despite expressing all the necessary compounds, they resist the canonical inflammasome-induced cell pyroptosis mediated by caspase-1 and GSDM-D. Indeed, it has been described that upon Salmonella infection, neutrophils are able to induce a caspase-1 dependent IL-1β secretion but not cell death. Thus, neutrophils seem to tightly regulate caspase-1 dependent pyroptosis by an unknown mechanism. During the two first years of my PhD, we screened several bacterial species for their ability to bypass neutrophil resistance to canonical inflammasome-induced pyroptosis. We found that the bacterial pathogen Pseudomonas aeruginosa triggers a Caspase- 

Introduction

Over the last 30 years, non-apoptotic forms of cell death have emerged as crucial processes driving inflammation, host defense against infections but also (auto) inflammatory pathologies [1]. NETosis is an antimicrobial and pro-inflammatory from of cell death in neutrophils that promotes the formation of extracellular web-like structures called Neutrophil Extracellular Traps (NETs) [2]. Although the importance of NETosis in host immunity to infections has been well established [2-5], NETosis dysregulation also associates to autoimmunity, host tissue damage, aberrant coagulation and thrombus formation, which all contribute to inflammatory pathologies such as sepsis and autoimmune lupus [6-13].

NETosis consists of sequential steps that start with nuclear envelope disintegration, DNA decondensation, cytosolic expansion of nuclear DNA and its subsequent expulsion through the plasma membrane [14]. Completion of DNA decondensation and expulsion requires various cellular effectors. Among them, neutrophil serine proteases (Neutrophil elastase, Cathepsin G, Proteinase 3) or Caspase-11 may cleave histones, which relaxes DNA tension [3, 13, 15-17]. In addition, granulocyte-enriched Protein arginine deaminase 4 (PAD4) citrullinates histone-bound DNA to neutralize arginine positive charges and facilitate nuclear DNA relaxation and decondensation [4, 18, 19]. In a third step, decondensed DNA physically binds neutrophil cytoplasmic granule factors such as Neutrophil Elastase (NE), Cathepsin G (CathG), Proteinase 3 (Pr3) and Myeloperoxidase (MPO) proteins [3, 15, 18]. Finally, sub-cortical actin network disassembly promotes efficient DNA extrusion through the permeabilized plasma membrane [18, 20].

Depending on the initial trigger, various signaling pathways such as calcium fluxes [17, 18], necroptosis-associated MLKL phosphorylation [21], ROS-induced Neutrophil protease release [15] or endotoxin-activated Caspase-11 [3, 5, 22] have been shown to induce NETosis. ROSand Caspase-11-dependent NETosis have been shown to share the requirement for cleavage of the pyroptosis executioner Gasdermin D (GSDMD) by neutrophil serine proteases and Caspase-11, respectively [3, 16]. Active GSDMD forms pores on PIP2-enriched domains of the plasma and nuclear membranes of neutrophils, which ensures both IL-1ß secretion [23-26] and osmotic imbalance-induced DNA decondensation and expulsion [3, 16]. However, the link between ROS and Gasdermin-D-dependent NETosis requires more investigations as a recent study could show that a described GSDMD inhibitor, the LDC559, is actually a ROS inhibitor, but not a GSDMD inhibitor [27].

Intriguingly, despite inducing GSDMD cleavage, neutrophils were reported to resist induction of Caspase-1-dependent pyroptosis upon NLRC4 inflammasome activation by Salmonella Typhimurium and Burkholderia thaïlandensis, or upon Nigericin/ATP-mediated NLRP3 inflammasome activation [3, 5, 28, 29]. However, recent studies indirectly challenged canonical pyroptosis impairment in neutrophils by showing that sterile activators, but also the SARS-CoV-2 virus, could also contribute to canonical NLRP3 inflammasome-dependent neutrophil death and subsequent NETosis [30, 31]. However, whether bacterial species exist that can induce neutrophil pyroptosis by canonical inflammasomes has remained an open question.

Lung infections by the bacterium Pseudomonas aeruginosa (P. aeruginosa) can promote acute or chronic, life-threatening infections in immunocompromised and hospitalized patients [32]. P. aeruginosa strains express a Type-3 Secretion System (T3SS) that allows injecting a specific set of virulence factors into host target cells, including macrophages and neutrophils [33]. T3SS-expressing Pseudomonas aeruginosa strains classically segregate into two mutually exclusive clades. Those expressing the bi-cistronic ADP-rybosylating and GTPase Activating Protein (GAP) virulence factor ExoS, and those expressing the lytic phospholipase of the patatinlike family, ExoU [33]. Common to most of P. aeruginosa strains is the expression of two other toxins, ExoY and ExoT, whose functions in bacterial infection still remain unclear. All Exo toxins are injected by the T3SS into host target cells upon infections. Finally P. aeruginosa strains also use their T3SS to inject Flagellin but also some of the T3SS components (needle) into host target cells, which promotes activation of the NAIP-NLRC4 inflammasome and subsequent Caspase-1-driven and GSDMD-dependent pyroptosis of macrophages [34-40]. Although numerous studies underlined that neutrophils are targeted by Pseudomonas aeruginosa virulence factors, which could promote NETosis [12, 41-43], the critical bacterial effector molecules and their host cell targets remain extensively debated. Intriguingly, defective expression of the enzyme NADPH oxidase (Nox2) sensitizes murine neutrophils to Caspase-1-driven neutrophil death upon infection with Pseudomonas aeruginosa [44], which suggests that under certain conditions neutrophils might be prone to undergo Caspase-1-dependent pyroptosis. Whether caspase-1-mediated pyroptosis also occurs in WT neutrophils, and what its putative molecular and immune significance might be remains unknown.

Here, we screened several bacterial species for their ability to bypass neutrophil resistance to canonical inflammasome-induced pyroptosis induction and found that the bacterial pathogen Pseudomonas aeruginosa triggers Caspase-1-dependent pyroptosis in human and murine neutrophils. Notably, deletion of Exotoxins U or S in P. aeruginosa entirely rewires neutrophil death towards Caspase-1-driven pyroptosis, suggesting that these bacterial Exotoxins somehow suppress caspase-1-mediated neutrophil pyroptosis. Mechanistically, P. aeruginosainduced pyroptosis requires the expression of a functional Type-3 Secretion System (T3SS) and Flagellin, but not the T3SS-derived toxins ExoS, ExoT, ExoY or ExoU. Consequently, P. aeruginosa selectively activates the neutrophil NLRC4 inflammasome, which ensures Caspase-1-driven Gasdermin D (GSDMD) cleavage and the induction of neutrophil pyroptosis. Furthermore, we show that GSDMD activation promotes Calcium-dependent Peptidyl Arginine Deaminase 4 (PAD4) activation. PAD4 goes on to citrullinates histones, which leads to DNA decondensation and translocation of decondensed neutrophil DNA in the host cell cytosol without it being expulsed from the cells into the extracellular environment. Finally, we show by intravital microscopy that neutrophil pyroptosis occurs in lungs of P. aeruginosa-infected MRP8-GFP mice, and that neutrophil-targeted deletion of caspase-1 (in MRP8-CreCasp1 flox mice) reduces both IL-1β production and susceptibility to P. aeruginosa infection in vivo.

Overall, our results highlight that Caspase-1-dependent pyroptosis is a functional process in neutrophils that contributes to host susceptibility to P. aeruginosa infection in vivo.

Results

Pseudomonas aeruginosa strains variously trigger Caspase-1-dependent and -independent neutrophil lysis

To determine whether neutrophils may undergo pyroptosis upon bacterial infection, we infected WT and Caspase-1 -/-(Casp1 -/-) mouse Bone Marrow Neutrophils (BMNs) with various bacterial strains that are known to activate different inflammasomes in macrophages, such as Salmonella Typhimurium (S. Typhimurium, strain SL1344), Shigella flexnerii (S. flexnerii, strain M90T), Legionella pneumophilia (L. pneumophilia, strain Philadelphia-1), Burkholderia thailandensis (B. thailandensis, strain E264), Pseudomonas aeruginosa (P. aeruginosa, strain PAO1), Listeria monocytogenes (L. monocytogenes, strain EGD), Burkholderia cenocepaciae (B. cenocepaciae, strain LMG 16656), Francisella tularensis spp novicida (F. novicida, strain U112), Escherichia coli (E. Coli, strain K12), Staphylococcus aureus (S. aureus, strain USA-300) and Vibrio cholera (V. cholera, strain El tor) (Fig 1A). In addition to tracking neutrophil lysis (LDH release), we measured IL-1β release as a hallmark of inflammasome activation. Given that neutrophils are short-lived cells that undergo spontaneous apoptosis over time, which can result in secondary necrosis and LDH release in vitro, we first determined a suitable timeframe in which neutrophils resist spontaneous lysis. Having determined that culture media of WT and Casp1 -/-neutrophils lacked spontaneous LDH release during the first 4-5 hours (S1A Fig) , we next performed infections within the first 3-4 hours in order to avoid confounding effects of spontaneous LDH release. With the notable exception of Staphylococcus aureus, we observed that all bacteria triggered Caspase-1-dependent IL-1β release in our experimental setups (Fig 1A ), thus confirming Caspase-1 activation in neutrophils upon infection with various bacterial pathogens. In addition, despite most of the tested bacteria inducing significant neutrophil lysis, only LDH release by Pseudomonas aeruginosa (PAO1 strain) was partially dependent on Caspase-1 (further referred to as pyroptosis) (Fig 1A). Furthermore, we confirmed that infection of human blood neutrophils with two different Pseudomonas aeruginosa strains (PAO1 and CHA) also triggered a Caspase-1-dependent, yet Caspase-4/5, -3/7 and -8-independent, IL-1ß release and neutrophil lysis (Fig 1B). These results demonstrate that various bacteria can trigger neutrophil lysis in a Caspase-1-independent manner, and that Pseudomonas aeruginosa PAO1 strain specifically promotes neutrophil lysis through a mechanism that is partially Caspase-1-dependent.

P. aeruginosa T3SS-mediated injection of Flagellin and toxins (ExoS, U, T, Y) play a major role in its virulence. To determine the role of these virulence factors in P. aeruginosa-induced neutrophil pyroptosis, we infected murine BMNs with WT P. aeruginosa PAO1 or mutant strains that are deficient in expression of individual toxins (PAO1 ΔExoS , PAO1 ΔExoT , PAO1 ΔExoY ); deficient for the expression of Flagellin (PAO1 ΔFliC ); or for the T3SS (PAO1 ΔExsA ) (Figs 1C andS1B). We parallelly measured the ability of WT and Casp1 -/-neutrophils infected with these strains to undergo cell lysis (LDH release), to promote IL1β release, and to exhibit plasma membrane permeabilization (SYTOX Green incorporation) (Figs 1C and S1B). Our results show that P. aeruginosa strains lacking expression of T3SS or Flagellin were unable to promote robust Caspase-1-dependent neutrophil lysis, IL-1β release and plasma membrane permeabilization, suggesting that T3SS and Flagellin are major effectors of Caspase-1-driven neutrophil death (Figs S1B and1C). Flagellin deficiency modifies the physical recognition and phagocytosis of P. aeruginosa by macrophages and neutrophils [45, 46] phagocytosis/recognition of Pseudomonas aeruginosa strains by neutrophils, we genetically invalidated the expression of Flagellin motors (namely MotABCD) in a WT PAO1 and Flagellin-deficient (PAO1 ΔFliC ) genetic background. Both PAO1 ΔMotABCD and PAO1 ΔMotABCD/ΔFliC showed similar neutrophil uptake after 45 minutes of infection (S1C Fig), which allowed evaluating the direct importance of Flagellin in P. aeruginosa-driven Caspase-1-dependent neutrophil pyroptosis. Kinetic analysis of neutrophil lysis (LDH release) and IL-1β production in WT and Casp1 -/-neutrophils showed that PAO1 ΔMotABCD , but not PAO1 ΔMotABCD/ΔFliC , induced Caspase-1-dependent neutrophil lysis and IL-1β release over time (S1D Fig) , suggesting that Flagellin plays a major role in P. aeruginosa-induced neutrophil pyroptosis.

To the contrary, deletion of Exo-Y or Exo-T in P. aeruginosa PAO1 did not significantly influence neutrophil lysis, IL-1β release or plasma membrane permeabilization (Fig 1C and1D, and S1B). However, infection of neutrophils with P. aeruginosa PAO1 deficient for ExoS triggered significantly increased lysis, membrane permabilization and IL-1β release (Fig 1C and1D, and S1B). In addition, PAO1 ΔExoS -induced neutrophil lysis was strongly reduced in Caspase-1-deficient neutrophils, suggesting that ExoS expression suppresses Caspase-1-dependent neutrophil death (Fig 1C and1D, andS1B).

Caspase-1 cleavage of the pyroptosis executioner Gasdermin D (GSDMD) is the central effector mechanism of canonical inflammasome-induced pyroptosis in macrophages. Kinetic measurements confirmed that both Casp1 -/-and GsdmD -/-neutrophils exhibited reduced LDH and IL-1β release upon P. aeruginosa infection (Fig 1E). Consistent with our earlier observations (Fig 1C and1D, and S1B), neutrophil lysis and IL-1β release by the PAO1 ΔExoS mutant (and to a lower extent also PAO1-induced responses) were strongly dependent on CASP1 and GSDMD expression (Fig 1E).

P. aeruginosa strains PAO1 and CHA belong to the 70% of the P. aeruginosa strains that express the Exotoxin S (ExoS). As 30% of P. aeruginosa strains do not express the Exotoxin S (ExoS) but instead are characterized as expressing the extremely lytic phospholipase toxin ExoU, we expanded our analysis to neutrophils infected with a strain expressing a catalytically inactive mutant of ExoU (PP34 ExoUS142A ). In addition, we examined the response of neutrophils to a P. aeruginosa strain that naturally expresses ExoU (PP34 strain) or a mutant thereof that is genetically deficient for ExoU (PP34 ΔExoU ). These experiments showed that the P. aeruginosa PP34 strain induces neutrophil lysis, yet in a Caspase-1-and Gasdermin D-independent manner (Figs 1F andS1E). However, both human and murine neutrophils infected with PP34 ΔExoU or PP34 ExoUS142A showed robust Caspase-1-dependent neutrophil lysis, plasma membrane permeabilization and IL-1β release (Figs 1F, S1E and S1F). These results suggest that Caspase-1 and GSDMD-dependent pyroptosis is masked or suppressed by ExoU activity in the P. aeruginosa PP34 strain.

Altogether, our results show the unexpected ability of Caspase-1 to promote GSDMDdependent neutrophil pyroptosis upon Pseudomonas aeruginosa infection (Fig 1G).

NLRC4 drives P. aeruginosa-induced neutrophil pyroptosis

Next, we investigated the upstream molecular pathways by which P. aeruginosa promoted Caspase-1-dependent neutrophil pyroptosis. To address this specific question, we used the most potent pyroptotic strains of P. aeruginosa, namely PAO1 ΔExoS , PP34 ΔExoU or PP34 ExoUS142A (further referred to as "pyroptotic strains" for clarity) (Fig 1G). We infected WT murine neutrophils or neutrophils from mice lacking expression of various inflammasome sensors, namely Casp1 -/-, Casp11 -/-, Casp1 -/-Casp11 -/-, Nlrp3 -/-, AIM2 -/-, Nlrc4 -/-and ASC -/-(S2A Fig).

Among the different tested neutrophil genotypes, significant resistance to pyroptotic cell lysis (LDH release) was only observed in Casp1 -/-, Casp1 -/-Casp11 -/-, Nlrc4 -/-and ASC -/-BMNs upon infection with P. aeruginosa pyroptotic strains PAO1 ΔExoS and PP34 ΔExoU (S2A Fig) .  Contrastingly, Casp11 -/-, Nlrp3 -/-and AIM2 -/-neutrophils exhibited similar lysis levels (LDH release) as observed in WT BMNs (S2A Fig). This suggests that NLRC4-but not NLRP3, Caspase-11 or AIM2-efficiently promotes neutrophil pyroptosis upon infection with P. aeruginosa pyroptotic strains (S2A Fig) . The role of NLRC4 in P. aeruginosa-induced neutrophil cell death is confined to Caspase-1-dependent pyroptosis because infection of WT and Nlrc4 -/- BMNs with P. aeruginosa strains that trigger Caspase-1-independent neutrophil lysis (PP34) resulted in similar LDH release levels, akin to our earlier results in Casp1 -/-and GsdmD -/-neutrophils (Figs 1F and2A). In contrast, infection of WT and Nlrc4 -/-BMNs with P. aeruginosa strains of which neutrophil cell lysis is partially Caspase-1-dependent (PAO1 and CHA strains) also showed a partial involvement of NLRC4 in controlling neutrophil lysis (Fig 2A). Importantly, IL-1β release was entirely dependent on NLRC4 upon infection with any of these different Pseudomonas aeruginosa strains, whereas the pyroptotic strains PAO1 ΔExoS , CHA ΔExoS and PP34 ΔExoU triggered neutrophil lysis and IL-1β release that was fully NLRC4-dependent (Fig 2A).

Further analysis of Caspase-1 (p20) and GSDMD (p30) processing in response to various P. aeruginosa strains showed that the pyroptotic strains PAO1 ΔExoS , PP34 ExoUS142A and PP34 ΔExoU as well as partially Caspase-1-dependent PAO1 strain triggered robust neutrophil Caspase-1 and GSDMD processing, a process that required NLRC4 expression (Fig 2B and2C). As expected, a PAO1 mutant strain lacking the T3SS regulator ExsA (PAO1 ΔExsA ) failed to induce robust Caspase-1 and GSDMD processing (Fig 2B). Finally, the PP34 strain, which promotes NLRC4-and Caspase-1-independent neutrophil lysis, also failed to trigger efficient cleavage of Caspase-1 and GSDMD, suggesting that PP34-induced neutrophil lysis is inflammasome-independent (Fig 2C). These results suggest that NLRC4 drives Caspase-1 and GSDMD cleavage in response to various P. aeruginosa strains that are capable of inducing neutrophil pyroptosis, namely PAO1, PAO1 ΔExoS , CHA, CHA ΔExoS , PP34 ΔExoU and PP34 ExoUS142A , but not in response to the PP34 strain that induces inflammasome-independent neutrophil lysis.

Based on this information, we sought to determine whether P. aeruginosa infection also induced neutrophil NLRC4 inflammasome activation in vivo. To this end, we infected ASC-Citrine mice with low doses (1.10 5 CFUs) of P. aeruginosa strains that specifically triggered NLRC4-dependent neutrophil pyroptosis, namely PP34 ΔExoU . As control, we included its isogenic mutant PP34 ΔExoU/ΔFliC that is deficient in Flagellin expression and hence unable to trigger NLRC4-dependent neutrophil pyroptosis in vitro (Figs 2D andS2B). ImageStreamX analysis of neutrophils presenting an active ASC supramolecular speck (ASC speck + /LY6G + neutrophils) showed that PP34 ΔExoU infection triggered inflammasome activation in neutrophils, and that the amount of ASC speck + neutrophils was reduced when mice where infected with Flagellin-deficient PP34 ΔExoU/ΔFliC mutant bacteria (Figs 2D andS2B). Altogether, these results show that the NLRC4/CASP1/GSDMD axis is fully functional to promote neutrophil pyroptosis in response to several P. aeruginosa strains, namely PAO1, PAO1 ΔExoS , CHA, CHA ΔExoS , PP34 ΔExoU or PP34 ExoUS142A (Fig 2E).

P. aeruginosa-induced inflammasome activation induces neutrophil DNA decondensation

As multiple cell death pathways such as Caspase-11-induced pyroptosis, MLKL-driven necroptosis, Mitogen-and Calcium-induced NETosis, have been linked to a direct or secondary induction of neutrophil DNA decondensation and release, a hallmark of NETosis, we next sought to determine whether P. aeruginosa-induced neutrophil inflammasome activation PAO1, CHA and PP34 strains and their isogenic mutants lacking T3SS-derived toxins ExoS, ExoY, ExoT or ExoU) at a multiplicity of infection (MOI) of 10 (PAO1 and CHA strains) and 2 (PP34 strains). �� p � 0.01 ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. B. Immunoblotting of GAPDH, pro-forms of Caspase-1 (p45) and Gasdermin-D (p55), processed Caspase-1 (p20) and Gasdermin D (p30), in WT, Casp1 -/-and GsdmD -/-in cell lysates and cell supernatants (SNs) of BMNs infected for 3 hours with PAO1 or its isogenic mutants lacking T3SS expression (PAO1 ΔExsA ) or ExoS (PAO1 ΔExoS ) at a multiplicity of infection (MOI) of 10. Immunoblots show lysates and supernatants from one experiment performed three times. C. Immunoblotting of Myeloperoxidase (MPO), pro-forms of Caspase-1 (p45) and Gasdermin-D (p55), processed Caspase-1 (p20) and Gasdermin D (p30), in WT, Nlrc4 -/-and GsdmD -/- BMNs infected for 3 hours with P. aeruginosa strain PP34 or its isogenic mutant lacking ExoU activity (PP34 ExoUS142A ) at a multiplicity of infection (MOI) of 2. Immunoblots show combined lysates and supernatants from one experiment performed three times. D. Measure of cell lysis (release of LDH) in WT and Nlrc4 -/-BMNs infected for 3 hours with P. aeruginosa mutant strains PP34 ΔExoU or PP34 ΔExoU/ΔFliC at a multiplicity of infection (MOI) of 2 and Imagestream experiments and quantifications of in vivo formation of ASC specks in bronchoalveolar (BALs) neutrophils from ASC-Citrine mice intranasally infected with 1.10 5 PP34 ΔExoU or PP34 ΔExoU/ΔFliC for 6 hours. The gating strategy used to evaluate inflammasome activation in neutrophils was performed as follow: (i) a gate was set on cells in focus [Cells in Focus] and (ii) a sub-gate was created on single cells could also lead to DNA decondensation and expulsion. We infected WT, Casp1 -/-or GsdmD -/- murine BMNs with the pyroptotic P. aeruginosa strains PAO1, PAO1 ΔExoS , PP34 ExoUS142A , or with the PP34 strain that triggers Caspase-1-independent neutrophil lysis (Figs 1 and2). We specifically monitored the presence of DNA Neutrophil Extracellular Traps (NETs) using Scanning Electron Microscopy (SEM) (Fig 3A). PP34, and to a lower extend PAO1, induced NETs in WT, Casp1 -/-and GsdmD -/-neutrophils (Fig 3A). However, we observed that the fully pyroptotic strains PAO1 ΔExoS and PP34 ExoUS142A failed to induce NETs (Fig 3A ), which suggests that Caspase-1-induced neutrophil pyroptosis does not promote NETosis.

Rather, immunofluorescence experiments of WT, Casp1 -/-and GsdmD -/-neutrophils infected with the fully pyroptotic P. aeruginosa strain PP34 ExoUS142A showed efficient DNA decondensation as well as exit from the nuclear envelope (Lamin-B1 staining) but little or no extracellular DNA release from BMNs exhibiting an active inflammasome complex (referred as ASC specks, ASC + ), a process also observed in primary human blood neutrophils (Fig 3A and3B, and S3A). Further experiments using time lapse fluorescent microscopy on ASC-Citrine neutrophils infected with the pyroptotic strain PP34 ExoUS142A or the NETosis-inducing strain PP34 showed that both bacterial strains triggered efficient neutrophil DNA decondensation (Fig 3C and S1 and S2 Movies). However, pyroptotic neutrophils uniquely failed to complete DNA release out from the plasma membrane (stained with WGA) (Fig 3C). These observations were also confirmed using 3D reconstruction of confocal fluorescent images (S3 and S4 Movies). Specifically, analyzing DNA decondensation induced by the pyroptotic strain PP34 ExoUS142A or the NETotic strain PP34 in ASC-Citrine neutrophils, we observed that in ASC specks + cells, DNA efficiently decondensed and filled the entire intracellular space, but did not cross the plasma membrane (stained with WGA) (Fig 3C and S3 and S4 Movies). Given that NETosis features histone-bound DNA complexes outside from neutrophils, we reasoned that during pyroptosis, neutrophils might keep histone-bound DNA trapped intracellularly. Consistently, immunoblotting of histones in various neutrophil fractions (soluble, insoluble and supernatant) showed that PP34-induced NETosis efficiently promoted histone release in the extracellular medium (S3B Fig) . However, the pyroptotic PP34 ExoUS142A strain failed to induce extracellular histone release, although it efficiently promoted the release of intracellular soluble and insoluble components such as GAPDH, the nuclear membrane structural component Lamin B1, the nuclear alarmin HMGB1 or NLRC4 in the extracellular environment (S3B Fig) 

Inflammasome-induced neutrophil DNA decondensation is driven by Calcium-activated PAD4 downstream of GSDMD

Next, we wondered about the mechanisms by which inflammasome signaling promotes DNA decondensation and cytosolic redistribution. Two mechanisms that promote DNA decondensation in neutrophils have been reported. First, Neutrophil Serine proteases Neutrophil Elastase (NE), Cathepsin G (CatG) and Proteinase 3 (Pr3) can cleave Histones, which will favor DNA decondensation [15]. Second, upon Calcium release, the enzyme PAD4 promotes Histone Citrullination and subsequent DNA decondensation in neutrophils [4, 6, 7, 47].

We first explored if Caspase-1-induced neutrophil DNA delobulation and release required Neutrophil Serine proteases. We examined the extent of DNA decondensation in WT neutrophils and neutrophils lacking the three proteases NE, CatG and Pr3 (NE -/-CatG -/-Pr3 -/-) upon infection with the fully pyroptotic strain PP34 ExoUS142A (Fig 4A ). We observed that WT and NE -/-CatG -/-Pr3 -/-neutrophils exhibited similar DNA decondensation levels (Fig 4A), but also that NE -/-CatG -/-Pr3 -/-murine neutrophils underwent a similar degree of pyroptosis and released similar amounts of IL-1β compared to their WT counterparts (Fig 4B). This suggested that neutrophil Serine proteases do not play a major role in inflammasome-induced neutrophil DNA delobulation and decondensation.

Next, we analyzed the importance of histone citrullination as a potential effector mechanism of inflammasome-driven DNA decondensation in neutrophils. Microscopy analysis of histone citrullination in WT, Nlrc4 -/-and GsdmD -/-showed that the fully pyroptotic strain PP34 ExoUS142A induced robust histone3-citrullination in an NLRC4-and GSDMD-dependent manner (Fig 4C). Similar experiments performed in human blood neutrophils highlighted that both pyroptotic strains PP34 ExoUS142A and PAO1 ΔExoS also promoted histone citrullination, a process that was inhibited by the use of the Caspase-1 inhibitor Z-YVAD (S4A Fig) . In order to further validate these observations, we performed immunoblotting against citrullinated histones in WT, Nlrc4 -/-and GsdmD -/-neutrophils infected with the pyroptotic P. aeruginosa strains PAO1, PAO1 ΔExoS , PP34 ΔExoU or with the NETotic strain PP34. As control, we used Ionomycin, a known inducer of histone citrullination-driven NETosis. We observed that Ionomycin triggered NLRC4-independent histone citrullination in neutrophils (S4B Fig) . To the contrary, pyroptotic strains of P. aeruginosa PAO1 ΔExoS , PP34 ΔExoU and to a lower extend PAO1 all triggered NLRC4-and GSDMD-dependent histone citrullination (S4B Fig) . We noticed that in Nlrc4 -/-and GsdmD -/-neutrophils, citrullination was not fully abrogated, suggesting that minor alternative pathways might also promote histone citrullination upon infection with P. aeruginosa pyroptotic strains (S4B Fig).

As PAD4 is an enzyme that promotes histone citrullination and subsequent DNA decondensation in various contexts, we next tested the importance of PAD4 in inflammasome-driving DNA decondensation in neutrophils. Infection of ASC-Citrine BMNs with the pyroptotic strain PP34 ExoUS142A revealed that DNA decondensation required PAD4 as pharmacological inhibition (GSK484) of PAD4 abrogated both histone citrullination as well as nuclear DNA release (Fig 4D). In addition, measure of ASC specks (ASC + ) in ASC-Citrine BMNs highlighted that PAD4 inhibition did not inhibit inflammasome assembly upon PP34 ExoUS142A infection (Fig 4D). Similarly, infection of WT or Pad4 -/-neutrophils with the pyroptotic strain PP34 ExoUS142A showed a strong defect in histone citrullination and DNA decondensation in Pad4 -/-neutrophils (Fig 4E). As observed previously, the induction of ASC specks was not modified in Pad4 -/-neutrophils, suggesting that PAD4 drives histone citrullination and DNA decondensation but not inflammasome assembly in response to PP34 ExoUS142A (Fig 4E). Further infections of WT, Pad4 -/-and Nlrc4 -/-neutrophils with pyroptotic strains PP34 ExoUS142A and PAO1 ΔExoS also showed that WT and Pad4 -/-neutrophils underwent a similar degree of NLRC4-dependent pyroptosis, hence excluding that PAD4 might directly modulate assembly of the NLRC4 inflammasome upon P. aeruginosa infection (Fig 4F).

PAD4 activation has been described to require Calcium [47]. As GSDMD pores can also promote Calcium signaling, we wondered about the importance of Calcium at regulating inflammasome-driven PAD4-dependent histone citrullination in neutrophils. We infected WT and GsdmD -/-neutrophils with the pyroptotic strains PP34 ExoUS142A and PAO1 ΔExoS in presence/absence of the extracellular Calcium chelator EGTA and measured neutrophil lysis, IL-1β release as well as histone citrullination and DNA decondensation (S4C and S4D Fig).

Microscopy observations showed that infection of neutrophils with the pyroptotic strain PP34 ExoUS142A efficiently induced histone citrullination and DNA decondensation in WT neutrophils, but not in GsdmD As inflammasome signaling in neutrophils triggers Calcium and PAD4-dependent histone citrullination and DNA decondensation, we next aimed to determine if neutrophil shrinkage, the final step of cell lysis, could regulate Calcium-and PAD4-driven DNA decondensation. To this end, we made use of the osmoprotectant Glycine [48], which is able to protect cell integrity and to inhibit LDH release without affecting inflammasome-driven IL-1β release (S4E and S4F Fig) . Infection of WT and GsdmD -/-neutrophils with PP34 ExoUS142A showed that Glycine did not modify neutrophil histone citrullination and DNA decondensation upon PP34 ExoUS142A infection, although it efficiently protected cells from LDH release without affecting IL-1β release (S4E and S4F Fig) . Again, GsdmD -/-neutrophils showed strong resistance to DNA decondensation upon PP34 ExoUS142A infection (S4E and S4F Fig). This suggests that Calcium/ PAD4-induced efficient DNA decondensation occurs in a Gasdermin-D-dependent manner, but is uncoupled from complete neutrophil lysis upon inflammasome activation.

Finally, to determine if P. aeruginosa-induced neutrophil pyroptosis and PAD4-dependent DNA decondensation play a microbicidal function, we infected WT, Pad4 -/-and Nlrc4 -/- BMNs with various Pseudomonas strains and evaluated their cell-autonomous immune capacities. Nlrc4 -/-BMNs had improved ability to restrict PAO1, PP34 ExoUS142A and PAO1 ΔExoS infection than WT and Pad4 -/-neutrophils (Fig 4G ), suggesting that neutrophil pyroptosis more than PAD4-driven DNA decondensation promotes neutrophil failure to restrict PAO1, PP34 ExoUS142A and PAO1 ΔExoS . Altogether, our results describe a novel pathway wherein activation of the neutrophil NLRC4 inflammasome triggers the generation of Calcium/PAD4-dependent intracellular, but not extracellular, DNA structures in a GSDMD-dependent, yet cell shrinkage-independent, manner (Fig 4H).

Neutrophil Caspase-1 contributes in vivo to IL-1β production and to mouse susceptibility to Pseudomonas aeruginosa lung infection

Our results showed that various P. aeruginosa strains trigger a Caspase-1-dependent neutrophil pyroptosis in vitro (Figs 1234). Based on these findings, we next sought to understand the specific role of neutrophil Caspase-1 in P. aeruginosa infected animals. First, to determine if neutrophils undergo Caspase-1-dependent DNA decondensation without induction of extracellular NET formation in vivo, we infected MRP8-GFP + (granulocytes, including neutrophils express GFP) mice and monitored for the granulocyte death features using intravital microscopy (Fig 5A). Although necrotic granulocytes exhibited NETotic features (e.g. extracellular DNA) upon exposure to the NETotic strain PP34, infection with the pyroptotic strain PP34 ExoUS142A led to the appearance of swelled-round necrotic granulocytes that exhibited intracellular decondensed DNA, similarly to what we observed in vitro (Fig 5A and S5 Movie). This suggests that upon lung infection, Caspase-1-induced neutrophil pyroptosis is well occurring and displays morphological and immunological characteristics that are distinct to NETs.

Next, we sought to determine the importance of neutrophil Caspase-1 in response to Pseudomonas aeruginosa infection. Thus, we intranasally infected mice lacking CASP1 expression in the granulocytic compartment (MRP8 Cre+ Casp1 flox ) and their respective controls (MRP8 Cre-Casp1 flox ) with ExoSor ExoU-expressing P. aeruginosa (respectively PAO1 and PP34) or with their isogenic mutants PAO1 ΔExoS and PP34 ExoUS142A , both of which mostly triggered a Caspase-1-dependent neutrophil pyroptosis in vitro. We observed that, upon lung infections with PP34, MRP8 Cre+ Casp1 flox mice did not show any differences in bacterial elimination or IL1β production, thus confirming previous work that ExoU-expressing Pseudomonas aeruginosa strains promote successful infection independently of the inflammasome pathways (Fig 5B -5D) [49, 50]. To the contrary, MRP8 Cre+ Casp1 flox mice infected with PAO1, showed a slight but significant improved bacterial elimination in Bronchoalveolar Fluids (BALF) and lungs, a phenotype that was further amplified upon infection with PAO1 ΔExoS and PP34 ExoUS142A pyroptotic strains (Fig 5B -5G). Furthermore, IL-1β levels in BALFs were decreased in MRP8 Cre+ Casp1 flox mice infected with PAO1, PAO1 ΔExoS and PP34 ExoUS142A . Although we cannot exclude that lower bacterial loads in MRP8 Cre+ Casp1 flox mice could influence the levels of IL-1β measured in BALFs, those results suggest that neutrophil Caspase-1 is also a contributor of IL-1β production upon PAO1, PAO1 ΔExoS and PP34 ExoUS142A infections (Fig 5D and5G). Altogether, our results highlight that neutrophil Caspase-1 contributes to both IL-1β release and mouse susceptibility to several P. aeruginosa strains.

Discussion

Our study initially aimed at determining if neutrophil resistance to undergo Caspase-1-dependent pyroptosis can be overcome upon bacterial infection. Screening various inflammasomeactivating bacteria [5, 28, 29], we found that P. aeruginosa successfully trigger murine and human neutrophil pyroptosis through the engagement of the fully competent canonical NLRC4 inflammasome, a process that requires T3SS-dependent injection of bacterial Flagellin. Although those results show a clear ability of neutrophils to undergo Caspase-1-dependent pyroptosis upon P. aeruginosa infection, our investigations performed with mice specifically lacking Caspase-1 in the granulocyte compartment do suggest a minor contribution of Caspase-1 upon P. aeruginosa infection. Related to this, previous studies showed a robust contribution of NLRC4 at promoting P. aeruginosa spread in various organs, which suggests that macrophages or other NLRC4-expressing cells are stronger contributors of mouse susceptibility to P. aeruginosa [51, 52]. Related to this, NLRC4-driven both IL-1β and IL-18 release upon P. aeruginosa infection has been linked to an altered IL-17 production and a defect of mice to efficiently control P. aeruginosa [51, 52]. Here, we speculate that the contribution of neutrophils at releasing IL-1β might also help the deviated immune response of the host to P. aeruginosa, hence leading to a better survival of this bacterium in host tissues. Another guess relies on the preferred extracellular tropism of P. aeruginosa. Hence, one could speculate that T3SSinjected Flagellin directly through the neutrophil plasma membrane might trigger an inefficientpyroptosis and favors P. aeruginosa escape from microbial trapping and/or killing [53].

Although neutrophils show intrinsic resistance to NLRC4-dependent pyroptosis (e.gs. ESCRT machinery, Caspase-1 expression levels, Ragulator pathway) [3, 54-56], the unique ability of P. aeruginosa strains and isogenic mutants (PAO1, CHA, PAO1 ΔExoS , PP34 ΔExoU ) to trigger neutrophil pyroptosis suggests that several neutrophil factors could restrict the ability of other bacteria to promote NLRC4-dependent pyroptosis. Seminal study from Zychlynsky and colleagues found that neutrophil serine proteases could degrade the Type-3 Secretion System and flagellin virulence factors of Shigella flexneri [57], hence limiting their ability to hijack the neutrophil autonomous immunity and restraining Shigella-induced neutrophil necrosis. The lack of differences of pyroptosis induction between WT and NE -/-CatG -/-Pr3 -/-neutrophils upon P. aeruginosa suggests that, at least in murine neutrophils, those components do not regulate P. aeruginosa-driven NLRC4-dependent neutrophil pyroptosis. Similarly, upon P. aeruginosa infection, mouse neutrophils deficient for the NADPH oxidase enzyme Nox2 undergo increased Caspase-1-dependent pyroptosis [44]. Supporting this, Warnatsch et al., could link the extracellular Oxygen Reactive Species (ROS) localization in neutrophils exposed to Candida albicans to an exacerbated IL-1β production and Caspase-1 activation whereas intracellular ROS had an inhibitory effect on IL1β production and Caspase-1 activity in neutrophils [58]. Whether this could explain the capacity of the extracellularly-adapted Pseudomonas aeruginosa to specifically promote Caspase-1-dependent neutrophil pyroptosis but not intracellular-adapted bacterial pathogens such as Shigella or Salmonella will require further investigations.

Related to this, studies showing that activation of the neutrophil NLRC4 inflammasome by S. Typhirmurium or the opportunistic pathogen B. thaïlandensis did not promote canonical pyroptosis also showed that Caspase-11-detected LPS could trigger neutrophil pyroptosis in response to those bacteria. This suggests that, in absence of efficient canonical inflammasomedriven pyroptosis, Caspase-11 might compensate at triggering neutrophil pyroptosis upon Gram-negative bacterial infections. Here, the lack of Caspase-11-dependent pyroptosis in neutrophils upon P. aeruginosa infection suggests that NLRC4 inflammasome-induced neutrophil pyroptosis upon P. aeruginosa infection is well effective and sufficient.

Striking to us was the observation that expression of the key virulence factors ExoS or ExoU strongly influences neutrophils to go into NETosis whereas strains lacking ExoU or ExoS induced a complete rewiring of neutrophil death toward a Caspase-1-driven way. We hypothesize that the potent cytotoxic effect of these toxins towards various cell types, including neutrophils, may overcome inflammasome detection of Pseudomonas aeruginosa and triggers other neutrophil death programs [42, 43, 59-61]. Another non mutually exclusive guess is that these toxins directly interfere with the activation of the inflammasome pathway, thus removal of such toxins leads to an exacerbated inflammasome-response as previously reported for ExoU [40] and ExoS [62].

Although NLRC4 activation leads to Caspase-1 dependent neutrophil pyroptosis, in a pathway similar to what was previously reported in macrophage [40, 52], neutrophil pyroptosis exhibits a unique feature characterized by nuclear membrane rupture, DNA decondensation and expansion within cell cytosol. One key enzyme responsible for this morphological characteristic of neutrophil pyroptosis is the Protein arginine deiminase 4 (PAD4), activated by Calcium fluxes. Indeed, similar to the process induced by various NETosis inducers, Caspase-1 also promoted Calcium-and PAD4-dependent Histone Citrullination, which stimulated DNA relaxation and release from the nucleus but, surprisingly, not its extracellular expulsion. Why upon Caspase-11 [3], MLKL [21], NADPH [17] or NE/CatG/Pr3 [15] stimulation but not upon Caspase-1 activation neutrophils generate two different types of DNA structures remains yet to be investigated. Recently, Thiam et al., [18] observed that pharmacological stabilization of F-actin allowed the development of this "incomplete/aborted NETosis" upon Ionomycinexposure. Interestingly, neutrophil elastase has also been shown to degrade actin [63], hence ensuring complete NETosis process. This, suggests that efficient actin degradation and/or depolymerization may be an essential player of extracellular DNA release, which would imply that the final step of NETosis might actually be a cell-regulated process involving various controllers [14, 20]. Interestingly, Chen and colleagues recently found that upon infection with Yersinia, murine neutrophils induce a pyroptotic program that involves virulence-inhibited innate immune sensing, hence promoting RIPK1-induced Caspase 3-dependent Gasdermin E cleavage and activation and pyroptosis [64], a process that does not trigger NETosis. This further suggests that multiple Gasdermins can trigger neutrophil pyroptosis through multiple molecular pathways and promote different morphological outcomes of neutrophils.

Regarding the immunological purpose of Caspase-1-induced neutrophil pyroptosis, we hypothesize that the decondensation of DNA but its conservation into the intracellular space might be a physical mean for neutrophils to trap some intracellular DAMPs, hence avoiding their passive release and a too strong exacerbation of the inflammatory response. Supporting this, we observed that DNA-bound Histones mostly remain trapped intracellularly, but not HMGB1 alarmin, both initially located in the nucleus. In the light of the recent discovery from Kayagaki and colleagues on the role for Ninjurin-1 at promoting active cell shrinkage and HMGB1/nucleosome DAMP release downstream of GSDMD pores in macrophages, the use of Ninjurin-1 deficient mice are full of promises [65]. Another hypothesis is that canonical inflammasome-induced neutrophil pyroptosis keeps DNA intracellularly to generate "Intracellular Traps" according to the "Pyroptosis-induced Intracellular Traps" model in macrophages described by Miao and colleagues [53]. In such a speculative model, intracellular pathogens, in addition to intracellular toxic DAMPs (e.g. Histones, DNA) might remain intracellularly, hence limiting both microbial spread and pathological DAMP-dependent inflammation.

Altogether, our results unveil the ability of neutrophils to undergo Caspase-1-dependent pyroptosis upon Pseudomonas aeruginosa infection which is associated with IL-1ß and soluble alarmin release in the extracellular environment, while maintaining decondensed DNA/citrullinated histone complexes intracellularly, hence expanding the spectrum of neutrophil death mechanisms. Finally, we show that this mechanism contributes to host susceptibility to P. aeruginosa infection in vivo.

Methods

Ethics statement

License to use human samples is under legal agreement with the EFS; contract n2 1PLER2017-0035AV02 after "Haute Garonne ethical committee reviewing", according to Decret N˚2007-1220 (articles L1243-4, R1243-61).

Mice experiments are under legal authorizations APAFIS#8521-2017041008135771 and APAFIS#12812-2018031218075551 after "IPBS and regional ethical committee evaluation", according to the local, French and European ethic laws.

All reagents, concentrations of use and their references are listed in S1 Table

Mice

Nlrc4

-/-[66], Nlrp3 -/-[67], ASC -/-, Casp1 -/-, Casp11 -/-[68, 69], Casp1 -/-Casp11 -/-[68, 69],
GsdmD -/-, Aim2 -/-, Pad4 -/-, MRP8 Cre+ GFP + , MRP8 Cre+ Casp1 flox were generated and described in previous studies. Mice were bred at the IPBS (Toulouse, France) and INRAE (Tours Nouzilly, France) animal facilities in agreement to the EU and French directives on animal welfare (Directive 2010/63/EU). Charles Rivers provided WT C57BL/6 mice.

MRP8 Cre Casp1 flox mice genotyping

Casp1 flox/flox mice were kindly provided by Mo Lamkanfi and were crossed to MRP8 Cre mice to generate MRP8 Cre Casp1 flox . Caspase-1 genotyping was performed using Primer Fw: CGAGGGTTGGAGCTCAAGTTGACC and Primer Rv: CACTTTGACTTCTCTAAGGA CAG. Cre genotyping was performed using Primers Fw: CGCCGTAAATCAATCGATGA GTTGCTTC and Primers Rv: GATGCCGGTGAACGTGCAAAACAGGCTC.

Bacterial cultures

P. aeruginosa strains (PAO1, CHA, PP34) and their isogenic mutants were grown overnight in Luria Broth (LB) medium at 37˚C with constant agitation. Legionella pneumophilia (L. pneumophilia, strain Philadelphia-1) was cultivated at 37˚C in Charcoal Yeast Extract Buffered Medium according to ATCC recommendations.

Francisella tularensis spp novicida (F. novicida, strain U112) was cultivated overnight at 37˚C in BHI medium supplemented with 0.2% L-Cysteine.

Staphylococcus aureus (S. aureus, strain USA-300) was cultivated in BHI medium, overnight at 37˚C.

Shigella flexnerii (S. flexnerii, strain M90T) was cultivated overnight at 37˚C in Tryptic Soy Broth (TSB) according to ATCC recommendations.

Salmonella Typhimurium (S. Typhimurium, strain SL1344), Burkholderia thailandensis (B. thailandensis, strain E264), Listeria monocytogenes (L. monocytogenes, strain EGD), Burkholderia cenocepaciae (B. cenocepaciae, strain LMG 16656), Escherichia coli (E. Coli, strain K12), Vibrio cholera (V. cholera, strain El tor) were cultivated overnight at 37˚C in LB medium.

Bacteria were sub-cultured the next day by diluting overnight culture 1:25 and grew until reaching an optical density (OD) O.D.600 of 0.6-0.8.

Bacterial strains and their mutants are listed in S1 Table.

Bacterial KO generation and complementation

The knockout vector pEXG2 was constructed and used based on the protocol described by Rietsch et al. [70] with the following modifications. Briefly, 700-bp sequences of the flanking regions of the selected gene were amplified by PCR with Q5 high fidelity polymerase (New England Biolabs). Then, the flanking regions were gel purified and inserted into pEXG2 plasmid by Gibson assembly [71]. The assembled plasmid was directly transformed into competent SM10λpir using Mix&Go competent cells (Zymo Research Corporation) and plated on selective LB plates containing 50 μg/mL kanamycin and 15 μg/mL gentamicin. The resulting clones were sequenced, and mating was allowed for 4 h with PAO1 strain at 37˚C. The mated strains were selected for single cross over on plates containing 15 μg/mL gentamicin and 20 μg/mL Irgasan (removal of E.coli SM10 strains). The next day, some clones were grown in LB for 4 hours and streaked on 5% sucrose LB plates overnight at 30˚C. P. aeruginosa clones were then checked by PCR for mutations. All primers were designed with Snapgene software (GSL Biotech LLC).

Mice infections

Age and sex-matched animals (5-8 weeks old) per group were infected intranasally with 5.10 5 (lethal doses) or 2.5.10 5 CFUs of PP34/PP34 ExoUS142A /PP34 ΔExoU or with 1.10 7 CFUs (lethal doses) or 5.10 6 CFUs of PAO1/PAO1 ΔExoS strains suspended in 25μL of PBS. Animals were sacrificed at indicated times after infection and bronchoalveolar fluids (BALFs) and lungs were recovered. When specified, bacterial loads (CFU plating), cytokine levels (ELISA) were evaluated. No randomization or blinding were done.

Intravital microscopy experiments

We relied on the previously published lung intravital microscopy method using an intercoastal thoracic window [72, 73], adapted at the IPBS CNRS-University of Toulouse TRI platform. MRP8-mTmG mice (8-12 weeks old) were infected intratracheally with 5.10 5 CFUs of P. aeruginosa PP34 or PP34 ExoUS142A strains resuspended in 50μL of PBS and imaged 6 to 8 hours after infection. 50μL of 50μM solution of SYTOX blue (Life Technologies) was injected both intravenously (retroorbital) and intratracheally just before imaging to visualize extracellular DNA.

Next, mice were anesthetized with ketamine and xylazine and secured to a microscope stage. A small tracheal cannula was inserted, sutured and attached to a MiniVent mouse ventilator (Harvard Apparatus). Mice were ventilated with a tidal volume of 10 μl of compressed air (21% O 2 ) per gram of mouse weight, a respiratory rate of 130-140 breaths per minute, and a positive-end expiratory pressure of 2-3 cm H 2 O. Isoflurane was continuously delivered to maintain anesthesia and 300 μl of 0.9% saline solution were i.p. administered in mice every hour for hydration. Mice were placed in the right lateral decubitus position and a small surgical incision was made to expose the rib cage. A second incision was then made into the intercostal space between ribs 4 and 5, through the parietal pleura, to expose the surface of the left lung lobe. A flanged thoracic window with an 8 mm coverslip was inserted between the ribs and secured to the stage using a set of optical posts and a 90˚angle post clamp (Thor Labs). Suction was applied to gently immobilize the lung (Dexter Medical). Mice were placed in 30˚C heated box during microscopy acquisition to maintain the body temperature and the 2-photon microscope objective was lowered over the thoracic window. Intravital imaging was performed using a Zeiss 7MP upright multi-photon microscope equipped with a 20×/1.0 objective and a Ti-Sapphire femtosecond laser, Chameleon-Ultra II (Coherent Inc.) tuned to 920 nm. SYTOX Blue, GFP and Tomato emission signals were detected thanks to the respective bandpass filters: Blue (SP485), Green (500-550) and Red (565-610). Images were analyzed using Imaris software (Bitplane) and Zen (Zeiss).

Isolation of primary murine neutrophils

Murine Bone marrow cells were isolated from tibias and femurs, and neutrophils were purified by positive selection using Anti-Ly-6G MicroBead Kit (Miltenyi Biotech) according to manufacturer's instructions. This process routinely yielded >95% of neutrophil population as assessed by flow cytometry of Ly6G + /CD11b + cells.

Isolation of primary human neutrophils

Whole blood was collected from healthy donors by the "Ecole franc ¸aise du sang" (EFS, Toulouse Purpan, France) in accordance with relevant guidelines. Written, informed consent was obtained from each donor. Neutrophils were then isolated by negative selection using MACSxpress Whole Blood Human Neutrophil Isolation Kit (Miltenyi Biotech) according to manufacturer's instructions. Following isolations cells were centrifuged 10 min at 300 g and red blood cells were eliminated using Red blood cells (RBC) Lysis Buffer (BioLegend). This procedure gives >95% of neutrophil population as assessed by flow cytometry of CD15+/CD16+ cells.

Cell plating and treatment of Neutrophils

Following isolation, Neutrophils were centrifugated for 10 min at 300 g and pellet was resuspendent in serum free OPTI-MEM medium. Absolute cell number was determined with automated cell counter Olympus R1 with trypan blue cell death exclusion method (typically living cells represent >70% of cell solution) and cell density was adjusted at 10 6 / mL by adding OPTI-MEM culture medium. Neutrophils were then plated in either 96 well plates, 24 well plates or 6 well plates with 100 μL (10 5 cells), 500 μL (5.10 5 cells) or 2 mL (2.10 6 cells) respectively. When indicated cells were incubated with chemical inhibitors Z-VAD-fmk (20 μM), Y-VAD-fmk (20μM, 40 μM), Z-DEVD-fmk (40μM), Z-IETD-fmk (40μM), Z-LEVD (40μM), GSK484 (10 μM), as indicated in each experimental setting. Neutrophils were infected with various bacterial strains and multiplicity of infections (M.O.I.) as indicated.

Kinetic analysis of Neutrophil's permeability by SYTOX Green incorporation assay

Cells are plated at density of 1 x 10 5 per well in Black/Clear 96-well Plates in OPTI-MEM culture medium supplemented with SYTOX-Green dye (100ng/mL) and infected/treated as mentioned in figure legend. Green fluorescence are measured in real-time using Clariostar plate reader equipped with a 37˚C cell incubator. Maximal cell death was determined with whole cell lysates from unstimulated cells incubated with 1% Triton X-100.

ELISA and plasma membrane lysis tests

Cell death was measured by quantification of the lactate dehydrogenase (LDH) release into the cell supernatant using LDH Cytotoxicity Detection Kit (Takara). Briefly, 100 μL cell supernatant were incubated with 100 μL LDH substrate and incubated for 15 min. The enzymatic reaction was stopped by adding 50 μL of stop solution. Maximal cell death was determined with whole cell lysates from unstimulated cells incubated with 1% Triton X-100. Human and mouse IL-1β secretion was quantified by ELISA kits (Thermo Fisher Scientific) according to the manufacturer's instructions.

Preparation of neutrophil lysates and supernatant for immunoblot

At the end of the treatment 5 mM of diisopropylfluorophosphate (DFP) cell permeable serine protease inhibitor was added to cell culture medium. Cell' Supernatant was collected and clarified from non-adherent cells by centrifugation for 10 min at 300 g. Cell pellet and adherent cells were lysed in 100 μL of RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, 1% Triton X-100, 0.5% Na-deoxycholate) supplemented with 5 mM diisopropylfluorophosphate (DFP) in addition to the protease inhibitor cocktail (Roche). Cell scrapper was used to ensure optimal recovery of cell lysate. Collected cell lysate was homogenized by pipetting up and down ten times and supplemented with laemli buffer (1X final) before boiling sample for 10 min at 95˚C. Soluble proteins from cell supernatant fraction were precipitated as described previously [74]. Precipitated pellet was then resuspended in 100 μL of RIPA buffer plus laemli supplemented with 5 mM diisopropylfluorophosphate (DFP) and protease inhibitor cocktail (Roche) and heat denaturated for 10 min at 95˚C. Cell lysate and cell supernatant fraction were then analysed by immunoblot either individually or in pooled sample of lysate plus supernatant (equal vol/vol).

Treatment of Neutrophils for Immunofluorescences

5.10 5 Cells were plated on 1.5 glass coverslips in 24 well plate and infected/treated as described above. At the end of the assay, cell supernatant was removed and cells were fixed with a 4% PFA solution for 10 min at 37˚C. PFA was then removed and cells were washed 3 times with HBSS. When desired, plasma membrane was stained with Wheat Germ Agglutinin, Alexa Fluor 633 Conjugate (ThermoFisher Scientifique) at 1/100 th dilution in HBSS, and incubated for 30 min under 100 rpm orbital shaking conditions. Then cells were washed with HBSS and processed for further staining. Permeabilization was performed by incubating cells for 10 min in PBS containing 0.1% Triton X-100. To block unspecific binding of the antibodies cells are incubated in PBS-T (PBS+ 0.1% Tween 20), containing 2% BSA, 22.52 mg/mL glycine in for 30 min. 3 washes with PBS-T was performed between each steps. Primary antibodies staining was performed overnight at 4˚C in BSA 2%-Tween 0.1%-PBS (PBS-T) solution. Coverslips were washed three times with PBS-T and incubated with the appropriate fluor-coupled secondary antibodies for 1 hour at room temperature. DNA was counterstained with Hoechst. Cells were then washed three times with PBS and mounted on glass slides using Vectashield (Vectalabs). Coverslips were imaged using confocal Zeiss LSM 710 (INFINITY, Toulouse) or Olympus Spinning disk (Image core Facility, IPBS, Toulouse) using a 40x or a 63x oil objective. Unless specified, for each experiment, 5-10 fields (�50-250 cells) were manually counted using Image J software.

Scanning electron microscopy experiments

For scanning electron microscopy observations, cells were fixed with 2.5% glutaraldehyde in 0.2M cacodylate buffer (pH 7.4). Preparations were then washed three times for 5min in 0.2M cacodylate buffer (pH 7.4) and washed with distilled water. Samples were dehydrated through a graded series (25 to 100%) of ethanol, transferred in acetone and subjected to critical point drying with CO2 in a Leica EM CPD300. Dried specimens were sputter-coated with 3 nm platinum with a Leica EM MED020 evaporator and were examined and photographed with a FEI Quanta FEG250.

ImageStreamX

Cells isolated from Bronchoalveolar (BAL) washes were pelleted by centrifugation (10 min at 300 g). Neutrophils were stained prior to fixation with anti-Ly6G (APC-Vio770, Miltenyi-Biotec Clone: REA526 | Dilution: 1:50) in MACS buffer (PBS-BSA 0,5%-EDTA 2mM) in presence of FC block (1/100) and Hoechst (1 μM). Then, cells were fixed in 4% PFA. Data were acquired on ImageStreamXMKII (Amnis) device (CPTP Imaging and Cytometry core facility) and analyzed using IDEAS software v2.6 (Amnis). The gating strategy used to evaluate inflammasome activation in neutrophils was performed as follow: (i) a gate was set on cells in focus [Cells in Focus] and (ii) a sub-gate was created on single cells [Single Cells]. Then we gated first on (iii) LY6G+ Neutrophils [LY6G+] and second on (iv) ASC-citrine+ and Hoechst+ cells [Hoechst +/ASC-Citrine+] within LY6G+ population. (v) To distinguish cells with active (ASC-speck) versus inactive inflammasome (Diffuse ASC), we plotted the Intensity with the area of ASCcitrine. This strategy allow to distinguish cells with active inflammasome that were visualized and quantified (S2D Fig).

Statistical tests used

Statistical analysis was performed with Prism 8.0a (GraphPad Software, Inc). Otherwise specified, data are reported as mean with SEM. T-test with Bonferroni correction was chosen for comparison of two groups. Two-way Anova with multiple comparisons test was used for comparison of more than two groups. For in vivo mice experiments and comparisons we used Mann-Whitney tests and mouse survival analysis were performed using log-rank Cox-Mantel test. P values are shown in figures with the following meaning; NS non-significant and Significance is specified as � p � 0.05; �� p � 0.01, ��� p � 0.001. A. Measure of cell lysis (release of LDH) in WT, Casp1 -/-, Casp1 -/-, Casp11 -/-, Casp1 -/-Casp11 -/-, Nlrp3 -/-, AIM2 -/-, Nlrc4 -/-and ASC -/-murine Bone Marrow Neutrophils (BMNs) infected for 3 hours with Pseudomonas aeruginosa pyroptotic strains PP34 ExoUS142A (MOI 2) and PAO1 ΔExoS (MOI 10). ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. B. Gating strategy used to evaluate inflammasome activation in neutrophils was performed as follow: (i) a gate was set on cells in focus [Cells in Focus] and (ii) a sub-gate was created on single cells [Single Cells]. Then we gated first on (iii) LY6G + Neutrophils [LY6G + ] and second on (iv) ASC-citrine + and Hoechst + cells [Hoechst + /ASC-Citrine + ] within LY6G + population. (v) To distinguish cells with active (ASC-speck) versus inactive inflammasome (Diffuse ASC), we plotted the Intensity with the area of ASC-citrine. This strategy allow to distinguish cells with active inflammasome that were visualized and quantified. (TIF)
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S3 Fig. NLRC4-dependent neutrophil pyroptosis associates to DNA decondensation. A.

Confocal microscopy observations and quantification of primary human blood neutrophils infected for 3 hours with P. aeruginosa pyroptotic strain PP34 ExoUS142A (MOI 2) and harboring ASC complexes, decondensed DNA and plasma membrane. Nucleus (blue) was stained with Hoechst; ASC is in Red (anti-ASC); Plasma membrane is in grey (WGA). Scale bar 10μm. Images are representative of one experiment performed three times with at least 6-10 fields neutrophils observed/ quantified for ASC specks ratios. 10) or PP34 ExoUS142A (MOI 2) in presence/absence of Caspase-1 inhibitor Z-YVAD (20μM) and harboring Citrullinated Histone 3 (H3-Cit), decondensed DNA and nuclear membrane (LaminB1). Nucleus (blue) was stained with Hoechst; Citrullinated Histone-3 is in red (anti H3-Cit); plasma membrane is in grey (WGA staining). Scale bar 10μm. Images are representative of one experiment performed three times with at least 150 neutrophils observed/ experiment. B. Immunoblotting of Citrullinated Histone 3 (H3Cit), total Histone 3 and preformed and cleaved Gasdermin-D (p55/p30) in WT, Nlrc4 -/-and GsdmD -/-BMNs treated with Ionomycin (10μM, 3 hours) or infected for 3 hours with PAO1, PAO1 ΔExoS , PAO1 ExsA-(MOI 10) or with PP34, PP34 ΔExoU (MOI 2). Immunoblots show combined lysates and supernatants from one experiment performed three times. C. Confocal microscopy observations and quantifications of WT and GsdmD -/-BMNs infected for 3 hours with P. aeruginosa pyroptotic strain PAO1 ExoUS142A (MOI 2) in presence/absence of EGTA (10mM) and harboring Citrullinated Histone 3 (H3-Cit) and decondensed DNA. Nucleus (blue) was stained with Hoechst; Histone-3 Citrullination is in red (Anti-H3Cit staining). For quantifications, the percentage of cells positives for H3Cit (H3-Cit + ) and decondensed DNA was determined by quantifying the ratios of cells positives for H3Cit and decondensed DNA over the total amount of cells. At least 6 fields from n = 3 independent experiments were analyzed. Values are expressed as mean ± SEM. ��� p � 0.001, Two-Way Anova with multiple comparisons. D. Measure of cell lysis (release of LDH) and IL-1β release in WT or GsdmD -/-BMNs infected for 3 hours with PP34 ExoUS142A (MOI2) or PAO1 ΔExoS (MOI 10) in presence/absence of EGTA (10mM). ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. E. Confocal microscopy observations and quantifications of WT and GsdmD -/-BMNs infected for 3 hours with P. aeruginosa pyroptotic strain PAO1 ExoUS142A (MOI 2) in presence/absence of Glycine (5mM) and harboring Citrullinated Histone 3 (H3-Cit) and decondensed DNA. Nucleus (blue) was stained with Hoechst; Histone-3 Citrullination is in red (Anti-H3Cit staining). For quantifications, the percentage of cells positives for H3Cit (H3-Cit + ) and decondensed DNA was determined by quantifying the ratios of cells positives for H3Cit and decondensed DNA over the total amount of cells. At least 6 fields from n = 3 independent experiments were analyzed. Values are expressed as mean ± SEM. ��� p � 0.001, Two-Way Anova with multiple comparisons. F. Measure of cell lysis (release of LDH) and IL-1β release in WT or GsdmD -/-BMNs infected for 3 hours with PP34 ExoUS142A (MOI2) or PAO1 ΔExoS (MOI 10) in presence/absence of Glycine (5mM). ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. (TIF) 

Discussion and perspectives

Neutrophils are the most abundant circulating innate immune cells in humans (representing about 70% of all leukocytes). They participate in a wide variety of cellular functions and play an important role in the elimination of invading pathogens [80][81][82] . Multiple forms of neutrophil death programs have been described to contribute to host defence against infections, such as

NETosis, but despite expressing all the necessary compounds, an intriguingly feature of neutrophils is that they resist the canonical inflammasome-induced cell pyroptosis mediated by caspase-1 and GSDM-D [START_REF] Chen | The Neutrophil NLRC4 Inflammasome Selectively Promotes IL-1β Maturation without Pyroptosis during Acute Salmonella Challenge[END_REF] . Interestingly, work from Kate Schroder's lab showed that upon Salmonella Typhimurium infection, neutrophils are able to induce a caspase-1 dependent IL-1β secretion but not GSDM-D-dependent pyroptotic cell death [START_REF] Chen | The Neutrophil NLRC4 Inflammasome Selectively Promotes IL-1β Maturation without Pyroptosis during Acute Salmonella Challenge[END_REF] . In addition, recent work from the same lab also showed that GSDM-D is an important effector for NETosis mediated by the non-canonical caspase-11 inflammasome [START_REF] Chen | Noncanonical inflammasome signaling elicits gasdermin D-dependent neutrophil extracellular traps[END_REF] . Indeed, caspase-11 activation in neutrophils leads to GSDM-D-mediated nuclear envelope pore formation, DNA decondensation and expulsion in the extracellular environment. Thus, caspase-1 and GSDM-D seem to be functional in neutrophils and suggest that the canonical inflammasome dependent on GSDM-D and caspase-1 is tightly regulated in neutrophils by an unknown mechanism. Therefore, our study aimed at determining the mechanisms of regulation of neutrophil pyroptosis. To this purpose, we hypothesize that the resistance to caspase-1 dependent pyroptosis could be overcome by some bacterial infection. Screening various inflammasome-activating bacteria, we found that P. aeruginosa was able to trigger the canonical NLRC4 inflammasome through recognition of its T3SS and flagellin. Interestingly, this activation was further amplified when P. aeruginosa was deficient for the exotoxin S or U, meaning that these exotoxins seem to play a role in the resistance to the canonical inflammasome-induced pyroptosis. Indeed, preliminary work in the lab suggest that both exotoxin S (ExoS) and U (ExoU) seem to induce an unconventional NETotic cell death, interfering with the canonical inflammasome activation. ExoU is a patatin-like phospholipase A2 responsible for organ damage-dependent acute respiratory distress syndrome (ARDS). Work from the team showed that host cell phospholipid peroxidation is important at exacerbating ExoU phospholipase activity, which allows fast phospholipid degradation [START_REF] Bagayoko | Host phospholipid peroxidation fuels ExoU-dependent cell necrosis and supports Pseudomonas aeruginosa-driven pathology[END_REF] . To this regard, the very potent ability of neutrophils to express enzymes that promote phospholipid peroxidation such as the NADPH oxidase or the Myeloperoxidase (MPO)

enzymes make of those cells potential targets of ExoU virulence activity. Using primary murine and human neutrophils, we showed that neutrophils exhibited the most important phospholipid peroxidation levels among the whole cell types tested, a process that was supported by the enzymatic activity of MPO. Consequently, MPO-driven lipid peroxidation exacerbated ExoU-driven Plasma Membrane Rupture (PMR) and subsequent NETosis of neutrophils. Specifically, NETosis process required PAD4-driven Histone Citrullination, DNA decondensation and expulsion. Whether those mechanisms are also conserved for ExoS are still unknown. These results suggest that the exotoxins S and U seem to inhibit the conventional caspase-1 dependent pyroptotic cell death in neutrophils through induction of an unconventional NETotic cell death. In other words, that P.aeruginosa infection is able to induce a functional canonical inflammasome activation in neutrophils. This raise the question of why P.aeruginosa is the only bacteria able to induce this response among all the different bacteria tested ?

P.aeruginosa is an opportunistic, gram negative and extracellular bacterium that it is able to inject, through its T3SS, from the extracellular environment and directly inside the target cells its virulence factors, including its flagellin, T3SS apparatus and the different exotoxins S, U, T and Y. One of the main differences between P.aeruginosa and the other bacteria is its ability to activate the NLRC4 inflammasome from the extracellular environment, whereas the other bacteria need to be first phagocyte by the neutrophil. This suggest that the phagosome could be a key regulator of inflammasome activation in neutrophils. The ability of neutrophils to kill phagocytosed microbes is 1-2 times higher than any other phagocyte. This is mainly mediated by the NADPH oxidase complex, which generates intraphagosomal ROS production, important for pathogen killing 87 . Therefore, one hypothesis is that microbes are killed way too fast before they could release PAMPs to activate the canonical inflammasome in the cytosol. Another hypothesis is that the important ROS production induced upon neutrophil infection could somehow oxidized the inflammasome compounds, such as caspase-1 and GSDM-D, inhibiting inflammasome activation. Indeed, work from the Zychlynsky lab showed that in macrophages, ROS production can induce the oxidation of caspase-1 leading to its inactivation [START_REF] Meissner | Superoxide dismutase 1 regulates caspase-1 and endotoxic shock[END_REF] . Therefore, knowing that neutrophils are huge producers of ROS during infection, we can hypothesize that oxidation of caspase-1 and/or GSDM-D could be a mechanism of regulation of neutrophil pyroptosis.

Although our results showed a clear ability of neutrophils to undergo caspase-1 dependent pyroptosis upon P.aeruginosa infection, the in vivo infection in mice specifically expressing or lacking caspase-1 in the granulocyte compartment (MRP8-GFP mice) suggest a negative role of neutrophil pyroptosis in P.aeruginosa control. Indeed, neutrophil pyroptosis seems to promote P.aeruginosa dissemination in the lung and BALs of infected mice associated with IL-1β secretion. These results are quite surprising as we could imagine that the inhibition of the inflammasome response by the exotoxins S and U of P.aeruginosa could be a mechanism of evasion of the bacteria. However, previous studies have shown a contribution of NLRC4 inflammasome activation at promoting P.aeruginosa dissemination in various organs, associated with a defect of mice to efficiently control P.aeruginosa. Indeed, pyroptosis has been associated with microbial trapping and killing by the formation of "Pore-induced intracellular Traps" (PITs), which capture bacteria and lead to their clearance by efferocytosis.

We therefore can speculate that the extracellular tropism of P.aeruginosa and the expression of a T3SS allows the bacteria to escape from microbial trapping and/or killing mediated by the PITs. In addition, previous work also showed that NETs formation upon P.aeruginosa corneal infection promote biofilm formation, inhibiting bacterial dissemination to the brain but developing resistance to antibiotic treatment and neutrophil killing [START_REF] Thanabalasuriar | Neutrophil Extracellular Traps Confine Pseudomonas aeruginosa Ocular Biofilms and Restrict Brain Invasion[END_REF] . This suggests that induction of NETosis as well as neutrophil pyroptosis seem to be two mechanisms of to degrade actin, hence ensuring complete NETosis process 22 . This suggest that actin degradation / depolymerization could be a key regulator of extracellular DNA expulsion during NETosis. This is line with our results that show an intact actin surrounding the plasma membrane during neutrophil pyroptosis, probably maintaining the decondensated DNA within the cell.

Despite evidence of the role of GSDM-D in the induction of pyroptotic cell death, the mechanisms leading to plasma membrane rupture and cell death are still not clear. Very recently, a new protein called Nerve Injury-induced Protein 1 (NINJ1) was described to play a crucial role in the rupture of the plasma membrane, leading to the release of the cytoplasmic content and inducing the so-called pyroptosis [37][38] . Indeed, cells lacking NINJ1 still undergo cell swelling and plasma membrane pore formation-mediated by GSMD-D-but failed to release cytoplasmic content. NINJ1 is a protein expressed on the cell surface that, upon activation, binds to plasma membrane and oligomerizes inducing plasma membrane rupture. An interesting feature will be to determine if the GSDM-D dependent neutrophil pyroptosis is also dependent on NINJ1.

Finally, regarding the immunological purpose of neutrophil pyroptosis, we hypothesize that the decondensated DNA kept in the cytosol could be a physical barrier to trap some (CathG). Protease-induced pyroptosis requires the cleavage and release of an active N-terminal pore-forming fragment from the proteins gasdermins [30][31][32][33] . Conversely, inflammasomeactivated caspase-1, but also caspase-8, caspase-11, NE and CathG will directly cleave and activate gasdermin D, caspase-3 and granzyme A will activate gasdermin E and granzyme B will trigger gasdermin B. Common to all activated gasdermins is their ability to form pores into biological membranes, including plasma/mitochondrial or microbial membranes, hence driving specific set of pro-inflammatory alarmin/cytokine release as well as cell pyroptosis [30][31][32][33] . Finally, ninjurin-1 will promote final cell shrinkage step, hence allowing large DAMPs to be released in the extracellular environment 22 . Although pyroptosis occurs and plays essential immune and microbicidal functions in most of the immune and non-immune cells, including lymphocytes, macrophages and epithelial cells, granulocyte neutrophils exhibit unique resistance to pyroptosis induction.

Neutrophils mediate essential microbicidal processes. Specifically, their very potent phagocytosis capacities, the degranulation of anti-microbial loaded vesicles, the engagement of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase but also the induction of a peculiar form of cell necrosis called NETosis allow neutrophil to efficiently control microbial infections [19][20][21][22][23][80][81][82] . Given the very strong inflammatory potential of neutrophils, their resistance to pyroptosis induction is thought to be driven by the necessity to avoid unnecessary deleterious tissue damages. This suggests that neutrophils might carry yet to be determined intrinsic regulatory effectors that restrain pyroptosis.

Regarding this, chronic granulomatous diseases (CGD) gather a heterologous group of autosomal or X-linked inherited loss of function mutations in genes encoding the NADPH oxidase (p47-phox, p40-phox, p67-phox, p22-phox, EROS, RAC1/2 GTPases and gp91-phox In this study, we addressed the importance of the neutrophil NADPH oxidase at controlling pyroptosis and its importance in the context of CGD. We found that CGD neutrophils, but not healthy neutrophils, extensively die of caspase-1-dependent pyroptosis in response to CGDassociated bacterial pathogens or pure inflammasome activators. Specifically, we hypothesize that the NADPH oxidase activity in neutrophils mediates basal and inducible caspase oxidation in cysteines, which strongly restrains caspase-driven pyroptosis upon inflammasome activation. To the contrary, CGD neutrophils lack proper caspase oxidation, which enhances their ability to undergo pyroptosis-mediated cytokine, alarmin and DAMP release.

Altogether, our results identify the neutrophil NADPH system as being crucial to safe guard neutrophil resistance to caspase-driven pyroptosis, which leads to exacerbated pyroptosisdriven inflammation and inefficient microbicidal response in CGD patients. Hence, targeting pyroptosis appears as an attractive way to dampen neutrophil-mediated hyper inflammation in CGD patients.

Results

NADPH-deficient neutrophils exhibit extreme sensitivity to inflammasome-driven pyroptosis

Neutrophils from CGD patients and mice are described to resist ROS-dependent NETosis but are described to undergo into necrosis upon bacterial and fungal challenge [START_REF] Bianchi | Restoration of NET formation by gene therapy in CGD controls aspergillosis[END_REF] . Hence, we wondered if inflammasome-driven pyroptosis could be an alternative mechanism by which NADPH oxidase defective neutrophils might promote cell death upon microbial infections.

Therefore, we purified neutrophils from the bone marrow of C57BL/6 Wild-Type (WT) mice and infected them with the CGD-associated bacteria C. violaceum, in the presence/absence of an inhibitor of the NADPH oxidase (Nox2i), and measured their ability to undergo pyroptosis.

The infection of WT neutrophils in the presence of the Nox2i led to a significant increase in the cell death induction measured by SytoxGreen incorporation and LDH release (Fig. 1A-B). This cell death was caspase-1-dependent as its pharmacological inhibition by Y-VAD led to a reduction of cell death to the same level that in the absence of Nox2i (Fig. 1B). Moreover, in the absence of functional NADPH oxidase, neutrophils exhibit an active inflammasome response characterized by an increase release of IL-1β, active caspase-1 (caspase-1-GLO) and caspase-1/gasdermin D processing (Fig. 1C-E). These results were also confirmed in human in neutrophils purified from the blood of healthy donors (Fig. 1F-H). These results suggested that the NADPH oxidase might be implicated in the regulation of neutrophil pyroptosis. To confirm that, we infected murine neutrophils deficient for the p47 phox or gp91 phox subunits of the NADPH oxidase and infected them with various CGD-associated bacteria, namely C. violaceum, S. Typhimurium and S. aureus and measured their ability to undergo pyroptosis. Infection of neutrophils from gp91 phox /p47 phox -deficient mice showed an increased induction of caspase-1-dependent pyroptosis associated with very higher amounts of IL-1β released (Fig. 2A-D).

As NADPH deficiency can lead to a strong defect in bacterial elimination, we wanted to determine if the lack of NADPH-driven microbicidal response of neutrophils would account for the release of an active pyroptosis in neutrophils. Therefore, we electroporated murine WT and Nox2 deficient neutrophils with Flagellin, a pure NLRC4 inflammasome activator, and measured their ability to undergo pyroptosis by looking at caspase-1/gasdermin D processing.

Although WT neutrophils did not show robust neutrophils pyroptosis, gp91 phox-/-neutrophils exhibited increased inflammasome activation, associated with higher caspase-1 and gasdermin D processing. (Fig. 2E). This suggests that beyond their strong defect at controlling several infectious agents, NADPH deficient neutrophils also exhibit a specific sensitivity to pyroptosis induction. Once activated, the NADPH oxidase generates the anion superoxide (O2 .-), a very strong oxidant that is quickly transformed into H202, another reactive specie, by the enzyme SOD1.

Using pharmacological SOD1 inhibition in neutrophils (SOD1i), we could show that bacteriainduced basal neutrophil pyroptosis was strongly decreased in presence of the SOD1 inhibitor (Fig. 5A-C), suggesting that the O2 .-specie generated by the NADPH oxidase strongly contributes to pyroptosis inactivation. -restricts the induction of pyroptosis in neutrophils. To confirm this, we exposed recombinant Caspase-1 to various doses of O2 .-, ROS species derived from the NADPH oxidase system in neutrophils, and measured their ability to inhibit gasdermin D processing. The western-blot analysis revealed that in the presence of increased doses of O2 .-, caspase-1 loses its ability to cleave gasdermin D (Fig. 6), suggesting that the oxidation of caspase-1 is somehow affecting its activation. To determine the importance of NADPH-driven O2 .-to oxidize pyroptosis regulators (Caspase-1, Gasdermin-D), we are now performing a redox proteomic analysis on recombinant human Caspase-1 and Gasdermin-D exposed to various amount of O2 .-. We hypothesize that O2 .- exposure can efficiently oxidize various Caspase-1 and Gasdermin-D cysteines. Once identified, we will mutate those sites by replacing Cysteines by Serines and induce the expression of Caspase-1 WT or mutated (as well as Gasdermin-D) in the human U937 monocytic line (U937 Casp1-/-). We suggest that U937 Casp1-/-complemented with mutated Caspase-1 on specific cysteines will be insensitive to NADPH oxidation and therefore fully competent for capase-1 dependent pyroptotic cell death upon microbial challenge.

In addition to caspase-1, we also suggest that other caspases could be sensitive to NADPH oxidation, such as caspase-3/-4/-5. Indeed, caspase-4/-5 are described to induce the activation of the non-canonical inflammasome in immune cells, such as macrophages 33,35 . However, like for caspase-1 dependent pyroptosis, neutrophils have never been described to be able to undergo classical caspase-4/-5 dependent pyroptosis in neutrophils. We therefore hypothesize that caspase-4/-5 could share the same mechanism of regulation as caspase-1. To the same extend, caspase-3 has recently been described to be implicated in the unconventional pyroptotic cell death mediated by gasdermin E in neutrophils 36 . Indeed, upon defective efferocytosis, apoptotic neutrophils can undergo a late apoptosis leading to gasdermin E cleavage by caspase-3 resulting in pyroptosis of neutrophils. Hence, we hypothesize that oxidative stress could also affect caspase-3 mediated gasdermin E cleavage and pyroptotic cell death in neutrophils. Therefore, the same redox proteomic analysis on recombinant human caspase-3/-4/-5 will be performed in order to identified the sites of oxidation, mutate them and assess their ability to undergo increased pyroptosis mediated by the non-canonical inflammasome (caspase-4/-5) and gasdermin E (caspase-3).

Although our results showed a clear ability of neutrophils to undergo caspase-1 dependent pyroptosis upon various CGD-associated pathogens in the absence of NADPH oxidase, the exact role of neutrophil pyroptosis in vivo still remain unknown. Therefore, we will perform infection in mice deficient or not for the NADPH oxidase (gp91 phox-/-) and specifically expressing or lacking caspase-1 in the granulocyte compartment (MRP8-GFP mice) with the different CGDassociated pathogens and assess the ability of neutrophils to control the infection by looking at bacterial load in the BALs and lungs of infected mice. In our previous work, we showed that neutrophil pyroptosis seems to promote P.aeruginosa dissemination in the lung and BALs of infected mice associated with IL-1β secretion. CGD patients that naturally lack NADPH oxidase in phagocytes showed increased susceptibility to infection with low life survival associated.

Hence, we hypothesize that, as for P.aeruginosa, neutrophil pyroptosis could be detrimental for all bacterial control and associated to exaggerated inflammation.

Finally, to further confirm the role of the NADPH oxidase at regulating neutrophil pyroptosis, we will determine if our observations were specific to neutrophils or also to other immune cells expressing the NADPH oxidase complex. Indeed, we suggest that depending on the degree of expression of the NADPH oxidase complex, cells will be more or less sensitive to pyroptosis. To address this question, we will measure the ability of healthy or CGD human macrophages as well as monocytes to undergo pyroptosis using the same bacterial strains than described with neutrophils. Preliminary data from the lab suggest that all macrophages undergo similar degree of plasma membrane permeabilization (measure of SytoxGreen incorporation), pyroptosis (measure of LDH release), IL-1β release and inflammasome activation as determined by Immunoblots to processed caspase-1/gasdermin-D. This suggests that the NADPH oxidase subunits gp91 phox specifically regulates neutrophil but not macrophage sensitivity to bacteria-induced pyroptosis. Interestingly, in monocytes we seemed to have an intermediate phenotype as they have an increased inflammasome response associated with higher cell death and IL-1β secretion upon bacterial infection (Figure 7). This is in line with our hypothesis that depending on the degree of NADPH oxidase expression, cells will be more or less responsive to pyroptotic cell death. Indeed, similar to neutrophils, ROS production in monocytes is dependent on the NADPH oxidase complex, which is the opposite in macrophages. Overall, our study unveiled a key function of the oxidative stress in the regulation of pyroptotic cell death and identified SOD1 as a potential inhibitor of the inflammasome response. Indeed, to date few treatments exist to limit dysregulated inflammatory response associated to inflammasome activation. The main treatments consist in reducing the amount of IL-1β secretion or by directly blocking gasdermin-D activation (Figure 24). However, none of these Inflammasomes comprise an important response to viral infection. These cytosolic multiprotein complexes are composed of a receptor/sensor, the adaptor protein ASC (at the noticeable exception of the CARD8 inflammasome), and the proinflammatory protease caspase-1 (Broz and Dixit, 2016). Upon inflammasome assembly, caspase-1 autoactivates and processes As previously described, immunoblotting analysis of the expression of inflammasome-forming sensors in human primary epithelial and cell lines highlights that primary bronchial and alveolar epithelial cells specifically express the inflammasome-forming sensor NLRP1 (Figures 1A andS1A and TP1 [telomerase-associated protein]) LRR (Leucine-Rich Repeats) domain. This mechanism also promotes inflammasome signaling in keratinocytes and bronchial epithelial cells infected with the RNA-positive (+RNA) strand Semliki Forest Virus (Bauernfried et al., 2021). SARS-CoV-2 is a +strand RNA virus that expresses two proteases, a 3CL-(3C-like) protease, namely NSP5, and a chymotrypsin protease, NSP3. Thus, here, we evaluate the ability of NLRP1 to detect SARS-CoV-2 infection.

RESULTS

NLRP1 triggers an inflammasome response upon SARS-CoV-2 infection of epithelial cells NLRP1 is expressed in primary airway epithelial cells, but its expression is lost in various human tumor cell lines (Figures 1A, S1A, andS1B), limiting the ability to use these cells to analyze the innate immune response to viral infection. Therefore, we expressed hNLRP1 in the alveolar epithelial cell line A549 ACE2 . This cell line expresses endogenous ASC, caspase-1, and GSDMD (Figure S1A). Fluorescent (GFP)-tagged ASC was coexpressed in some experiments, allowing us to monitor inflammasome assembly upon NLRP1 activation and ASC polymerization (Figure S1B S1E). In addition, only NLRP1-expressing cells contained ASC-GFP specks upon Val-boro treatment, indicating that this fusion protein can be used to monitor inflammasome assembly (Figure S1F).

Emmanuelle Jouanguy, 8,9,10 Olivier Neyrolles, 1 Clare E. Bryant, 11,12 Andres R. Floto, 4 Caroline Goujon, 3 Franklin Zhong Lei, 7,14,15 Guillaume Martin-Blondel, 16,17 Stein Silva, 18 Jean-Laurent Casanova, 8,9,10,19 Ce ´line Cougoule, 1 Bruno Reversade, 5,6,20,21,22 Julien Marcoux, 1 Emmanuel Ravet, 2,25 and Etienne Meunier 1,23,25,27, * Next, we infected A549 ACE2/NLRP1+ or A549 ACE2/NLRP1À cells with various multiplicity of infection (MOI) of SARS-CoV-2 and monitored for cell lysis (LDH release), cell viability (ATP levels), and inflammasome activation (ASC-speck formation) over time (Figures 1B-1D). We observed that SARS-CoV-2 infection triggered a dose-dependent cell death of epithelial cells, a process that was dependent on the NLRP1 expression (Figures 1B and1C). In addition, only cells expressing NLRP1 exhibited active inflammasome complexes upon SARS-CoV-2 infection, hence suggesting that NLRP1 is an innate immune sensor of SARS-CoV-2 infection (Figure 1C). In addition, we observed that such process occurred in the presence of various SARS-CoV-2 variants, suggesting that NLRP1-driven response is not directly impacted by the appearance of those viral mutations (Figure S1G). Although primary bronchial epithelial cells and A549 ACE2/NLRP1+ cells do not express detectable levels of NLRP3, we controlled that NLRP3 was not involved in triggering this process by treating NHBEs and A549 ACE2/NLRP1+ cells with an inhibitor of the NLRP3 inflammasome, namely MCC950 (Figures S1H andS1I). We observed no impact of MCC950 in the ability of SARS-CoV-2 to promote cell death or ASC-speck formation in either NLRP1 + or NLRP1 À cells (Figure S1H). The efficacy of MCC950 was also tested in THP1 human monocyte cell line, which express detectable levels of NLRP3 and inhibited the activation of NLRP3 inflammasome upon exposure with the wellknown toxin nigericin (Figure S1I).

Next, we explored the viral steps that were required for efficient NLRP1 inflammasome activation upon SARS-CoV-2 infection. We used two inhibitors of SARS-CoV-2 replication, namely remdesivir that targets SARS-CoV-2 RNA polymerase and PF-00835231 that inhibits the activity of the 3CL NSP5 protease. Both inhibitors efficiently inhibited SARS-CoV-2 replication in A549 ACE2/NLRP1+ cells as measured by the lack of appearance of the nucleocapsid (N) protein (Figure S1J). When we addressed the ability of both compounds to modulate SARS-CoV-2-dependent NLRP1 activation, we found that cell lysis (LDH release) levels as well as ASC-specks did not appear in presence of those inhibitors (Figures 1D and1E). As control, those inhibitors did not show any effect in inhibiting NLRP1 inflammasome activation when cells were exposed to Val-boro (Figure S1K). Furthermore, the use of the pan-caspase inhibitor Z-VAD potently inhibited SARS-CoV-2-induced NLRP1-dependent cell death both in primary and in A549 ACE2/NLRP1+ cells, suggesting that caspases are important regulators of this process (Figures 1D andS1J).

Finally, we aimed at determining the reproducibility of our observations in primary human epithelial cells. Hence, we used normal human bronchial epithelial cells (NHBEs) and evaluated the importance of NLRP1 in SARS-CoV-2-driven epithelial cell death. Infection of NHBE with various SARS-CoV-2 strains led to the induction of cell death, a process that was strongly impaired in presence of the pan-caspase inhibitor Z-VAD but not in presence of Necroptosis inhibitor Nec1s or the ferroptosis inhibitor Fe1 (Figures 1Fand S1L), suggesting a critical function of caspases in SARS-CoV-2driven epithelial cell death. Next, we generated genetic invalidation of NLRP1 gene expression using CRISPR-Cas9 in NHBE cells (Figure 1G). Infection of NHBE WT and NHBE NLRP1À/À epithelial cells with SARS-CoV-2 showed a significant involvement of NLRP1 expression in NHBE cell lysis after 36 h of infection (Figure 1G), hence confirming that NLRP1-dependent cell death occurs both in cell lines and in primary epithelial cells.

Altogether, our results suggest that in airway epithelial cells, NLRP1 behaves as a sensor of SARS-CoV-2, a process that requires viral replication.

SARS-CoV-2 3CL protease-cleaved NLRP1 triggers inflammasome assembly

Next, we wondered about the viral effectors able to drive NLRP1 activation. Both dsRNA and HRV 3C proteases promote NLRP1 degradation by the proteasome system that induces an efficient inflammasome response, a process we also observed upon SARS-CoV-2 infection (Figure S2A) (Bauernfried et 130 and Glycine G 131 sites, which generates a free Nter 131 Glycine. This allows the recruitment of the Ubiquitin-processing complex Cullin ZER1/ZYG11B and the targeting of ubiquitinated-NLRP1 for proteasome degradation and subsequent release and activation of the Cter UPA-CARD domain (Robinson et al., 2020). Consequently, we infected A549 ACE2/NLRP1+ cells with SARS-CoV-2 in the presence or absence of MLN4924, an inhibitor of the Cullin ZER1/ZYG11B complex, and evaluated the ability of cells to undergo cell lysis (Figure 2A 2019). The use of MLN4924 markedly inhibited SARS-CoV-2induced NLRP1-dependent ASC-speck formation (Figure 2A). This suggested us that a SARS-CoV-2-dependent proteolytic cleavage of NLRP1 might be of importance in triggering inflammasome response in epithelial cells. As SARS-CoV-2 expresses both a 3CL protease NSP5 and a chymotryspin protease NSP3, we hypothesized that one of those two proteases might cleave NLRP1 and generates a Glycine fragment accessible for Ubiquitination-driven NLRP1 degradation. Hence, we incubated NLRP1 + and NLRP1 À cell lysates with recombinant NSP3 or NSP5 proteases and analyzed by immunoblotting their ability to process NLRP1 by using an anti-NLRP1 N-terminal antibody (generated with the NLRP1 N-term peptide 1-323 aa) (Figures 2B andS2B-S2E). We observed that NSP5 protease cleaved NLRP1 and generated a 38 kDa Nterm-sized peptide, a process that was inhibited by the 3CL protease inhibitor PF-00835231 (Figures 2B, andS2B-S2D). As other coronaviruses also express 3CL proteases, we also incubated lysates of NLRP1-expressing cells with the MERS-CoV and SARS-CoV-1 3CL proteases. As for NSP5, both proteases also cleaved NLRP1 and generated an Nter fragment of similar sizes, suggesting a conserved ability of coronaviruses 3CL proteases to cleave NLRP1 (Figure 2B). Such process was also seen using recombinant NLRP1 protein in the presence of recombinant NSP5 proteases from pathogenic coronaviruses, hence suggesting that NSP5 alone is sufficient to mediate this process (Figures S2B andS2C). To further determine if NSP5 catalytic activity accounts at activating the NLRP1 inflammasome, we expressed doxycycline-inducible NSP5 or its catalytically inactive mutant (NSP5 C145A ) in NLRP1 + and NLRP1 À cells. Monitoring for cell death and ASC-speck formation, we observed a strong ability of the WT NSP5 protease, but not its catalytically dead mutant, to promote both NLRP1-dependent cell death (LDH release) and GFP-ASC-speck formation, suggesting that NSP5 protease activity is required to nucleate an active NLRP1 inflammasome complex (Figure 2C).

Next, we determined where NSP5 cleaves NLRP1. The 3CL protease NSP5 is predicted to cleave after Glutamine (Q) in the amino acid triad LQA, LQS, LQN, or LQG (Anand et al., 2003; Kiemer et al., 2004). In addition, our observation that the anti-NLRP1 Nter antibody (aa 1-323) detected a fragment of approximately 38 kDa allowed us to map cleavage to a region in the NLRP1 NACHT domain that contains the sequence 332 LQG 334 (Figures 2B-2D andS2D). Interestingly, protein alignments showed that this sequence is not conserved in murine Nlrp1B isoforms, suggesting that the NSP5-cleavage site in NLRP1 might be species specific (Figure S2D).

Therefore, we generated NLRP1-expressing constructs where Q333 is mutated to an Alanine (NLRP1 Q333A ). We also used previously generated NLRP1 constructs that carry various mutations in Glutamine (Q) at different positions in the Nter domain (Robinson et al., 2020). Lysates from cells expressing the different NLRP1 mutants were incubated with NSP5. The SARS-CoV-2 protease cleaved NLRP1 and generated 38 kDa fragments from all constructs with the exception of NLRP1 Q333A (Figure 2E). To determine if the NLRP1 Q333 site is important for NSP5-mediated NLRP1 inflammasome nucleation, we transduced ASC-GFP expressing cells with the NLRP1 WT or the NLRP1 Q333A construct and monitored for NSP5-induced ASC-speck formation and cell death. Cells expressing NLRP1 WT exhibited ASC-GFP specks, cell death induction, and proteasome/Cullin ligase-dependency upon NSP5 expression (Figures 2F and2G). In contrast, NLRP1 Q333A -expressing cells did not show ASC-GFP specks or robust cell death upon NSP5 induction. We verified that the NLRP1 Q333A construct was still functional using nonprotease activators of NLRP1. Hence, Val-boro treatment induced NLRP1 WT -and NLRP1 Q333A -dependent cell lysis, suggesting that the NLRP1 Q333 site is specifically required for efficient NLRP1dependent cell death upon NSP5 exposure (Figure S2E).

Then, we aimed at determining if SARS-CoV-2-infected epithelial cells also engage NSP5-dependent NLRP1 cleavage. We infected A549 ACE2/NLRP1+ cells with SARS-CoV-2 in the presence of bortezomib. Indeed, as NLRP1 cleavage leads to proteasomal degradation of the cleaved fragments, the used proteasome or Cullin ligase inhibitors allows cleaved fragment of NLRP1 accumulation and their putative observation by immunoblotting approaches. Thus, immunoblotting experiments against NLRP1 showed that SARS-CoV-2 infection in the absence of bortezomib did not allow detecting NLRP1 cleaved fragments (Figure 2H). However, treatment with bortezomib led to the detection of a cleaved NLRP1 fragment in A549 ACE2/NLRP1+ and A549 ACE2/NLRP1Q130A cells, which was not seen in A549 ACE2/NLRP1Q333A cells, hence suggesting that the and are representative of n = 3 independent experiments; scale bars, 10 mm. For quantifications, the percentage of cells with ASC complexes was determined by determining the ratios of cells positives for ASC speckles on the total nuclei (Blue). At least 10 fields from n = 3 independent experiments were analyzed. Values are expressed as mean ± SEM. (G) Cell death (LDH) evaluation in A549 NLRP1+ and A549 NLRP1À airway epithelial cell lines expressing a doxycycline (dox)-inducible plasmid encoding NSP5 in the presence or absence of the proteasome inhibitor bortezomib (0.1 mM) or inhibitor of the glycine N-degron pathway MLN4924 (1 mM). (H) Western blot examination of NLRP1 cleavage using an anti-NLRP1 N-terminal antibody (aa 1-323) after infection of A549 NLRP1À , A549 NLRP1+ A549 NLRP1Q333A , or A549 NLRP1Q130A airway epithelial cells with SARS-CoV-2 (MOI 0.05) for 24 h in the presence/absence of the proteasome inhibitor bortezomib (0.1 mM, Bort.). NLRP1 N-terminal, NSP5, and ACTIN were immunoblotted. *NS: prominent nonspecific bands, not specific. (I) Cell death (LDH) evaluation in A549 NLRP1+ and A549 NLRP1Q333A airway epithelial cell lines infected with SARS-CoV-2 (MOI 0.05) for 24 h. (J) Western blot examination of NLRP1 cleavage using an anti-NLRP1 N-terminal antibody (aa 1-323) after infection of NHBE WT airway epithelial cells with SARS-CoV-2 (MOI 1) for 36 h in the presence/absence of the proteasome inhibitor bortezomib (0.1 mM) or inhibitor of the glycine N-degron pathway MLN4924 (1 mM). NLRP1 N-terminal, nucleocapsid, and ACTIN were immunoblotted. (K) Measure of cell lysis (LDH release) in NHBE WT (legend continued on next page) NLRP1 Q333 site is important for cleavage upon SARS-CoV-2 infection and can be significantly revealed when inhibiting proteasome-driven degradation (Figure 2H). Furthermore, A549 ACE2/NLRP1Q333A cells showed greater resistance to cell death than A549 ACE2/NLRP1+ cells upon SARS-CoV2 infection, arguing that the Q333 site is important for efficient NLRP1 activation during viral infection (Figure 2I).

Finally, we performed NLRP1 immunoblotting in NHBE-infected cells with SARS-CoV-2 and also observed the accumulation of cleaved NLRP1 fragments in the presence of bortezomib or MLN4924 inhibitors (Figure 2J). Both bortezomib and MLN4924 inhibited SARS-CoV-2-dependent cell death in NHBE WT (Figure 2K). Altogether, our results suggest that the SARS-CoV-2 protease NSP5 activates the NLRP1 inflammasome by cleavage at the NLRP1 Q333 site, a process that depends on a functional degradation pathway (Figure S2F).

SARS-CoV-2 3CL protease dampens inflammasome signaling by inactivating Gasdermin D

In order to further understand the mechanism by which SARS-CoV-2 infection impacts cells, we next examined NLRP1 downstream effectors that promote cell death. Once an inflammasome is nucleated, it licenses caspase-1 autoactivation. Subsequent cleavage of the pyroptosis executioner GSDMD activates this pathway. Using CRISPR-Cas9 editing, we generated GSDMD KO lines in NHBE and A549 ACE2/NLRP1+ cells and infected them with SARS-CoV-2 (Figures 3A,3B, and S3A). However, we failed to detect a reliable involvement of GSDMD at regulating NLRP1-dependent cell death upon SARS-CoV-2 infection or NSP5 induction (Figures 3A and3B). Similarly, immunoblots of infected cell samples (combined supernatants and cell extracts) showed a decrease in the proform of GSDMD (antibody anti-GSDMD-Cter) but also intermediate cleavage bands of GSDMD (25-30 kDa) that do not correspond to the size of active GSDMD (N.B. When using the anti-GSDMD Cter antibody, the expected size of caspase-1-processed GSDMD is around 20 kDa) (Figure 3C). In addition, the use of an antibody that specifically recognizes the active Nter GSDMD fragment failed to detect any active GSDMD (Figure 3B). This result was consistent in A549 ACE2/NLRP1+ and A549 ACE2/NLRP1À cells, suggesting that some protease-based, but inflammasome-independent, mechanism mediates this distinct processing of GSDMD (Figure 3B).

In order to determine whether SARS-CoV-2-encoded enzymes influence GSDMD activation independently of NLRP1, we tested the hypothesis that the GSDMD intermediate bands are generated by a viral protease. Therefore, we checked whether NSP3 and NSP5 directly or indirectly cleave GSDMD. Coincubation of NSP3 and NSP5 proteases with cell lysates led to GSDMD cleavage at distinct sites from caspase-1, suggesting that the SARS-CoV-2 NSP5 protease can cleave GSDMD (Figures 3D andS3B). We also analyzed the ability of NSP5 to cleave other Gasdermins, including GSDME and GSDMB, both expressed in epithelial cells. However, although NSP5 can cleave GSDMD, the viral protease was unable to cleave GSDMB or GSDME (Figure S3B). Next, we checked whether NSP5-cleaved GSDMD is active. GSDMD was incubated with NSP5, and the resulting mixture was subjected to proteomic analysis. This approach detected GSDMD fragments corresponding to the Nter of GSDMD 1-Q 193 (Figure 3E). In order to determine if NSP5 effectively cleaves at the Q 193 site of GSDMD, we expressed GSDMD WT , GSDMD 193A ,o r GSDMD 335A encoding constructs in A549 GSDMD cells. This approach was previously used to detect enterovirus EV71 3C protease-mediated cleavage at this site (Lei et al., 2017). Incubation of cell lysates with either NSP5 or recombinant human caspase-1 (CASP1) showed that CASP1 efficiently cleaved all GSDMD constructs (Figures 3F andS3C). However, we observed that NSP5 was unable to process GSDMD Q193A , suggesting that NSP5 cleaves GSDMD at the Q 193 site (Figures 3F andS3C).

Next, we transfected plasmids encoding for NSP5-generated GSDMD fragments (1-193, 194-484) in A549 cells and monitored for their pore-forming activity by measuring cell lysis induction. Although caspase-1-generated GSDMD fragment showed strong lytic activity in A549 cells, none of the NSP5-generated fragments showed pore-forming activity, suggesting that NSP5-cleaved Nterm GSDMD inhibits GSDMDmediated pyroptosis (Figure 3G). To test our hypothesis, we generated cell expressing GSDMD mutated in the NSP5 cleavage site. Expression of NSP5 protease in cells expressing (C) Western blot examination of Gasdermin D (GSDMD) processing in A549 NLRP1+ cells infected with SARS-CoV-2 at MOI of 0.1 for 24 h. GSDMD was immunoblotted using an anti-C-terminal antibody (recognizes full-length and C-terminal cleaved forms of GSDMD) or with an anti-GSDMD active N-terminal fragment (30 kDa) specific antibody. NLRP1, ACTIN, and SARS-CoV-2 nucleocapsid were also evaluated. (D) Western blot examination of GSDMD and NLRP1 cleavages upon coincubation of SARS-CoV-2 NSP3 protease or SARS-CoV-2/SARS-CoV1 3CL (NSP5) proteases (5 mM) with A549 NLRP1+ or A549 NLRP1À cell lysates in the presence or absence of the 3CL inhibitor PF-00835231 (10 mM). GSDMD (anti C-terminal), NLRP1 N-terminal, NSP5, and ACTIN were immunoblotted. (E) Coomassie observation of recombinant GSDMD cleavage by various amounts of SARS-CoV-2 NSP5 protease and top-down mass-spectrometry identification of GSDMD-cleaved fragments. In blue are represented the various GSDMD fragments identified upon NSP5 coincubation. In red is the NSP5 protease detected by mass spectrometry. (F) Western blot examination and schematic representation of GSDMD cleavage by SARS-CoV-2 3CL (NSP5) or recombinant human caspase-1 (CASP1) proteases in cell lysates from A549 expressing WT GSDMD or GSDMD 193A constructs. GSDMD (anti-C-terminal), NSP5, and ACTIN were immunoblotted. (G) Cell death (LDH) evaluation in A549 cells expressing doxycycline-inducible GSDMD fragments, including GSDMD full-length (FL), caspase-1-generated active GSDMD (1-275), or NSP5-generated 1-193 and 194-484 GSDMD fragments. Cell lysis was determined 18 h after doxycycline (dox) addition in the culture medium. (H and I) Cell death (LDH) evaluation in A549 NLRP1+/GSDMDÀ cells complemented or not with constructs coding for WT GSDMD or GSDMD 193A . Cells were transduced with dox-inducible NSP5 plasmids, treated with the NLRP1 activator Val-boro (10 mM) or infected (I) with SARS-CoV-2 (MOI 0.01). Cell lysis was determined 18 h after doxycycline (dox) addition, 10 h after Val-boro addition in the culture medium, or 24 h after infection. Data information: graphs (A, B, G, H, and I) show data presented as means ± SEM from n = 3 independent pooled experiments; ***p % 0.001 for the indicated comparisons with t test. Western blot (C, D, and F) images are from one experiment performed 3 times. Images (E) show one experiment performed 3 times. NSP5-uncleavable GSDMD (GSDMD 193A ) exhibited enhanced cell death, a process that was lowered in cells expressing WT GSDMD (Figure 3H). To the contrary, Val-boro-induced cell lysis was not altered by the presence of GSDMD 193A (Figure 3H). Finally, SARS-CoV-2 infection also induced higher cell death levels in GSDMD 193A -expressing cells than that in parental cells, suggesting that GSDMD cleavage by NSP5 might lower the efficiency of GSDMD-dependent pyroptosis upon inflammasome activation in epithelial cells (Figure 3I). Those results suggest that NSP5 can also counteract the inflammasome signaling by directly targeting and inactivating GSDMD.

NLRP1-driven caspase-3 activation promotes Gasdermin E-dependent pyroptosis of airway epithelial cells

The ability of epithelial cells to undergo NLRP1-dependent cell death, even in the absence of GSDMD activation, suggests that additional cell death effectors might be activated by SARS-CoV-2 infection. Previous studies revealed that caspase-1 and/or caspase-8 are important for activating caspase-3 (CASP3)/Gasdermin E (GSDME)-dependent cell death in the absence of GSDMD expression (Heilig et ). Depending on the cell type, CASP3/GSDME activation can trigger apoptosis, lytic apoptosis, or pyroptosis. We hypothesized that NLRP1 uses a distinct pathway involving caspase-3 and GSDMD to promote cell death upon SARS-CoV-2 infection. We tested for the presence of active caspase-8, active caspase-3, and cleaved GSDME in SARS-CoV-2-infected cells using immunoblotting. We observed the appearance of caspase-8 and caspase-3 active fragments as well as processed GSDME fragment in A549 ACE2/NLRP1+ and HBE WT but not in A549 ACE2/NLRP1À or NHBE NLRP1À/À cells (Figures 4A and4B). In addition, the pan-caspase inhibitor Z-VAD strongly impaired GSDME cleavage, suggesting that NLRP1-dependent caspase-8 and caspase-3 activation licenses GSDME cleavage (Figure 4A). Furthermore, quantitation of caspase-1 or caspase-3/7 activities in SARS-CoV-2-infected A549 ACE2/NLRP1+ and NHBE WT cells revealed that the activity of both caspases is increased (Figures 4C and4D). However, we noticed that the levels of caspase-1 activity in A549 ACE2/NLRP1+ cells were extremely low (10 times lower) compared with those observed in NHBE WT cells (Figures 4C and4D). Thus, to definitively determine if caspase-1 plays a role in SARS-CoV-2-driven epithelial cell death, we used specific inhibitors of caspase-8, caspase-1, and caspase-3 and monitored their ability to block NLRP1-dependent cell death upon SARS-CoV-2 infection both in A549 ACE2/NLRP1+ and in HBE WT cells. Although caspase-1 inhibition showed a negligible reduction in cell death both in A549 ACE2/NLRP1+ and in NHBE WT cells, the most striking inhibition was observed in the presence of Z-VAD as well as the caspases-8 (Z-IETD)-specific and caspases-3 (Z-DEVD)-specific inhibitors (Figures 4E and4F). These data suggest that in the absence of efficient GSDMD activation, NLRP1 triggers a compensatory pathway involving caspase-8 and caspase-3 in epithelial cells. As caspase-3 can cleave and activate GSDME, which generates pyroptosis in human keratinocytes (Orzalli et al., 2021), but not in macrophages or monocytes (Taabazuing et al., 2017), we explored whether the cell death we observed was caspase-3 and/or GSDME dependent. Hence, we generated A549 ACE2/NLRP1+ cells deficient for either caspase-3 or GSDME and infected them with SARS-CoV-2 (Figure 4G). Analysis of cell death levels (LDH release) showed that both genetic removal caspase-3 and GSDME improved cell survival upon SARS-CoV-2 infection (Figures 4G and4H). Finally, SARS-CoV-2 infection of primary NHBE cells in which GSDME was knocked out supported the hypothesis that GSDME is involved in NHBE lysis upon SARS-CoV-2 infection. In short, our data argue that both caspase-3 and GSDME initiate lytic (A) Western blot examination of Gasdermin E, caspases-3, and caspases-8 processing in A549 NLRP1+ and A549 NLRP1À cells after 24 h of infection with SARS-CoV-2 (MOI 0.05) in the presence or absence of the pan-caspase inhibitor Z-VAD (25 mM). Immunoblots were performed against full-length and processed forms of Gasdermin E (p55 and p30), caspase-8 (p54 and p15), caspase-3 (p35 and p17/19), SARS-CoV-2 nucleocapsid (p40), NLRP1 N-terminal (p130/110), and ACTIN (p40). (B) Western blot examination of Gasdermin E and caspases-3 processing in NHBE WT and NHBE NLRP1À/À cells after 36 h of infection with SARS-CoV-2 (MOI 1). Immunoblots were performed against full-length and processed forms of Gasdermin E (p55 and p30), caspase-3 (p35 and p17/19), SARS-CoV-2 nucleocapsid (p40), NLRP1 N-terminal (p130/110), and ACTIN (p40). (C and D) Measure of caspase-1 (C) and caspase-3/-7 (D) activities in SARS-CoV-2-infected (MOI 0.5) NHBE WT or A549 NLRP1+ cells for 36 h in the presence or absence of inhibitors of caspase-1 (Z-YVAD, 40 mM) or caspase-3/-7 (Z-DEVD, 30mM). Val-boro (5 mM) was used a positive control of NLRP1-driven caspase activity for 10 H. (E) Measure of cell lysis (LDH release) in A549 NLRP1+ or NHBE-infected cells with SARS-CoV-2 (MOI 0.05 and 1, respectively) for 24 h in the presence/absence of the pan-caspase inhibitor Z-VAD (25 mM), the caspase-1 inhibitor Z-YVAD (40 mM), the caspase-8 inhibitor Z-IETD (40 mM), or the caspase-3 inhibitor Z-DEVD (30 mM). (F) Western blot characterization of genetic invalidation of CASP3 in A549 population cells using CRISPR-Cas9 approaches and measure of cell lysis (LDH release) in A549 NLRP1+ or A549 NLRP1+/CASP3À -infected cells with SARS-CoV-2 (MOI 0.05) for 24 h in the presence/absence of the pan-caspase inhibitor Z-VAD (25 mM), the caspase-1 inhibitor Z-YVAD (40 mM), or the caspase-3 inhibitor Z-DEVD (30 mM). Efficiency of genetic invalidation by single-guide RNAs (sgRNAs) targeting GFP or caspase-3 was evaluated at the whole cell population. (G) Western blot characterization of genetic invalidation of GSDME in A549 population cells using CRISPR-Cas9 approaches and measure of cell lysis (LDH release) in A549 NLRP1+ , A549 NLRP1+/GSDMDÀ , or A549 NLRP1+/GSDMEÀ -infected cells with SARS-CoV-2 (MOIs 0.001, 0.01, and 0.1) for 24 h. Efficiency of genetic invalidation by single-guide RNAs (sgRNAs) targeting GFP or GSDME was evaluated at the whole cell population. (H) Western blot characterization of genetic invalidation of GSDME in NHBE population cells using CRISPR-Cas9 approaches and measure of cell lysis (LDH release) in NHBE WT or NHBE GSDMEÀ/À -infected cells with SARS-CoV-2 (MOIs 0.1, 0.5, and 1) for 36 h. Efficiency of genetic invalidation by single-guide RNAs (sgRNAs) targeting GFP or GSDME was evaluated at the whole cell population. Data information: western blot (A, B, and E-G) images are from one experiment performed 3 times. Graphs (C-G) show data presented as means ± SEM from n = 3 independent pooled experiments; ***p % 0.001 for the indicated comparisons with t test. cell death in airway epithelial cells upon SARS-CoV-2 infection (Figure 4I).

Altogether, our results underline the crucial function of apoptotic caspase-3 and pyroptotic GSDME as sentinels that trigger efficient epithelial cell death induction during SARS-CoV-2 infection if the canonical pyroptosis executioner GSDMD is inactive.

NLRP1-dependent pyroptosis restricts the generation of viral infectious particles and promotes the release of alarmins/DAMPs

Next, we wondered about the immunological and microbicidal importance of SARS-CoV-2-induced NLRP1 inflammasome activation in epithelial cells. We monitored the viral titers in A549 ACE2/NLRP1+ , A549 ACE2/NLRP1À , or NHBE WT /NHBE NLRP1À/À cells. Measuring the production of infectious particles by the TCID50 method, we observed that NLRP1-deficient cells were significantly more prone at generating SARS-CoV-2 viral particles (Figures S4A andS4B). However, we failed to see a robust involvement of NLRP1 at controlling SARS-CoV-2 replication as measured by the appearance of genes encoding SARS-CoV-2 RNA polymerase (Figure S4C). This suggested to us that pyroptosis might be a good mean to restrict the generation of mature and infectious viral particles but does not account as a direct replication inhibitory mechanism.

As pyroptosis is a very well-known process able to promote the release of specific caspase-associated inflammatory cytokines (e.g., IL-1B/IL-18) but also various alarmins and DAMPs (damage-associated molecular patterns), we next aimed at determining the importance of NLRP1 at regulating alarmins/DAMPs release upon SARS-CoV-2 infection. We specifically dedicated our analysis on already know alarmins and pyroptosis markers such as HMGB1, IL-18, and IL-1B, but also the caspase-3-derived alarmin interleukin-16 (IL-16). IL-16 is not an inflammasomederived alarmin; however, its cleavage by caspase-3 allows its maturation and release. Hence, given the strong involvement of the caspase-3/GSDME axis in SARS-CoV2-dependent cell death, we also included IL-16 in our analysis as a read out of caspase-3driven cytokine maturation and release. At the exception of IL-1B, all other alarmins/cytokines tested showed an NLRP1-dependent enrichment in the supernatant of infected A549 ACE2/NLRP1+ and NHBE WT cells, hence confirming that NLRP1-dependent pyroptosis in epithelial cells generates robust alarmin and DAMP responses (Figures S4D andS4E).

Plasmatic levels of caspase-3/IL-16 and Gasdermin E are associated with COVID-19 severity Intriguingly, a recent report unveiled that IL-18 and IL-16 are enriched in plasma from severe COVID-19 pneumonia patients, suggesting that the inflammasome route might contribute to the development of the pathology in sensitive patients (Lucas et al., 2020). However, our results suggest that at least in 2D epithelial cell cultures, NLRP1 exhibits some protective function against SARS-CoV-2 infection (Figure S4A). Regarding this, about 20% of patients with critical COVID-19 pneumonia exhibit strong defect either in IFN response or in IFN production, suggesting that the IFN/inflammasome balance might be key in the regulation of COVID-19 severity (Asano et al., 2021; Bastard et al., 2020, 2021a, 2021b; Koning et al., 2021; Zhang et al., 2020). Therefore, to test this hypothesis, we expressed NLRP1 in A549 ACE2 cells deficient for the expression of MAVS, a central modulator of interferon production upon SARS-CoV-2 infection (Figures S5A-S5C). We next infected A549 ACE2/NLRP1À/MAVS+ , A549 ACE2/NLRP1+/MAVS+ , A549 ACE2/NLRP1À/MAVSÀ , and A549 ACE2/NLRP1+/MAVSÀ cells with SARS-CoV-2 and monitored for cell death. We observed a very strong induction of NLRP1-dependent cell lysis in MAVS-deficient cells, when compared with MAVS-expressing cells after 24 h of infection, suggesting that in absence of a proper IFN response, SARS-CoV-2 hyper replication triggers NLRP1 over activation (Figure S5A). As consequence, the release of the caspase-3-derived alarmin IL-16 as well as IL-18 in the supernatant of MAVS-deficient cells was strongly increased in response to SARS-CoV-2 (Figure S5B). Relying on those observations, we hypothesized that in healthy patients, where the IFN and inflammasome responses are well balanced, NLRP1 might actually be protective, a process completely lost in absence of a proper IFN response.

We obtained plasma samples from SARS-CoV-2 patients admitted at the hospital who exhibited three different profiles (WHO Working Group on the Clinical Characterization and Management of COVID-19, 2020). First, patients with moderate (nonhypoxemic) COVID-19 pneumonia on admission and throughout their stay at the hospital (group ''Moderate'' with a WHO score of 5); second, patients with moderate COVID-19 on admission with subsequent clinical worsening and severe COVID-19 (WHO score >5) requiring intensive care unit (ICU) admission (group ''Moderate / Severe''); and third, patients with severe disease requiring ICU already on admission (group ''Severe'') (Figures 5A andS5D).

We sampled 10-15 patients from each category, and already in this small cohort, we were able to distinguish significant trends in the levels of various pyroptosis markers, including a strong correlation between increased levels of plasma caspase-3 (CASP3), cleaved caspase-3, IL-18, IL-16, GSDMD, and GSDME with the severity status of patients (Figure 5A). IL-6 also showed deep correlation with COVID-19 severity as previously described; however, we failed to detect significant differences in IL-1B levels among the different type of patients we assayed (Figure 5A). As genetic or acquired alterations in IFN signaling pathways account for patient sensitivity to SARS-CoV-2 infection, we also analyzed plasma from patients with critical disease due to either genetic inactivating mutations of type I IFN signaling (TBK1, IFNAR1, and IRF7) or developing high titers of autoantibodies against type IFNs (Bastard et al., 2020; Zhang et al., 2020). As control, plasma from low/mid/severe patients were used to determine the relative differences of pyroptosis markers between those patients. All patients with IFN alterations showed a strong enrichment of IL-16, IL-18, CASP3, cleaved CASP3, GSDMD, and GSDME as previously seen with patients exhibiting severe COVID-19 (Figure 5A; Lopez et al., 2021; Wijst et al., 2021). Should NLRP1 specifically be involved will however require the development of more complex models such as humanized mouse for NLRP1. Nevertheless, our findings support a model between pyroptosis-associated markers and COVID-19 severity either in severe COVID-19 or in IFN-altered patients.

DISCUSSION

Our study identifies NLRP1 as a central sensor of SARS-CoV-2 3CL protease NSP5 but also highlights NSP5 as a virulence factor against GSDMD-mediated pyroptosis. In line with pioneering studies on the ability of picornavirus 3C proteases to cleave human NLRP1 at a different site (Q 130 -G 131 ) and promote its activation, our study suggests that human NLRP1 is a broad protease sensor that carries evolutionary conserved decoy capabilities (Robinson et al., 2020; Tsu et al., 2021). Since human exposure to pathogenic coronavirus is relatively recent, how NLRP1 and GSDMD are so specifically targeted by viral proteases remains puzzling. Answers may come from future studies that test whether NLRP1 and GSDMD are targets of viral proteases from nonpathogenic coronaviruses. Regarding this, the 3C protease from EV71 enterovirus was shown to cleave and inactivate GSDMD at the 193Q site (Lei et al., 2017). It is tempting to speculate that 3C and the closely related 3CL proteases might share conserved targets. Beyond this, two recent studies showed a particular ability of the bacterial pathogen Shigella flexneri to ubiquitinate both GSDMD and GSDMB and target them for proteasomal degradation, thereby allowing Shigella to establish a replicative niche in human cells (Hansen et al., 2021; Luchetti et al., 2021).

Beyond epithelial detection of pathogenic coronavirus proteases by NLRP1, the cytokine storm observed in SARS-CoV-2 associates with a NLRP3 inflammasome signature mostly driven by myeloid cells. Whether exaggerated NLRP1 inflammasome activation or a lack of NLRP1 response directly or indirectly promotes an NLRP3-dependent response in patient myeloid cells is an important future question to pursue. Similarly, recent findings from Bhaduri-McIntosh lab identified SARS-CoV-2 Orf3a as a trigger of the NLRP3 inflammasome in epithelial cells (Xu et al., 2022). In our epithelial cell models, we failed to detect robust NLRP3 expression; however, we always worked in the absence of priming. Whether, priming with various PRR ligands might promote NLRP3 expression in epithelial cells warrants further investigations.

Induction of a well-balanced innate immune response is central to controlling microbial infections, including those triggered by pathogenic coronaviruses (Broggi et Overall, our results place the NLRP1 inflammasome as an innate immune sensor of the SARS-CoV-2 3CL protease but also highlight the virulence mechanisms by which this devastating virus counteracts cell intrinsic immunity.

Limitations of the study

The lack of conservation of the NLRP1 proteins between mice and humans strongly limits the physiopathological translation of our results into a broader and more complex model such as mice. The generation of humanized models in the future should help to determine the importance of the NLRP1 inflammasome in pathogenic coronavirus infections. Finally, although NLRP1 might be of importance to generate proinflammatory mediators at the epithelial barrier level, its role in the development of a cytokine storm observed in patients exhibiting severe COVID-19 has not been formally demonstrated in our study, which will require further investigations. 
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Materials availability

Plasmids generated in this study are freely accessible upon request.

Cell lines generated in this study are freely accessible upon request and a completed Material Transfer Agreement (MTA).

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. Original blots and microscopy images are freely accessible in the following Mendeley data set: https://doi.org/10.17632/ nwhd3w9w5x.1

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Safety procedures

All described experiments involving SARS-CoV-2 infections (Microscopy of infected cells, Cell death assays, ELISA, sample preparation for Immunoblotting, virus production, TCDI50, RNA extraction) have been entirely performed and processed in a Biosafety Level 3 facility.

Ethical approvals of human studies COVID-BioToul

Clinical data and blood samples for plasma isolation and cryopreservation were collected at the Toulouse University Hospital, France, in the frame of the COVID-BioToul biobank (ClinicalTrials.gov Identifier: NCT04385108). All donors had given written informed consent and the study was approved by the ethical review board ''Comite ´de Protection des Personnes Est-III'' (ID-RCB 2020-A01292-37). Plasma samples were collected on admission to the hospital for COVID-19 proven by a positive PCR performed Plasma and serum samples from the patients were frozen at À20 C immediately after collection.

Cell culture

Vero E6, Calu, THP1, HEK 293FT, THP1 Nlrp3-/-and A549 cells were maintained in Dulbecco's modified Eagle's medium (DMEM, Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% penicillin-streptomycin, and 1% L-glutamine. Primary airway epithelial cells were from Epithelix and NHBE cells were from Lonza (CC-2540 and CC-2541). Normal Human Bronchial Epithelial (NHBE) cell Air-Liquid interface (ALI) culture NHBE cell culture was performed as suggested by the manufacturer (Lonza, B-ALI kit 00193514). Briefly, cells were seeded onto collagen-coated (0.03mg/mL) HTS Transwell-24 well permeable supports (Corning, CLS3379) at a density of 5. 10 4 cells per insert for three days in B-ALI Growth Medium (Lonza, B-ALI kit 00193514). Cells were then cultured at the air-liquid interface in B-ALI Differentiating Medium (Lonza, B-ALI kit 00193514) at 37 C/5%CO2 for 20 days, with a medium change every two days.

For SARS infections, 100mL of 5.10 4 (MOI 0.5), 1. 10 5 (MOI 1) or 2.10 5 (MOI 2) viral inoculum were added on cells for 3 hours. After washing two times the cells, medium was then replaced by B-ALI Differentiating Medium and cells were incubated for 24-36 hours before cell processing for further experiments.

For histological experiments, primary NHBEs were fixed for 30 minutes then processed using a Tissue-Tek VIP 6 and embedded using a Tissue-Tek TEC 5 (Sakura). Transwells were bisected and embedded vertically before sectioning. Serial paraffin sections (4 mm) were prepared using a RM2135 rotary microtome (Leica), then deparaffinised with xylene and rehydrated with graded ethanols and water. For immunohistochemical staining, sections were heated for 15 minutes at 98 C in a citrate acid-based antigen unmasking solution (Vector Laboratories), then endogenous peroxidase activity blocked with 3% hydrogen peroxide for 15 minutes. Slides were stained in goat serum (1:5; G9023, Sigma) containing mouse monoclonal anti-SARS-CoV-2 spike (1:1000; GTX632604, GeneTex) for 90 minutes at 37 C. Following washing with TBS, sections were incubated with goat anti-mouse immunoglobulins/ HRP (1:100; Dako) for 30 minutes at room temperature. Staining was visualised by application of diaminobenzidine for five minutes. For Alcian blue/periodic acid -Schiff (AB-PAS) staining, slides were stained in 1% Alcian blue in 3% acetic acid (Pioneer Research Chemicals) for five minutes, washed with water, then oxidised in 1% aqueous periodic acid (Acros Organics) for five minutes. Following another washing step, sections were stained in Schiff reagent (Thermo Fisher) for 10 minutes. All slides were counterstained with haematoxylin to stain the nuclei and mounted in DPX Mountant (Sigma-Aldrich) using a CV5030 fully automated glass coverslipper (Leica), then digitally scanned using a Nanozoomer 2.0HT at 40x objective (Hamamatsu).

METHOD DETAILS

Cell engineering

To reconstitute the NLRP1 inflammasome pathway in A549, cells were transduced with VSV-G pseudotyped lentiviral vector carrying the NLRP1 gene (NCBI accession NP001028225.1) and/or asc (NCBI accession NP037390.2) fused to gfp. To render cells permissive to SARS-CoV-2 infections cells were transduced with VSV-G pseudotyped lentiviral vector carrying the ace2 (NCBI accession NP068576.1) and tmprss2 (NCBI accession NP001128571.1) genes. Engineered A549 cell lines were characterized for NLRP1, ASC-GFP, ACE-2 and TMPRSS2 expression by q-RT-PCR, immunoblot and flow cytometry.

To generate cells stably expressing GSDMD gene mutated for protease cleavage sites (GSDMD Q193A and GSDMD Q335A ) we reconstituted GSDMD deficient cells with full length or mutated GSDMD constructs (GSDMD Q193A and GSDMD Q335A ). Cells were transduced with VSV-G pseudotyped lentiviral vector carrying different GSDMD constructs in presence of 8mg/ml polybrene and centrifugated for 2h at 2900 rpm at 32 C. 48 h later, medium was replaced and Puromycin selection (1mg/mL) was applied to select positive clones for two weeks.

Generation of mutations in Gasdermin D gene

To express the N-terminal and C-terminal fragments of GSDMD generated following cleavage by Sars-CoV-2 3CL protease we used the following strategy: 1) nucleotide sequence coding for the N-terminal and C-terminal domains of GSDMD peptides were generated following proteases cleavage by using SnapGene software; 2) N-terminal and C-terminal GSDMD coding sequence were generated by PCR with the addition of a 5' Start codon ATG and 3' Stop codon TGA; 3) Amplified PCR fragments were cloned into pCW57-RFP-P2A-MCS lentiviral vector plasmid between BamHI and EcoRI restriction sites. This system allows ectopic expression of the N-terminal and C-terminal domains of GSDMD in order to study their activity.

To generate cells stably expressing Gsdmd gene mutated for protease cleavage sites (mutations GSDMD Q193A and GSDMD Q335A ) we introduced point mutations in the GSDMD coding sequence by overlapping PCR and cloned mutated GSDMD in pMSCV-puro vector between BamHI and NotI restriction sites. Restriction enzymes were all from New England BioLabs. All the construct generated were verified by DNA sequencing (Eurofins genomics). Primers of the different constructions are listed in key resources table.

Generation of mutations in NLRP1 gene

The transient expression plasmid of NLRP1Q333A was cloned into the pCS2+ vector using standard restriction cloning using ClaI and XhoI flanking the open reading frames. Site-directed mutagenesis was carried out with QuickChangeXL II (Agilent #200522) according to the manufacturer's instructions. Primers:

Rev Q333A: CTTCCCAATTCCAGCAGCCCCCGCCAGTATGACTATGCGAGGTTC Fwd Q333A: GAACCTCGCATAGTCATACTGGCGGGGGCTGCTGGAATTGGGAAG

Generation of doxycycline-inducible plasmids

To generate doxycycline-inducible SARS-CoV-2 3-CL protease (NSP5) constructs, WT NSP5 or NSP5C145A were amplified by PCR from pLEX307-SARS-CoV-2-3-CL and pLVX-EF1a-IRES-Puro 3CL C145A template respectively. PCR products were digested with AgeI and NheI restriction ezymes and digested insert were ligated in pLVB-TetON vector between AgeI and NheI restriction sites.

To generate cell lines nsp5-inducible A549 cell lines, cells were transduced with both pLVB-nlr-TetR and pLVB-TetON-NSP5. Primer1 (44-mer): ATTTATATTAACCGGTATGAGTGGTTTTAGAAAAATGGCATTCC Primer2(45-mer): AATTATAATGCTAGCTTATTGGAAAGTAACACCTGAGCATTGTC

Cell transfection/transduction A549 transfected with NLRP1 mutated plasmids

The day prior to the transfection, 2 x 10 5 A549 cells were plated in 6 well plate in 10% FBS DMEM (Gibco) supplemented with 1% penicillin-streptomycin (Gibco). The day after, cells were treated with Nate 1X (Invivogen) for 30 min. DNA-lipids complexes were prepared with 1mg of pCS2+ NLRP1 mutated plasmids (Robinson et al., 2020) or pCS2+ NLRP1 Q333A , lipofectamine LTX and PLUS reagent diluted in Opti-MEM and incubated for 30 min at room temperature according to the manufacturer's instructions (Invitrogen). DNA-lipid complexes were added to cells and incubated O/N at 37 C in 10% FBS DMEM.

A549 transfected with Gasdermin d plasmids

The day prior to the transfection, 2 x 10 5 A549 dual cells were plated in 6 well plate in 10% FBS DMEM (Gibco) supplemented with 1% penicillin-streptomycin (Gibco). The day after, DNA-lipids complexes were prepared with 1mg of GSDMDNT pcW57 plasmids and polyethylenimine (PEI) diluted in Opti-MEM. DNA-lipid complexes were added to cells and incubated for 48h at 37 C in Opti-MEM (Fischer Scientific).

SARS-CoV-2 production and infection

Experiments using SARS-CoV-2 virus were performed in BSL-3 environment. SARS-CoV-2 isolates were amplified by infecting Vero E6 cells (MOI 0.005) in DMEM (Gibco) supplemented with 10mM HEPES and 1% penicillin-streptomycin (Gibco). The supernatant was harvested at 48 h post-infection when cytopathic effects were observed, cell debris were removed by centrifugation, and aliquots were frozen at À80 C. Viral stocks were titrated by plaque assays in Vero E6 cells. Typical titers were 5 to 103 10 6 PFU/ml.

The day prior to infection, 50,000 or 250,000 A549-ACE2-TMPRSS2, expressing or not NLRP1, cells were seeded in 96-well or 24-well tissue culture plates respectively in 10% FBS DMEM supplemented with 10mM HEPES (Gibco) and 1% penicillin-streptomycin (Gibco), and then incubated overnight at 37 •C in a humidified, 5% CO 2 atmosphere-enriched chamber. The day after, cells were infected with mNeonGreen SARS-CoV-2 or the BetaCoV/France/IDF0372/2020 strains at indicated MOI in 50 ml DMEM supplemented with 10mM Hepes, 1% penicillin-streptomycin and 1% L-Glutamine for 1h at 37 C. Then, culture medium was completed up to 200 ml with DMEM or Opti-MEM.

Virus titration by TCID 50 calculation

The day prior to infection, 50,000 VeroE6 cells per well were seeded in 96-well tissue culture plates using 10% FBS DMEM, and then incubated overnight at 37 •C in a humidified, 5% CO2 atmosphere-enriched chamber. On the day of infection, serial 2.5-fold dilutions (from 10 À1 to 10 À6.5 ) of the A549 cell culture supernatant were prepared in DMEM and used to infect Vero E6 cells; each dilution was tested in four replicates. The plates were incubated for at least 96 h and observed to monitor the development of cytopathic effect (CPE) using an EVOS Floid microscope (Invitrogen). Viral titers, expressed as TCID50/mL, were calculated according to both Reed and Muench and Karber methods based on three or four replicates for dilution (Reed and Muench, 1938).

Viral replication determination by qRT-PCR

The day prior to infection, 100,000 NHBE, A549-ACE2-NLRP1-or A549-ACE2-NLRP1+ cells per well were seeded in 48-well plates. As previously described (Rebendenne et al., 2021), cells were infected or not with SARS-CoV-2 at the indicated MOI and harvested 24 h and 48 h later, and total RNA was extracted using the RNeasy kit (Qiagen) employing on-column DNase treatment, according to the manufacturer's instructions. 125 ng of total RNAs were used to generate cDNAs. To quantify SARS-CoV-2 RNAs, the cDNAs were analyzed by qPCR using published RdRp primers and probe (Corman et al., 2020), as follow: RdRp_for 5'-GTGARATGGT CATGTGTGGCGG-3', RdRp_rev 5'-CAAATGTTAAAAACACTATTAGCATA-3', and RdRp_probe 5'-FAM-CAGGTGGAACCTCAT CAGGAGATGC-TAMRA-3'. A standard curve was used in parallel to calculate relative cDNA copy numbers and confirm the assay linearity. qPCR reactions were performed in triplicate, in universal PCR master mix using 900 nM of each primer and 250 nM probe or the indicated Taqmans. After 10 min at 95 C, reactions were cycled through 15 s at 95 C followed by 1 min at 60 C for 40 repeats. Triplicate reactions were run according to the manufacturer's instructions using a ViiA7 Real Time PCR system (ThermoFisher Scientific).

Cell death

Cell death was measured by quantification of the lactate dehydrogenase (LDH) release into the cell supernatant using LDH Cytotoxicity Detection Kit (Takara). Briefly, 50 mL cell supernatant were incubated with 50 mL LDH substrate and incubated for 15 min. The enzymatic reaction was stopped by adding 50 mL of stop solution. Maximal cell death was determined with whole cell lysates from unstimulated cells incubated with 1% Triton X-100.

Cell viability

Cell viability was measured by quantification of intracellular ATP using CellTiter-GloÒ One Solution Assay (Promega) according to manufacturer's instructions.

Cytokins/Alarmins quantification

Human cytokines secretion were quantified by ELISA kits, according to the manufacturer's instructions, IL-1B (Thermo Fisher Scientific, (88-7261-77), IL-6 (BD, 555220), IL-16 (R&D, DY316), Caspase 3 (Invitrogen, BMS2012INST), Gasdermin E (AG-45B-0024-KI01), Gasdermin D (Abcam, ab272463), Cleaved Caspase-3caspase-3 (Abcam, ab220655). Before use, the samples were diluted 1/3 to 1/5 with their respective assay diluents. IL-18 was quantified using IL-18 Reporter HEK 293 Cells according to the manufacturer's instructions (InvivoGen). HMGB1 was quantified by ELISA according to the manufacturer's instructions (Novus Biologicals).

Caspase activities

Caspase (G8090, G9951, Promega) activity were addressed in cells after 24 hours treatment or infection according to the manufacturer instructions.

Top-down LC-MSMS

Nano-LC-MSMS analyses of Gasdermin-D were performed on a nanoRS UHPLC system (Dionex) coupled to an LTQ-Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific). Briefly, a total of 5 mL of sample at $1-5 mM was loaded onto a reverse-phase C4-precolumn (300 mm i.d. 3 5 mm; Thermo Fisher Scientific) at 20 mL/min in 2% acetonitrile (ACN) and 0.2% formic acid (FA). After 5 minutes of desalting, the precolumn was switched online with an analytical C4 nanocolumn (75 mm i.d. 3 15 cm; in-house packed with C4 Reprosil) equilibrated in 95% solvent A (5% ACN, 0.2% FA) and 5% solvent B (0.2% FA in ACN). Proteins were eluted using a binary gradient ranging from 5% to 40% (5 minutes) and then 40% to 99% (33 minutes) of solvent B at a flow rate of 300 nL/min. The Fusion Tribrid (Thermo Fisher Scientific) was operated in positive mode with the Xcalibur software (Thermo Fisher Scientific). The spray voltage was set to 1900 V, the ion transfer tube temperature to 350 C, the RF lens to 60%, and no in-source dissociation was applied.

MS scans were acquired in the 1000-2000 m/z range, in the Orbitrap at 7500 resolution with the following parameters: 10 mscans for averaging, AGC target set to 3e5 and maximum injection time to 50 ms. 3 second MSMS cycles were used, with the following parameters: HCD activation was done with 25% activation energy, MSMS spectra were acquired in the Orbitrap at 60000 resolution. The AGC target was set to 1e6 and the maximum injection time to 400 ms. Dynamic exclusion for 60 s was used within 30 s to prevent repetitive selection of the same precursor (selection tolerance: ±20ppm) and improve the number of identified proteins. LC-MSMS.raw files were automatically deconvoluted with the rolling window deconvolution software RoWinPro and the proteoform footprints were visualized with VisioProt-MS v2.0. Spectra identification was done in Proteome Discoverer (Thermo Fisher Scientific) v.2.3, using a three Tier seach including an Absolute Mass Search (precursor mass tolerance -100 Da, fragment mass tolerance -10ppm) followed by a Biomarker Search (no enzyme precursor tolerance -100 ppm, fragment mass tolerance -50 ppm) and a last Absolute Mass Search (precursor mass tolerance -1000 Da, fragment mass tolerance -10 ppm). The identified truncated proteoforms were then manually validated. The search database was generated using a custom made.fasta file containing the sequences of GSDMD and the 3CL protease.

Human recombinant Gasdermin D production and purification

Human recombinant Gasdermin D fused with an N-terminus hexahistidine-MBP-tag was expressed in BL21 (DE3) E coli strain and purify according to Shiyu Xia et al. (Monitoring Gasdermin pore formation in vitro, Methods Enzymol. 2019; 625: 95-107.) with slight modifications. Briefly, after cell harvest, bacteria were lysed by sonication under ice and recombinant human Gasdermin D was purified by a first nickel metal affinity chromatography (Takara). The 6His-MBP tag was removed by O/N TEV digestion at 4 C and a second nickel metal affinity chromatography was performed to separate the Gasdermin D (unbound fraction) from the 6His-MBP tag. After sample concentration, a Superdex 200 size exclusion column (GE Healthcare) was done as a final purification step.

Immunoblot

Cells lysates were homogenized by pipetting up and down ten times and supplemented with laemli buffer (1X final) before boiling sample for 10 min at 95 C. Cell lysates were then separated by denaturing SDS-PAGE and transferred on PVDF membrane. After transfer, the membrane is saturated 1h at room temperature in TBS-T (Tris 10 mM pH 8, NaCl 150 mM, Tween 20 0.05%) containing 5% nonfat milk. Then, the membrane is incubated overnight at 4 C with the different primary antibodies, under agitation. After 3 washes with TBS-T, the membrane is further incubated with the secondary antibodies coupled with the peroxidase enzyme HRP (horseradish peroxidase) for 1 hour at room temperature and under agitation. Then membranes are washed 3 times with TBS-T. The blots are revealed with the ECL revelation kit (Advansta) and images are acquired using ChemiDoc Imaging System (BioRad). The primary antibodies and secondary antibody used are listed in Reagent key resources table.

In vitro cleavage assays

Recombinant proteins

The human purified recombinant gasdermin D (6 mM final concentration), produced and purified in the lab or the human recombinant NLRP1 (0.7 mM final concentration), from Origen (CAT#: TP316481) was incubated in 20 mM Tris at pH7,5 150 mM NaCl 1 mM DTT with recombinant SARS-CoV-2 3CL protease (Sigma-Aldrich SAE0172, R&D Systems, Novus Biologicals), recombinant SARS-CoV-2PL pro recombinant (Sigma-Aldrich) SARS-CoV-1 or MERS-CoV 3CL (Novus Biologicals) at molar ratio of 3:1 otherwise as indicated in figure legends, for O/N at 4 C, in presence or absence of protease inhibitor (PF-00835231, 10 mM -Selleck Chemicals S9731). Human recombinant caspase 1 (Abcam 39901) was used as a positive control of the gasdermin D cleavage. Then, to detect gasdermin and NLRP1 cleavage(s), samples were analyzed on a SDS-PAGE follow by Coomasie blue staining or by immunoblot following transfer to PVDF membrane. When a cleavage occurred, fragments identification was done by IPBS mass spectrometry platform.

Cell lysate

Cell lysate of A549 and A549-NLRP1 cells was prepared as following: one day before lysis, 2,5 x 10 5 cells were plated in 24 well plate. The day of lysis, medium was removed and cells were washed once with ice cold PBS 1X (Phosphate Buffered Saline) and incubated for 30 min on ice in 60 mL of protease assay lysis buffer (20 mM Tris-HCl pH 7.4, 135 mM NaCl, 1% Triton X-100, 10% glycerol). Cell lysate was then collected, and clarified from insoluble fraction by centrifugation at 14,000 rpm for 30 min at 4 C before being stored at -80 C for further assays.

Cell imaging

Cells were images in BSL-3 facility under EVOS Floı ¨d (Invitrogen) fluorescent microscope with 20 X objective.

Sample preparation for immunoblot

At the end of the experiment, cell' supernatant was collected and soluble proteins from cell supernatant fraction were precipitated using trichloroacetic acid (TCA) as described previously (Eren et al., 2020). Precipitated pellet was then resuspended in 50 mL of RIPA buffer plus laemli supplemented with protease inhibitor cocktail (Roche). Adherent cells were lysed in 50 mL of RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, 1% Triton X-100, 0.5% Na-deoxycholate) supplemented with protease inhibitor cocktail (Roche). Collected cell lysate was homogenized by pipetting up and down ten times and supplemented with laemli buffer (1X final). Cells and supernatant fractions were heat for 20 min at 80 C in BSL-3 facility. Sample were then taken out of BSL-3, and boiled for 15 min at 95 C. Cell lysate and cell supernatant fraction were then analyzed by immunoblot either individually or in pooled sample of lysate plus supernatant (equal vol/vol).

Generation of knock-out cells by CRISPR/Cas9

A549 cells were transfected using lipofectamine LTX transfection reagent, in presence of NATE 1X (Invivogen) with (pCas9-GFP) to allow transient expression of Cas9-GFP and sgRNA targeting Gasdermin D (TTAGGAAGCCCTCAAGCTCA and GAATGTGTACTCGCTGAGTG), Gasdermin E (CAGTTTTTATCCCTCACCCT and TAAGTTACAGCTTCTAAGTC), MAVS (ACCTC GCCCATCAACTCAACCCGTGC and ACCTCAGCAGATGATAGGCTCGGCC) and Caspase 3 (CATACATGGAAGCGAATCAA and TGTCGATGCAGCAAACCTCA). 48h after transfection, GFP-expressing cells were isolated by fluorescence associated cell sorting, diluted in single clones and knock-out clones were screened by PCR, and western blot. Alternatively, A549 cells were transduced with lentiviral vectors coding for Cas9 and blasticidin resistance cassette, and lentiviral vectors coding for sgRNA and puromycin resistance cassette. 48h after transduction, cells were selected during 2 weeks and blasticidin/puromycin double resistant cells were used in functional assays.

NHBE deficient cells were obtained by using Ribonucleoprotein (RNP) technic (Everman et al., 2018). Briefly, RNP mixes containing Cas9 protein (90pmoles, 1081059, IDT), gRNA (450pmoles) and electroporation enhancer (1mL/Mix, 1075916, IDT) were electroporated using the Neon transfection system (Life Technologies) in T Buffer (Life Technologies). Settings were the following: 1900 V Voltage, 10 Width, 1 Pulse, 20ms.

The following sgRNA targeting NLRP1 (GCTCAGCCAGAGAAGACGAG/KO1, GATAGCCCGAGTGACATCGG/KO2, AGCCC GAGTGACATCGGTGG/KO3) GSDMD (TTAGGAAGCCCTCAAGCTCA/KO1/2, GAATGTGTACTCGCTGAGTGKO3/4, AGGTTGA CACACTTATAACG/KO5)o rGSDME (GTCGGACTTTGTGAAATACG/KO1, CAGTTTTTATCCCTCACCCT/KO2 and TAAGTTA CAGCTTCTAAGTC/KO3) were used for the purpose of this study. Genetic invalidation efficiency was tested by immunoblotting after 21-28 days of cell differentiation onto Transwell.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical data analysis was performed using Prism 8.0a (GraphPad Software, Inc.). Comparison of two groups was performed using T-test with Bonferroni correction. Otherwise specified, data are plotted as mean with SEM. P values are given in figures. Significance is defined as *p % 0.05; **p % 0.01, ***p % 0.001.

GSDMD drives canonical inflammasome-induced neutrophil pyroptosis and is dispensable for NETosis

Dhruv Chauhan 1, † , Dieter Demon 2,3, † , Lieselotte Vande Walle 2,3 , Oonagh Paerewijck 2 , Annalisa Zecchin 1 , Leslie Bosseler 4 , Karin Santoni 5 ,R emi Plan es 5 , Silvia Ribo 2,3 , Amelie Fossoul 2,3 , Amanda Gonçalves 3,6 , Hanne Van Gorp 2,3 , Nina Van Opdenbosch 1,2,3 , Filip Van Hauwermeiren 1,2,3 , Etienne Meunier 5 , Andy Wullaert 2,3,7 & Mohamed Lamkanfi 2,* Abstract Neutrophils are the most prevalent immune cells in circulation, but the repertoire of canonical inflammasomes in neutrophils and their respective involvement in neutrophil IL-1b secretion and neutrophil cell death remain unclear. Here, we show that neutrophiltargeted expression of the disease-associated gain-of-function Nlr-p3 A350V mutant suffices for systemic autoinflammatory disease and tissue pathology in vivo. We confirm the activity of the canonical NLRP3 and NLRC4 inflammasomes in neutrophils, and further show that the NLRP1b, Pyrin and AIM2 inflammasomes also promote maturation and secretion of interleukin (IL)-1b in cultured bone marrow neutrophils. Notably, all tested canonical inflammasomes promote GSDMD cleavage in neutrophils, and canonical inflammasome-induced pyroptosis and secretion of mature IL-1b are blunted in GSDMD-knockout neutrophils. In contrast, GSDMD is dispensable for PMA-induced NETosis. We also show that Salmonella Typhimurium-induced pyroptosis is markedly increased in Nox2/Gp91 Phox -deficient neutrophils that lack NADPH oxidase activity and are defective in PMA-induced NETosis. In conclusion, we establish the canonical inflammasome repertoire in neutrophils and identify differential roles for GSDMD and the NADPH complex in canonical inflammasome-induced neutrophil pyroptosis and mitogen-induced NETosis, respectively.

Introduction

Inflammasomes are intracellular multiprotein complexes that recruit and activate inflammatory caspases. In particular, human procaspases 4 and 5 and murine procaspase-11 are integral components of the non-canonical inflammasome that responds to the cytosolic presence of lipopolysaccharides (LPS) of certain Gram-negative bacterial pathogens, whereas procaspase-1 operates as the universal effector protease of canonical inflammasomes (Lamkanfi & Dixit, 2014;V a n Opdenbosch & Lamkanfi, 2019). Canonical inflammasome sensor proteins-whose role in the recognition of pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs) have been firmly established in macrophage studiesinclude nucleotide-binding domain and leucine-rich repeat-containing (NLR) family pyrin domain-containing À1a n dÀ3 (NLRP1 and NLRP3), NLR family CARD domain-containing protein 4 (NLRC4), absent in melanoma-2 (AIM2) and Pyrin (Lamkanfi & Dixit, 2014; Van Opdenbosch & Lamkanfi, 2019). These canonical inflammasome sensors respond to diverse PAMPs, such as microbial nucleic acids, bacterial secretion systems and components of microbial cell wall components; as well as to environmental stressors and endogenous DAMPs that report damage to host cells in the context of sterile inflammation such as uric acid crystals, high concentrations of extracellular adenosine triphosphate (ATP) and dislocated mitochondrial and nuclear nucleic acids in the cytosolic compartment (Lamkanfi & Dixit, 2014; Van Opdenbosch & Lamkanfi, 2019). Once active, caspase-1 cleaves the pro-inflammatory proteins interleukin (IL)-1b and IL-18 into bioactive cytokines (Lamkanfi & Dixit, 2014;V a n Opdenbosch & Lamkanfi, 2019). In parallel, inflammatory caspases instruct the cleavage of the pore-forming protein GSDMD, the liberated N-terminal domain of which incorporates as multimers in the plasma membrane and elicits the formation of large GSDMD pores that result in plasma membrane permeabilization (PMP) and pyroptotic cell lysis of activated macrophages (Vande Walle & Lamkanfi, 2016; Van Opdenbosch & Lamkanfi, 2019).

Many studies characterized the functional inflammasome repertoire in macrophages and monocytes, and described how their activation in these myeloid cell types contributes to inflammatory diseases and host defence against microbial infections. However, relatively little is known about the functional inflammasome repertoire in neutrophils, although they are a highly prevalent myeloid cell type in the bloodstream and frequently the first immune cell type to be recruited to acutely infected tissues and during (sterile) inflammatory episodes (Papayannopoulos, 2018). Neutrophils are capable of a specialized neutrophil cell death programme termed NETosis that is centrally driven by the NADPH oxidase complex, degranulation and the formation of neutrophil extracellular traps (NETs) (Fuchs et Here, we show that neutrophil-targeted (MRP8/S100A8-Credriven) expression of the CAPS disease-associated Nlrp3 A350V mutant in mice fully recapitulated the reported perinatal lethality and skin inflammatory phenotype of full-body mutant mice (Brydges et al, 2009), suggesting that neutrophil-intrinsic NLRP3 hyperactivation suffices to promote inflammasome-mediated inflammatory pathology and tissue damage in vivo. Additionally, a systematic analysis of inflammasome-deficient bone marrow neutrophils (BMNs) confirmed the reported ( ) activity of the NLRC4 and NLRP3 inflammasomes in promoting maturation and secretion of IL-1b from neutrophils, and also demonstrated maturation and secretion of IL-1b by the canonical NLRP1b, Pyrin and AIM2 inflammasomes in neutrophils. Moreover, we showed that canonical inflammasomes induce GSDMD cleavage in neutrophils, and that caspase-1-and GSDMD-mediated PMP, pyroptotic cell lysis and secretion of mature IL-1b were all blunted in GSDMD-knockout neutrophils. In marked contrast, PMA stimulation failed to induce GSDMD cleavage, and PMA-induced NETosis was unaffected in GSDMD-deficient neutrophils. Consistent with published results (Fuchs et al, 2007; Ermert et al, 2009), PMA-induced NETosis was abolished in neutrophils from Nox2/Gp91 Phox -deficient mice (that lack NADPH oxidase activity). Contrastingly, Salmonella Typhimurium-induced pyroptosis was substantially increased in Nox2/Gp91 Phox -deficient neutrophils, whereas the central NETosis mediators PAD4, neutrophil elastase, neutrophil proteinase 3 and cathepsin G were all dispensable. In conclusion, we demonstrate that neutrophil-intrinsic mutant NLRP3 activation suffices for autoinflammatory disease in vivo; established the canonical inflammasome repertoire in neutrophils; and identified differential roles for GSDMD and the NADPH complex in canonical inflammasome-induced neutrophil pyroptosis and mitogen-induced NETosis respectively.

Results

NLRP3 A350V expression in neutrophils drives cutaneous erythema and perinatal lethality in mice

Gain-of-function mutations in the NLRP3 gene that render the protein constitutively active cause a spectrum of dominantly inherited cryopyrin-associated periodic fever syndromes (CAPS) in patients (Hoffman et al, 2001; Van Gorp et al, 2019). Contrary to wild-type macrophages, bone marrow-derived macrophages (BMDMs) of knock-in mice that heterozygously express the Muckle-Wells syndrome (MWS)-associated NLRP3 A350V mutant secrete substantial amounts of IL-1b in their culture medium in response to LPS stimulation alone (Brydges et al, 2009). To determine whether this is also true for neutrophils of the disease-associated Nlrp3 A350V mutant mice, we bred mice that are homozygous for the Nlrp3 A350V allele to transgenic mice that hemizygously expressed the tamoxifeninducible Cre-ERT2 fusion gene (CreT) (Ventura et al, 2007). Following tamoxifen treatment and excision of the floxed neomycin resistance cassette, neutrophils of the resulting Nlrp3 A350V/wt CreT + mice express NLRP3 from both the wildtype and the mutant Nlr-p3 A350V alleles. Neutrophils from Cre-ERT2-negative littermates (Nlr-p3 A350V/wt CreT À ), which only express NLRP3 from the wildtype allele, were used as controls in these experiments. As expected, secreted IL-1b was not detected in culture media of vehicle (i.e. PBS)-treated Nlrp3 A350V/wt CreT À neutrophils (Fig 1A). Culture media of vehicle-treated Nlrp3 A350V/wt CreT + neutrophils contained low but detectable levels of IL-1b (Fig 1A ), indicating limited basal activation of NLRP3 A350V in na€ ıve Nlrp3 A350V/wt CreT + neutrophils. Secreted IL-1b levels were significantly increased upon LPS stimulation of Nlrp3 A350V/wt CreT + neutrophils, whereas LPS-stimulated Nlr-p3 A350V/wt CreT À neutrophils failed to secrete IL-1b (Fig 1A). These results indicate that, unlike wildtype NLRP3, the NLRP3 A350V mutant promotes IL-1b secretion from LPS-stimulated neutrophils. To further corroborate inflammasome activation, we separately analysed cell lysates and culture media by Western blotting. As expected, LPS stimulation upregulated pro-IL-1b expression levels in lysates of both Nlrp3 A350V/wt CreT À and Nlrp3 A350V/wt CreT + neutrophils (Fig 1B). However, cleaved IL-1b (p17) was only detected in culture media of LPS-stimulated Nlrp3 A350V/wt CreT + neutrophils (Fig 1B). Notably, culture media of LPS-stimulated Nlrp3 A350V/ wt CreT + neutrophils also contained robust amounts of mature caspase-1 (p20) (Fig 1B ), indicating that NLRP3 A350V inflammasome activation in neutrophils promotes the concomitant release of mature IL-1b and active caspase-1 into the extracellular milieu.

Knock-in mice that express the NLRP3 A350V mutant in myeloid lineage cells (based on lysosome M-promoter-driven expression of 

◀ Figure 1.
Neutrophil-intrinsic NLRP3 A350V activation promotes auto-inflammatory pathology in mice.

A, B Neutrophils isolated from tamoxifen-treated Nlrp3 A350V/wt CreT + and Nlrp3 A350V/wt CreT À mice were incubated with LPS (3 h) before culture media were analysed for secreted IL-1b (A), and cell lysates and culture media were immunoblotted for b-actin, caspase- 

E

Representative H&E-stained sections of the spleen (top, scale bar: 100 lM) and liver (bottom, scale bar: 200 lM) of Nlrp3 A350V/wt MRP8-Cre Tg and littermate Nlr-p3 A350V/wt MRP8-Cre À mice. Spleens of Nlrp3 A350V/wt MRP8-Cre À control mice (top left) display characteristic white pulp (WP) regions (example shown surrounded by dashed line) composed of lymphoid follicles and periarteriolar lymphoid sheaths (PALS), which at this magnification are recognized by dark-purple staining, large aggregates of lymphocytes surrounding the central artery (CA) and their distinctive separation from the red-staining red pulp (RP). WP was largely absent in spleens of Nlrp3 A350V/wt MRP8-Cre Tg (top middle). Megakaryocytes (MK) are indicated for easier recognition of areas of extramedullary haematopoiesis (EMH). Most of the spleen parenchyma of Nlrp3 A350V/wt MRP8-Cre Tg animals was replaced by EMH of mostly myeloid lineage, which can be recognized by the medium-sized cells with more cytoplasm, giving a lighter appearance (inset). In both the overview picture (top middle picture) and inset (top right) of Nlrp3 A350V/wt MRP8-Cre Tg spleen, a small amount of EMH of the erythroid lineage is present that can be recognized by small aggregates of darker-stained, smaller cells (asterisk, *). Liver sections of both Nlrp3 A350V/wt MRP8-Cre À control mice and diseased Nlrp3 A350V/wt MRP8-Cre Tg pups displayed comparable EMH of the erythroid lineage (bottom left picture, indicated with yellow arrows). Liver sections of Nlrp3 A350V/wt MRP8-Cre Tg pups also showed a modest increase in EMH of the myeloid lineage (bottom middle picture and inset (scale bar: 100 lM) in the bottom right, indicated with red arrowheads), as well as hepatocyte enlargement. F-I H&E-stained histological sections of the spleen (F, G) or liver (H, I) of Nlrp3 A350V/wt MRP8-Cre À (Cre À , n = 8) and Nlrp3 A350V/wt MRP8-Cre Tg (Cre Tg , n = 6) mice were assigned a score of 0- To examine whether the NLRP1b inflammasome is functional in neutrophils, we isolated BMNs from transgenic C57BL/6J mice carrying a Bacillus anthracis lethal toxin (LeTx)-responsive NLRP1b allele under the control of its endogenous promoter (hereinafter referred to as B6 NLRP1b+ ) (Boyden & Dietrich, 2006). As expected, LPS priming alone failed to induce IL-1b secretion from B6 NLRP1b+ BMNs (Fig 2A). Unlike in B6 neutrophils, LeTx stimulated extracellular release of IL-1b from B6 NLRP1b+ neutrophils (Fig 2A ), indicating that the NLRP1b inflammasome is functional in neutrophils. Western blot analysis confirmed that pro-IL-1b was converted into the mature cytokine in LeTx-intoxicated B6 NLRP1b+ neutrophils (Fig 2B ). A LeTx-sensitive NLRP1b allele is required because pro-IL-1b cleavage was not observed in B6 neutrophils (Fig 2B). Moreover, B6 NLRP1b+ neutrophils that lack the expression of the inflammatory caspases 1 and 11 (B6 NLRP1b+ C1 À/À C11 À/À ) failed to induce maturation and secretion of IL-1b in response to LeTx stimulation (Fig 2A andB). Together, these results establish the requirement for a functional NLRP1b inflammasome to induce IL-1b maturation and secretion from LeTx-intoxicated neutrophils.

Mouse macrophages and human monocytes respond to RhoA GTPase inactivation by the Clostridium difficile toxin A (TcdA) with Pyrin inflammasome activation (Gao et al, 2016; Van Gorp et al, 2016). We show that TcdA also potently induced maturation and secretion of IL-1b from murine neutrophils (Fig 2C andD). TcdA-induced IL-1b processing and secretion were abolished in C1 À/À C11 À/À neutrophils and in neutrophils isolated from Mefv À/À mice (which lack the inflammasome sensor Pyrin) (Fig 2C andD), establishing that the Pyrin inflammasome is functional in neutrophils.

Francisella tularensis activates the AIM2 inflammasome in macrophages (Fernandes-Alnemri et al, 2010; Jones et al, 2010; Rathinam et al, 2010). We also observed IL-1b maturation and secretion from neutrophils infected with Francisella tularensis (Fig 2E andF). Notably, IL-1b maturation and secretion were fully abolished in infected C1 À/À C11 À/À neutrophils, whereas Aim2 À/À neutrophils showed a trend of a partial decrease in extracellular IL-1b levels compared to F. tularensis-infected wildtype neutrophils (Fig 2E andF). These results suggest that the AIM2 inflammasome contributes to F. tularensis-induced IL-1b secretion from infected neutrophils, and that an additional inflammasome accounts for the residual IL-1b secretion observed in Aim2-deficient neutrophils.

Activation of the NLRP3 inflammasome was previously shown in nigericin-and streptolysin-stimulated BMNs (Mankan et al, 2012; Karmakar et al, 2015, 2016; Hassane et al, 2017). We confirmed that extracellular ATP also engages the NLRP3 inflammasome for IL-1b maturation and secretion in wildtype neutrophils, whereas these responses were abolished in neutrophils from C1 À/À C11 À/À and Nlrp3 À/À mice (Fig EV3A andB).

The recombinant Legionella pneumophila flagellin-derived NLRC4 stimulus FlaTox (de Vasconcelos et al, 2019) potently induced IL-1b maturation and secretion from wildtype neutrophils, but not in Nlrc4 À/À and C1 À/À C11 À/À neutrophils (Fig 2G andH). With the notable exception of TcdA, IL-1b secretion induced by FlaTox and other inflammasome stimuli was substantially higher in macrophages than in neutrophils (Appendix Fig S1A-E). As reported (Chen et al, 2014), S. Typhimurium-infected neutrophils also secreted significant levels of IL-1b that were largely blunted in Nlrc4 À/À and C1 À/À C11 À/À neutrophils (Fig EV3C andD). S. Typhimurium-infected mouse neutrophils required caspase-1, but not caspase-11, for IL-1b secretion (Fig EV3E). Human blood neutrophils infected with S. Typhimurium also secreted IL-1b, and the caspase-1 inhibitor VX-765 markedly inhibited this response (Fig EV3F). Collectively, these results demonstrate that the canonical NLRP1b, Pyrin, AIM2, NLRP3 and NLRC4 inflammasome pathways are functional and promote the secretion of mature IL-1b in neutrophils.

Canonical inflammasomes induce plasma membrane permeabilization in neutrophils

In macrophages, activation of canonical inflammasomes promotes pyroptotic cell lysis (Kayagaki et al, 2015; Shi et al, 2015; Vande Walle & Lamkanfi, 2016). To explore whether canonical inflammasome activation in neutrophils induces PMP and pyroptosis, we first measured incorporation of the cell-impermeant DNA dye SYTOX Green by isolated neutrophils from wildtype, C1 À/À C11 À/À and relevant inflammasome sensor-deficient mice over time. Consistent with neutrophils being short-lived cells (8-20 h), we observed a spontaneous gradual increase in SYTOX Green incorporation in untreated (mock) neutrophils of all analysed genotypes (Fig EV4A Ó SYTOX Green incorporation did not increase in concomitantly stimulated B6 and B6 NLRP1b+ C1 À/À C11 À/À neutrophils (Fig 3A ), demonstrating that LeTx-induced neutrophil PMP requires a functional NLRP1b inflammasome. Similarly, activation of the Pyrin inflammasome with TcdA selectively induced SYTOX Green incorporation in B6 BMNs, but not in C1 À/À C11 À/À and Mefv À/À neutrophils (Fig 3B ); and ATP-induced SYTOX Green staining in LPS-primed neutrophils required caspase-1 (Fig 3C ). A functional NLRC4 inflammasome was also required to induce PMP in FlaTox-stimulated neutrophils (Fig 3D). It should be noted that although these inflammasome stimuli induced consistent and time-dependent SYTOX Green incorporation in neutrophils, the observed signal appeared less prominent than usually observed in macrophages (Appendix Fig S1F -I). Furthermore, Western blot analysis showed that the 37 kDa cytosolic protein marker glyceraldehyde 3phosphate dehydrogenase (GAPDH) was released in culture media of FlaTox-stimulated as well as in those of S. Typhimurium-infected neutrophils (Fig 3E andF), indicating that NLRC4 inflammasome activation by these agents induces pyroptotic cell lysis and extracellular release of cytosolic proteins in neutrophils, in addition to promoting maturation and secretion of IL-1b.

GSDMD drives canonical inflammasome-induced neutrophil cytotoxicity and IL-1b secretion

Having established that canonical inflammasome activation in neutrophils induces cytotoxicity, we next sought to characterize the nature of this regulated cell death response. In macrophages, pyroptosis is driven by inflammatory caspase-dependent cleavage of GSDMD and the formation of multimeric GSDMD pores that perforate the plasma membrane (Vande Walle & Lamkanfi, 2016). To examine the role of GSDMD in neutrophils, we first assessed GSDMD cleavage in response to a set of canonical inflammasome stimuli. A prototypic 30 kDa amino-terminal GSDMD cleavage fragment was detected in immunoblots of TcdA-or FlaTox-stimulated wildtype BMNs (Fig 4A andB). This immunoreactive band was not observed in lysates of TcdA-or FlaTox-stimulated GSDMD-deficient neutrophils (Fig To probe whether GSDMD promotes canonical inflammasome-induced IL-1b secretion from neutrophils, we measured the levels of IL-1b in culture media of Gsdmd-deficient neutrophils following canonical inflammasome stimulation. TcdA-induced Pyrin inflammasome activation in wildtype neutrophils triggered robust secretion of IL-1b, whereas culture media of Gsdmd À/À neutrophils contained significantly less extracellular IL-1b (Fig 4G). Paralleling these results, IL-1b secretion in Gsdmd À/À neutrophils was blunted in response to stimulation with FlaTox (Fig 4H ) andnigericin (Fig 4I). Complementing these cytokine measurements, our immunoblotting analyses show that secretion of mature IL-1b was blunted in culture media of stimulated Gsdmd À/À and caspase-1 À/À neutrophils (Fig 4A -C). Collectively, these results show that GSDMD activation in neutrophils promotes canonical inflammasome-induced PMP and IL-1b secretion.

Differential roles of GSDMD and NADPH oxidase in neutrophil pyroptosis and PMA-induced NETosis

NETosis is a cell death mode in neutrophils that was first described to occur following stimulation with the phorbol ester PMA (Takei et al, 1996), and subsequently shown upon infection with certain microbial pathogens (Fuchs et al, 2007; Papayannopoulos, 2018). Consistent with PMA inducing NETosis independently of caspases (Takei et al, 1996), PMA failed to secrete IL-1b in culture media of LPS-primed murine BMNs (Figs 5A andEV5A). Furthermore, PMAinduced NETosis was unaffected in caspase-1-deficient BMNs as assessed by confocal microscopy and kinetic analysis of SYTOX Green incorporation (Fig EV5B andC). Moreover, PMA-induced SYTOX Green incorporation and extracellular LDH release from human neutrophils resisted inhibition by the caspase-1 inhibitor VX-765 (Fig EV5D andE . Immunoblotting analysis showed GSDMD cleavage and release of mature IL-1b in culture media of wildtype BMNs, but not in caspase-1-deficient neutrophils that have been infected with S. Typhimurium for 1 or 3 h (Fig 6C). Moreover, S. Typhimurium-infected wildtype neutrophils had released considerable amounts of GAPDH and b-actin in their culture media by 3 h post-infection, whereas infected caspase-1deficient neutrophils failed to do so (Fig 6D). Although caspase-1independent LDH release from S. Typhimurium-infected neutrophils may occur under different experimental conditions, we found that S. Typhimurium-induced LDH release was blunted in caspase-1deficient BMNs (Fig 6E). IL-1b secretion was also abolished in culture media of GSDMD-deficient BMNs (Fig 6F ), consistent with GSDMD promoting IL-1b secretion downstream of caspase-1 in S. Typhimurium-infected BMNs. Of note, a time kinetic analysis of IL-1b secretion showed that a lower S. Typhimurium infection load (MOI 10) delayed IL-1b secretion without affecting its reliance on NLRC4 and GSDMD (Appendix Fig S3D). Neutrophil elastase was previously shown to cleave GSDMD, and neutrophil serine proteases were also suggested to directly cleave IL-1b under certain conditions (Lindemann et al, 1999; Sollberger et al, 2018). However, unlike NLRC4, caspase-1 and GSDMD, we found that the NETosis mediators neutrophil elastase, neutrophil proteinase 3, cathepsin G and protein arginine deiminase 4 (PAD4) were all dispensable for S. Typhimurium-induced pyroptosis (Appendix Fig S3E andF). Moreover, whereas NADPH oxidase activity was required for PMAinduced NETosis (Appendix Fig S2A andC) (Ermert et al, 2009), S. Typhimurium-induced PMP was significantly increased and kinetically accelerated in Nox2/Gp91 Phox -deficient neutrophils (Fig 6G andH). This suggests that NADPH oxidase-produced reactive oxygen species promote PMA-induced NETosis but suppress S. Typhimurium-induced pyroptosis in neutrophils. Collectively, these results indicate that caspase-1-mediated GSDMD maturation drives S. Typhimurium-induced neutrophil pyroptosis, which is mechanistically distinct from PMA-induced NETosis.

Discussion

Inflammasome activation is a key component of the innate immune response that contributes critically to pathogen control and clearance, as well as to detrimental inflammation and immune-mediated tissue damage in autoinflammatory and autoimmune diseases 
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Dhruv Chauhan et al Here, we demonstrated the in vivo relevance of neutrophil-intrinsic inflammasome activation by showing that neutrophil-targeted activation of the NLRP3 inflammasome in a mouse model of CAPS disease suffices to recapitulate the previously reported clinical phenotype of mice that ubiquitously express the MWS-associated NLRP3 A350V mutant (Brydges et al, 2009). Our findings show that neutrophil-intrinsic NLRP3 inflammasome activation is an important driver of auto-inflammatory tissue damage and inflammatory pathology, highlighting that an in-depth analysis of inflammasome signalling in neutrophils is warranted. During the preparation of this manuscript, a complementary report was published (Stackowicz et al, 2021) showing that neutrophils are an important source of IL-1b in the skin of NLRP3 A350V mutant mice and that neutrophil-intrinsic NLRP3 A350V mutant expression promotes CAPS in vivo. Our studies extend this report by demonstrating that LPS stimulation is sufficient to induce the extracellular release of mature IL-1b and caspase-1 from neutrophils that express the NLRP3 A350V mutant. Moreover, we performed an extensive histological analysis showing that neutrophil-intrinsic NLRP3 A350V mutant expression triggers a substantial increase in extramedullary haematopoiesis in the spleen and liver, along with mild focal or multifocal granulocytic infiltrates in the heart, and increased systemic levels of a broad suite of inflammatory cytokines and chemokines.

Previous studies have shown that the canonical NLRP3 and NLRC4 inflammasomes in neutrophils promote the maturation and secretion of IL-1b (Mankan et al, 2012;C h e net al, 2014;K a r m a k a ret al, 2015, 2016; Perez-Figueroa et al, 2016;H a s s a n eet al, 2017). We further established the repertoire of inflammasome sensors that is active in neutrophils by systematically profiling IL-1b maturation and secretion in wildtype and inflammasome-deficient neutrophils. These analyses provided unambiguous genetic evidence that in addition to NLRC4 and NLRP3, also the canonical NLRP1b, Pyrin and AIM2 inflammasomes are fully functional and capable of promoting maturation and secretion of IL-1b from ex vivo-stimulated neutrophils. We also showed that canonical inflammasome activation induces caspase-1-dependent GSDMD cleavage in neutrophils. Furthermore, the presented experiments in neutrophils of caspase-1-deficient and Gsdmd À/À mice provided clear genetic evidence that canonical inflammasome activation promotes GSDMD-dependent PMP, IL-1b secretion and extracellular release of intracellular proteins such as GAPDH and b-actin from neutrophils. A previous report relied on an LDH activity assay to suggest that caspase-1 does not induce pyroptosis in neutrophils (Chen et al, 2018). Here, we assessed neutrophil cell death markers by relying on a combination of sensitive kinetic SYTOX Green incorporation assays, LDH activity assay and immunoblotting of conditioned culture media to assess extracellular release of GAPDH, b-actin and mature IL-1b and caspase-1 from wildtype and inflammasome-deficient neutrophils. These experiments clearly identified GSDMD activation by canonical inflammasomes as a cytotoxic mechanism inducing neutrophil pyroptosis.

Unlike with inflammasome-activating stimuli, we showed that classical NETosis induced by the phorbol ester PMA occurs in the absence of GSDMD cleavage. Moreover, PMA-induced PMP was unaffected in Gsdmd-deficient neutrophils, suggesting that GSDMD may be dispensable for PMA-induced NETosis. GSDMD has been proposed to mediate PMA-induced NETosis based on the pharmacological characterization of LDC7559, a compound that was first suggested to inhibit PMA-induced NETosis by targeting GSDMD (Sollberger et al, 2018). However, LDC7559 was subsequently shown not to target GSDMD but to inhibit PMA-induced NETosis by acting as a potent agonist of the glycolytic enzyme phosphofructokinase-1 liver type (PFKL) (Amara et al, 2021). Together with our findings, this implies that the role of GSDMD in neutrophil cell death is confined to inflammasome-induced cues. Conversely, we showed that deficiency in NADPH oxidase-which is critical for PMA-induced NETosis (Fuchs et al, 2007; Ermert et al, 2009)-increased the sensitivity of Nox2/gp91 phox -deficient neutrophils to S. Typhimurium-induced pyroptosis, further demonstrating that phorbol esters and inflammasome activation induce neutrophil cell death through mechanistically distinct mechanisms. These findings are consistent with a previous report showing that also Pseudomonas-infected neutrophils undergo caspase-1-mediated pyroptosis, which is increased in a Nox2/gp91 phox -deficient background (Ryu et al, 2017). We hypothesize that NADPH-induced reactive oxygen species (ROS) in wildtype neutrophils may target caspase-1 for oxidation and glutathionylation to suppress caspase-1 activation, as has been reported in SOD1-deficient macrophages (Meissner et al, 2008). This suppressive environment may be alleviated in Nox2/gp91 phox -deficient neutrophils, giving rise to higher caspase-1 activation levels in an NADPH-deficient genetic background. Work is ongoing in our laboratories to test this hypothesis.

Relative to macrophages, neutrophils on a per-cell basis appear less potent in inducing inflammasome-mediated IL-1b secretion and pyroptosis. However, as neutrophils can fast and massively infiltrate inflammatory tissues, their impact on pathophysiological outcomes is not to be underestimated. The notion that inflammasome activation in a small subset of monocytes and granulocytes suffices for clinical manifestation of inflammatory disease is highlighted by the discovery of low-level mosaicism in a subset of CAPS patients. According to initial reports (Rowczenio et al, 2017; Labrousse et al, 2018), mosaic CAPS patients can present with a full-blown clinical phenotype despite having as few as 8-12% of their monocyte and granulocyte population expressing a mutant NLRP3 allele.

In conclusion, we showed that neutrophil-targeted expression of the disease-associated NLRP3 A350V mutant triggers systemic Ó 2022 The Authors.

EMBO reports 23:e54277 | 2022 autoinflammatory disease and tissue pathology in mice, suggesting that NLRP3 inflammasome activation in neutrophils may contribute importantly to autoinflammatory disease pathology. Furthermore, by establishing the repertoire of canonical inflammasomes that is functional in neutrophils, and by showing that neutrophil-intrinsic GSDMD and NADPH oxidase activity are differential effectors of canonical inflammasome-induced pyroptosis and mitogen-induced NETosis, this work reveals new mechanisms by which neutrophils contribute to anti-microbial host defence and inflammasomeassociated diseases.

Materials and Methods

Bacteria and stimuli

A colony from a blood agar plate of Salmonella enterica serovar Typhimurium SL 1344 (S. Typhimurium) and a glycerol stock of Francisella tularensis ssp. novicida strain U112 (F. tularensis) were cultured overnight at 37°C in aerobic conditions in Luria broth or trypticase soy broth supplemented with 0.2% L-cysteine respectively. On the experimental day, cultures were diluted in a fresh medium and grown to reach an OD600 of 0.7-0.8 before dilution in cell culture medium for infection. Phorbol 12myristate 13-acetate (PMA), tamoxifen and corn oil were purchased from Sigma; ultrapure LPS from Salmonella minnesota was from InvivoGen; tamoxifen-containing diet from Envigo RMS; adenosine- mice on a C57BL/6 background were originally obtained from the Jackson Laboratories and bred in-house. Cre expression in male and female Nlrp3 A350V/wt CreT + mice was induced by intragastric administration of tamoxifen (5 mg dissolved in 100 ll corn oil) on days 1 and 2. On day 2, mice were given tamoxifen-containing diet ad libitum for 6 days; on day 8, mice were sacrificed for bone marrow neutrophils (BMN) isolation, regardless of the gender. In experiments involving BMN isolation from different mouse lines, adult animals were sacrificed regardless of gender or age. All animals were bred in-house in individually ventilated cages under specific pathogen-free conditions, and all studies were conducted under protocols approved by the Ghent University Committee on the Use and Care of Animals (ECD 14/92 and EC2017/090). Neither randomization nor blinding was applied for animal studies.

Histology and histologic grading

Pups were sacrificed at postnatal day 7, and tissues were harvested and fixed in 10% neutral buffered formalin and embedded in paraffin. The specimens were cut transversally at 5 lM on a microtome and stained with haematoxylin and eosin (H&E). Tissues were assessed by a board-certified pathologist and findings were given severity grades 0-5, where 0 represents the absence of the finding, 1 is minimal, 2 is mild, 3 is moderate, 4 is marked and 5 is severe.

Cell culture and inflammasome activation assays

BMNs were purified from 6-to 12-weeks-old male and female mice of the indicated genotypes by negative MACS selection with the Neutrophil Isolation Kit (Miltenyi Biotec) according to the manufacturer's instructions. Upon purification, BMNs were directly seeded in Iscove's modified Dulbecco's medium (IMDM) supplemented with 10% foetal bovine serum (FBS) and 1% non-essential amino acids (Gibco). In other experiments, BMNs were seeded in serum-free OPTI-MEM medium (Gibco), and for PMA stimulations, cells were seeded in Hanks' Balanced Salt Solution (HBSS) supplemented with 1% fetal bovine serum (FBS). BMNs were seeded at a density of 8 × 10 5 cells/ ml for cell death assays, and at a density of 3.2 × 10 6 cells/ml for cytokine analysis and confocal microscopy. BMNs were primed with 250 ng/ml LPS for 2 h prior to treatment with LeTx (= PA (2.5 lg/ ml) and LF (2.5 lg/ml)), FlaTox (= PA (2.5 lg/ml) and LF-Flagellin (2.5 lg/ml)), ATP (5 mM), TcdA (5 lg/ml), nigericin (6.7 lM) and PMA (100 nM). There was no priming for BMNs infected with S. Typhimurium or F. tularensis at MOI 25. Gentamycin (10 µg/ml) was added 1 h post-infection with S. Typhimurium and 2 h postinfection with F. tularensis. After incubation, cell-free supernatants were harvested for cytokine quantification and cell extracts were prepared for Western analysis. For experiments involving bone marrowderived macrophages, bone marrow cells were cultured in L929-cellconditioned IMDM supplemented with 10% FBS, 1% non-essential amino acids and 1% penicillin-streptomycin for 6 days in a humidified atmosphere containing 5% CO 2 before cells were detached and seeded for experiments.

Flow cytometry

Fluorescence-activated cell sorter (FACS) buffer consisted of PBS (Gibco) supplemented with 2% FBS and 2 mM EDTA (Sigma-Aldrich); the samples were stained with the following antibodies: CD11b BV605 (Biolegend), Ly6G Per-CP Cy5.5 (BD Pharmingen) and Ly6C FITC (BD Pharmingen). Cell viability was assessed by incubating the samples with the Zombie Violet TM Fixable Viability Kit (Biolegend). FACS data were obtained using a BD LSRFortessa (BD Biosciences) and analysed with FlowJo.

Cytokine analysis

Cytokine levels in the cell culture medium were determined by a magnetic bead-based multiplex assay using Luminex technology (Bio-Rad) according to the manufacturer's instructions. 

Western blotting

Unless stated otherwise, all Western blot samples were prepared after 3 h of stimulations. Cell lysates and culture media were incubated in cell lysis buffer (20 mM Tris HCl [pH 7.4], 200 mM NaCl and 1% NP-40) and denatured in Laemmli buffer for combined lysate and supernatant samples. Samples for individual lysates and supernatants were prepared as follows: Neutrophils were plated in 24 well plate and stimulated in 400 ll of medium (with 1% FBS). After stimulation, supernatants were gently collected in 1.5 ml Eppendorf and centrifuged for 500 g for 5 min to remove residual cells and then transferred into fresh tubes. It was followed by precipitation by methanolchloroform extraction, as described in Jakobs et al.( 2013). Pellet was resuspended in 90 ll of Laemmli buffer. After removal of supernatants, lysates were prepared by direct lysing of cells in 120 ll Laemmli buffer on the plate. Protein samples were boiled at 95°Cf o r 10 min and separated by SDS-PAGE. Separated proteins were transferred to nitrocellulose membranes. Blocking, incubation with antibody and washing of the membrane were done in PBS supplemented with 0.05% Tween 20 (v/v) and 3% (w/v) non-fat dry milk. Immunoblots were incubated overnight with primary antibody against IL-1b (GTX74034, GeneTex), GAPDH (clone 14C10, 2118, Cell Signalling), GSDMD (ab209845 (cleaved) or ab219800 (full length), Abcam) and Caspase-1 (Casper-1) (Adipogen, AG-20B-0042-C100), b-actin-HRP (Santa Cruz, sc-47778-HRP). Horseradish peroxidase-conjugated goat anti-rabbit (111-035-144, Jackson ImmunoResearch Laboratories) and anti-mouse IgG-HRP (CST, #7076) secondary antibody were used to detect proteins by enhanced chemiluminescence (ThermoScientific). Some immunoblots were contrast enhanced in a linear fashion applied equally across the entire image.

Cell death assays

A plate-based fluorometric assay (FLUOstar, Omega BMG Labtech) was used to quantify cell permeabilization (2.5 mM SYTOX Green). Briefly, stimulated cells were incubated in the presence of SYTOX Green in a CO 2 -and temperature-controlled environment that allowed measurement of fluorescence over time. A Triton X-100 incubated well served as a maximum fluorescent signal. The ratio of fluorescence over maximum fluorescence was used as a measure for cell death. Alternatively, a Clariostar plate reader equipped with a 37°C incubator or the IncuCyte Zoom system (Essenbio) were used to acquire and analyse cell death rates over a defined period of time.

For LDH activity assays, at least 0.6 million cells were plated in 24 well plates and the assay was performed according to manufacturer's guidelines (CyQUANT LDH Cytotoxicity Assay, Thermo #C20300). Values were normalized to triton X as 100% lysis control.

Confocal microscopy

BMNs were seeded and imaged in a l-Slide 8-well Glass Bottom chamber (ibidi). In some experiments, cells were incubated in the presence of Hoechst and SYTOX Green in a CO 2 -and temperature-controlled environment that allowed the measurement of fluorescent signals over time. Cell death was induced just before imaging and was monitored by the increase in SYTOX Green positivity. Live-cell imaging was performed on an Axio Observer Z1 (Zeiss, Germany) equipped with a CSU-X1 spinning-disk head (Yokogawa) and AxioCam MRm (Zeiss), with a Plan-Apochromat 40X/1.4 oil immersion objective. Images were acquired every 10 min for 6 h. Alternatively, cells were fixed in 4% PFA, permeabilized with 0.2% Triton X-100, blocked with 5% BSA in PBS and stained for neutrophil elastase (Abcam, cat. Ab68672) with a Dylight 650-conjugated donkey anti-rabbit secondary antibody (Thermo-Fisher, cat. SA5-10041) and SYTOX Green. Data analysis and image reconstruction were performed with ImageJ (NIH).

Human blood neutrophil isolation

Neutrophils were isolated from healthy consenting donors obtained from the Belgian Red Cross as previously described (Desai et al, 2016). In short, fresh blood was gently mixed in equal volume with PBS containing 3% dextran (MP Biomedicals, cat. 101514) and left for 40 min to incubate at room temperature (RT). Light-orangish upper layer mixture was transferred to a fresh 50 ml falcon, followed by centrifugation on 1,500 rpm at RT for 5 min. The resulting cell pellet was resuspended in 30 ml PBS followed by the addition of 10-12 ml of Ficoll (GE healthcare, Cat. 17-1440-02) by putting a pipette at the bottom of the falcon and was allowed to settle. The mixture was centrifuged at 2,000 rpm at RT for 20 min without brakes. Next, PBMCs and Ficoll mixture were gently removed, and the cell pellet was resuspended in ice-cold 36 ml of water for 15-20 s before mixing 4 ml of 10X PBS. Cells were centrifuged at 1,800 rpm at 4°C for 5 min. The resulting neutrophils were resuspended in plain RPMI medium (without supplement).

Human neutrophil stimulation

Cells were seeded at a density of 3 × 10 5 cells/ml for cytokine analysis. All conditions were primed with 100 ng/ml of LPS for 2 h followed by the addition of VX-765 or blank medium in the last 30 min of priming. Cells were infected S. Typhimurium at indicated MOI for 1 h followed by the addition of gentamycin (10 lg/ml), and incubated for the indicated time periods. 

Statistics

Introduction

Regulated cell necrosis (RCNs) drives physiological and immune processes, yet dysregulation of this process promotes pathological responses such as organ-failure and sepsis [1-4]. Mechanistically, oxygen-dependent cell death is an evolutionary conserved process that involves the production of reactive oxygen species (ROS), transition metals (e.g. iron) and peroxidised lipid accumulation [5-8]. In addition to cell necrosis, lipid peroxidation broadly involves cellular processes essential to mediate optimal efferocytosis of dead cells, cellular communication resulting from the formation of lipids derived from peroxided phospholipids (e.g. isoprostanes, platelet activating factor) or the production of bioactive lipids (eicosanoids) from arachidonic acid [9,10]. In addition, the peroxidation of the mitochondrial phospholipid cardiolipin initiates apoptosis while the accumulation of peroxidised phosphatidyl ethanolamines (PE) promote the cellular necrosis, ferroptosis [11-17]. Specifically, the dysregulation of lipid peroxidation processes is associated with various human pathologies such as cancer chemoresistance, brain and ischemia injuries, neurological alterations, metabolic diseases as well as tuberculosis susceptibility [18-23]. In this context, the enzymes glutathione peroxidase 4 (GPX4) and ferroptosis-suppressor protein-1 (FSP1) that belongs to the CoQ antioxidant system, detoxify phospholipid hydroperoxide accumulation, hence allowing lipid peroxide amounts to be balanced in cells [5,11,12,14,24]. On the contrary, iron excess, lipoxygenase activity or cytochrome P450 oxidoreductase (CYPOR) all promote phospholipid peroxidation, which can end with ferroptosis induction in the absence of proper regulation [5,14-16,25,26]. In this regard, the bacterial pathogen Pseudomonas aeruginosa (P. aeruginosa) expresses ExoU, an A2 phospholipase from the patatin family, that triggers a necrosis-dependent pathology through a poorly understood pathway [27-36]. In presence of cellular co-factors such as ubiquitin [31] or the trafficking chaperone DNAJC5 [37], ExoU activity rapidly cleaves at the sn-2 position of host membrane phospholipids, liberating large amounts of arachidonic acid that are then metabolized into eicosanoids by cellular enzymes cyclooxygenases, cytochrome P450 or lipoxygenases [32,38-40]. Importantly, in vivo, ExoU expression by P. aeruginosa is associated with a robust production of oxidized lipids such the platelet activating factor (PAF) or isoprostanes [38,41]. In this context, we explored the possibility that P. aeruginosa ExoU mediates a necrosis-dependent host pathology involving lipid peroxidation.

Results

P. aeruginosa infection triggers ExoU-dependent alarmin and peroxidised lipid production in mice

P. aeruginosa ExoU is injected into cells by the Type-3 Secretion System (T3SS) [28,36], which triggers a fast and violent cellular necrosis. Therefore, we first monitored the profile of ExoUdependent pathology in mice infected with the clinical isolate PP34 exoU + or its isogenic mutant (exoU -). Similar to previous studies [27,29,42,43], intranasal instillation with either exoU + or exoU -strains highlighted a P. aeruginosa-induced acute pathology mainly due to ExoU, as mice infected with exoU -bacteria showed improved survival to infection (Fig 1A). This observation was paralleled with lower bacterial loads of P. aeruginosa exoU -than exoU + in the bronchoalveaolar lavage fluids (BALFs), the lungs, the blood and the spleen, suggesting that ExoU also promotes bacterial dissemination (Fig 1B). As P. aeruginosa triggers NLRC4-, NLRP3-and Caspase-11-dependent inflammasome response [42,44,45-52,53], we infected inflammasome-deficient mice (Casp1/Casp11 -/-, Nlrc4 -/-and GasderminD -/-) and observed that those mice were not protected against P. aeruginosa exoU + , hence suggesting that ExoUpromoted mouse pathology occurs independently from the inflammasome machineries (S1A and S1B Fig) . A hallmark of host cell necrosis is the release of intracellular mediators such as alarmins that contribute to the initiation and the development of an inflammatory reaction, which occurs upon P. aeruginosa infection [42,54]. Therefore, we primarily focused our analysis on alarmin release. We observed a strong ExoU-dependent alarmin production in BALFs 6 h after infection, such as IL-1 family alarmins IL1α, IL-33 or IL-36γ [55] (Fig 1C). In addition, we also detected that exoU-expressing P. aeruginosa triggered a strong production of phospholipid-and arachidonic acid (aa)-derived mediators such as prostaglandin E2 and leukotriene B4, which correlates with the robust phospholipase activity of ExoU (Fig 1D) [38-40]. Importantly, BALFs of mice infected with exoU-expressing P. aeruginosa also exhibited a marked presence of oxidized lipid (by)-products such as isoprostanes (8-iso PGF2α) or Malondialdehyde (MDA), which suggests that exoU-expressing P. aeruginosa also drives an exacerbated lipid oxidation response in mice (Fig 1E) [41,56].

Lipid peroxidation contributes to ExoU-induced cell necrosis and P. aeruginosa escape from phagocyte-mediated killing

The observation that exoU-expressing P. aeruginosa infection associates to a lipid peroxidation signature in vivo, encouraged us to determine the importance of lipid peroxidation on ExoUinduced cellular necrosis. As P. aeruginosa strains that do not express ExoU can promote an NLRC4 inflammasome response in macrophages [50], we used mouse Bone-Marrow-Derived Macrophages (BMDMs) that lack Nlrc4 expression to specifically address the importance of lipid peroxidation on ExoU-dependent cell necrosis. We infected Nlrc4 -/-primary murine BMDMs with P. aeruginosa strains expressing or not expressing ExoU. The pharmacological inhibition of various regulated necrosis pathways (e.g. pyroptosis, necroptosis, apoptosis, parthanatos) showed that only ferrostatin-1, a potent and well characterized inhibitor of phospholipid peroxidation [57], repressed ExoU-dependent cell necrosis (Figs 2A and 2B and S2A and S1-S6 Movies). Ferrostatin-1 action was specific to lipid peroxidation-dependent cell necrosis as it also inhibited Cumene hydroperoxide-induced ferroptosis (CuOOH, 400μM) but not Flagellin-/LPS-induced pyroptosis or TCPA-1/Z-VAD/TNFα-dependent necroptosis (Fig 2B). In addition, ExoU-induced IL-1α and HMGB1 alarmin release in macrophages was reduced in presence of ferrostatin-1 whereas TNFα levels remained similar (Fig 2C), suggesting that lipid peroxidation contributes to alarmin release in response to ExoU. We noticed that ExoU-triggered ferrostatin-1-sensitive necrosis was not restricted to murine BMDMs as primary human macrophages, the human U937 monocytic cell line, human and murine neutrophils and eosinophils, the human bronchial epithelial (HBEs), A549 or HeLa epithelial cells were all sensitive to lipid peroxidation inhibition upon infection with exoU-expressing P. aeruginosa (S2A and S2B Fig) . ExoU exhibits a calcium-independent phospholipase A2-like activity [33]. Hence, we transfected recombinant ExoU protein (rExoU) or its enzymatically inactive mutant ExoU S142A [58] in WT BMDMs and monitored for cell necrosis. Only macrophages transfected with active ExoU underwent to cell death, a process that was inhibited by the use of ferrostatin-1 or the phospholipase inhibitor MAFP (S2C Fig) . In line, we found that ferrostatin-1 itself did not alter bacterial growth or ExoU secretion (S2D and S2E Fig) , suggesting that ferrostatin-1 does not directly alter bacterial physiology nor expression/secretion of ExoU. Upon phospholipase activation arachidonic acid release can be metabolized and oxidized by various cellular enzymes, including cyclooxygenases 1 and 2 (COX1, COX2), lipoxygenases (ALOX5 and ALOX12/15 in mice) or cytochrome p450 (CYPs) enzymes. Therefore, we transfected recombinant ExoU in WT, Alox5 -/-or Alox12/15 -/-BMDMs in presence or absence of various COX, CYP or different lipid peroxidation inhibitors (a-tocopherol, liproxstatin-1, Resveratrol, ferrostatin-1). Although we observed that all lipid peroxidation inhibitors have a strong inhibitory impact on cell death, cyclooxygenase, cytochrome P450 or lipoxygenase targeting did not interfere with ExoU-dependent cell necrosis, hence suggesting that those enzymes do not regulate lipid-peroxidation-dependent cell necrosis upon ExoU exposure (Fig 2D). Importantly, we also observed that ferrostatin-1 delayed ExoU-induced cell necrosis, suggesting either that the phospholipase activity of ExoU promotes lipid peroxidation-independent cell death or that the inhibitory effect of ferrostatin-1 is unstable over time (Fig 2E). Regarding this, the replenishment of P. aeruginosa-infected cells with fresh ferrostatin-1 each hour strongly improved cell viability, suggesting that the instability of Fe1 might also account in the delayed ExoU-induced cell necrosis we observed (S2F Fig) . Finally, we evaluated if the inhibition of lipid peroxidation would modulate macrophage and neutrophil microbicidal response upon exoU-expressing P. aeruginosa infection. We observed that ferrostatin-1 strongly improved both macrophage and neutrophil microbicidal activities to a level close to those observed in response to exoU-deficient P. aeruginosa (Fig 2F), hence suggesting that P. aeruginosa ExoU relies on lipid peroxidation-dependent cell necrosis to escape from phagocyte attack. Together, our results suggest that host cell lipid peroxidation is important for ExoUinduced host cell necrosis and release of alarmins.

Lipid peroxidation fuels ExoU phospholipase activity

Lipid-peroxidation requires reactive oxygen species (ROS), such as H 2 O 2 , that can oxidize various phospholipids [5]. Therefore, we evaluated the ability of ExoU to induce ROS-dependent lipid peroxidation in macrophages. Although we observed that, 30 minutes after transfection, ExoU but not its catalytically inactivated mutant ExoU S142A , triggered an acute ROS production in BMDMs, we surprisingly failed to detect a robust lipid peroxidation accumulation as measured by the C11 Bodipy probe (Figs 3A and S3A and S3B). As control, the well-known lipid peroxidation inducer Cumene hydroperoxide (CuOOH) promoted cellular lipid peroxidation (Fig 3A) [59]. In contrast, we observed that basal lipid peroxidation in cells was reduced upon ExoU transfection or PP34 infection, a process that was further strengthened in presence of ferrostatin-1 (Figs 3A andS3B).

These results suggest that, instead of promoting pathological lipid peroxidation, ExoU might actually use cellular lipid peroxidation to promote cell necrosis. To this regard, various host phospholipase A2 enzymes have been described to specifically cleave and remove peroxidised phospholipids from membranes [60-62]. To address this hypothesis, we performed a redox phospholipidomic approach to determine if ExoU could interfere with the endogenous levels of peroxidised phospholipids (Figs 3B andS3C). We used a 45 min time-point to perform our experiments, as a point where plasma membrane permeabilization (propidium uptake monitoring) is not observed. This design excludes the possibility that a decrease in peroxidised phospholipids is due to cell necrosis induced by ExoU (S3D Fig) . We observed that ExoU-treated macrophages had a decrease in peroxidised phospholipids as measured by the reduction in hydroperoxil (-OOH)-and hydroxyl (-OH)-phosphoinositols (PIs)/-phosphoserines (PSs) and-phosphocholines (PCs) with arachidonic acid (C20:4/C22:4) acid side chains (Figs 3B andS3C).

In cells, peroxidised phospholipids are detoxified by various factors, one of the most important being the ferroptosis regulator glutathione peroxidase 4 (GPX4) [5]. Consequently, the use of pro oxidant molecules or Gpx4 genetic inactivation both induce a strong accumulation of various peroxidised phospholipids in cell membranes [5]. Therefore, we hypothesized that prestimulation of macrophages with non-cytotoxic doses of the lipid peroxidation and ferroptosis inducer Cumene hydroperoxide (20μM, 1h) might sensitize cells to ExoU-induced cell necrosis. We transfected recombinant (r)ExoU in WT BMDMs in presence or absence of nontoxic doses of the pro-oxidant Cumen hydroperoxide (CuOOH, 20μM, 1h) [59]. Although CuOOH promoted lipid peroxidation but not BMDM cell death, rExoU transfection specifically induced an increased cell necrosis in CuOOH-primed BMDMs, a process that was inhibited by the use of ferrostatin-1 (Fig 3C and3D). In agreement with this result, we measured a strong decrease in lipid peroxidation in CuOOH-primed cells transfected with rExoU (Fig 3C and3D), confirming that ExoU efficiently targeted lipid peroxides induced by CuOOH. In addition, microscopy observations of CuOOH-primed cells highlighted a decrease of peroxidized lipids at the plasma membrane upon infection by ExoU-expressing strain of P. aeruginosa (PP34), suggesting that ExoU mostly target plasma membrane peroxidized phospholipids to promote cell necrosis (Fig 3E). The enzyme cytochrome p450 oxidoreductase (CYPOR) has recently been found to be an important provider of peroxidized phospholipids upon ferroptosis induction; we hypothesized that ExoU function might be regulated by CYPOR-regulated phospholipid peroxidation. We acquired Cypor-deficient HeLa cells but also generated Cypor -/-immortalized (i)BMDMs using CRISPR (S3E Fig) and evaluated the importance of CYPOR on ExoU-driven cell necrosis. PP34 infection of WT and Cypor -/-immortalized BMDMs triggered similar cell deaths, suggesting that in resting cells, CYPOR does not promote the basal lipid peroxidation involved in ExoU-dependent cell necrosis (Fig 3G and3H). However, in CuOOH-primed macrophages, where phospholipid peroxidation is induced, we observed that CYPOR was a major contributor of phospholipid peroxidation (S3F Fig) . This was associated to enhanced ability of PP34 to trigger cell necrosis in CuOOH-primed WT but not in Cypor -/-iBMDMs and HeLa cells (Fig 3G and3H), which suggests that CYPORinduced lipid peroxidation heightens ExoU-dependent toxicity. However, in resting cells, basal lipid peroxidation appears to be regulated by other processes/enzymes. Finally, using Crispr-Cas9, we generated Gpx4 -/-immortalized BMDMs (S3G Fig) . As previously observed by others in other cell lines [16,24], Gpx4 -/-immortalized BMDMs exhibited increased basal levels of peroxidised lipids (S3H Fig) . Therefore, rExoU transfection triggered faster cell death of Gpx4 -/-macrophages than their WT counterpart, suggesting that lipid peroxidation of cells enhances ExoU-dependent toxicity (Figs 3H andS3G andS3H).

Upon phospholipid peroxidation, arachidonic acid-containing phospholipids form isoprostanes that are potent intra-and extra-cellular inflammatory mediators [9,10]. Once formed, these isoprostanes are released from phospholipids by the action of phospholipases [9,10]. Therefore, we reasoned that if ExoU targets peroxidised phospholipids, this would promote ExoU phospholipase-dependent release of endogenous pre-formed isoprostanes. Accordingly, the release of the 8-PGF2α isoprostane was specifically induced by ExoU in WT macrophages, a process that was further amplified by the co treatment of cells with non-toxic concentrations of Cumen hydroperoxide (CuOOH 20μM, 1 h) and ExoU (S3I Fig) . Of importance, ferrostatin-1 strongly inhibited ExoU-and ExoU/CuOOH-induced 8-PGF2α release (S3I Fig) . In addition, we also detected that in CuOOH-primed macrophages, the amount of arachidonic acid-derived eicosanoids leukotriene B4 and prostaglandin E2, which are an indirect indication of the phospholipase activity of ExoU, were also strongly increased after the exposure to ExoU, hence suggesting that ExoU-targeted peroxidised phospholipids might increase its phospholipase activity toward all phospholipids (peroxidized or not) (S3J Fig) . Consequently, we measured the phospholipase activity of ExoU in cell lysates where we chemically induced non-lethal lipid peroxidation with Cumene hydroperoxide (CuOOH, 20μM) for 1 h or not. We observed that in CuOOH-primed cell lysates, ExoU exhibited a stronger activity than in unprimed samples after 4 h of incubation (Fig 3I). Importantly, after 18 h incubation, we observed the same accumulation of hydrolysed substrate in CuOOH-primed and unprimed samples, which suggests that lipid peroxidation exacerbates the early activation of ExoU (Fig 3I). As control, ExoU S142A -treated cell lysates did not show a significant phospholipase activity induction, suggesting that we mostly measured the PLA2 activity from ExoU, but not from cellular phospholipases (Fig 3I). Finally, we aimed at challenging our findings by determining if other toxic phospholipases also had a similar activation pattern to ExoU. Hence, we transfected macrophages with the closely related patatin-like phospholipase A2 from Burkholderia thailandensis (ExoU BtU ) [31]. We observed that recombinant ExoU BtU transfection induced BMDMs necrosis, a process that was exacerbated by CuOOH priming and inhibited by the use of ferrostatin-1, suggesting that ExoU BtU also follows a pattern involving host cell lipid peroxidation (Fig 3J). Altogether, our results suggest a surprising mechanism by which ExoU exploits cellular lipid peroxidation to trigger necrosis, a process that can be extended to the action of B. thailandensis ExoU BtU -related phospholipase.

Ferrostatin-1 improves mouse resistance to infection by exoU-expressing P. aeruginosa

ExoU-induced necrosis promotes host lung pathology, which leads to a sepsis like response as well as respiratory failure syndrome. Therefore, we hypothesized that ferrostatin-1 use could activity determination in WT BMDM lysates pre-treated or not with CuOOH (20μM, 1hour). 100 pmols of ExoU were used and phospholipase hydrolysis rate (nmoles of substrate hydrolysed/nmole of ExoU) was measured after 4 h and 16 hours. ��� p � 0.001, T-test with Bonferroni correction. (J) Measure of LDH release in WT BMDMs primed or not with CuOOH (20μM, 1hour) in presence or absence of ferrostatin-1 (20μM) and transfected for 3 hours with 5μg of rExoU BtU or 500ng rExoU. ��� p � 0.001, T-test with Bonferroni correction. Data information: Data are plotted as means+/-SEM (D, F-J) from n = 3 independent pooled experiments; ��� P � 0.001 for the indicated comparisons using t-test with Bonferroni correction. https://doi.org/10.1371/journal.ppat.1009927.g003 protect mice against exoU-expressing P. aeruginosa. Intranasal infection of mice using P. aeruginosa exoU + showed that mice intraperitoneally pre-treated with ferrostatin-1 (6 h before infection, 6mg.k -1 ) had diminished bacterial loads in BALFs, lungs and spleen. Ferrostatin-1 pre-treatment did not significantly modify bacterial loads of exoU-deficient bacteria, suggesting that ferrostatin-1 mainly modulates ExoU-dependent processes in mice (Fig 4A). Similarly, ferrostatin-1 also attenuated ExoU-dependent alarmin release (e.g. IL-36γ, IL33, IL1α) and the level of oxidized lipids (isoprostanes, MDA) in the BALs (Fig 4B and4C). Additionally, evaluation of the cellular contents in BALFs showed that ferrostatin-1 significantly protected a pool of alveolar macrophage upon P. aeruginosa challenge simultaneously decreasing the number of recruited neutrophils, eosinophils and monocytes (Figs 4D andS4A). Although a pathological function of recruited immune cells such as neutrophils is probable, we hypothesize that ferrostatin-1-inhibited resident alveolar macrophage death in response to exoUexpressing P. aeruginosa might confer an improved immune protection characterized by lower immune cell recruitment and lower tissue damages. Regarding this, lung histological observations showed that the inflammatory status of mice infected with non-lethal doses of ExoUexpressing P. aeruginosa (1.10 5 CFUs) was improved in presence of ferrostatin-1 (Fig 4E). Next, we addressed survival upon ExoU-expressing P. aeruginosa challenge. We observed that ferrostatin-1-treated mice (4-6 h before infection, 6mg.k -1 ) had an improved survival rate than those treated with PBS after 40 h after infection (Fig 4F). We validated that ferrostatin-1 specifically protected mice against ExoU-induced pathology as ferrostatin-1-treated mice did not show enhanced protection (survival) against ExoU-deficient P. aeruginosa (Fig 4F).

Finally, we aimed to evaluate if P. aeruginosa ExoU would trigger pathological lipid peroxidation-dependent cell necrosis in human bronchial organoids. Organoids were derived from normal lung tissue adjacent to tumors obtained from patients undergoing lung resection due to non-small cell lung carcinoma (NSCLC). Live cell imaging of organoids microinjected with P. aeruginosa showed that ExoU triggered complete organoid collapse (Fig 4G and S7-S12 Movies). Importantly, ferrostatin-1 strongly attenuated P. aeruginosa-dependent organoid damages (Fig 4G and S7-S12 Movies). Altogether, our results identified that P. aeruginosa ExoU phospholipase benefits from lipid peroxidation to trigger pathology both in mice and in human bronchial organoids.

Discussion

As a preferential extracellular pathogen, P. aeruginosa uses its Type 3-Secretion System (T3SS) to inject virulence factors (Exo S, T, Y and U), allowing bacterial escape from phagocytic uptake and killing. Although exoS-expressing P. aeruginosa strains associate to the development of chronic infections, exoU-expressing P. aeruginosa triggers acute deadly infections that associate with a strong oxidative imbalance. In this study, we describe that endogenous basal lipid peroxidation contributes to ExoU-dependent cellular toxicity and mouse pathology. Though we do not exclude that in vivo, lipid peroxidation might play various pathological roles that go beyond the sole regulation of cell necrosis, such processes appear to be linked to ExoU expression. In this context, previous studies showed that ExoU promotes production of the platelet-activating factor or the 8-PGF2α isoprostane, two oxidized lipids [41]. In addition, ExoU directly promotes a strong release of arachidonic acid from phospholipids. Enzymes such as cytochrome P450/COXs/LOXs can enzymatically produce oxygenated arachidonic products such as prostaglandin E2/leukotriene B4 involved in pathological signalling pathways upon P. aeruginosa infection [38,40,63]. However, results from others and ours mostly suggest that, taken individually, those enzymes only play a negligible role in ExoU-induced cell necrosis [38,40,63]. Regarding the central cell types involved in ExoU-induced pathology, previous studies identified macrophages and neutrophils as central targets of ExoU injection by P. aeruginosa. Therefore, future studies will be of importance to determine if the respective contribution of each cell type in pathology induced by ExoU-exploited lipid peroxidation. Regarding this, our in vivo observations that targeting lipid peroxidation confers some protection of mice against ExoU-dependent pathology is to put in the light of a decrease in some eicosanoid production such as LTB4 and PGE2, two important modulators of ExoU-driven pathology [38,40,63]. Therefore, the use of Alox5 -/-or Cox -/-mice, unable to generate LTB4 or various prostaglandins respectively, will also help to determine the respective importance of eicosanoid burst or cell necrosis upon lipid peroxidation-driven ExoU activity.

Although controlled phospholipid peroxidation is of importance for the cells to perform various processes such as efferocytosis through the engagement of peroxidised-PS, mitochondriadependent apoptosis through cardiolipin peroxidation, signal transduction through peroxidised PC-derived lipids, unrestricted accumulation of peroxidised PEs drives ferroptosis [9,10,64]. A question in both basal lipid peroxidation and ferroptosis-induced lipid peroxidation lies on the compartment phospholipid peroxidation occurs. Peroxisiomes are key at providing ether-phospholipids that will be peroxidised upon ferroptosis induction, the Endoplasmic reticulum is also a central regulator of phospholipid turn over and plasma membrane constitutes the probable location of lipid peroxidation-driven cell lysis upon ferroptosis induction [16,65,66]. Our observations also suggest that although lipid peroxidation can occur in various cellular compartments, ExoU-induced cell necrosis mostly arises from plasma membrane cleaved peroxidized phospholipids. Yet, this does not exclude at all that phospholipid peroxidation could occur in other intracellular organelles, including the endoplasmic reticulum.

Ferroptosis is thought to be a constitutively activated form of cell death that is kept under control through the activity of endogenous regulators of lipid peroxidation such as GPX4, FSP1-mediated coQ10 production, α-tocopherol (vitamin E). In addition, the host cellular calcium (Ca 2+ )-independent PLA2γ, the peroriredoxin Prdx6 PLA2 or the PLA2G6 (Ca 2+ -independent PLA2β) can cleave and remove preferentially peroxidised phospholipids, hence contributing to phospholipid peroxide detoxification [61,62,67-71]. It is important to notice that both the iPLA2beta and iPLA2g belong to the patatin-like phospholipase family, as ExoU, which suggests that this family of phospholipases might have some conserved affinities to peroxidzed phospholipids [72]. The activity of those phospholipases is tightly regulated by various cellular systems (e.g. ROS levels, calcium fluxes, phospholipid composition) that ensure an optimal but not dysregulated phospholipid cleavage [71]. To this regard, our findings that cellular phospholipid peroxidation is a strong enhancer of ExoU-induced pathological necrosis appears in first view counter intuitive. In this context, we envision that, as a virulence factor, ExoU activity does not follow host regulation and uses host peroxided phospholipids to boost its patatin-like A2 phospholipase activity allowing to aberrantly target and cleave host (peroxidised) phospholipids. Consequently, the use of lipid peroxidation inhibitors such as resveratrol, liproxstatin-1 or ferrostatin-1 attenuates the potency and the speed of ExoU-induced cell necrosis. This offers a key time window for macrophage and neutrophil-mediated bacterial uptake and killing. Although, the identification of cellular enzymatic systems that promote basal lipid peroxidation remains to be explored and characterized, lipid peroxidation accumulation upon Gpx4 removal or oxidant stress enhances ExoU-induced cellular necrosis. It is intriguing that endogenous peroxidised phospholipids favour ExoU-induced cell necrosis, suggesting that ExoU-expressing strains of P. aeruginosa take advantage of the host ferroptosis pathways to maximally damage host tissues. Hence, oxidant-activated cytochrome P450 oxidoreductase CYPOR, a crucial regulator of ferroptosis, strongly enhanced ExoU-dependent cell necrosis, which suggests a important link between ferroptosis-regulated pathways and ExoU activity. Should other regulators of ferroptosis such as ACSL and LPCAT acyl transferases on ExoU-dependent toxicity warrants further investigations [15].

Phospholipases are also present in venoms or various microbial pathogens (e.g. M. tuberculosis, L. monocytogenes, S. pyogenes) and can also promote fast cell necrosis [73-75]. Conversely, we extended our findings to the ExoU closely related ExoU BtU phospholipase from B. thailandensis. Remarkably, snake, scorpion or spider venoms are a complex mixture of various components, including the L-amino acid oxidase, able to generate H 2 O 2 -driven lipid peroxidation, and secreted phospholipases able to cleave phospholipids [73]. In this context, it is tempting to speculate that venoms have all components necessary to mediate cell damage in a complex single-injection mixture. L-amino acid oxidase-induced lipid peroxidation might work with venom PLA2 to optimize phospholipid cleavage and subsequent cell necrosis. Related to this, Sevanian and colleagues made pioneer observations that the PLA2 activity from the snake Crotalus adamanteus is exacerbated in contact of liposomes constituted of peroxidised phospholipids, a process that is thought to be due to the better accessibility of the sn2-peroxidized fatty acid to phospholipase [70]. Whether ExoU and its relatives follow a similar pathway of activation will be studied in future studies.

In a broader point of view, it is interesting to note that phospholipases can promote allergic shock associated with a strong release of the allergic alarmin interleukin-33 [76], a signature we also observed in mice infected with ExoU-expressing P. aeruginosa. Should lipid peroxidation be involved in IL33-driven allergy or asthma in response to phospholipases or other allergens (e.g. proteases) [77] will require additional study.

Understanding the mechanisms of regulated cell necrosis and their physio-pathological consequences is currently driving intensive research and debates. While the importance of lipid peroxidation in antigen presentation, anti-cancer treatments or in exacerbating neurodegenerative diseases becomes more and more clear, its function in infectious diseases remains less studied. Regarding this, Dar et al., recently described that, upon chronic infection, secreted P. aeruginosa lipoxygenase (loxA) could sensitize cells to lipid peroxidation-induced ferroptosis [22]. In addition, Kain and colleagues recently linked regulation of host lipid peroxidation and ferroptosis to restriction of liver-stage malaria, which suggests that host peroxidised phospholipids might play yet unsuspected functions in immunity or susceptibility to various pathogens [78]. Thus, our findings that the bacterial patatin-like phospholipase A2 ExoU contributes to pathology by exploiting target cell lipid peroxidation adds an additional piece of significance for the role of lipid peroxidation in infectious diseases but also offers novel insights to target host lipid peroxidation pathways in the frame of infectious diseases (S1 Graphical Abstract).

Material and method

Ethics statements

The use of human cells was performed under the agreement of the Research Ethical Committee, Haute-Garonne, France. Buffy coats came anonymously by the EFS (e ´tablissement franc ¸ais du sang, Toulouse, France). For each donor, a written informed consent was obtained according to the EFS contract agreement n˚21PLER2017-0035AV02, according, to "Decret N˚2007-1220 (articles L1243-4, R1243-61)".

Animal experiments were approved by local (CE01 committee) and national ethic committees (License APAFIS#8521-2017041008135771, Minister of Research, France) and performed according to local guidelines (French ethical laws) and the European Union animal protection directive (Directive 2010/63/EU).

Mice

Nlrc4 -/-, Casp1 -/-Casp11 -/-, GsdmD -/-, ALOX12/15 -/-and ALOX5 -/-mice were generated and described in previous studies [79-82]. Mice were bred at the IPBS (Toulouse, France) animal facilities in agreement to the EU and French directives on animal welfare (Directive 2010/63/ EU). Charles Rivers provided WT C57BL/6 mice.

Animal infection models

6-10 mice/group were intranasally infected with 5.10 5 Colony Forming Units (CFUs) of P. aeruginosa PP34 strain (ExoU + ) or its isogenic mutant (ExoU -) and animal survival was followed over 40-50 hours after infection. When specified, mice were intraperitoneally treated with 100μL of PBS or ferrostatin-1 (6mg.k -1 ) 4-6 hours before intranasal infections with bacterial strains.

Regarding bacterial loads assays, 6-10 mice/group were intranasally infected with 2.10 5 bacteria for 24 hours, and Bronchoalveaolar (BALs), lung spleen and blood bacterial numbers were evaluated using CFU plating. BAL fluids (BALFs) were also used to address cytokine, alarmin and lipid levels using ELISA, EIA and colorimetric kits. There were no randomization or blinding performed.

Histological experiments and scoring

Mice were intraperitoneally treated with 100μL of PBS or ferrostatin-1 (6mg.k -1 ) 4-6 hours before intranasal infections with sub-lethal doses (2.10 5 CFUs) of exoU-expressing P. aeruginosa. 6 hours later, lung tissues were fixed for 48 h in 10% buffered formalin, washed 3 times in ethanol 70% and embedded in paraffin. 5 μm sections were stained with hematoxylin and eosin (HE). Histopathological scoring from 0 to 3 were attributed based on the severity of peribronchial, perivascular, and interstitial cell infiltration, resulting in a maximum score of 9.

Bacterial cultures

P. aeruginosa (PP34, PA103, CHA, PAO1, PA14) bacteria and their isogenic mutants were grown overnight in Luria Broth (LB) medium at 37˚C with aeration and constant agitation in the presence or absence of EGTA (10mM) to ensure T3SS expression. Bacteria were sub-cultured the next day by dilution overnight culture 1/50 and grew until reaching an optical density (OD) O.D600 of 0.6-1. Bacterial strains and their mutants are listed in Table 1.

Bone Marrow-derived Macrophage (BMDMs), Eosinophil (BMDEs) or Neutrophil (BMDNs) isolation and culture

Murine Bone Marrow-Derived Macrophages (BMDMs) from bone marrow progenitors were differentiated in DMEM (Invitrogen) supplemented with 10% v/v FCS (Thermo Fisher Scientific), 10% v/v MCSF (L929 cell supernatant), 10 mM HEPES (Invitrogen), and nonessential amino acids (Invitrogen) for 7 days as previously described [85].

Murine Bone Marrow-Derived Eosinophils were differentiated in-vitro from bone marrow as previously described [86]. cells were resuspendent and cultured at 10 6 /mL in RPMI glutamax medium with HEPES containing 20% FBS, 100 IU/ml penicillin and 10 μg/ml streptomycin, 1 mM sodium pyruvate (Life Technologies), and 50 μM 2-ME (Sigma-Aldrich) supplemented with 100 ng/ml stem cell factor (SCF; PeproTech) and 100 ng/ml FLT3 ligand (FLT3-L; PeproTech) from days 0 to 4. On day 4, the medium containing SCF and FLT3-L was replaced with medium containing 10 ng/ml recombinant mouse (rm) IL-5 (R&D Systems) only. Medium was replaced every 4 days and the concentration of the cells was adjusted each time to106/ml. After 10 to 14 days of culture, cells were recovered by gentle pipetting and used as Eosinophils in our experiments. Over 95% of cells had the standard phenotype of Eosinophils: CD11b+ Siglec F + after FACS analysis. GsdmD-/-C57Bl6 mice P.Broz [82] Human Bronchial organoids This sudy [83,84] Oligonucleotides (Continued )

Murine Bone Marrow-derived Neutrophils were isolated and purified from fresh bone marrows using Anti-Ly-6G micro bead kit (Miltenyi Biotec). Analysis of cell purity by FACS show that over 95% of cells had the standard phenotype of Neutrophils Ly6G+/Ly6C+.

2.5x10 5 BMDMs or 1.10 6 BMDEs/BMDNs were seeded in 24 well-plates and infected or exposed to various treatments. Regarding ferroptosis experiments, BMDMs were infected with various bacterial strains of P. aeruginosa expressing or not exoU at an MOI 0.1-1 for various times. When specified, recombinant microbial phospholipases (10ng-1μg) were transfected in BMDMs using Fugene (3μl per 1μg of transfected protein) for 2-4 hours. Compound-induced ferroptosis was achieved using RSL-3 (10μM, 8H) or Cumene hydroperoxide (CuOOH, 500μM, 3H).

When required, BMDMs were pretreated for 2 hours with pharmacological inhibitors necrostatin-1s (40μM), Z-VAD (40μM), olaparib (10μM), ferrostatin-1 (1-40μM), MAFP (50μM), liproxstatin (30μM), a-tocopherol (20μM).

For all stimulations, cell culture medium was replaced by serum-free and antibiotic-free Opti-MEM medium and triggers were added to the cells for various times.

Cell line culture

Immortalized murine bone-marrow derived macrophages have been described previously [85]. U937 cells were cultured in RPMI glutamax medium containing 10% FBS, 100 IU/ml penicillin and 10 μg/ml streptomycin, 1 mM sodium pyruvate (Life Technologies), and 50 μM 2-ME (Sigma-Aldrich). Medium was renewed every 3 days and the concentration of the cells was adjusted each time to 5x10 5 /ml. A549, HeLa and HBE cells were cultured in DMEM glutamax medium with HEPES containing 10% FBS, 100 IU/ml penicillin and 10 μg/ml streptomycin, 1 mM sodium pyruvate (Life Technologies). When the cells reach approximately 90% confluency, cells are detached with Trypsin 0.05% (Gibco), cell suspension is diluted 1/10 in fresh medium, and placed back in the incubator for culture. 

Purification and generation of human blood neutrophils and monocytederived Macrophages

Monocytes were isolated from Peripheral Blood Mononuclear Cells (PBMCs) from the buffy coat of healthy donors obtained from the EFS Toulouse Purpan (France) as described previously [87]. Briefly, PBMCs were isolated by centrifugation using standard Ficoll-Paque density (GE Healthcare) [85]. The blood was diluted 1:1 in phosphate-buffered saline (PBS) prewarmed to 37˚C and carefully layered over the Ficoll-Paque gradient. The tubes were centrifuged for 25 min at 2000 rpm, at 20˚C. The cell interface layer was harvested carefully, and the cells were washed twice in PBS (for 10 min at 1200 rpm followed by 10 min at 800 rpm) and re-suspended in RPMI-1640 supplemented with 10% of foetal calf serum (FCS), 1% penicillin (100 IU/mL) and streptomycin (100 μg/ml). Monocytes were separated from lymphocytes by positive selection using CD14+ isolation kit (Myltenyi biotec). To allow differentiation into monocyte-derived macrophages, cells were cultured in RPMI medium (GIBCO) supplemented with 10% FCS (Invitrogen), 100 IU/ml penicillin, 100μg/ml streptomycin, 10 ng/ml M-CSF for 7 days. Human blood neutrophils were isolated from whole blood of healthy donors obtained from the EFS Toulouse Purpan (France). Neutrophils were enriched using MACSxpress Whole Blood Neutrophil Isolation Kit whole blood neutrophil isolation kit (Myltenyi biotec) according to manufacturer instructions. Red blood cells (RBC) were removed by 10 min incubation in RBC Lysis Buffer (BioLegend).

Genetic invalidation of Gpx4 and Cypor genes in immortalized BMDMs

Targeted genes were knocked-out using the crispr/cas9 system in immortalized BMDMs. Single guide RNAs (sgRNA) specifically targeting Gpx4 exon1 (for 5' GGACGCTGCAGA-CAGCGCGG 3' Cypor exon2 (for 5' AGTGTCTCTATTCAGCACAA 3' were designed using Benchling tool (Benchling.com), and oligonucleotides were synthesized by Sigma-Aldrich. Crispr guide RNA oligonucleotides were hybridized and subsequently cloned into the vector Lenti-gRNA-Puromycin using BsmBI restriction enzyme (Addgene 52963, Feng Zhang lab). Generated constructs were then transfected in lipofectamine 2000 into HEK293T for 48 hours together with the lentiviral packaging vector p8.91 (Didier Trono lab, EPFL, Switzerland) and the envelop coding VSVg plasmid (pMD.2G, Addgene 12259, Didier Trono lab). Viral supernatants were harvested, filtered on 0.45 μm filter and used to infect cells expressing Cas9 (1,000,000 cells/well in 6-well plates. Efficient infection viral particles was ensured by centrifugating cells for 2 h at 2900 rpm at 32˚C in presence of 8μg/ml polybrene. 48 h later, medium was replaced and Puromycin selection (10μg/mL) was applied to select positive clones for two weeks. Puromycin-resistant cells were sorted at the single cell level by FACS (Aria cell sorter). Individual clones were subjected to western blotting to confirm the absence of targeted proteins.

Human bronchial organoid production and maintenance

Airway organoids were derived from lung biopsies as described [83,84]. Briefly, Human lung tissue was provided by the CHU of Toulouse under the CNRS approved protocols CHU 19 244 C and CNRS 205782. All patients participating in this study consented to scientific use of their material. Biopsies (1 mm3) of normal lung tissue adjacent to the tumor obtained from patients who underwent lung resection due to Non-small cell lung carcinoma (NSCLC) were minced and digested with 2 mg ml-1 collagenase (Sigma) on an orbital shaker at 37˚C for 1h. The digested tissue suspension was sheared using flamed glass Pasteur pipettes and strained over a 100-μm cell strainer (Falcon). The resultant single cell suspensions were embedded in 10 mg ml-1 of Cultrex growth factor reduced BME type 2 (R & D Systems) and 40μl drops were seeded on Nunclon Delta surface 24-well plates (Thermo Scientific). Following polymerization, 500 μl of Advanced DMEM/F12 (Invitrogen) supplemented with 1x L-Glutamine (Fisher Scientific), 10mM Hepes (Fisher Scientific), 100 U ml-1 / 100 μg ml-1 Penicillin / Streptomycin (Fisher Scientific), 50 μg ml-1 Primocin (InvivoGen), 10% Noggin (homemade), 10% RspoI (homemade), 1x B27 (Gibco), 1.25mM N-Acetylcysteine (Sigma-Aldrich), 10mM Nicotinamide (Sigma-Aldrich), 5μM Y-27632 (Cayman Chemical), 500nM A83-01 (Tocris Bioscience), 1μM SB 202190 (Sigma-Aldrich), 25 ng ml-1 FGF-7 (PeproTech), 100 ng ml-1 FGF-10 (PeproTech) was added to each well and plates transferred to humidified incubator at 37˚C with 5% CO2. The organoids were passaged every 4 weeks.

Organoid infections

Before infection, 35μl drops of Matrigel (Fisher Scientific) containing organoids were seeded on Nunclon Delta surface 35x10mm Dish (Thermo Scientific) and 2ml of Advanced DMEM/ F12 supplemented with 1x L-Glutamine and 10mM Hepes was added to each plate. Depending on the indicated conditions, organoids were pretreated or no with 40μM Ferrostatin-1 for 1hr before infection. Ferrostatin-1 was maintained throughout the experiment. PP34 exoU or exoU S142A were grown as previously described until reach OD600 = 1. Bacterial density was adjusted to OD600 = 0.0005, and phenol red added at 0.005% to visualize successful microinjection (2). Injected organoids were individually collected and re-seeded into fresh matrix for subsequent analysis. For time-lapse imaging, injected and stimulated organoids were stained with 50 μg ml-1 Propidium Iodide (Thermo Scientific). Images were acquired every 15 minutes for the duration of experiments under an EVOS M7000 (Thermo Scientific) Imaging System (10x, at 37˚C with 5% CO2). Data was analyzed using Fiji/ImageJ.

Cell necrosis, alarmin/cytokine and lipid release assays

LDH Cytotoxicity Detection Kit (Takara) was used to determine the percentage of cell lysis. Normalization of spontaneous lysis was calculated as follows: (LDH infected-LDH uninfected)/(LDH total lysis-LDH uninfected) � 100.

Murine Il-1α, IL-33, IL-36α, IL-36γ, HMGB1, TNFα, cytokine levels in cell supernatants or in BALFs were measured by ELISA listed in resource Table 1.

Oxidized lipids isoprostanes, eicosanoids PGE2 and LTB4 were detected in cellular supernatants or BALFs using EIA kits listed in resource Table 1.

Plasma membrane permeabilization assays

Cells are plated at density of 1 x 10 5 per well in 96-well Plates or at 2x10 5 /well in 24-well plates (Corning 356640) in complete culture medium. The following day, medium is replaced by Opti-MEM supplemented with Propidium iodide (100 ng/ml) or SYTOX green (100ng/mL). Pharmacological inhibitors are added 1h before infection. Red (Propidium Iodide) or green (SYTOX) fluorescence are measured in real-time using Clariostar plate reader or an EVOS7000 microscope, both equipped with a 37˚C cell incubator.

Malondialdehyde (MDA) assays

Malondialdehyde production was addressed using the MDA lipid peroxidation kit according to the manufacturer's instructions (Abcam, ab118970). Cells were lysed using 500 μl of lysis buffer supplemented with butylated hydroxytoulene. Cell lysates were centrifuged for 10 min at 13,000 g (RCF) and the supernatants were used for MDA assay. TBA solution was added to each replicate, and samples were then incubated at 95˚C for 1 hour. 100μL of each sample was then processed for fluorometric assay at Ex/Em = 532/553 nm. BAL levels of MDA were normalized to the total protein concentration.

Recombinant protein production

Plasmids coding for exoU BtU , exoU or exoU S142A were a kind gift from Dara W. Frank's lab. All recombinant proteins were expressed in BL21(DE3) pLysS strain in LB medium, according to Anderson DM et al. [31]. Proteins fused with an N-terminus hexahistidine-tag were purified as previously described with slight modifications. Briefly, after cell harvest, bacteria were lysed by sonication under ice and recombinant proteins were purified by nickel metal affinity chromatography (Takara). After sample concentration, Superose 6 was exchanged for a Superdex 200 size exclusion column (GE Healthcare) as a final purification step. Samples were either used fresh or keep at -80˚C for long-term storage. ExoU and ExoUS142A activities were validated on cellular lysates (Fig 3I) based on the advices and experience of our collaborator [37].

Cytometry quantification of immune cells in mice BAL fluids (BALFs)

C57BL/6 mice received an injection of Ferrostatine (6mg/kg) or PBS as control intraperitoneally. 4-6h after, mice were infected by intranasal instillation of 50 μL of PBS containing or not 5x10 6 bacteria (PP34) in presence or absence of Ferrostatin-1 (6mg /kg). 18h after infection, BALFs were collected and quality/quantity of immune cells content was assayed by flow cytometry. Briefly, cells were pelleted (1000 rpm, 5 minutes), Red blood cells (RBC) were removed by 10 min incubation in RBC Lysis Buffer (BioLegend), monocytes, macrophages, neutrophils, and eosinophils were subsequently stained with a cocktail of fluorochrome-conjugated antibodies detailed in the "Material and Method" section. Cells were then fixed in 4% PFA before fluorescence associated cell sorting (FACS) analysis using a LSRII instrument. AccuCheck Counting Beads (ThermoFisher) were used to determine absolute cell number. Data analysis and processing were performed using FlowJO software.

Lipid peroxidation or ROS production

To measure lipid peroxidation or ROS production, cells were first washed with PBS 1X, and then incubated with either C11-BODIPY(581/591) (ThermoFisher) at 2 μM, or H2DCFDA (Thermo-Fisher) at 10 μM in Opti-MEM medium for 30 min at 37˚C. After three washes with PBS 1X cells are resuspended in Opti-MEM medium and infected/treated in presence or absence of pharmacological inhibitors. After 1-3h of infection, cells are washed with PBS, detached in MACS buffer (PBS-BSA 0,5%-EDTA 2mM) and samples were acquired within one hour using a flow cytometer (BD FORTESSA LSR II or a FACS Calibur). Data were analysed with FlowJO software (version 10). When specified, adherent cells loaded with Bodipy probes where infected at indicated MOIs of P. aeruginosa and lipid peroxidation is observed using an EVOS7000 microscope. For live imaging, the GFP brightness threshold was kept equal for all the independent experiments. Mean fluorescence intensity (MFI) was analyzed using Fiji/ImageJ.

Immunoblotting

Cell lysate generation has been described previously [85]. Briefly, proteins were loaded in 12% SDS-PAGE gels and then transferred on PVDF membranes. After saturation for 1 hour in Tris-buffered saline (TBS) supplemented with 0.05% Tween 20 containing 5% non-fat milk (pH8), membranes were exposed with antibodies at 4˚C overnight (Table 1). Next day, membranes were washed 3 times in TBS 0.1% Tween 20 and incubated with the corresponding secondary antibodies conjugated to horseradish peroxidase (HRP) (Table 1) for 1h at room temperature. Immunoblottings were revealed using a chemiluminescent substrate ECL substrate (Biorad) and images were acquired on a ChemiDoc Imaging System (Biorad). All antibodies and their working concentrations are listed in Table 1.

(Redox) lipidomic

1 million bone-marrow-derived macrophages were seeded into 6-well plates. Next day, BMDMs were transfected with recombinant ExoU or ExoU S142A proteins (500ng/well) for one hour. Then, supernatant was removed, cells were washed two times in PBS. Finally, 500μL of a cold solution of 50% PBS/50% Methanol was added to cells and samples were transferred to -80˚C for storage and subsequent analyses.

After thawing, lipids were extracted using a methyl-tert-butyl ether (MTBE)-based liquidliquid extraction method. Cell suspensions (500 μL in PBS/methanol 1:1, v/v) were thawed on ice before adding 100 μL methanol MeOH containing 50 ng each of the internal standards PC (15:0/18:1-d7), PE(15:0/18:1-d7), PG(15:0/18:1-d7), PI(15:0/18:1-d7) and PS(15:0/18:1-d7) (EquiSPLASH, Avanti Polar Lipids). Samples were then transferred into 8-mL screw-cap tubes, and then 1.125 methanol and 5 mL MTBE were added. After vigorous mixing, samples were incubated at room temperature on a tabletop shaker for 45 min. For phase separation, 1.25 mL water was added, and samples were vortexed and centrifuged for 15 min at 2000 x g. The upper organic phase of each sample was carefully removed using a Pasteur pipette, transferred into an empty glass round-bottom tube, and dried under vacuum in a SpeedVac concentrator. The dried lipid extracts were resuspended in 200 μL HPLC mobile phase A/mobile phase B 3:1 (v/v) for targeted lipidomic analysis of oxidized phospholipids. For LC-MS/MS, using a Sciex ExionLC Integrated System, 20 μL of each lipid extract was injected using Column Kinetex 2.6 μm HILIC 100 Å 100x2.1 mm, Phenomenex and a Flow Rate of 200 μL/min. Then, the analyte-specific m/z transition profile was determined and the area under the peak (ion intensity vs. elution time) was calculated using MultiQuant, Sciex software.

Data calculation was performed by doing ratio between the values of "area ratio analyte/ internal standard" of each oxidized phospholipid and its non-oxidized phospholipid. The fold induction in oxidized phospholipid was then calculated by doing a ratio between each oxidized ratio and the non-stimulated condition. Accordingly, the unstimulated condition oxidized ratios were 1 or 0 when no peroxidation was detected in any condition.

Phospholipase activity measurement

Evaluation of ExoU phospholipase activity was performed using the Cayman Chemical cPLA2 kit and performed as previously described with minor modifications [37]. Briefly, 10 μL of a 1mg/mL (160pmols) solution of recombinant ExoU or ExoU S142 proteins were mixed in 96-well plates with 10μL of lysed cell samples and 10μL of Assay Buffer. Then, samples were incubated for 1 hour at room temperature with 250μL of substrate solution (1.5 mM arachidonyl thiophosphatidylcholonie) and then for additional 4 or 16 hours in dark. Reaction was stopped using 25mM solution of DTNB according to manufacturer instructions and absorbance was detected at 405nm using a Clariostar plate reader. Phospholipase activity of ExoU or ExoU S142 was calculated as the hydrolysis rate accordingly to the manufacturer instructions.

Statistical analysis

Statistical data analysis was performed using Prism 8.0a (GraphPad Software, Inc.). We used ttest with Bonferroni correction for comparison of two groups. Data are reported as mean with

Introduction

Inflammasomes are cytosolic innate immune complexes that initiate inflammatory responses upon sensing of microbe-and damageassociated molecular patterns (MAMPs and DAMPs, respectively) (Hayward et al, 2018). Specifically, the rodent caspase-11 (and its human orthologs caspase-4 and caspase-5) detects the presence of the Gram-negative bacterial cell wall component lipopolysaccharide (LPS) within the host cell cytosol (Kayagaki et As such, these GBPs then engage caspase-11 that will bind the LPS moiety lipid A, hence promoting the non-canonical inflammasome pathway (Fisch et al, 2019). Beyond their role at triggering GBP expression, IFNs induce more than 2,000 antimicrobial genes (Green et al, 2018). Among them, many IFN-inducible regulatory genes also counter-balance overactivation of the cells (Green et al, 2018). For instance, SOCS1 and USP18 are ISGs that balance the level of the host cell response (Basters et al, 2018; Liau et al, 2018). In this context, we hypothesized that IFNs, in addition to their ability to promote GBP expression, might also induce negative regulators of the non-canonical inflammasome. In this regard, Irgm proteins belong to the IFN-inducible immunity-related GTPase (Irg) family proteins (Kim et al, 2012, 2019; Pilla-Moffett et al, 2016). Human being possess one IRGM protein, with various spliced variants, that is not IFN-inducible but that requires IFN signalling to be functional (Kim et al, 2019). By contrast, mice display three different Irgms, namely Irgm1, Irgm2 and Irgm3 (Kim et al, 2012). All Irgms lack the ability to hydrolyse the GTP due to a mutation in their catalytic domain (GMS), whereas other Irgs are GTPase active (GKS) (Coers, 2013). Previous studies underscored an inhibitory role of Irgm1 and Irgm3 on the recruitment and/or activation of the GBPs and Irg-GKS on microbial membranes although independent processes can also occur (Haldar et al, 2013, 2015; Feeley et al, 2017). In addition, recent studies identified Irgm1 and its human homologous IRGM, as being critical for the NLRP3 canonical inflammasome regulation by modulating the autophagy pathway, suggesting a close link between Irgm proteins and inflammasomes (Pei et al, 2017; Mehto et al, 2019a, b). In this context, we hypothesized that Irgm proteins might be IFN-inducible regulators of the non-canonical inflammasome activation threshold.

Here, we report that IFN-inducible Irgm2 and the non-canonical autophagy effector Gate-16 indirectly fine-tune non-canonical inflammasome activation by intracellular bacteria, which protects against endotoxemia.

Results and Discussion

IFN-inducible protein Irgm2 restrains Caspase-11-dependent responses to Gram-negative bacteria IFN-inducible Irgms control Irg and GBP microbicidal activity against intracellular pathogens (Pilla-Moffett et al, 2016). In this context, we sought to determine whether Irgms might also modulate the non-canonical inflammasome response. Using an RNA interference approach (siRNA), we silenced the three murine Irgms in primary murine bone marrow-derived macrophages (BMDMs) and measured their ability to undergo caspase-11-dependent cell death and IL-1b maturation upon Salmonella Typhimurium challenge. To ensure that the inflammasome response in macrophages is caspase-11-dependent, we used an isogenic mutant of Salmonella (orgA À ) lacking expression of SP1-encoded T3SS secretion system (Broz et al, 2012). As previously published, Casp11 and Gbp2 silencing reduced macrophage death (LDH release) and IL-1b release after 16 h of infection (Figs 1A and EV1A; Meunier et al, 2014). Importantly, Irgm2-silenced BMDMs had higher levels of cell death and IL-1b release than the wild-type (WT) macrophages (Figs 1A andEV1A). Such process was specific to Irgm2 given that Irgm1and Irgm3-targeted siRNAs did not induce significant variation in macrophage death and IL-1b release upon Salmonella (orgA À ) infection, despite the fact that their mRNA levels were efficiently reduced (Figs 1A andEV1A). To further validate that Irgm2 is a regulator of the non-canonical inflammasome response, we challenged WT, Irgm2 À/À , Casp11 À/À and GBP Chr3À/À BMDMs with a panel of Gramnegative bacteria all known to activate the non-canonical inflammasome. Immunoblotting experiments in WT and Irgm2 À/À BMDMs showed that Irgm2 is IFN-inducible and that Irgm2 deficiency does not lead to a defect in caspase-1, caspase-11, GBP2 or GBP5 expression, all involved in the non-canonical inflammasome pathway (Fig EV1B andC). Yet, when challenged with various Gramnegative bacteria, Irgm2 À/À macrophages showed an exacerbated cell death, IL-1b release and gasdermin-D p30 (active) and processed caspase-1 p20 (inactive) fragments compared with their WT counterparts (Fig 1B andC). In addition, Irgm2-regulated cell pyroptosis upon Gram-negative bacterial challenge was independent of NLRP3 as the use of the NLRP3 inhibitor MCC950 or Nlrp3 À/À BMDMs did not drive any defect in cell death but significantly reduced NLRP3-dependent IL-1b release (Fig EV1D). As expected, both Casp11 À/À and GBP Chr3À/À BMDMs were protected against Gram-negative bacteria-induced non-canonical inflammasome response (Fig 1B). Importantly, CRISPR-deleted Irgm2 gene expression in immortalized (i) Casp11 À/À BMDMs (referred as Casp11 À/À sgIrgm2) did not reinduce pyroptosis and IL-1b release upon Gramnegative bacterial infections (S. Typhimurium orgA À and Escherichia coli)o rE. coli-derived OMVs exposure, thus confirming that Irgm2 negatively regulated caspase-11-dependent response (Figs 1D andEV1E). Next, we assessed whether Irgm2 directly or indirectly regulates the non-canonical inflammasome response. To this end, we electroporated LPS into the host cell cytosol of IFNc-primed WT, Irgm2 À/À and Casp11 À/À BMDMs and evaluated their ability to undergo pyroptosis. Surprisingly, we observed that WT and Irgm2 À/À macrophages engaged cell death to the same extent 4 h after LPS electroporation whereas Casp11 À/À BMDMs were protected against LPS-induced cell death (Fig 1E). This suggests that Unless otherwise specified, BMDMs were either infected with various Gram-negative bacterial strains (MOI25) or stimulated with outer membrane vesicles (OMVs) for 16 h.

A siRNA-treated BMDMs were infected for 16 h with S. Typhimurium (orgA À ), and LDH and IL-1b release were measured. B Cell death (LDH) and IL-1b release evaluation in WT, Irgm2 À/À , GBP Chr3À/À and Casp11 À/À BMDMs infected for 16 h with different Gram-negative bacteria (MOI 25).

C

Western blot examination of processed caspase-1 (p20) and gasdermin-D (p30) in supernatants and pro-caspase-1 (p45), pro-gasdermin-D (p55) and GAPDH in cell lysates of WT and Irgm2 À/À BMDMs infected for 16 h with different Gram-negative bacterial strains. D IL-1b and cell death (% LDH) evaluation in immortalized WT, Irgm2 À/À , Casp11 À/À and Casp11 À/À Irgm2 À/À (referred as sgIrgm2) BMDMs after 16 hof Escherichia coli, S. Typhimurium orgA À and OMV treatment. E Cell death (% LDH) evaluation in IFNc-primed WT, Irgm2 À/À and Casp11 À/À BMDMs 4 h after electroporation or not with 1 lgofE. coli LPS. F-H Survival of WT, Casp11 À/À and Irgm2 À/À mice primed with 100 lg poly(I:C) for 6 h and injected (i.p. Based on these results, we next determined whether Irgm2 also inhibited canonical inflammasomes. We treated WT, Irgm2 À/À , Casp11 À/À and Casp1 À/À Casp11 À/À BMDMs with various inflammasome activators, including flagellin (NLRC4), poly-dAdT (AIM2), Nigericin (NLRP3) and TcdB (PYRIN), and measured their ability to commit pyroptosis and to release IL-1b. Although all canonical inflammasome activators induced significant caspase-1-dependent response, cell death and IL-1b release levels remained similar in both WT and Irgm2 À/À BMDMs (Fig EV1F). In addition, activation of the NLRC4 inflammasome by T3SS-expressing Pseudomonas aeruginosa and S. Typhimurium remained similar between WT and Irgm2 À/À BMDMs (Fig EV1G ), suggesting that Irgm2 specifically regulates the non-canonical inflammasome response to Gram-negative bacteria.

As caspase-11 also drives mouse susceptibility to LPS-induced inflammatory-related damages, we also evaluated whether Irgm2 deficiency might sensitize mice to sepsis. We used two LPSdependent sepsis models, where WT, Irgm2 À/À and Casp11 À/À mice were intraperitoneally injected with poly(IC) to induce ISG expression (Kayagaki et al, 2013; Santos et al, 2018). Then, mice were injected either with pure LPS (5 mg/kg) or with OMVs (25 lg/ml; Vanaja et al, 2016; Santos et al, 2018). Mouse survival showed that while Casp11 À/À mice had resistance to LPS-and OMV-induced sepsis, WT mice succumbed faster, hence validating our sepsis model (Fig 1F andG). Noticeably, Irgm2 À/À mice were even more susceptible than WT mice to both LPS-and OMV-induced sepsis (Fig 1F andG). Therefore, we used a sub-lethal model of OMVinduced sepsis by injecting 5 lg of OMVs in mice. In such model, both WT and Casp11 À/À mice recovered from OMV injection whereas all Irgm2 À/À mice did succumb (Fig 1H). Moreover, cytokine assays showed that Irgm2 À/À mice had an exacerbated release of all pro-inflammatory and inflammasome-related cytokines tested upon OMV challenge, a phenotype that was reduced in Casp11 À/À mice, hence confirming that Irgm2 expression is crucial to temperate the activation level of the non-canonical inflammasome (Fig EV1H). Altogether, our data suggest that Irgm2 indirectly inhibits caspase-11-dependent endotoxemia, which protects against sepsis.

Irgm2 regulates GBP-independent caspase-11 targeting to Gram-negative bacteria IFN-inducible GBPs are important regulators of the non-canonical inflammasome response. Specifically, GBP-1 and GBP-2 regulate human caspase-4/-5 activation while GBP-2 and GBP-5 control mouse caspase 11. Therefore, we hypothesized that Irgm2 might control caspase-11 response through the modulation of the GBPs. To this end, we silenced Irgm2 in WT and GBP Chr3À/À BMDMs (lacking 5 GBPs, 1-3, 5 and 7) and evaluated the caspase-11 response upon OMV stimulation (Fig EV2A). While OMV-induced both cell death and IL-1b release was strongly reduced in GBP Chr3À/À , Irgm2-silenced GBP Chr3À/À BMDMs partially recovered a caspase-11-dependent response, suggesting that Irgm2-inhibited caspase-11 response could occur independently of GBPs (Fig 2A). Other and we previously showed that GBPs also controlled canonical AIM2 inflammasome activation upon Francisella tularensis spp novicida infection. In this context, we evaluated the importance of Irgm2 at controlling AIM2 inflammasome response upon F. novicida infection. Surprisingly, IL-1b and cell death levels were not different between WT and Irgm2 À/À , although they were strongly reduced in Casp1 À/À Casp11 À/À and GBP Chr3À/À BMDMs (Figs 2B andEV2B). In addition, we observed that Irgm2silenced GBP Chr3À/À BMDMs did not recover an inflammasome response upon F. novicida infection. Then, we generated iGBP Chr3À/À Irgm2 À/À (referred hereafter as iGBP Chr3À/À sgIrgm2) by crispr Cas9 and evaluated their response upon S.T m( orgA À ) challenge. iIrgm2 À/À BMDMs showed time-dependent increased cell death compared with iWT cells (Fig EV2C andD). While cell death in iGBP Chr3À/À BMDMs was strongly impaired, it was partially reversed in iGBP Chr3À/À sgIrgm2, alluding that Irgm2 deficiency was sufficient to specifically promote caspase-11-dependent response in the absence of GBPs (Fig EV2C andD). GBP enrichment on microbial ligand is of importance for efficient caspase-11 and human caspase-4 recruitment (Thurston et al, 2016; Fisch et al, 2019). However, monitoring for GBP loading on mCherry-expressing S. Typhimurim did not show a significant change in the percentage of bacteria targeted by GBP2 (10-15%) in WT and Irgm2 À/À BMDMs (Fig 2C ), which suggests that Irgm2-inhibited non-canonical inflammasome response does not involve GBP2 recruitment modulation.

As caspase-11 activation needs binding to LPS, we hypothesized that Irgm2 expression regulates caspase-11 recruitment to bacterial LPS. In order to monitor this, we generated WT, Irgm2 À/À , GBP Chr3À/À and GBP Chr3À/À Irgm2 À/À iBMDMs that expressed a catalytically inactive mutant of caspase-11 coupled to GFP (Thurston et al, 2016) and primed them with IFNc to induce ISG expression. The recruitment of CASP11-C254G-GFP on S. Typhimurium (orgA À ) occurred after 4 h of infection in Irgm2 À/À iBMDMs, whereas the percentage of caspase-11-targeted bacteria in iWT GBP Chr3À/À and GBP Chr3À/À Irgm2 À/À iBMDMs remained low or null (Fig EV2E). After 8 h of infection, however, the levels of CASP11-C254G-GFPassociated bacteria increased in iWT (10%), albeit the percentage of CASP11-C254G-GFP + bacteria remained below those observed in Irgm2 À/À cells (15-16%) (Fig 2D). Strikingly, we noticed that CASP11-C254G-GFP targeting to Salmonella was partially restored in GBP Chr3À/À Irgm2 À/À iBMDM after 8 h of infection, although it was strongly impaired in GBP Chr3À/À cells (Fig 2D). Altogether, our results point out that Irgm2 deficiency accelerates caspase-11 recruitment on bacterial membranes. Although we cannot entirely exclude that Irgm2 might also regulate GBP-dependent caspase-11 recruitment to bacterial membranes, our result show that an Irgm2 deficiency opens a GBP Chr3 alternative road for caspase-11 response.

Irgm2 cooperates with GATE16 to dampen Gram-negative bacteria-induced non-canonical inflammasome activation

As Irgm2 deficiency can promote caspase-11 activation independently of GBP Chr3 , we next searched for additional regulators. We used a GFP-Trap coupled to mass spectrometry (MS) strategy using IFNc-primed iIrgm2 À/À BMDMs complemented with a doxycyclineinducible Irgm2-GFP construct (Fig 3A). Although we detected some important described immune regulators (e.g., galectin-8), the three independent MS datasets (Fig EV3A ) showed that one protein, namely gamma-aminobutyric acid (GABA)-A-receptor-associated protein (GabarapL2, referred as Gate-16), was reproducibly enriched in the top 10 hits of the Irgm2-GFP fraction (Figs 3A andEV3A). This is in agreement with the findings of Finethy et al (2020) that underlined a lack of canonical autophagy markers (e.g., LC3 lipidation) alteration in Irgm2 À/À BMDMs. Yet, BMDMs deficient for canonical autophagy regulators had an exacerbated non-canonical inflammasome response. Altogether, these results suggest that Gate-16/Irgm2-inhibited non-canonical inflammasome response does not involve canonical autophagy modulation.

GATE16 inhibits non-canonical inflammasome activation in human myeloid cells

Gate-16 is expressed in both humans and rodents, yet humans only express one IRGM, although mice have three (Irgm1-3). Therefore, we performed siRNA-based experiments in primary human monocyte-derived macrophages (hMDMs) to determine whether IRGM and GATE16 might also regulate the caspase-4/5 non-canonical inflammasome. Although the use of the caspase-4/5 inhibitor LEVD and of the NLRP3 inhibitor MCC950 showed that hMDMs responded to Salmonella orgA À infection by activating the non-canonical inflammasome, we failed to observe any regulatory role for IRGM at regulating such a process (Figs 4A and EV5A). However, GATE16 silencing increased their ability to respond to Salmonella through the non-canonical inflammasome (Figs 4A andEV5A). When we used Nigericin to trigger the canonical NLRP3 inflammasome, hMDMs knocked down for GATE16 did not show cell death and IL-1B alterations (Fig 4B). To the contrary, IRGM-silenced hMDMs had ◀ Figure 2. Irgm2 regulates GBP-independent caspase-11 targeting to Gram-negative bacteria.

Unless otherwise specified, BMDMs were treated with 2.5 lg/2 × 10 5 cells of OMVs or infected with either S. Typhimurium orgA À (S.TmorgA À )orF. tularensis spp novicida (F. novicida) with an MOI of 25 for various times.

A Measure of LDH and IL-1b release in WT, GBP Chr3À/À and Casp11 À/À BMDMs were Irgm2 was knocked down 16 h after exposure to 2.5 lg/2 × 10 5 cells of OMVs. Si Scramble (siScr.) refers to RNAi pools with non-targeting sequences. B Cell death (LDH) and IL-1b release evaluation in Irgm2-silenced WT and GBP Chr3À/À BMDMs infected for 16 h with either S.TmorgA À or F. novicida (MOI 25). Si Scramble (siScr.) refers to RNAi pools with non-targeting sequences. C Florescence microscopy and associated quantifications of GBP-2 (green) recruitments to intracellular S.TmorgA À -mCherry (MOI 10, red) in IFNc-primed WT and Irgm2 À/À BMDMs. Nucleus was stained with Hoechst (blue). Confocal images shown are from one experiment and are representative of n = 3 independent experiments; scale bars 5 lm. For quantifications, the percentage of GBP-associated bacteria was quantified and "n=" refers to the number of intracellular bacteria counted in each experiment; quantifications from n = 3 independent experiments were then plotted and expressed as mean AE SEM. D Confocal fluorescence microscopy images and associated quantifications of caspase-11-C254G-GFP (green) recruitment to S. Tm-mCherry (orgA À , red) in IFNc-primed iWT, iIrgm2 À/À ,iGBP Chr3À/À and iGBP Chr3À/À /sgIrgm2 BMDMs after 8 h of infection. Nucleus (blue) was stained with Hoescht, scale bar 5 lm. For quantifications, the percentage of bacteria positive for caspase-11-C254G-GFP was determined by combining the bacterial counts from n = 3 independent experiments and expressed as mean AE SEM. ***P ≤ 0.001 for the indicated comparisons using t-test with Bonferroni correction. Another possible explanation relies on the Golgi enrichment of both Irgm2 and Gate-16 (Sagiv, 2000; Zhao et al, 2010). Indeed, Gate-16 also regulates Snare-dependent vesicular trafficking, independently of its autophagy function (Sagiv, 2000). Various groups previously found that endocytosed and intracellular monomeric LPS could be targeted to the Golgi apparatus (Thieblemont & Wright, 1999; Latz et al, 2002). Caspase-4, caspase-5 and caspase-11 need accessible lipid A to oligomerize and auto activate, which can be extremely difficult in the presence of multimeric and hydrophobic LPS particles to the contrary of monomeric LPS that might present a more accessible lipid A. An attractive hypothesis is that GBP-mediated bacterial membrane damages allow LPS retrieval from aggregates in order to ensure proper lipid A exposure to caspase-11 (Santos et al, 2018, 2020; Kutsch et al, 2020; Wandel et al, 2020). Therefore, one could speculate that Golgiregulated monomeric LPS trafficking might be impaired in the absence of either Irgm2 or Gate-16, which would allow direct caspase-11/lipid A interactions without the need for GBPs.

Our results showed that both murine and human Gate-16 regulate the non-canonical inflammasome response to LPS-containing particles. Yet, we failed to isolate IRGM as a human functional homologous of Irgm2. Given the strong role of Irgm2 at regulating the non-canonical inflammasome in mice, there is a possibility that another, yet unidentified, human protein holds a similar function of the one carried out by Irgm2. Therefore, this warrants future investigations to identify such Irgm2-like human protein. Humans and mice have different sensitivities to LPS. Indeed, LPS-induced sepsis in mice requires 1-25 mg/kg of LPS whereas humans have a 100-1,000,000 time lower sepsis threshold (2-4 ng/kg of LPS) (Fink, 2014). Another explanation could be that the evolutionary loss of Irgm2 in humans would leave human cells with only Gate-16, which would greatly lower the sensitivity of human cells to cytosolic LPSactivated non-canonical inflammasome.

In summary, our work identified two negative regulators of caspase-11 recruitment to bacterial membranes, namely Irgm2 and Gate-16. Additional investigations will be necessary to understand how both effectors balance caspase-4, caspase-5 and caspase-11 sensitivity to Gram-negative bacteria, and what specific physiological and cellular processes Irgm2 and Gate-16 cover together.

Materials and Methods

Reagents, biological samples and their concentration of use are referenced in the Appendix Table S1.

Mice

Casp11 À/À , Casp1 À/À Casp11 À/À , Nlrp3 À/À and GBP Chr3À/À mice have been described in previous studies (Li et al, 1995; Wang et al, 1998; Martinon et al, 2006; Yamamoto et al, 2012). Irgm2 À/À mice were provided by the Jackson laboratory (USA). All mice were bred at the IPBS institute (Toulouse, France) animal facilities according to the EU and French directives on animal welfare (Directive 2010/63/ EU). Charles Rivers provided WT C57BL/6J and C57BL/6N mice.

Animal sepsis models 8-to 12-week-old mice (sex-matched, 6-10 per group) were injected intraperitoneally with a solution of 100 ll of poly(IC) LMW (in-vivoGen, 100 lg/animal) for 6 h. Then, mice were intraperitoneally injected with 5 mg/kg of LPS (InvivoGen, O111:B4) or 5 or 25 lg/ animal of outer membrane vesicles (E. coli, InvivoGen). Mouse survival was monitored over 80 h. For cytokine assays, poly(IC)primed mice were injected with 25 lg/animal of OMVs for 8 h and plasma cytokine amounts were addressed using ELISA kits (listed in the Appendix Table S1). There was no randomization or blinding performed.

Animal experiments were approved (Licence APAFIS#8521-2017041008135771, Minister of Research, France) and performed according to local guidelines (French ethical laws) and the European Union animal protection directive (Directive 2010/63/EU).

BMDM isolation and culture

Murine bone marrow-derived macrophage (BMDM) generation has previously been described. Briefly, bone marrow progenitors were differentiated in DMEM (Invitrogen) supplemented with 10% v/v FCS (Thermo Fisher Scientific), 10% v/v MCSF (L929 cell supernatant), 10 mM HEPES (Invitrogen) and nonessential amino acids (Invitrogen) for 7 days. For experiments, 1.25 × 10 6 , 2.5 × 10 5 or 5 × 10 4 BMDMs were seeded in 6-, 24-or 96-well plates, respectively, when described BMDMs were prestimulated overnight with either PAM3CSK4 (InvivoGen, 100 ng/ml) or IFNc (PeProtech, 100 UI/ml). For non-canonical inflammasome stimulation, we used pure LPS (O111B4, InvivoGen, 1 lg/ml), outer membrane vesicles (E. coli, InvivoGen, 0.5, 1 and 2.5 lg/2 × 10 5 cells) or various Gram-negative bacterial strains were used including, Shigella flexneri (M90T, MOI25), Salmonella Typhimurium orgA À (SL1344, MOI25), E. coli (K12, MOI25), Citrobacter koseri (MOI25) and Enterobacter cloacae (MOI25). When required, Wortmannin (Wort, 10 lM) and 3-metyladenine (3-MA, 1 mM) were added 2 h after infection in order to inhibit autophagy. When specified, 1 lgo fE. coli ultrapure LPS (O111:B4) was electroporated with Neon TM Transfection System (Thermo Fisher) according to manufacturer's protocol. Briefly, 5 × 10 5 cells were resuspended in Buffer R and 1 lg/ml of LPS was electroporated in 10 ll tips using two pulses of 1,720 V and 10 width. Cells were then plated in 24-well plates.

For canonical inflammasome stimulations, overnight (ON) IFNcprimed BMDMs were then prestimulated with PAM3CSK4 (Invi-voGen, 100 ng/ml) for 4 h to induce pro-IL1b expression. Then, Nigericin (NLRP3 activator, 40 lM, InvivoGen), dA:dT (AIM2 activator, 1 lg/ml, InvivoGen), TcdB toxin (PYRIN inducer, 0.05 lg/ml, List Biological Laboratories) or flagellin (NLRC4 trigger, 1 lg/ml, Invi-voGen) was used to stimulate various canonical inflammasomes. Both flagellin and poly(dA:dT) were transfected into cells using FuGeneHD (Promega) transfection reagent in Opti-MEM culture medium. When specified, P. aeruginosa (PAO1) and S. Tm strains (SL1344) (MOI 5) were used to trigger NLRC4 inflammasome response.

For all stimulations, macrophage medium was replaced by serum-free and antibiotic-free Opti-MEM medium and inflammasome triggers were added to the macrophages for various times.

Specific to infections, plates were centrifuged for 1 min, 800 rpm to ensure homogenous infections. Then, extracellular bacteria were eliminated with gentamicin (100 lg/ml, Invitrogen).

Bacterial cultures

Bacteria were grown overnight in Luria Broth (LB) medium at 37°C with aeration and constant agitation in the presence or absence of antibiotics (specified in the Appendix Table S1), stationary phase (OD of 2-2.5) bacteria when then used for infections. Stimulation of the NLRC4 inflammasome by S. Typhimurium SL1344 and P. aeruginosa PAO1 bacteria required proper T3SS and flagellin expression; therefore, bacteria were sub-cultured the next day by dilution overnight culture 1/50 and grew until reaching an O.D600 of 0.6-1.

CFU evaluation

2.5 × 10 5 BMDMs were infected with stationary phase Salmonella orgA À (MOI10) for 1 h. Cells were treated with gentamicin (100 lg/ml) for 30 min to kill extracellular bacteria and then washed three times in PBS. Medium was replaced with BMDM medium supplemented with 20 lg/ml of gentamicin to avoid extracellular bacterial replication. At the end of the experiment, cells were lysed in Triton 0.1% and intracellular bacterial loads were evaluated using CFU plating.

Gene knock down

Gene silencing was achieved using siRNA pools (Dharmacon, 25 nM/well listed in Appendix Table S1) as previously described (Meunier et al, 2015; Santos et al, 2018) or accell siRNA technology. SiRNA smart pools from Dharmacon were transfected into cells using the DharmaFECT 4 transfection reagent (Dharmacon) for 48 h. Primary human macrophages were treated with 1 lM siRNA Accell (Dharmacon, smart pool) in the absence of transfection reagent for 72 h. Then, murine BMDMs and human macrophages were stimulated with 1 lg/2 × 10 5 cells of OMVs or infected with Salmonella Typhimurium (orgA À ) to trigger non-canonical inflammasome response. For siRNA experiments, gene knock down efficiency was monitored by qRT-PCR or immunoblotting (WB) assays.

Quantitative real-time PCR

Cellular RNAs were extracted from 2.5 × 10 5 cells using RNeasy Mini Kit (Qiagen). mRNAs were reverse transcribed with the Verso cDNA Synthesis Kit (Thermo Scientific). Regarding qPCR experiments, 1 lM of primers (Appendix Table S1), SYBR TM Select Master Mix (Thermo Scientific) and 15 ng of cDNA were mixed in a 10 ll reaction in a QuantStudio 5 device (Applied Biosystems). Primers were generated using primer3 software.

Cytokine and pyroptosis measurement

Murine Il-1a, IL-1b, TNF-a, IL12, IL18, IFNc, IL-6, and human IL-1B cytokine levels were measured by ELISA (listed in Appendix Table S1). LDH cytotoxicity detection kit (Takara) allowed to monitor for cell lysis. Normalization of spontaneous lysis was calculated as follows: (LDH infected À LDH uninfected)/(LDH total lysis À LDH uninfected) × 100.

Immunoblotting

Preparation of cell lysates and supernatants has been described previously. Proteins were loaded and separated in 12% SDS-PAGE gels and then transferred on PVDF membranes. After 1 h of saturation in Tris-buffered saline (TBS) with 0.05% Tween 20 containing 5% non-fat milk (pH 8), membranes were incubated overnight with various antibodies (referenced in Appendix Table S1). The next day, membranes were washed three times in TBS 0.1% Tween 20 and incubated with appropriate secondary horseradish peroxidase (HRP)-conjugated antibody (dilution 1/5,000-10,000, listed in Appendix Table S1) for 1 h at room temperature. Then, after three washes, immunoblottings were revealed with a chemiluminescent substrate ECL substrate (Bio-Rad) and images were acquired using ChemiDoc Imaging System (Bio-Rad). All antibody references and working dilutions are presented in Appendix Table S1. Microscopy 2.5 × 10 5 BMDMs on glass coverslips were infected with S. Typhimurium (MOI10) expressing an mCherry fluorescent protein. At the indicated times, cells were washed three times with PBS and fixed with 4% PFA for 10 min at 37°C. 0.1 M glycine was used to quench excess of PFA for 10 min at room temperature. Then, cells were permeabilized and incubated with primary antibodies O/N at 4°C in saponin 0.1%/BSA 3% solution. Cellular stainings were achieved using Hoescht (DNA labelling), GBP2 antibody (gift from J Howard). Coverslips were then washed with Saponin/BSA solution and further incubated with the appropriate secondary antibodies coupled to fluorochromes (1/1,000; Appendix Table S1). After three washes with PBS, cells were mounted on glass slides using VECTASHIELD (Vectalabs). Coverslips were imaged using confocal Zeiss LSM 710 (Image core Facility, IPBS, Toulouse or an Olympus/Andor CSU-X1 Spinning dick microscope using a 63× oil objective. Otherwise specified, 5-10 fields/experiment were manually counted using ImageJ software. particles. To ensure efficient infection, viral particles were centrifugated for 2 h at 1,081 g at 32°C in presence of 8 lg/ml polybrene. 48 h later, medium was replaced and puromycin selection (10 lg/ml) was applied to select positive clones for 2 weeks. Puromycin-resistant cells were sorted at the single-cell level by FACS (Aria cell sorter). Individual clones were subjected to Western blotting to confirm the absence of targeted proteins.

Genetic invalidation of human GBPs in U937 cell line

To generate GBP1/2/5 knock-out cell line, deletion of genes was performed in a Cas9-expressing U937 clone obtained by transduction with the plasmid LentiCas9-Blast (from Feng Zhang; Addgene plasmid # 52962) followed by blasticidin selection and clonal isolation using the limit dilution method. A clone strongly expressing Cas9 was selected based on Western blot analysis using anti-Cas9 antibody (Millipore; # MAC133; 1:1,000 dilution). gRNAs targeting GBP1, GBP2 and GBP5 (Appendix Table S1) were cloned into the pKLV-U6gRNA(BbsI)-PGKpuro2ABFP vector (from Kosuke Yusa; Addgene plasmid # 50946). For each gene, two pairs of gRNAs were used. Lentiviral particles were produced in 293T cells using pMD2.G and psPAX2 (from Didier Trono, Addgene plasmids #12259 and #12260), and pKLV-U6gRNA(BbsI)-PGKpuro2ABFP. Cas9-expressing U937 cells were transduced by spinoculation. Gene deletion invalidation was verified by Western blotting analysis (Appendix Table S1).

Generation of human monocyte-derived macrophages

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coat of healthy donors obtained from the EFS Toulouse Purpan (France). Briefly, PBMCs were isolated by centrifugation using standard Ficoll-Paque density (GE Healthcare). The blood was diluted 1:1 in phosphate-buffered saline (PBS) pre-warmed to 37°C and carefully layered over the Ficoll-Paque gradient. The tubes were centrifuged for 25 min at 514 g,a t2 0 °C. The cell interface layer was harvested carefully, and the cells were washed twice in PBS (for 10 min at 185 g followed by 10 min at 800 rpm) and resuspended in RPMI-1640 supplemented with 10% of foetal calf serum (FCS), 1% penicillin (100 IU/ml) and streptomycin (100 lg/ml). Monocytes were separated from lymphocytes by positive selection using CD14 + isolation kit (Miltenyi Biotec). To allow differentiation into monocyte-derived macrophages, cells were cultured in RPMI medium (GIBCO) supplemented with 10% FCS (Invitrogen), 100 IU/ml penicillin, 100 lg/ml streptomycin and 10 ng/ml MCSF for 7 days.

Ethics statements

The use of human cells was approved by the Research Ethical Committee, Haute-Garonne, France. Buffy coats were provided anonymously by the EFS (e ´tablissement franc ¸ais du sang, Toulouse, France). Written informed consent was obtained from each donor under EFS contract no 21PLER2017-0035AV02, according, to "Decret No 2007-1220 (articles L1243-4, R1243-61)".

Statistical analysis

Statistical data analysis was performed using Prism 5.0a (GraphPad Software, Inc. 
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 34 Figure 3 : Regulated forms of cell death (Galluzzi et al, Cell death & differenciation 2018)

Figure 5 :

 5 Figure 5 : Molecular mechanisms of Ferroptosis (from Bagayoko & Meunier, FEBS 2021) Molecular mechanisms of ferroptosis. During ferroptosis, phospholipids with polyunsaturated acyl tails (PL-PUFAs) are peroxidised (bottom left) due to their intrinsic susceptibility to peroxidation. PL-PUFAs are generated by different enzymes such as ACSL4 and LPCATs (orange, bottom left) which incorporate free PUFAs into phospholipids. Acetyl CoA can be used for synthesize PUFA via acetyl CoAcarboxylase (ACC; orange, bottom left). The AMPK can suppress ferroptosis by inhibiting ACC
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 6 Figure 6 : Molecular mechanims regulating NETosis (from Papayannopoulos V., Nat Rev 2018)
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 7 Figure 7 : Overview of the inflammasome activation
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 8 Figure 8 : Structure of the NLR subfamilies

1 .

 1 The canonical inflammasomeCanonical inflammasomes are composed of a receptor (NLR, Pyrin or PYHIIN), the adapter protein Apoptosis-associated Speck-like protein containing a CARD (ASC), when require, and the inflammatory protease caspase-1[30][31][32][33][34] . ASC is a small molecule also known as PYCARD containing a PYD domain in N-terminal and a CARD (Caspase Recruitment Domain) domain in C-terminal. The PYD domain allows the binding with the receptor through PYD-PYD interactions while the CARD domain allows the binding to caspase-1 through CARD-CARD interactions. ASC is not required for all inflammasome assembly as some receptors already express a CARD domain and are able to interact directly with caspase-1, such as NLRC4. Upon recognition of specific PAMPs and/or DAMPs by the receptor, the inflammasome assembles promoting the auto-activation of caspase-1. Activation of caspase-1 leads to the maturation of the inflammatory cytokines pro-IL1-β/18 and the cleavage of the cytosolic protein gasdermin-D
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 9 Figure 9 : Mechanisms of inflammasome formation and activation
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 10 Figure 10 : Mechanisms of activation of the NLRP1 inflammasome
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 11 Figure 11 : Mechanisms of activation of the NLRC4 inflammasome
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 12 Figure 12 : Mechanisms of activation of the NLRP3 inflammasome

Figure 14 :

 14 Figure 14 : Mechanisms of activation of the Pyrin inflammasome

  NLRP9b inflammasome activation results in ASC and caspase-1 recruitment and activation leading to IL-18 maturation and secretion. Whether caspase-1 is able to also induce IL-1β secretion upon NLRP9b activation still remain unknown. Caspase-1 mediated-NLRP9b inflammasome activation also induces GSDM-D cleavage and the inflammatory pyroptotic cell death of IECs.
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 16 Figure 16 : Mechanisms of activation of the NLRP9/9b inflammasome
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 17 Figure 17 : Mechanisms of activation of the CARD8 inflammasome

Figure 18 :

 18 Figure 18 : canonical vs non-canonical inflammasome

involving interleukine- 23 (

 23 IL-23) and interleukine-17 (IL-17)[80][81][82] . Phagocytes, such as macrophages and dendritic cells, produce IL-23, which in turn stimulates IL-17 production by T helper 17 lymphocytes (Th17), promoting granulopoiesis and neutrophil release from bone marrow by up-regulating G-CSF. In addition, upon inflammation neutrophils can produce IL-17 and create a positive loop for neutrophil recruitment. In the absence and/or end of inflammatory signal, phagocytosis of apoptotic neutrophils reduces IL-23 production by phagocytes inhibiting neutrophil production and release from bone marrow. This ensures a tightly controlled release of neutrophils (1-2% in the blood) ensuring homeostatic stability in the number of circulating neutrophils80-82 . 

Figure 19 :

 19 Figure 19 : Neutrophil formation, recruitment and activation (Nemeth et al, Nat rev 2020)

Figure 20 :

 20 Figure 20 : Mechanisms of NETs formation (from Neubert el al, The Company of Biologist, 2020)

  up-regulation of these cytokines is accompanied by increased immune cell recruitment, including T helper 17 to the inflammatory site, contributing to excessive inflammation and the development of inflammatory diseases, such as atherosclerosis82 . Another detrimental role of NETs is occlusion of vasculature. Indeed, NETs formation and accumulation in the circulation promotes vessel occlusion and the development of thrombosis 82 . Neutrophils have also been linked to the development of cancer through multiple mechanisms, notably via NETs formation, by promoting metastatic cells to escape tumour sites and spread to different tissues 82 .

Figure 21 :

 21 Figure 21 : NETs in disease (from Papayannopoulos V., Nat rev, 2017)

Figure 23 :

 23 Figure 23 : Neutrophil death programs

  (S1C Fig), which could indirectly alter the amount of Flagellin injected into host target cells. To ensure similar

Fig 1 .

 1 Fig 1. Various Pseudomonas aeruginosa strains trigger Caspase-1-dependent and -independent neutrophil lysis. A. Measure of cell lysis (release of LDH) and IL-1β release in WT or Casp1 -/-murine Bone Marrow Neutrophils (BMNs) infected for 3 hours with various bacteria at a multiplicity of infection (MOI) of 10. �� p � 0.01 ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. B. Measure of cell lysis (release of LDH) and IL-1β release in human blood neutrophils infected for 3 hours with Pseudomonas aeruginosa strains PAO1 or CHA (MOI 5) in presence/absence of various Caspase inhibitors, Z-VAD (pan Caspase, 20μM), Z-YVAD (Casp1 inhibitor, 40μM), Z-DEVD (Casp3 inhibitor, 40μM), Z-IETD (Casp8 inhibitor, 40μM) or Z-LEVD (Casp4/5 inhibitor, 40μM). �� p � 0.01 ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show values from three independent experiments with one different donor each time. C, D. Measure of plasma membrane permeabilization and associated fluorescent microscopy images over time using SYTOX Green incorporation in WT or Casp1 -/-BMNs infected with Pseudomonas aeruginosa PAO1 or various isogenic mutants lacking Flagellin (FliC, PAO1 ΔFliC ) or T3SS-derived toxins ExoS, ExoY, ExoT (PAO1 ΔExoS , PAO1 ΔExoY , PAO1 ΔExoT ). ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. Hoechst (Blue, DNA), Sytox Green (DNA from neutrophils with permeabilized membranes, Green). Scale Bar: 50μm. E. Measure of cell lysis (release of LDH) and IL-1β release in WT, Casp1 -/-and GsdmD -/-murine Bone Marrow Neutrophils (BMNs) infected for the indicated times with PAO1 or its isogenic mutant PAO1 ΔExoS at an MOI of 10. ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. F. Measure of cell lysis (release of LDH) and IL-1β release in WT, Casp1 -/-, Casp11 -/-, Casp1 -/-Casp11 -/-and GsdmD -/-murine Bone Marrow Neutrophils (BMNs) infected for 3 hours with Pseudomonas aeruginosa PP34 strain or its isogenic mutant PP34 ΔExoU at a multiplicity of infection (MOI) of 2. ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. G. Overview of the importance of Caspase-1 at driving neutrophil pyroptosis in response to various Pseudomonas aeruginosa strains. https://doi.org/10.1371/journal.ppat.1010305.g001

Fig 2 .

 2 Fig 2. P. aeruginosa infection engages a canonical NLRC4-Caspase-1-Gasdermin D-dependent pyroptosis axis in neutrophils. A. Measure of cell lysis (release of LDH) and IL-1β release in WT or Nlrc4 -/-murine Bone Marrow Neutrophils (BMNs) infected for 3 hours with Pseudomonas aeruginosa PAO1, CHA and PP34 strains and their isogenic mutants lacking T3SS-derived toxins ExoS, ExoY, ExoT or ExoU) at a multiplicity of infection (MOI) of 10 (PAO1 and CHA strains) and 2 (PP34 strains). �� p � 0.01 ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. B. Immunoblotting of GAPDH, pro-forms of Caspase-1 (p45) and Gasdermin-D (p55), processed Caspase-1 (p20) and Gasdermin D (p30), in WT, Casp1 -/-and GsdmD -/-in cell lysates and cell supernatants (SNs) of BMNs infected for 3 hours with PAO1 or its isogenic mutants lacking T3SS expression (PAO1 ΔExsA ) or ExoS (PAO1 ΔExoS ) at a multiplicity of infection (MOI) of 10. Immunoblots show lysates and supernatants from one experiment performed three times. C. Immunoblotting of Myeloperoxidase (MPO), pro-forms of Caspase-1 (p45) and Gasdermin-D (p55), processed Caspase-1 (p20) and Gasdermin D (p30), in WT, Nlrc4 -/-and GsdmD -/- BMNs infected for 3 hours with P. aeruginosa strain PP34 or its isogenic mutant lacking ExoU activity (PP34 ExoUS142A ) at a multiplicity of infection (MOI) of 2. Immunoblots show combined lysates and supernatants from one experiment performed three times. D. Measure of cell lysis (release of LDH) in WT and Nlrc4 -/-BMNs infected for 3 hours with P. aeruginosa mutant strains PP34 ΔExoU or PP34 ΔExoU/ΔFliC at a multiplicity of infection (MOI) of 2 and Imagestream experiments and quantifications of in vivo formation of ASC specks in bronchoalveolar (BALs) neutrophils from ASC-Citrine mice intranasally infected with 1.10 5 PP34 ΔExoU or PP34 ΔExoU/ΔFliC for 6 hours. The gating strategy used to evaluate inflammasome activation in neutrophils was performed as follow: (i) a gate was set on cells in focus [Cells in Focus] and (ii) a sub-gate was created on single cells [Single Cells]. Then we gated first on (iii) LY6G+ Neutrophils [LY6G+] and second on (iv) ASC-citrine+ and Hoechst+ cells [Hoechst+/ASC-Citrine+] within LY6G+ population. (v) To distinguish cells with active (ASC-speck) versus inactive inflammasome (Diffuse ASC), we plotted the Intensity with the area of ASC-citrine. This strategy allows to distinguish cells with active inflammasome that were visualized and quantified. For Imagestream experiments ��� p � 0.001, T-test with Bonferroni correction. Values are expressed as mean ± SEM. Graphs show one experiment representative of two independent experiments. For neutrophil in vitro experiments, ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. E. Overview of the importance of the NLRC4 inflammasome at driving neutrophil pyroptosis in response to various Pseudomonas aeruginosa strains.

  Fig 2. P. aeruginosa infection engages a canonical NLRC4-Caspase-1-Gasdermin D-dependent pyroptosis axis in neutrophils. A. Measure of cell lysis (release of LDH) and IL-1β release in WT or Nlrc4 -/-murine Bone Marrow Neutrophils (BMNs) infected for 3 hours with Pseudomonas aeruginosa PAO1, CHA and PP34 strains and their isogenic mutants lacking T3SS-derived toxins ExoS, ExoY, ExoT or ExoU) at a multiplicity of infection (MOI) of 10 (PAO1 and CHA strains) and 2 (PP34 strains). �� p � 0.01 ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. B. Immunoblotting of GAPDH, pro-forms of Caspase-1 (p45) and Gasdermin-D (p55), processed Caspase-1 (p20) and Gasdermin D (p30), in WT, Casp1 -/-and GsdmD -/-in cell lysates and cell supernatants (SNs) of BMNs infected for 3 hours with PAO1 or its isogenic mutants lacking T3SS expression (PAO1 ΔExsA ) or ExoS (PAO1 ΔExoS ) at a multiplicity of infection (MOI) of 10. Immunoblots show lysates and supernatants from one experiment performed three times. C. Immunoblotting of Myeloperoxidase (MPO), pro-forms of Caspase-1 (p45) and Gasdermin-D (p55), processed Caspase-1 (p20) and Gasdermin D (p30), in WT, Nlrc4 -/-and GsdmD -/- BMNs infected for 3 hours with P. aeruginosa strain PP34 or its isogenic mutant lacking ExoU activity (PP34 ExoUS142A ) at a multiplicity of infection (MOI) of 2. Immunoblots show combined lysates and supernatants from one experiment performed three times. D. Measure of cell lysis (release of LDH) in WT and Nlrc4 -/-BMNs infected for 3 hours with P. aeruginosa mutant strains PP34 ΔExoU or PP34 ΔExoU/ΔFliC at a multiplicity of infection (MOI) of 2 and Imagestream experiments and quantifications of in vivo formation of ASC specks in bronchoalveolar (BALs) neutrophils from ASC-Citrine mice intranasally infected with 1.10 5 PP34 ΔExoU or PP34 ΔExoU/ΔFliC for 6 hours. The gating strategy used to evaluate inflammasome activation in neutrophils was performed as follow: (i) a gate was set on cells in focus [Cells in Focus] and (ii) a sub-gate was created on single cells [Single Cells]. Then we gated first on (iii) LY6G+ Neutrophils [LY6G+] and second on (iv) ASC-citrine+ and Hoechst+ cells [Hoechst+/ASC-Citrine+] within LY6G+ population. (v) To distinguish cells with active (ASC-speck) versus inactive inflammasome (Diffuse ASC), we plotted the Intensity with the area of ASC-citrine. This strategy allows to distinguish cells with active inflammasome that were visualized and quantified. For Imagestream experiments ��� p � 0.001, T-test with Bonferroni correction. Values are expressed as mean ± SEM. Graphs show one experiment representative of two independent experiments. For neutrophil in vitro experiments, ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. E. Overview of the importance of the NLRC4 inflammasome at driving neutrophil pyroptosis in response to various Pseudomonas aeruginosa strains. https://doi.org/10.1371/journal.ppat.1010305.g002

  Importantly, this process required NLRC4 expression (S3B Fig). This suggests that NLRC4-dependent neutrophil pyroptosis specifically promotes DNA decondensation and release from the nuclear membrane while retaining histone-bound DNA intracellularly despite soluble and insoluble factors being released in the extracellular environment (S3C Fig).

Fig 3 .

 3 Fig 3. NLRC4 inflammasome signaling in neutrophils promotes both pyroptotis and DNA decondensation but not DNA expulsion. A. Scanning electron microscopy (SEM) observations and quantifications of pyroptosis in WT, Casp1 -/-and GsdmD -/-BMNs 3 hours after infection with P. aeruginosa strains PAO1, PAO1 ΔExoS , PP34 and PP34 ExoUS142A at an MOI of 10 (PAO1 strains) and 2 (PP34 strains). Images are representative of one experiment performed 3 times. Scale bars are directly indicated in the figure. For quantifications, the percentage of cells exhibiting extracellular DNA was determined by quantifying the ratios of cells positives for extracellular DNA over the total of cells. 6-10 fields from n = 3 independent experiments were analyzed. Values are expressed as mean ± SEM. ��� p � 0.001, Two-Way Anova with multiple comparisons. B. Confocal microscopy observations and quantifications of WT, Casp1 -/-and GsdmD -/-BMNs infected for 3 hours with the pyroptotic strain PP34 ExoUS142A (MOI 2) and harboring ASC complexes, decondensed DNA and nuclear membrane (LaminB1). Nucleus (blue) was stained with Hoechst; LaminB1 is in red (anti LaminB1); ASC is in Green (anti-ASC); plasma membrane is in grey (WGA staining). Scale bar 10μm. Images are representative of one experiment performed three times. For quantifications, the percentage of cells with ASC complexes and nuclear DNA was determined by quantifying the ratios of cells positives for ASC speckles and nuclear DNA. 6-10 fields from n = 3 independent experiments were analyzed. Values are expressed as mean ± SEM. ��� p � 0.001, Two-Way Anova with multiple comparisons. C. Representative time lapse fluorescence microscopy images and quantifications of ASC-Citrine murine BMNs infected with the NETotic strain PP34 or the pyroptotic strain PP34 ExoUS142A (MOI 2) for 9 hours (540 minutes). Nucleus (blue) was stained with Hoechst; ASC is in yellow (ASC-Citrine); plasma membrane is in green (WGA staining); plasma membrane permeabilization is stained in red (cell impermanent DNA dye Propidium Iodide, PI). Images are representative of one movie out of three independent movies. For quantifications, the percentage of cells harboring decondensed DNA and/or extracellular decondensed DNA was determined by quantifying the ratios of cells with decondensed DNA (area surface) or cells with decondensed DNA crossing WGA staining (DNA area surface outside from plasma membrane) over the total amount of cells. At least 6 fields containing each 20-30 cells were quantified. Scale bar 10μm. ��� p � 0.001, T-test with Bonferroni correction. https://doi.org/10.1371/journal.ppat.1010305.g003

Fig 4 .

 4 Fig 4. Canonical inflammasome activation-induced DNA decondensation requires PAD4-dependent Histone Citrullination and occurs independently of cell shrinkage. A. Confocal microscopy observations and quantifications of WT and NE -/-CatG -/-Pr3 -/-BMNs infected for 3 hours with P. aeruginosa pyroptotic strain PP34 ExoUS142A (MOI 2) and harboring decondensed DNA and plasma membrane (WGA). Nucleus (blue) was stained with Hoechst; plasma membrane is in grey (WGA staining). For quantifications, the percentage of cells with nuclear DNA was determined by quantifying the ratios of cells positives for decondensed DNA on nuclear DNA. 6 fields from n = 3 independent experiments were analyzed. Scale bar 30μm. ��� p � 0.001, T-test with Bonferroni correction. B. Measure of cell lysis (release of LDH) and IL-1β release in WT, NE -/-CatG -/-Pr3 -/-and GsdmD -/-murine Bone Marrow Neutrophils (BMNs) infected for 3 hours with Pseudomonas aeruginosa pyroptotic strain PP34 ExoUS142A (MOI 2). ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. C. Confocal microscopy observations of WT, Nlrc4 -/-and GsdmD -/-BMNs infected for 3 hours with P. aeruginosa pyroptotic strain PP34 ExoUS142A (MOI 2) and harboring Citrullinated Histone 3 (H3-Cit), decondensed DNA (Hoechst) and plasma membrane (WGA). Nucleus (blue) was stained with Hoechst; Citrullinated Histone-3 is in red (anti H3-Cit); plasma membrane is in grey (WGA staining). Scale bar 20μm. Images are representative of one experiment performed three times with at least 150 neutrophils observed/ experiment. D. Confocal microscopy observations and quantifications of the percentage of cells harboring ASC complexes, H3Citrullination and nuclear/decondensed DNA in WT-ASC-Citrine + BMNs infected for 3 hours with PP34 ExoUS142A in presence/absence of the PAD4 inhibitor GSK484 (10μM). Nucleus (blue) was stained with Hoechst; Histone-3 Citrullination is in red (Anti-H3Cit staining); plasma membrane is in grey (WGA staining). Scale bar 10μm. For quantifications, the percentage of cells with ASC complexes, nuclear DNA or positives for H3Cit (H3-Cit + ) was determined by quantifying the ratios of cells positives for ASC speckles, nuclear DNA or H3Cit. At least 10 fields from n = 3 independent experiments were analyzed. Values are expressed as mean ± SEM. ��� p � 0.001, T-test with Bonferroni correction. E. Confocal microscopy observations and quantifications of WT and Pad4 -/-BMNs infected for 3 hours with P. aeruginosa pyroptotic strain PAO1 ΔExoS (MOI 10) and harboring ASC complexes, Citrullinated Histone 3 (H3-Cit), decondensed DNA and plasma membrane (WGA). Nucleus (blue) was stained with Hoechst; Histone-3 Citrullination is in red (Anti-H3Cit staining); plasma membrane is in green (WGA staining), ASC is in grey (Anti-ASC). Scale bar 10μm. For quantifications, the percentage of cells with ASC complexes, nuclear DNA or positives for H3Cit (H3-Cit + ) was determined by quantifying the ratios of cells positives for ASC speckles, nuclear DNA or H3Cit. At least 10 fields from n = 3 independent experiments were analyzed. Values are expressed as mean ± SEM. ��� p � 0.001, Two-Way Anova with multiple comparisons. F. Measure of cell lysis (release of LDH) and bacterial killing in WT, Pad4 -/-and Nlrc4 -/-murine Bone Marrow Neutrophils (BMNs) infected for 3 hours with Pseudomonas aeruginosa strains PP34 (MOI 2), PP34 ExoUS142A (MOI 2), PAO1 (MOI 10) or PAO1 ΔExoS (MOI 10). ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. LDH graph shows combined values from three independent experiments and CFU graph is from one experiment representative of three independent experiments. G. Overview of the different steps induced in neutrophils during NLRC4 inflammasome activation by various Pseudomonas aeruginosa strains. https://doi.org/10.1371/journal.ppat.1010305.g004

  -/-neutrophils (S4C Fig). This was associated with a strong defect in GsdmD -/-neutrophils to undergo pyroptosis and to release IL-1β (S4D Fig). Importantly, extracellular Calcium chelation with EGTA strongly impaired both histone citrullination and DNA decondensation upon PP34 ExoUS142A infection, suggesting a strong role for extracellular Calcium in driving PAD4 activation upon inflammasome activation in neutrophils (S4C and S4D Fig). Strikingly, neutrophil pyroptosis and IL-1β release were not modified by the use of EGTA upon infection with PP34 ExoUS142A or PAO1 ΔExoS pyroptotic strains, suggesting that Calcium fluxes are important players of histone citrullination and DNA decondensation downstream of inflammasome activation in neutrophils (S4C and S4D Fig).

Fig 5 .

 5 Fig 5. Neutrophil Caspase-1 contributes to IL-1β production and to Pseudomonas aeruginosa spread in mice. A. Intravital microscopy visualization of granulocyte death in MRP8-GFP + mice infected with 2.5.10 5 CFUs of PP34 (NETosis-inducing strain) or PP34 ExoUS142A (pyroptotic strain) in presence of SYTOX Blue for 10 hours. Granulocyte death was observed in infected lungs by the appearance of SYTOX blue fluorescence. Pseudo colors represent vessels (gray, mTG); Granulocytes (Green, MRP8-GFP + ); Dead cells (Purple, SYTOX blue). Scale bar: 20μm. Data show one experiment representative of 5 independent mice. B. Survival of MRP8 Cre-Casp1 flox and MRP8 Cre+ Casp1 flox mice intranasally infected with 5.10 5 CFUs of PP34 (NETotic strain) or PP34 ExoUS142A (pyroptotic strain) for 24 hours (n = 6 animals per condition). Graphs represent one experiment (6 mice/group) out of three independent in vivo experiments. Log-rank Cox-Mantel test was used for survival comparisons. ��� p � 0.001. NS; Not significant. C. Bronchoalveolar (BAL) and lung bacterial loads (colony forming units, CFUs) in MRP8 Cre-Casp1 flox and MRP8 Cre+ Casp1 flox mice intranasally infected with 2.5.10 5 CFUs of PP34 (NETotic strain) or PP34 ExoUS142A (pyroptotic strain) for 24 hours. Graphs represent one experiment (7 mice/group) out of three independent in vivo experiments; �� p � 0.01, Mann-Whitney analysis test. D. Determination of IL-1β levels in Bronchoalveolar Fluids (BALFs) MRP8 Cre-Casp1 flox and MRP8 Cre+ Casp1 flox mice at 10 hours after intranasal infection with 5 10 5 CFUs (5 mice/group) of PP34 (NETotic strain) or PP34 ExoUS142A (pyroptotic strain). Graphs represent one experiment (5 mice/group) out of three independent in vivo experiments; �� p � 0.01, Mann-Whitney analysis test. E. Survival of MRP8 Cre-Casp1 flox and MRP8 Cre+ Casp1 flox mice intranasally infected with 1.10 7 CFUs of PAO1 (NETotic and pyroptotic strain) or PAO1 ΔExoS (pyroptotic strain) for 24 hours (n = 6 animals per condition). Graphs represent one experiment (6 mice/group) out of three independent in vivo experiments. Log-rank Cox-Mantel test was used for survival comparisons. NS; Not significant. F. Bronchoalveolar (BAL) and lung bacterial loads (colony forming units, CFUs) in MRP8 Cre-Casp1 flox and MRP8 Cre+ Casp1 flox mice intranasally infected with 5.10 6 CFUs of PAO1 (NETotic and pyroptotic strain) or PAO1 ΔExoS (pyroptotic strain) for 24 hours. Graphs represent one experiment (7 mice/group) out of three independent in vivo experiments; � p � 0.05, �� p � 0.01, Mann-Whitney analysis test. G. Determination of IL-1β levels in Bronchoalveolar Fluids (BALFs) MRP8 Cre-Casp1 flox and MRP8 Cre+ Casp1 flox mice at 8 hours after intranasal infection with 5. 10 6 CFUs (5 mice/group) of PAO1 (NETotic and pyroptotic strain) or PAO1 ΔExoS (pyroptotic strain). Graphs represent one experiment (5 mice/group) out of three independent in vivo experiments; �� p � 0.01, Mann-Whitney analysis test. https://doi.org/10.1371/journal.ppat.1010305.g005

  Reagents and Tools available. (DOCX) S1 Movie. Time Lapse Fluorescence microscopy of ASC-Citrine murine BMNs infected with PP34 (NETotic strain, MOI 2) for 9 hours (540 minutes). Nucleus (blue) was stained with Hoechst; ASC is in yellow (ASC-Citrine); plasma membrane is in green (WGA staining); plasma membrane permeabilization is stained in red (cell impermanent DNA dye Propidium Iodide, PI). (AVI) S2 Movie. Time Lapse Fluorescence microscopy of ASC-Citrine murine BMNs infected with PP34 S142 (Pyroptotic strain, MOI 2) for 9 hours (540 minutes). Nucleus (blue) was stained with Hoechst; ASC is in yellow (ASC-Citrine); plasma membrane is in green (WGA staining); plasma membrane permeabilization is stained in red (cell impermanent DNA dye Propidium Iodide, PI). (AVI) S3 Movie. 3D reconstruction and projection of ASC-Citrine murine BMNs infected with P. aeruginosa NETotic strain PP34 (MOI 2) for 3 hours. Nucleus (blue) was stained with Hoechst; ASC is in red (ASC-Citrine); plasma membrane is in green (WGA staining). (MP4) S4 Movie. 3D reconstruction and projection of ASC-Citrine murine BMNs infected with P. aeruginosa pyroptotic strain PP34 ExoUS142 (MOI 2) for 3 hours. Nucleus (blue) was stained with Hoechst; ASC is in red (ASC-Citrine); plasma membrane is in green (WGA staining). (MP4) S5 Movie. Intravital microscopy visualization of granulocyte death in MRP8-GFP + mice infected with 2.5.10 5 CFUs of PP34 (NETosis-inducing strains) or PP34 ExoUS142A (pyroptosis-inducing strain) in presence of SYTOX Blue for 10 hours. Granulocyte death was observed in infected lungs by the appearance of SYTOX blue fluorescence. Pseudo colors represent vessels (gray, mTG); Granulocytes (Green, MRP8-GFP+); Dead cells (Purple, SYTOX blue). Scale bar: 20μm. (MP4) S1 Fig. Multiple P. aeruginosa strains trigger Caspase-1-dependent pyroptosis in neutrophils. A. Measure of basal cell lysis (release of LDH) in WT and Casp1 -/-murine Bone Marrow Neutrophils (BMNs) in culture for the indicated times. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. B. Measure of cell lysis (release of LDH) and IL-1β release in WT or Casp1 -/-murine Bone Marrow Neutrophils (BMNs) infected for 3 hours with Pseudomonas aeruginosa PAO1 and its isogenic mutants lacking T3SS expression (PAO1 ΔExsA ), Flagellin (PAO1 ΔFliC ) or T3SS-derived toxins ExoS, ExoY, ExoT (PAO1 ΔExoS , PAO1 ΔExoY , PAO1 ΔExoT ) at a multiplicity of infection (MOI) of 10. ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. Values are expressed as mean ± SEM. C. Measure of bacterial uptake (Colony-forming Units, CFUs) in WT or Casp1 -/-BMNs infected for 45 minutes with Pseudomonas aeruginosa PAO1 and its isogenic mutants lacking Flagellin (PAO1 ΔFliC ), Flagellin motors MotABCD (PAO1 ΔMotABCD ) or both Flagellin and Flagellin motors MotABCD (PAO1 ΔFliC/ΔMotABCD ) at a MOI of 10. Here, due to their lack of motility, bacteria were centrifuged for 5 min/1000 rpm to ensure neutrophil/bacterial contact. ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graph show one experiment representative of three independent experiments. D. Measure of cell lysis (release of LDH) and IL-1β release in WT and Casp1 -/- murine Bone Marrow Neutrophils (BMNs) infected for the indicated times with PAO1 ΔMo- tABCD or PAO1 ΔFliC/ΔMotABCD at an MOI of 10. Here, due to their lack of motility, bacteria were centrifuged for 5 min/1000 rpm to ensure neutrophil/bacterial contact. ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. E. Measure of the percentage of cells with plasma membrane permeabilization over time using SYTOX Green incorporation in murine WT and Casp1 -/-BMNs infected with Pseudomonas aeruginosa mutant invalidated for ExoU catalytic activity PP34 ExoUS142A at a multiplicity of infection (MOI) of 2. ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. F. Measure of the percentage of cells with plasma membrane permeabilization over time using SYTOX Green incorporation in human blood neutrophils BMNs infected with Pseudomonas aeruginosa mutant invalidated for ExoU catalytic activity PP34 ExoUS142A at a multiplicity of infection (MOI) of 2 in presence/ absence of various Caspase inhibitors, Z-YVAD (Casp1 inhibitor, 20μM), Z-DEVD (Casp3/7 inhibitor, 20μM), Z-IETD (Casp8 inhibitor, 20μM). ��� p � 0.001, Two-Way Anova with multiple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from three independent experiments. (TIF) S2 Fig. P. aeruginosa triggers NLRC4-dependent pyroptosis in neutrophils.

  ��� p � 0.001, T-test with Bonferroni correction. B. Immunoblotting observation of Histone 3, HMGB1, Lamin B1, GAPDH, Actin, Gasdermin D (GSDMD) and NLRC4 in cellular soluble and insoluble fractions as well as in the supernatant from WT and Nlrc4 -/-murine BMNs infected with P. aeruginosa NETotic strain PP34 or pyroptotic strain PP34 ExoUS142A (MOI 2) for 3 hours. Immunoblots show one experiment performed two times. C. Overview of the different steps induced in neutrophils during NLRC4 inflammasome activation by various Pseudomonas aeruginosa strains. (TIF) S4 Fig. Inflammasome signalling induce neutrophil DNA decondensation through Calcium-dependent, but cell lysis-independent, manner. A. Confocal microscopy observations and quantifications of human blood neutrophils infected for 3 hours with PAO1 ΔExoS (MOI
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  .aeruginosa evasion. Although NLRC4 activation in neutrophil leads a conventional caspase-1 dependent pyroptosis, similar to other cell types, neutrophil pyroptosis exhibits unique features characterized by DNA decondensation, nuclear envelope disruption and expansion in the cytosol without being expulsed out of the cell. The enzyme responsible for this characteristic DNA decondensation is the Protein Arginine Deaminase 4 (PAD4), activated upon calcium influx, which mediates histone citrullination resulting in DNA relaxation and release from the nucleus. This characteristic DNA decondensation mechanism mediated by PAD4 is also conserved during NETosis. However, unlike NETosis, decondensated DNA is not expulsed out of the cell during neutrophil pyroptosis. Why upon classical NETotic pathway mediated by caspase-11, MLKL, NAPDH or NE/CathG/Pr3 we have DNA expulsion but not upon caspase-1 dependent neutrophil pyroptosis still remain to be determined. Expulsion of the DNA out of the cell duringNETosis has been for a long time considered a "passive" mechanism and a consequence of the pressure induced by the DNA to the plasma membrane. However, recent work observed that pharmacological stabilization of F-actin results in an "incomplete NETosis". Moreover, neutrophil elastase (NE) release from the granules upon neutrophil activation has been shown

  catalytic subunit). As consequences, phagocytes (monocytes, macrophages, dendritic cells and neutrophils) exhibit a strong defect to eliminate a specific set of fungal and bacterial pathogens, including but not restricted to, the bacteria S. Typhimurium, C. violaceum, B. cenocepaciae and thailandensis, S. aureus or the fungi A. fumigatus, hence leading to lifethreatening infections. Although the NADPH oxidase drives ROS-dependent microbial elimination and NETosis induction, two anti-microbial processes, a counter intuitive phenotype of CGD patients is that they exhibit strong basal and inducible inflammation, characterized by exacerbated intestinal and lung pathologies. In agreement to this, monocytes from CGD patients were shown to produce elevated levels of pro-inflammatory cytokines TNFα and IL1β in response to microbial ligands, which suggests that the role of the NADPH oxidase is not solely restricted to microbial killing. In parallel, neutrophils from CGD patients undergo very fast and exacerbated necrosis upon B. cenocepaciae or A. fumigatus challenge, which suggests that beyond their inability to undergo NADPH-dependent NETosis, neutrophils can also trigger alternative cell necrosis pathways. How such pathways are induced but also their importance in immunity to infections remain unknown so far.
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 1 Figure 1 : Inhibition of the NADPH oxidase complex exhibit extreme sensitivity to inflammasomedriven pyroptosis

Figure 2 :Figure 3 :

 23 Figure 2 : NADPH-deficient mice neutrophils exhibit extreme sensitivity to inflammasome-driven pyroptosis

Figure 4 :

 4 Figure 4 : Neutrophils from CGD patients exhibit extreme sensitivity to pyroptosis under various CGDassociated bacteria

Figure 5 :

 5 Figure 5 : NADPH oxidase-induced superoxide controls Caspase-1 activation threshold and subsequent neutrophil sensitivity to pyroptosis induction

Figure 6 :

 6 Figure 6 : NADPH oxidase-induced superoxide controls Gasdermin-D cleavage through Caspase-1 oxidation

Figure 7 :

 7 Figure 7 : Monocytes deficient for NADPH oxidase complexe exhibit extreme sensitivity to pyroptosis

  work properly once in clinical trial. Our finding that anion superoxide seems to control caspase-1 activation through its oxidation and that the pharmacological inhibition of SOD1 completely inhibit caspase-1 activation and subsequent inflammasome response is a promising tool.

Figure 24 :

 24 Figure 24 : NADPH oxidase function and potential therapies

(

  Affiliations continued on next page) Molecular Cell 82, 2385-2400, July 7, 2022 ª 2022 Elsevier Inc. 2385 ll proinflammatory cytokines of the interleukin (IL)-1 family, IL-1b and IL-18, as well as Gasdermin D (GSDMD) (Broz and Dixit, 2016). GSDMD cleavage activates a type of lytic cell death, pyroptosis, that also triggers the release of the cellular content (Broz and Dixit, 2016; Kayagaki et al., 2021). Although pyroptosis and IL-1-related cytokines are important defenses against a range of microbial infections, dysregulation of the inflammasome promotes excessive inflammation (Kayagaki et al., 2015; Shi et al., 2015; Yu et al., 2021). Specifically, IL-1-related cytokines are detected in SARS-CoV-2-infected patients and are suspected to directly and indirectly contribute to severe COVID-19-linked sepsis (Cauchois et al., 2020; Cavalli and Dagna, 2021; Junqueira et al., 2021; Lucas et al., 2020; Pan et al., 2021; Rodrigues et al., 2021; Yap et al., 2020).

  ) (Bauernfried et al., 2021; Lee et al., 2019; Robinson et al., 2020). NLRP1, a NOD-like receptor (NLR), exhibits a domain FIIND (function-to-find domain) that autocleaves NLRP1 into two proteins noncovalently connected (Chavarrı ´a-Smith et al., 2016; Chui et al., 2019; Johnson et al., 2018; Mitchell et al., 2019; Okondo et al., 2018; Sandstrom et al., 2019; Zhong et al., 2018). In this process, the proteases DPP8/DPP9 keep the C-Term CARD in an inactive conformation. Pathogen-driven activation of the NLRP1 inflammasome can occur in the following different ways. First, cleavage of NLRP1 close to the N-terminal PYRIN domain can send N-terminal NLRP1 to the proteasome, thus allowing the C-terminal CARD domain to oligomerize and activate caspase-1 (Mitchell et al., 2019). This mechanism occurs when murine NLRP1B is exposed to the anthrax lethal factor (LF) protease (Chavarrı ´a-Smith et al., 2016; Chui et al., 2019; Sandstrom et al., 2019) and also in humans in response to enterovirus 3C cysteine proteases (Robinson et al., 2020; Tsu et al., 2021). Another mech-anism that activates NLRP1 is binding of long double-stranded RNA detection to its NACHT-(NAIP [neuronal apoptosis inhibitor protein], C2TA [MHC class 2 transcription activator], HET-E [incompatibility locus protein from Podospora anserina]

  ; Dick et al., 2016; Franklin et al., 2014; Lu et al., 2014). We activated NLRP1 using poly(I:C) or the pharmacological agent Val-boroPro (Val-boro) to evaluate the efficacy of our cell lines (Figures S1C-S1F; Johnson et al., 2018; Okondo et al., 2018). Transfection of poly(I:C) or treatment with various doses of Val-boro only triggered cell lysis in NLRP1expressing cells (Figures S1C-

Figure 1 .

 1 Figure 1. NLRP1 is an innate immune sensor of SARS-CoV-2 infection (A) Western blot examination of NLRP1, NLRP3, and ACTIN in various human epithelial cells and cell lines. (B) Cell death (LDH) and viability (ATP Glo) evaluation in A549 ACE2/NLRP1+ and A549 ACE2/NLRP1À airway epithelial cell lines infected with various multiplicity of infection (MOI) of SARS-CoV-2 for 24 h. (C) Florescence microscopy and associated quantifications of ASC-GFP specks in A549 ACE2/NLRP1+/ASC-GFP and A549 ACE2/NLRP1À/ASC-GFP airway epithelial cell lines infected with SARS-CoV-2 (MOI 0.05) for 24 h. Nucleus was stained with Hoechst (blue), and nucleocapsid (N) was stained in red after fixation. Brightfield/ASC-GFP pictures were taken in dish during cell infection. Images shown are from one experiment and are representative of n = 3 independent

  ; Eldeeb et al., experiments. For quantifications, the percentage of cells with ASC complexes was determined by determining the ratios of cells positives for ASC speckles on the total nuclei. At least 10 fields from n = 3 independent experiments were analyzed. Values are expressed as mean ± SEM. (D) Cell death (LDH) evaluation in A549 NLRP1+ and A549 NLRP1À airway epithelial cell lines infected with SARS-CoV-2 (MOI 0.05) for 24 h in the presence/absence of the pan-caspase inhibitor Z-VAD (25 mM), NSP5 protease inhibitor PF-00835231 (10 mM), or the RNA-dependent RNA polymerase (RdRp) inhibitor remdesivir (5 mM). (E) Florescence microscopy and associated quantifications of ASC-GFP specks in A549 ACE2/NLRP1+/ASC-GFP and A549 ACE2/NLRP1À/ASC-GFP airway epithelial cell lines infected with SARS-CoV-2 (MOI 0.05) for 24 h. Nucleus was stained with Hoechst (blue). Brightfield/ASC-GFP pictures were taken in dish during cell infection. Images shown are from one experiment and are representative of n = 3 independent experiments; scale bars, 10 mm. For quantifications, the percentage of cells with ASC complexes was determined by determining the ratios of cells positives for ASC speckles on the total nuclei. At least 10 fields from n = 3 independent experiments were analyzed. Values are expressed as mean ± SEM. (F) Cell death (LDH) evaluation in NHBE airway epithelial cells infected with various multiplicity of infection (MOI) of SARS-CoV-2 for 36 h in the presence/absence of the pan-caspase inhibitor Z-VAD (25 mM), Necroptosis inhibitor Necrostatin-1s (Nec1s, 30 mM), or the Ferroptosis inhibitor Ferrostatin-1 (Fe1, 10 mM). (G) Western blot characterization of genetic invalidation of NLRP1 in NHBE population using CRISPR-Cas9 and measure of cell lysis (LDH release) in NHBEWT and NHBE NLRP1À/À airway epithelial cells infected with various multiplicity of infection (MOI) of Wuhan or Delta variant SARS-CoV-2 for 36 h. Efficiency of genetic invalidation by single-guide RNAs (sgRNAs were evaluated at the whole cell population. Data information: western blot (A and G) images are from one experiment performed 3 times. Graphs (B), (D), (F), and (G) show data presented as means ± SEM from n = 3 (F and G), n = 4 (B) and n = 6 (D) independent pooled experiments; ***p % 0.001 for the indicated comparisons with t test. Images (C and E) are representative of one experiment performed 3 times.

Figure 2 .

 2 Figure 2. SARS-CoV-2 NSP5 protease-cleaved NLRP1 at the Q333 site nucleates NLRP1 inflammasome (A) Florescence microscopy and associated quantifications of ASC-GFP specks in A549 NLRP1+/ASC-GFP and A549 NLRP1À/ASC-GFP airway epithelial cell lines infected with SARS-CoV-2 (MOI 0.05) for 24 h in the presence or absence of proteasome inhibitor bortezomib (0.1 mM) or inhibitor of the glycine N-degron pathway MLN4924 (1 mM). Images shown are from one experiment and are representative of n = 3 independent experiments; scale barss 10 mm. For quantifications, the percentage of cells with ASC complexes was determined by determining the ratios of cells positives for ASC speckles on the total cells presents in the wells. At least 10 fields from n = 3 independent experiments were analyzed. Values are expressed as mean ± SEM. (B) Western blot examination of NLRP1 cleavage using an anti-NLRP1 N-terminal antibody (aa 1-323) upon coincubation of SARS-CoV-2, SARS-CoV-1, or MERS-CoV 3CL (NSP5) proteases (5 mM) with A549 NLRP1+ airway epithelial cell lysates in presence or absence of the 3CL inhibitors GC-376 (10 mM) or PF-00835231 (10 mM). NLRP1 N-terminal, NLRP1 C-terminal, NSP5, and ACTIN were immunoblotted. (C) Florescence microscopy and associated quantifications of ASC-GFP specks in A549 NLRP1+/ASC-GFP airway epithelial cell lines transduced with a doxycycline (dox)-inducible plasmid encoding NSP5 or its catalytically inactive mutant NSP5 C145A . Images shown are from one experiment and are representative of n = 3 independent experiments; scale bars, 10 mm. For quantifications, the percentage of cells with ASC complexes was determined by determining the ratios of cells positives for ASC speckles on the total cells presents in the wells. At least 10 fields from n = 3 independent experiments were analyzed. Values are expressed as mean ± SEM. (D) Schematic representation of the approximate NLRP1 N-terminal fragment generated by NSP5 protease cut. (E) Western blot examinations of the ability of NSP5 to cleave various NLRP1 constructs mutated in glutamine (Q) at various sites. Immunoblots show anti-N-terminal NLRP1, ACTIN, and NSP5. (F) Florescence microscopy and associated quantifications of ASC-GFP specks in A549 NLRP1+/ASC-GFP or A549 NLRP1Q333A/ASC-GFP airway epithelial cell lines transduced with a doxycycline (dox)-inducible plasmid encoding NSP5 or its catalytically inactive mutant NSP5 C145A . Images shown are from one experiment (legend continued on next page)

  and NHBE NLRP1À/À airway epithelial cells infected with SARS-CoV-2 (MOI 1) for 36 h in the presence/absence of the proteasome inhibitor bortezomib (0.1 mM) or inhibitor of the glycine N-degron pathway MLN4924 (1 mM). Data information: images (A, C, and F) show one experiment performed 3 times. Western blot (B, E, H, and J) images are from one experiment performed 3 times. Graphs (C, G, I, and K) show data presented as means ± SEM from n = 3 independent pooled experiments; ***p % 0.001 for the indicated comparisons with t test.

Figure 3 .

 3 Figure 3. NSP5 protease cleaves Gasdermin D in its pore-forming domain (A) Cell death (LDH) evaluation in A549 NLRP1+ , A549 NLRP1À , or A549 NLRP1+/GSDMDÀ airway epithelial cell lines infected for 24 h with SARS-CoV-2 (MOIs 0.1, 0.01, and 0.001) or stimulated with doxycycline (dox)-induced NSP5 expression. (B) Measure of cell lysis (LDH release) and cell viability (Cell titer Glo) in NHBE WT and NHBE GSDMDÀ/À airway epithelial cells infected with various SARS-CoV-2 viral strains (MOI 1) for 36 h.

Figure 4 .

 4 Figure 4. NLRP1 engages a caspase-3/Gasdermin E-dependent pyroptosis pathway upon SARS-CoV-2 infection

Figure 5 .

 5 Figure 5. Caspase-3/IL-16 and GSDME as potential markers of COVID-19 severity (A) Measure of the presence of various inflammatory mediators in plasmas from hospitalized patients presenting COVID-19 disease and analyzed according to their disease severity degree (n = 60 patients, including 15 with moderate COVID-19, 15 with moderate COVID-19 on admission, 15 with severe COVID-19 on admission, and 15 IFN alterations with severe COVID-19). Samples were prepared at day 0 posthospitalization. Data information: data shown as means from n = 12 different donors per category (moderate/moderate / severe/severe/IFN alterations); each category is represented with a colored circle; * p % 0.05, **p % 0.01, ***p % 0.001 for the indicated comparisons using t test with Bonferroni correction.

  al, 2007; Papayannopoulos et al, 2010; Papayannopoulos, 2018). A recent report showed that caspase-11 activation in neutrophils may elicit GSDMD-dependent NETs (Chen et al, 2018), and neutrophil elastasemediated GSDMD cleavage was also suggested to drive mitogeninduced NETosis by phorbol 12-myristate 13-acetate (PMA) (Sollberger et al, 2018). Several studies have shown that the canonical NLRP3 and the NLRC4 inflammasomes in neutrophils promote maturation and secretion of IL-1b (Mankan et al, 2012; Chen et al, 2014; Karmakar et al, 2015, 2016, 2020; Perez-Figueroa et al, 2016;H a ssane et al, 2017; Monteleone et al, 2018). However, a systematic analysis of the repertoire of functional canonical inflammasomes in neutrophils has not been reported. Moreover, the role of GSDMD in the context of neutrophil canonical inflammasome activation and PMA-induced NETosis is unclear.

  pups having died within the first 2 weeks after birth (Fig 1D). Haematoxylin and eosin (H&E) staining of the spleens harvested at postnatal day 7 showed the typical lymphoid follicles and periarteriolar lymphoid sheaths (PALS) that compose the white pulp regions of the healthy spleens of Nlrp3 A350V/wt MRP8-Cre À control mice (Fig 1E, upper left). However, the white pulp regions were nearly absent in spleens of the transgenic pups expressing the Nlrp3 A350V mutant allele (Fig 1E, upper middle, and Fig 1F). Instead, most of the spleen parenchyma in Nlrp3 A350V/wt MRP8-Cre Tg pups was replaced by a substantial increase in extramedullary haematopoiesis (EMH) of mostly myeloid lineage and to a more limited extent of erythrocyte lineage (Fig 1E, right and Fig 1G). Liver sections of both Nlrp3 A350V/wt MRP8-Cre À control mice and diseased Nlrp3 A350V/wt MRP8-Cre Tg pups displayed EMH of the erythroid lineage. Compared to the liver of Nlrp3 A350V/wt MRP8-Cre À littermate controls (Fig 1E, lower left), liver samples of Nlrp3 A350V/wt MRP8-Cre Tg pups also showed a modest increase in EMH of the myeloid lineage (indicated with arrowheads) and hepatocyte enlargement (Fig 1E, lower middle and right, and Fig1H and I). In addition, mild focal or multifocal granulocytic infiltrates were present in the H&E-stained heart sections of Nlrp3 A350V/wt MRP8-Cre Tg pups (FigEV1A and B), whereas the small intestine and colon showed few or no abnormalities when compared to tissue sections of Nlrp3 A350V/wt MRP8-Cre À littermate controls (Fig EV1A). A multiplexed analysis of systemic cytokines and chemokines in serum of postnatal day 7 pups showed that Nlrp3 A350V/wt MRP8-Cre Tg pups had a significant elevation in the serum concentration of several inflammatory cytokines, growth factors and chemokines, among which the inflammasome-dependent cytokine IL-18, the inflammatory cytokines IL-6 and TNF-a and the chemokine MCP-1 (Figs 1J-L and EV1C-Q).
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 218103 Figure 2. Canonical inflammasomes driving IL-1b maturation and secretion in neutrophils. A-H LPS-primed neutrophils of indicated genotypes were left untreated (Mock) or stimulated with LeTx (3 h) (A, B), TcdA (3 h) (C, D), infected with F. tularensis (18 h) (E, F) or stimulated with FlaTox (3 h) (G, H). IL-1b secretion levels were determined in culture media (A, C, E, G); and combined cell lysates and culture media (Lys+Sup) were immunoblotted for cleavage of pro-IL-1b (~39 kDa) into mature IL-1b (p17) (B, D, F, H). Cytokine values represent mean AE SEM of n = 3 biological repeats and immunoblots are representative of n = 3 biological repeats. Statistical significance was analysed by two-way ANOVA: *P ≤ 0.05;**P ≤ 0.01. P-values were corrected for multiple comparisons (Bonferroni).Source data are available online for this figure.

  4A and B), demonstrating the specificity of these findings and indicating that Pyrin and NLRC4 inflammasome activation in neutrophils induce cleavage of GSDMD into its aminoterminal pore-forming domain. Robust GSDMD cleavage was also observed in immunoblots of LPS+nigericin-stimulated wildtype neutrophils (Fig 4C). Caspase-1 drove nigericin-induced GSDMD maturation because GSDMD cleavage was abolished in caspase-1deficient neutrophils (Fig 4C). Consistent with our previous results (Fig 3), TcdA, nigericin and FlaTox all induced SYTOX Green incorporation in LPS-primed Gsdmd-sufficient neutrophils (Fig 4D-F). However, SYTOX Green incorporation by these canonical inflammasome stimuli was blunted in Gsdmd-deficient neutrophils (Fig 4D-F). Together, these results demonstrate that canonical inflammasome activation in neutrophils triggers caspase-1-mediated GSDMD cleavage and results in GSDMD-dependent pyroptosis.GSDMD activation by caspase-1 represents a major mechanism of IL-1b secretion from ex-vivo-stimulated macrophages, as well as in mice with hyperactivation of the canonical Pyrin and NLRP3 inflammasomes respectively(Kayagaki et al, 2015; Shi et al, 2015; Kanneganti et al, 2018; Xiao et al, 2018).

Figure 4 .

 4 Figure 4. GSDMD drives canonical inflammasome-induced PMP and IL-1b secretion in neutrophils. A-I LPS-primed neutrophils of the indicated genotypes were left untreated (Mock) or stimulated with TcdA (3 h) (A, D, G), FlaTox (3 h) (B, E, H) or nigericin (100 min) (C, F, I). A-C Whole-cell lysates (Lys) and culture media (Sup) were immunoblotted separately for cleavage of pro-IL-1b (~39 kDa) into mature IL-1b (p17) and cleaved GSDMD (p30). * With Western blots indicates non-specific cross-reactivity of the antibody. Data are representative of n = 3 (A, B) or n = 2 (C) biological repeats. D-F PMP was assessed by measurement of SYTOX Green incorporation over time. Data information: Values represent mean AE SEM of n = 3 (D, E) or n = 4 (F) biological repeats. Statistical significance was analysed by two-way ANOVA: **P ≤ 0.01; ***P ≤ 0.001. P-values were corrected for multiple comparisons (Bonferroni). G-I IL-1b secretion levels were determined by Luminex assay. Values represent mean AE SEM of n = 3 (G, I) or n = 4 (H) biological repeats. Statistical significance was analysed by two-way ANOVA: *P ≤ 0.05;**P ≤ 0.01. Source data are available online for this figure.
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wildtype and caspase- 1 À

 1 /À BMNs (Fig 5A). Moreover, PMA-induced SYTOX Green incorporation proceeded unabated in Gsdmd-deficient neutrophils (Fig 5B), suggesting that GSDMD may not be required for PMA-induced NETosis. As a comparison and consistent with PMAinduced NETosis being driven by NADPH oxidase activity (Fuchs et al, 2007;E r m e r tet al, 2009), we confirmed that PMA-induced NETosis was abolished in Nox2/Gp91 Phox -deficient neutrophils as assessed by confocal microscopy and kinetic analysis of SYTOX Green incorporation (Appendix Fig S2A-C). As reported (Vong et al, 2014), culture media of PMA-stimulated BMNs failed to produce a signal in LDH activity assays (Appendix Fig S2D), suggesting that LDH activity assays may not be a suitable readout for neutrophil lysis. However, immunoblotting showed that culture media of PMA-stimulated BMNs contained levels of extracellular b-actin and GAPDH that were significantly lower than even the basal background levels of mock-treated BMNs (Fig 5C) .T h e s em a r k e dr e d u c t i o n sw e r ea l s oo b s e r v e dw i t h PMA-stimulated BMNs from mice lacking expression of caspase-1 or GSDMD (Fig 5C and D), indicating that the mechanism involved is not regulated by GSDMD or canonical inflammasomes. Unlike PMA, nigericin stimulation potently increased extracellular concentrations of b-actin and GAPDH in culture media of LPS-primed BMNs (Fig 5E). Further support for the notion that nigericin induces canonical inflammasome-induced pyroptosis in neutrophils is provided by the findings that nigericin-induced extracellular release of GAPDH and bactin (Fig 5E and F) and nigericin-induced SYTOX Green incorporation (Figs 4F and 5G) were abolished in caspase-1-and GSDMD-deficient BMNs. Similarly, we confirmed that GSDMD-mediated PMP in TcdAstimulated neutrophils (Fig 4D) was accompanied by GSDMDdependent extracellular GAPDH and b-actin release (Fig 5H). Together, these results indicate that several canonical inflammasome stimuli induce GSDMD-dependent pyroptotic cell lysis in neutrophils. We next sought to further explore the cell death mechanism of S. Typhimurium-infected neutrophils (Fig 3F). S. Typhimuriuminfected wildtype neutrophils displayed a prominent induction of SYTOX Green incorporation of about 20-30% above background levels by 3 h post-infection (Appendix Fig S3A). S. Typhimuriuminduced PMP was abolished in infected C1 À/À C11 À/À and Nlrc4 À/À neutrophils (Appendix Fig S3A), suggesting a key role for the canonical NLRC4 inflammasome. In agreement, caspase-1 or GSDMD deficiency was sufficient to blunt S. Typhimurium-induced SYTOX Green incorporation (Appendix Fig S3B and C). Confocal micrographs of S. Typhimurium-infected wildtype and caspase-1deficient BMNs confirmed these findings (Fig 6A). Moreover, S. Typhimurium-infected neutrophils generally had a less rounded appearance compared to the more ballooning morphology of PMA-treated BMNs (Fig 6B and Appendix Fig S2B)

Figure 6 . 18 Dhruv

 618 Figure 6. Caspase-1 and GSDMD drive S. Typhimurium-induced neutrophil pyroptosis. A-H Neutrophils of the indicated genotypes were left untreated (Mock) or infected with S. Typhimurium at MOI 25. (A) Representative confocal micrographs taken at different time points were stained with DAPI (dark blue nuclei) and SYTOX Green (light blue). Scale bar: 20 lM. (B) Representative confocal micrographs of untreated (Mock), S. Typhimurium-infected or PMA-stimulated wildtype BMNs stained for neutrophil elastase (Red) and SYTOX Green (Green) (Scale bar: 10 lM). (C, D) Cell lysates (Lys) and culture media (Sup) were immunoblotted for the indicated proteins at 1 and 3 h post-infection. (E) Cell death was measured by LDH assay 3 h post-infection. (F) IL-1b secretion levels were determined by Luminex assay 1 h post-infection. (G) Representative confocal micrographs of neutrophils stained with DAPI (dark-blue nuclei) and SYTOX Green (light blue) taken at different time points post-infection (scale bar: 20 lM). (H) PMP was assessed by measurement of SYTOX Green incorporation over time. Data information: In E, F and H, values represent mean AE SEM of n = 3 biological repeats. Statistical significance was analysed by two-way ANOVA: **P ≤ 0.01; ***P ≤ 0.001. P-values were corrected for multiple comparisons (Bonferroni). Other data are representative of n = 3 (A, B, G) or n = 2 (C, D) biological repeats. S. Typh.: S. Typhimurium. Source data are available online for this figure.

5 0

 5 -triphosphate (ATP) from Roche; Clostridium difficile toxin A (TcdA) from Enzo Life Sciences; and recombinant anthrax lethal factor (LF) from Quadratech. Recombinant expression and purification of B. anthracis protective antigen (PA) and recombinant LFn-FlaA were performed as described in von Moltke et al.( 2012).MiceC1 À/À C11 À/À (Kuida et al, 1995), Mefv À/À (Van Gorp et al, 2016), Aim2 À/À (Jones et al, 2010), B6 Nlrp1b+(Boyden & Dietrich, 2006), B6 Nlrp1b+ C1 À/À C11 À/À (Van Opdenbosch et al, 2014), C1 À/À (Van Gorp et al, 2016), C11 À/À (Kayagaki et al, 2011), Nlrp3 À/À (Mariathasan et al, 2006), Nlrc4 À/À (Mariathasan et al, 2004), Pad4 À/À and NE À/À CatG À/À Pr3 À/À (Yan et al, 2016) have been described. Nox2 y/À (B6.129S-Cybb tm1Din /J)(Pollock et al, 1995), Nlrp3 A350V/wt (B6.129-Nlrp3tm1Hhf/J) (Brydges et al, 2009), MRP8-Cre (B6.Cg-Tg(S100A8-cre,-EGFP)1Ilw/J) (Passegue et al, 2004) and CreT (B6.129-Gt(ROSA)26Sor tm1(cre/ERT2)Tyj /J)(Ventura et al, 2007) 
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Fig 1 .

 1 Fig 1. ExoU-dependent lung pathology in mice associates to an alarmin and peroxidized lipid signature. (A) Survival of WT mice intranasally infected (n = 7 animals per condition) with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. Graphs represent one experiment (8 mice/group) out of three independent in vivo experiments. Log-rank Cox-Mantel test was used for survival comparisons. ��� p � 0.001. (B) Bronchoalveolar (BAL), lung, blood and spleen bacterial loads from WT mice (n = 8) 18 hours after intranasal infection with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. Graphs represent one experiment (8 mice/group) out of three independent in vivo experiments. �� p � 0.01, Mann-Whitney analysis test. (C) Alarmin levels in bronchoalveolar fluids (BALFs) from WT mice (n = 8) 6 hours after intranasal infection with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. Graphs represent one experiment (8 mice/group) out of three independent in vivo experiments; � p � 0.05; �� p � 0.01, Mann-Whitney analysis test. (D) Prostaglandin E2 (PGE2) and Leukotriene B4 (LTB4) levels in bronchoalveolar fluids (BALFs) from WT mice (n = 8) 6 hours after intranasal infection with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. Graphs represent one experiment (8 mice/group) out of three independent in vivo experiments; �� p � 0.01, Mann-Whitney analysis test. (E) Peroxidized lipid product (isoprostanes and MDA) levels in bronchoalveolar fluids (BALFs) from WT mice (n = 8) 6 hours after intranasal infection with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. Graphs represent one experiment (8 mice/group) out of three independent in vivo experiments; � p � 0.05; �� p � 0.01, Mann-Whitney analysis test. Data information: Data shown as means (Graphs B-E) and are representative of one experiment performed three times; � p � 0.05; �� p � 0.01, ��� p � 0.001, Mann-Whitney analysis test (B-E) and log-rank Cox-Mantel test for survival comparisons (A). https://doi.org/10.1371/journal.ppat.1009927.g001

Fig 2 .

 2 Fig 2. Lipid peroxidation inhibition delays ExoU-induced cell necrosis. Otherwise specified, cells were infected with an MOI of 0.5 of P. aeruginosa PP34, PP34 exoU-or PP34 exoUS142A for various times. ��� p � 0.001, t-test with Bonferroni correction. (A) Measure of LDH release in Nlrc4 -/-BMDMs infected with PP34 or PP34 exoU-in presence of Z-VAD (40μM), olaparaib (10μM), Necrostatin-1s (Ne1s, 40μM) or Ferrostatin-1 (Fe1, 10μM) for 2 hours. ��� p � 0.001, t-test with Bonferroni correction. (B) Measure of LDH release in WT or Casp1 -/-/Casp11 -/-BMDMs transfected (Lipofectamin 2000) with 1μg of LPS or Flagellin (Flg) to induce pyroptosis, treated with Z-VAD (40μM)/TNFα (500UI/mL)/TPCA-1 (5 μM) to induce necroptosis or with Cumene hydroperoxide (CuOOH, 400μM) to induce ferroptosis in presence or absence of Ferrostatin-1 (Fe1, 10μM) for 6 hours. ��� p � 0.001, t-test with Bonferroni correction. (C) Measure of alarmin/cytokine release in Nlrc4 -/-BMDMs infected with PP34 or PP34 exoU-in presence of Z-VAD (40μM), olaparaib (10μM), Necrostatin-1s (Ne1s, 40μM) or Ferrostatin-1 (Fe1, 10μM) for 2 hours. ��� p � 0.001, t-test with Bonferroni correction. (D) Heat map representing measure of LDH release in WT, ALOX5 -/- and ALOX12/15 BMDMs transfected with recombinant ExoU in presence/absence of Cox1 inhibitor (Ketorolac Tromethamine, 10μM), Cox2 inhibitor (NS 398, 25μM), Cyp450 epoxygenase activity inhibitor (PPOH, 10μM), phospholipase inhibitor MAFP (50μM) or lipid peroxidation inhibitors Ferrostatin-1 (Fe1, 20μM), Resveratrol (5μM), Liproxstatin-1 (30μM), a-Tocopherol (20μM) for 2 hours. The heat map shows the mean of three combined independent experiments, each performed in triplicate. (E) Time course measure of plasma membrane permeabilization using propidium iodide incorporation in Nlrc4 -/-BMDMs infected with PP34 or PP34 exoUS142A in presence/absence of Ferrostatin-1 (Fe1, 20μM). ��� p � 0.001, t-test with Bonferroni correction. (F) Microbicidal activity of macrophages (5h) and neutrophils (3h) after infection with P. aeruginosa exoU + and exoU -(MOI 0.5) in presence/absence of ferrostatin-1 (10μM). ��� p � 0.001, t-test with Bonferroni correction. Data information: Data are represented as means +/-SEM (graphs A-F) from n = 3 independent pooled experiments; ��� P � 0.001 for the indicated comparisons using t-test with Bonferroni correction. https://doi.org/10.1371/journal.ppat.1009927.g002

Fig 3 .

 3 Fig 3. ExoU-induced cell death involves ROS-induced lipid peroxidation but proceeds in a ferroptosis independent manner. (A) Cytometry detection and quantification of (phospho)lipid peroxidation using the probe C11-bodipy in WT BMDMs treated with CuOOH (20μM) or transfected with rExoU (500ng) or its catalytically dead mutant rExoU S142A (500ng) for 1 hour in presence or absence of Ferrostatin-1 (20μM). Sample were acquired using FACSCalibur (BD). The graphs shows the mean+/-SEM of one experiment performed in triplicate out of three independent experiments. �� P�0.001, ��� P � 0.001 for the indicated comparisons using t-test with Bonferroni correction. (B) (Redox) lipidomic analysis of phospholipid peroxidation in BMDMs transfected with recombinant ExoU or its catalytically dead mutant ExoU S142A for 45 minutes. Each value is standardized to the corresponding phospholipid content shown in (S3B Fig). The heat map shows the mean of one experiment performed in triplicate. (C) Cytometry detection and quantification of (phosphor)lipid peroxidation using the probe C11-bodipy in WT BMDMs pre-treated or not for 1 hour with CuOOH (20μM) in presence or absence of Ferrostatin-1 (20μM) and then transfected with rExoU (500ng) for 1 hour. Sample were acquired using FACSCalibur (BD). The graphs shows the mean+/-SEM of one experiment performed in triplicate out of three independent experiments. � P � 0.05, �� P�0.001, for the indicated comparisons using t-test with Bonferroni correction. (D) Measure of LDH release in WT BMDMs pre-treated or not for 1 hour with CuOOH (20μM) in presence or absence of Ferrostatin-1 (20μM) and then transfected with rExoU (500ng) for 3 hours. ��� p � 0.001, T-test with Bonferroni correction. (E) Representative microscopy images (phospho)lipid peroxidation and quantifications using the probe C11-bodipy in CuOOH-primed (20μM) HELA cells infected with PP34 (MOI5) for 2 hours. Images show two independent experiments, each performed three times at 2 hours post infection. Scale bar 20μm; Green, oxidized bodipy (oxidized phospholipids, PLs ox); Red, bodipy (phospholipids, PLs); Blue (Endoplasmic Reticulum, ER tracker probe, 1μM). Arrows show enriched peroxidised phospholipids in the plasma membrane area. Quantifications show the Mean Fluorescence Intensity (MFI) quantification of Peroxidized lipids from one experiment performed three times (50-60 cells counted). ��� P<0.001 by T-test. (F) Measure of LDH release in immortalized (i) WT or Cypor -/-BMDMs primed or not with CuOOH (20μM, 1hour) in presence or absence of ferrostatin-1 (20μM) and infected for 2 hours with PP34. ��� p � 0.001, T-test with Bonferroni correction. (G) Time course measure of plasma membrane permeabilization using propidium iodide incorporation in WT and Cypor -/-HELA cells primed or not with CuOOH (20μM, 1hour) and infected with PP34 (MOI5) for 2 hours. ��� p � 0.001, T-test with Bonferroni correction. (H) Time course measure of plasma membrane permeabilization using propidium iodide incorporation in immortalised WT and Gpx4 -/-BMDMs transfected with rExoU (500ng) for 7 hours. ��� p � 0.001, T-test with Bonferroni correction. (I) ExoU phospholipase

Fig 4 .

 4 Fig 4. Ferrostatin-1 protects mice against ExoU-induced lung pathology. (A) Bronchoalveolar (BAL), lung and spleen bacterial loads from WT mice (n = 7/group) 18 hours after intranasal infection with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. When specified, mice were intraperitoneally pretreated with ferrostatin-1 (6mg. k -1 or PBS) 4 hours before intranasal infection. Graphs represent one experiment (7 mice/group) out of three independent in vivo experiments. �� p � 0.01, Mann-Whitney analysis test. NS: Not significant. (B, C) Alarmin and lipid peroxide products levels in bronchoalveolar fluids (BALFs) from WT mice (n = 7 mice/group) 6 hours after intranasal infection with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. When specified, mice were intraperitoneally pretreated with ferrostatin-1 (6mg.k -1 or PBS) 4 hours before intranasal infection. Graphs represent one experiment (7 mice/group) out of three independent in vivo experiments; � p � 0.05; �� p � 0.01, Mann-Whitney analysis test. (D) Immune cell (CD45+) populations in bronchoalveolar fluids (BALFs) from WT mice (n = 7 mice/group) 6 hours after intranasal infection with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. When specified, mice were intraperitoneally treated with ferrostatin-1 (6mg.k -1 or PBS) 4-6 hours before intranasal infection. Graphs represent one experiment (7 mice/group) out of three independent in vivo experiments; � p � 0.05; �� p � 0.01, Mann-Whitney analysis test. (E) Histological observation and scoring of bronchial and lung cellular infiltrations upon exoU-expressing P. aeruginosa intranasal infection. When specified, mice were intraperitoneally pretreated with ferrostatin-1 (6mg.k -1 or PBS) 4-6 hours before intranasal infection. Stars show the cellular infiltrates. � p � 0.05; Mann-Whitney analysis test. (F) Mice survival (n = 7 mice/group) 40 hours after intranasal infection with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. Mice were intraperitoneally pretreated with ferrostatin-1 (6mg.k -1 or PBS) 4 hours before intranasal infection. Graphs represent one experiment (7 mice/group) out of three independent in vivo experiments; �� p � 0.01, Log-rank Cox-Mantel test was used for survival comparisons. (G, H) Time-lapse microscopy and the associated quantifications of the measure of plasma membrane permeabilization using propidium iodide incorporation in human primary bronchial organoids infected (microinjection) with P. aeruginosa expressing exoU + or its isogenic mutant (exoU -) in presence or absence of ferrostatin-1 (40μM) for 15 hours. Data are plotted as means+/-SEM. ��� p � 0.001, T-test with Bonferroni correction. Data information: Data shown as means (Graphs A-E) and are representative of one experiment performed three times; � p � 0.05; �� p � 0.01, Mann-Whitney analysis test (A-E) and log-rank Cox-Mantel test for survival comparisons (F). https://doi.org/10.1371/journal.ppat.1009927.g004
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 1 Figure 1. IFN-inducible protein Irgm2 restrains caspase-11-dependent response to Gram-negative bacteria.

  ) with 5 mg/kg LPS or 5 and 25 lg of OMVs (n = 6 animals per condition). Data information: Data shown as means AE SEM (graphs A, B, D and E) from n = 4 independent pooled experiments; **P ≤ 0.01, ***P ≤ 0.001 for the indicated comparisons using t-test with Bonferroni correction. Image (C) is representative of one experiment performed three times. (F-H) are representative of three independent experiments; *P ≤ 0.05;**P ≤ 0.01, ***P ≤ 0.001, log-rank Cox-Mantel test for survival comparisons (F-H). Source data are available online for this figure.ª 2020 The Authors EMBO reports 21:e50829 | 2020 3 of 15 Irgm2-inhibited caspase-11 response occurs upstream from LPS sensing by caspase-11.
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 2 Figure 2.
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 3154 Figure 3. Irgm2 cooperates with GATE16 to dampen Gram-negative bacteria-induced non-canonical inflammasome activation. A GFP-Trap coupled to mass spectrometry strategy used. The volcano plot represents three independent combined experiments. Threshold selection of enriched proteins (red dots) in Irgm2-GFP fraction was set at 2-fold enrichment (x-axis) and P-value < 0.05 (y-axis). Blacks and grey dots indicate proteins that did not reach a P-value < 0.05 using t-test with Bonferroni correction. Labelled proteins represent the top 6 enriched proteins in the Irgm2 fraction. B Green florescent protein (GFP)-Trap assay of the presence of Gate16 in Irgm2-GFP-enriched fraction from the lysates of IFNc-primed iIrgm2 À/À BMDMs complemented with lentiviral constructs coding for a fusion of Irgm2 with GFP (Irgm2-GFP) or GFP alone. Arrows show the presence or not of Gate16, Irgm2-GFP and GAPDH in the Irgm2-GFP-enriched fractions, flow-through and total cell lysates. * means non-specific band. C LDH and IL-1b release from siRNA-treated WT BMDMs, and then exposed to 2.5 lg/2 × 10 5 cells of OMVs for 16 h. D LDH and IL-1b release from WT, Irgm2 À/À and Casp11 À/À BMDMs silenced for Gate16 and treated for 16 h with 2.5 lg/2 × 10 5 cells of OMVs. Si Scramble (siScr.) refers to RNAi pools with non-targeting sequences. E Western blot examination of caspase-11 and processed caspase-1 (p20) and gasdermin-D (p30) in supernatants and pro-caspase-1 (p45), pro-gasdermin-D (p55), procaspase-11, Gate16 and GAPDH in cell lysates of Gate16-silenced WT, Irgm2 À/À and GBP Chr3À/À BMDMs exposed to 2.5 lg/2 × 10 5 cells of OMVs for 16 h. Si Scramble (siScr.) refers to RNAi pools with non-targeting sequences. F Representative confocal fluorescence microscopy images and associated quantifications of caspase-11-C254G-GFP (green) recruitment to S. Tm-mCherry (orgA À , red, MOI 10) in IFNc-primed iWT BMDMs silenced for Gate16 after 4 and 8 h of infection. Nucleus (blue) was stained with Hoechst, scale bar 5 lm. For quantifications, the percentage of bacteria positive for caspase-11-C254G-GFP was determined by combining the bacterial counts from n = 3 independent experiments and expressed as mean AE SEM. **P ≤ 0.01, ***P ≤ 0.001 for the indicated comparisons using t-test with Bonferroni correction. Si Scramble (siScr.) refers to RNAi pools with nontargeting sequences. Data information: Data shown as means AE SEM (graphs C, D) from n = 4 independent pooled experiments; ***P ≤ 0.001 for the indicated comparisons using t-test with Bonferroni correction. Image (B) is representative of one experiment performed two times, and (E) represents one experiment out of three. (A) represents one experiment out of three independent experiments. Source data are available online for this figure.
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Table 1 :

 1 Families of PRRs

	TLR1/2	Lipoproteins
	TLR3	dsRNA
	TLR4	LPS
	TLR5	Flagellin
	TLR6/2	Lipoproteins
	TLR7	ssRNA
	TLR8	ssRNA
	TLR9	CpG DNA
	TLR10/2	Lipoproteins
	TLR11 (mouse)	Profilin
	TLR12 (mouse)	Profilin

dsDNA

Table 2 :

 2 Subfamilies of TLRs

	Ligands

Table 3 :

 3 Subfamilies of NLRs

Table 6 :

 6 Neutrophils in health and disease

	In addition to these neutrophil disorders, there are some inherited genetic conditions that
	affect the production of neutrophils or their functions. Symptoms often occur from a young
	age and include recurrent severe microbial infections, such as Staphylococcus, E. Coli, Candida
	and Aspergillus 82, 87, 90 . These disorders can be inherited from one parent (autosomal
	dominant) or from both parents (autosomal recessive) and for some of them are X-linked,
	meaning that it usually affects males only. To date, limited treatments exist and are mainly
	based on antibiotics, to fight against the recurrent infections, and G-CSF injections to increase
	the number of neutrophils. However, in most of the cases bone marrow transplantation are
	necessary.		
	Disorders	Pathology	Inheritance pattern
	Severe congenital neutropenia (SCN, or Kostmann syndrome)	Inherited defect in neutrophil infection in early life production resulting in recurrent	Autosomal recessive
	Cyclic neutropenia	Low neutrophil numbers every 2-4 weeks	Autosomal dominant

Table 7 :

 7 Neutrophil disorders (adapted from cgd society-UK)

	In this section, I will specifically focus on the Chronic Granulomatous Disorder as part of my
	PhD research.
	1.1 Chronic Granulomatous Disease (CGD) : a genetic disease of the
	NADPH oxidase
	Chronic Granulomatous Disease or Disorder (CDG) is a rare inherited immunodeficiency
	disorder caused by mutations of the NADPH oxidase complex, affecting neutrophil ROS
	production and NETs formation, resulting in less pathogen killing

48 .

 48 Loomis WP, den Hartigh AB, Cookson BT, Fink SL. Diverse small molecules prevent macrophage lysis during pyroptosis. Cell Death Dis 2019 104. 2019; 10: 1-10. https://doi.org/10.1038/s41419-019-1559-4 PMID: 30975978 49. Al Moussawi K, Kazmierczak BI. Distinct Contributions of Interleukin-1α (IL-1α) and IL-1β to Innate Immune Recognition of Pseudomonas aeruginosa in the Lung. Infect Immun. 2014; 82: 4204. https:// doi.org/10.1128/IAI.02218-14 PMID: 25069982 Martinon F, Pe ´trilli V, Mayor A, Tardivel A, Tschopp J. Gout-associated uric acid crystals activate the NALP3 inflammasome. Nature. 2006; 440: 237-241. https://doi.org/10.1038/nature04516 PMID: 16407889 68. Li P, Allen H, Banerjee S, Franklin S, Herzog L, Johnston C, et al. Mice deficient in IL-1β-converting enzyme are defective in production of mature IL-1β and resistant to endotoxic shock. Cell. 1995; 80: 401-411. https://doi.org/10.1016/0092-8674(95)90490-5 PMID: 7859282

	50. Bagayoko S, Leon-Icaza SA, Pinilla M, Hessel A, Santoni K, Pe ´ricat D, et al. Host phospholipid peroxi-69. Wang S, Miura M, Jung YK, Zhu H, Li E, Yuan J. Murine caspase-11, an ICE-interacting protease, is
	dation fuels ExoU-dependent cell necrosis and supports Pseudomonas aeruginosa-driven pathology. essential for the activation of ICE. Cell. 1998; 92: 501-509. https://doi.org/10.1016/s0092-8674(00)
	PLoS Pathog. 2021;17. https://doi.org/10.1371/journal.ppat.1009927 PMID: 34516571 80943-5 PMID: 9491891
	51. Faure E, Mear J-B, Faure K, Normand S, Couturier-Maillard A, Grandjean T, et al. Pseudomonas aeru-70. Rietsch A, Vallet-Gely I, Dove SL, Mekalanos JJ. ExsE, a secreted regulator of type III secretion genes
	ginosa Type-3 Secretion System Dampens Host Defense by Exploiting the NLRC4-coupled Inflamma-in Pseudomonas aeruginosa. Proc Natl Acad Sci U S A. 2005; 102: 8006-8011. https://doi.org/10.
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	https://doi.org/10.1084/jem.20151613 PMID: 27573815 10.1038/nature16985 PMID: 26982733
	RIPK1 activates
	distinct gasdermins in macrophages and neutrophils upon pathogen blockade of innate immune signal-
	ling. bioRxiv. 2021; 2021.01.20.427379. https://doi.org/10.1101/2021.01.20.427379
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	66. Man SM, Hopkins LJ, Nugent E, Cox S, Glu ¨ck IM, Tourlomousis P, et al. Inflammasome activation
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  In my precedent work we described for the first time that neutrophils are not universally resistant to Caspase-1-dependent pyroptosis but are rather tightly regulated. However, the mechanisms by which neutrophils resist caspase-1 dependent pyroptosis still remain unknown.

	Studying NADPH oxidase-defective neutrophils from Chronic Granulomatous Diseases (CGDs)
	patients, we unveiled a key function of the NADPH oxidase at specifically restraining neutrophil
	pyroptosis. Hence, CGD-associated bacterial pathogens triggered inflammatory Caspase-1-
	dependent pyroptosis in CGD but not in healthy neutrophils. Mechanistically, lack of NADPH-
	dependent oxidation of inflammatory Caspases unleashed inflammasome-driven pyroptosis in
	neutrophils, inefficient against all CGD pathogens tested.

intracellular DAMPs, thus limiting excessive inflammatory response. Indeed, our results seem to support this idea as we observed that, unlike NETosis, upon neutrophil pyroptosis DNAbound histones were trapped intracellularly, whereas alarmins, such as HMGB1, were release at the same extend during NETosis and pyroptosis. This led us to hypothesize that neutrophil pyroptosis could generate what we call "Neutrophil-induced Intracellular Traps" (NITs), such as the "Pore-induced Intracellular Traps" (PITs) described in macrophages by Miao and colleagues. In this model, intracellular pathogens are trapped with toxic DAMPs (such as histones, proteases, DNA...) limiting microbial spread and excessive inflammation mediated by DAMPs release. V. Work context 2 Introduction Regulated cell necrosis (RCNs) are central players of various immune and non-immune processes 2-5 . Specifically, pyroptosis is induced by the engagement of various proteases, including caspases, granzymes or the neutrophil proteases Elastase (NE) and Cathepsin G

  al., 2020; Orzalli et al., 2021; Taabazuing et al., 2017; Tsuchiya et al., 2019; Zhou and Abbott, 2021

  al., 2019; Schultze and Aschenbrenner, 2021; Tay et al., 2020; Zheng et al., 2020). Consequently, any delay in a robust type I interferon production/response exposes the host to robust viral replication and exacerbated inflammation, leading to heavy organ damage (Asano et al., 2021; Bastard et al., 2020, 2021a, 2021b, 2021c; Galani et al., 2020; Hadjadj et al., 2020; Koning et al., 2021; Zanoni, 2021; Zhang et al., 2020). Our insights into NLRP1 inflammasome activation upon SARS-CoV-2 infection of epithelial cells in vitro suggest that NLRP1-driven inflammation might be both beneficial and detrimental in COVID-19 patients.

TABLE

  

	Continued Continued		
	REAGENT or RESOURCE REAGENT or RESOURCE	SOURCE SOURCE	IDENTIFIER IDENTIFIER
	CG-376 pMSCV-GsdmE	SE-S0475 GeneScript	Euromedex N/A
	Nigericin pMSCV-GsdmD	tlrl-nig-5 GeneScript	Invivogen N/A
	Hoescht pCW57-RFP-P2A-MCS	62249 Addgene #89182	Invitrogen (Barger et al., 2021)
	REAGENT or RESOURCE Poly(I:C) HMW LENTI V2 plasmid	SOURCE tlrl-pic Addgene 52961	IDENTIFIER Invivogen N/A
	Antibodies Nate Oligonucleotides	lyec-nate	Invivogen
	Anti-Gasdermin D (N-terminal), 1: 1000 Lipofectamine 2000 sgRNA targetting Gasdermin E (Exon 2)	ab215203;RRID: AB_2916166 11668030 CAGTTTTTATCCCTCACCCT	Abcam Invitrogen Sigma-Aldrich
	Anti-Gasdermin D (C-terminal), 1: 1000 Lipofectamine LTX sgRNA targetting Gasdermin E (Exon 2)	ab210070;RRID: AB_2893325 15338030 TAAGTTACAGCTTCTAAGTC	Abcam Invitrogen Sigma-Aldrich
	Anti-NLRP1 (N-terminal), 1: 1000 Doxycycline sgRNA targetting Gasdermin E (Exon 3)	AF6788-SP;RRID: AB_2916167 S5159 GTCGGACTTTGTGAAATACG	R&D system Selleck chemicals Sigma-Aldrich
	Anti-NLRP1 (C-terminal), 1: 1000 Recombinant human IL-18 sgRNA targetting Casp1 (Exon 2)	ab36852;RRID: AB_776633 (rcyec-hil18) TTGTGAAGAAGACAGTTACC	Abcam Invivogen Sigma-Aldrich
	Anti -ACE2, 1: 1000 Critical commercial assays sgRNA targetting Casp1 (Exon 4)	ab108252;RRID: AB_10864415 AAGGATATGGAAACAAAAGT	Abcam Sigma-Aldrich
	Anti -TMPRSS2, 1: 1000 IL-1B sgRNA targetting Gasdermin D (Exon 5)	ab92323;RRID: AB_10585592 88-7261-77 TTAGGAAGCCCTCAAGCTCA	Abcam Fisher Scientific Sigma-Aldrich
	Anti-actin 1: 5000 IL-6 sgRNA targetting Gasdermin D (Exon 6)	A1978;RRID: AB_476692 555220 GAATGTGTACTCGCTGAGTG	Sigma-Aldrich BD Sigma-Aldrich
	anti-Sheep igG HRP (1/4000) IL-16 sgRNA targetting Gasdermin D (Exon 5)	HAF016;RRID: AB_562591 DY316 AGGTTGACACACTTATAACG	R&D R&D Sigma-Aldrich
	Goat anti-mouse HRP (1/4000) Caspase 3 sgRNA targetting Caspase 3 (Exon 4)	1034-05;RRID: AB_2794340 BMS2012INST CATACATGGAAGCGAATCAA	SouthernBiotech Invitrogen Sigma-Aldrich
	Goat-anti-rabbit IgG (H+L), HRP Gasdermin E sgRNA targetting Caspase 3 (Exon 5)	R-05072-500;RRID: AB_10719218 AG-45B-0024-KI01 TGTCGATGCAGCAAACCTCA	Advansta Adipogen Sigma-Aldrich
	conjugate (1/4000) HMGB1 sgRNA targetting MAVS	NBP2-62766 ACCTCAGCAGATGATAGGCTCGGCC	Novusbio Sigma-Aldrich
	Rabbit anti-Goat IgG (H+L) Secondary sgRNA targetting MAVS Deposited data Antibody, HRP (1/4000) Donkey anti-Rabbit IgG (H&L) -Affinity Pure, DyLightÒ550 Conjugate (1/1000 IF) Original blots and microscopy images sgRNA targetting NLRP1 (Exon 2) sgRNA targetting NLRP1 Experimental models: Cell lines sgRNA targetting NLRP1	81-1620;RRID: AB_2534006 ACCTCGCCCATCAACTCAACCCGTGC DkxRb-003-D550NHSX;RRID: AB_2916168 https://doi.org/10.17632/nwhd3w9w5x.1 GCTCAGCCAGAGAAGACGAG GATAGCCCGAGTGACATCGG AGCCCGAGTGACATCGGTGG	Invitrogen Sigma-Aldrich Sigma-Aldrich Mendeley dataset ImmunoReagents Sigma-Aldrich Sigma-Aldrich
	Anti Caspase 8 (1: 1000) THP1 KO NLRP3 sgRNA targetting GFP	ALX-804-242-C100;RRID: AB_2050949 Thp-konlrp3z GGAGCGCACCATCTTCTTCA	Enzo Life Invivogen Sigma-Aldrich
	Anti Caspase 1 (1: 1000) THP1 Fwd Q333A	AG-20B-0048-C100;RRID: AB_2916169 Thp-null GAACCTCGCATAGTCATACT	Adipogen Invivogen Sigma-Aldrich
	Anti Caspase 3 (1: 1000) A549	9662S;RRID: AB_331439 A549d-nfis GGCGGGGGCTGCTGGAATTGGGAAG	Cell Signaling Invivogen
	Anti gasdermin E (1: 1000) A549-DualÔ ACE2 & TMPRSS2 Rev Q333A	Ab215191;RRID: AB_2737000 a549d-cov2r CTTCCCAATTCCAGCAGCCCCCGCCA	Abcam Invivogen Sigma-Aldrich
	Anti SARS NSP5 (1: 1000) A549-DualÔ KO-MAVS Cells	NBP3-07061;RRID: AB_2916170 a549d-komavs GTATGACTATGCGAGGTTC	Novusbio Invivogen
	Anti SARS Nucleocapsid (1: 1000) A549 ACE2 & TMPRSS2 Cells HA-GsdmD Q335A fwd2	NB100 56683;RRID: AB_838841 a549-hace2tpsa GGCGCTGGAGgccGGCCAGAGCCTT	Novusbio Invivogen Sigma-Aldrich
	Bacterial and virus strains IL-18 Reporter HEK 293 Cells	(hkb-hmil18) GGGCC	Invivogen
	BetaCoV/France/IDF0372/2020 Lonza, B-ALI kit 00193514 HA-GsdmD Q335 rev2 Corning HTS Transwell-24 well hCoV-19/USA/MD-HP05647/2021 (Delta Variant) permeable supports HA-GsdmD Q193 fwd hCoV-19/USA/OR-OHSU-PHL00037/2021 (Alpha Variant) Recombinant DNA hCoV-19/Japan/TY7-503/2021 (Gamma Variant) Biological samples LentiCas9-Blast HA-GsdmD Q193 rev p8.91 HA-GsdmD N-ter fwd	Sylvie van der Werf and the National Reference Centre for Respiratory Viruses 00193514 cgcaaccccaaccccggatccCTAGTGGGG CLS3379 CTCCTGGCTC cagatcgcctggagaattggctagcATGTACCCA TACGATGTTCCA addgen ref 52962 cgcaaccccaaccccggatcctcaCTGCAAGC ACGTGGCTC Didier Trono lab ATACGATGTTCC cagatcgcctggagaattggctagcATGTACCC	Lonza Sigma-Aldrich Institut Pasteur Corning (Paris, France) Sigma-Aldrich BEI BEI BEI Sigma-Aldrich (Sanjana et al., 2014) Didier Trono lab Sigma-Aldrich
	Plasma from Covid patients pMD.2G HA-GsdmD N-ter rev	Covid Biotoul cohort/Toulouse, France addgene ref 12259 cgcaaccccaaccccggatcctcaATCTGTCA	Hospital of Toulouse Didier Trono lab Sigma-Aldrich
	Plasma from patients with inborn mutations or autoantibodies LentiGuide-Puro GsdmD Q193 fwd1	Institut Imagine/Covid genetic effort addgen ref 52963 GGAAGTTGTGG aggcgccggaattagatctctcgagatggactaca	(Sanjana et al., Institut Imagine, Paris/France 2014) Sigma-Aldrich
	Vector pLVX-EF1a-IRES-Puro Chemicals, peptides, and recombinant proteins Containing the SARS-CoV-2,	BEI NR-52953 aagacgatgacgacaagGGTGGAGGTGGA GGTGGA	BEI
	Z-VAD: 40 mM Y-VAD: 40 mM USA-WA1/2020 3C-Like Protease Gene, C145A Mutant GsdmD Q193A rev1	tlrl-vad inh-yvad TCCGG GGCCCTCACCggcCAAGCACGTGGC	Invivogen Invivogen Sigma-Aldrich
	Z-DEVD: 40 mM Z-IETD: 40 mM pLEX307-SARS-CoV-2-3CL (NSP5) HA-GsdmD Q193A fwd2	S7312 inh-ietd addgene #160278 GGCCAT CACGTGCTTGgccGGTGAGGGCCAG	Selleck Chemicals Invivogen (Resnick et al., 2021) Sigma-Aldrich
	MCC950: 10 mM VX765: 10 mM pSC2+ NLRP1 constructs GsdmD Q193 rev2 pMSCV DMF: 10 mM pLV-72-Cas9-GFP GsdmD Q335 fwd1 MLN4924: 1 mM pLVB-Tet ON Remdesivir: 5 mM pLVB-TetR Bortezomib: 0,1 mM PF-00835231: 10 mM pMSCV-GsdmB pMSCV-puro pBRGEN GsdmD Q335A rev1	inh-mcc inh-vx765i-1 ctcccctacccggtagaattcCTAGTGGGGC TCCTGGCTC S2586 N/A aggcgccggaattagatctctcgagatggacta 6499 N/A caaagacgatgacgacaagGGTGGAGG 282T7766 N/A TGGAGGTGGAG S1013 S9731 GeneScript Addgene plasmid # 68469 TCCTCCAA N/A GGCTCTGGCCggcCTCCAGCGCC	Invivogen (Robinson et Sigma-Aldrich al., 2020) Invivogen Invivogen Sigma-Aldrich Selleck Chemicals Invivogen Tocris Invivogen Tebubio (Continued on next page) (Continued on next page) N/A Selleck Chemicals (Akama-Garren et al., 2016) Selleck Chemicals Invivogen Sigma-Aldrich

(Continued on next page)

  COVID-19 patients were graded according to the severity on admission and on maximum severity during their hospitalization based on The World Health Organization's (WHO) ordinal scale (WHO Working Group on the Clinical Characterisation and Management of COVID-19, 2020). Patients were considered as having moderate disease when they required oxygen by mask or nasal prongs (WHO grade 5), and severe disease when they required high flow oxygen therapy, non-invasive ventilation,Bastard et al., 2020).All donors had given written informed consent and the study was approved by local Institutional Review Boards (IRBs). COVID-19 disease severity was assessed in accordance with the Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia. The term life-threatening COVID-19 pneumonia describes pneumonia in patients with critical disease, whether pulmonary, with mechanical ventilation [continuous positive airway pressure (CPAP), bilevel positive airway pressure (BIPAP), intubation, or high-flow oxygen], septic shock, or damage to any other organ requiring admission in the intensive care unit (ICU)(Bastard et al., 2020; Zhang et al., 2020).

	Continued REAGENT or RESOURCE HA-GsdmD Q335A fwd2 GsdmD Q335 rev2 pMSCV on respiratory samples. invasive ventilation, or extra-corporeal membrane oxygenation (WHO grade >5). Three groups of non-immunocompromised patients SOURCE IDENTIFIER GGCGCTGGAGgccGGCCAGAGC CTTGGGCC Sigma-Aldrich ctcccctacccggtagaattcCTAGT Sigma-Aldrich were identified for the purpose of this study: patients with moderate COVID-19 on admission and throughout their stay at the hospital GGGGCTCCTGGCTC (group ''Moderate''); patients with moderate COVID-19 on admission with subsequent clinical worsening and severe COVID-19
	Recombinant proteins requiring ICU admission (group ''Moderate/Severe''); and patients with severe disease requiring ICU already on admission (group
	Recombinant SARS-COV 3CL ''Severe''). Mean age of COVID-19 patients was 60.8 ± 12 years, the percentage of females was 24.4. E-718-050	Novusbio
	Recombinant SARS-CoV-2 3CL Plasma from patients with interferon alterations	E-720-050	Novusbio
	Recombinant MERS-CoV 3CL 15 plasmas from patients with life-threatening COVID-19 pneumonia who developed critical disease (Bastard et al., 2020; Zhang E-719-050 Novusbio
	Recombinant human caspase-1 protein (active) et al., 2020) were obtained. Specifically, 3 patients exhibited inborn autosomic recessive (AR) or autosomic dominant (AD) mutation Ab39901 Abcam Nsp3, peptidase C16 of PLpro PX-COV-P004 in genes encoding for interferon production/response, including AD TBK1 (MB019430), AR IRF7 (MB019096) and AR IFNAR1 proteogenix HRV3C Protease SAE0045 (MB019091) (Zhang et al., 2020). The 12 other plasma samples came from COVID-19 patients with proven auto-antibodies to Sigma-Aldrich IFNa2/IFNw (Figure S5D;
	Software and algorithms		
	Snapgene	GSL Biotech LLC, Chicago, U.S.A.	N/A
	Fiji (Image J)		N/A
	Benchling Software		N/A
	Image Lab 6.1 (Biorad)		N/A
	Biorender.com		N/A
	Graphpad 8.0a		N/A
	Uniprot database		N/A

  The BetaCoV/France/IDF0372/2020 isolate was supplied by Sylvie van der Werf and the National Reference Centre for Respiratory Viruses hosted by Institut Pasteur (Paris, France). The patient sample from which strain BetaCoV/France/IDF0372/2020 was isolated was provided by X. Lescure and PY. Yazdanpanah

from the Bichat Hospital, Paris, France. The mNeonGreen (mNG) (Xie et al., 2020) reporter SARS-CoV-2 were based on 2019-nCoV/USA_WA1/2020 isolated from the first reported SARS-CoV-2 case in the USA, and provided through World Reference Center for Emerging Viruses and Arboviruses (WRCEVA), and UTMB investigator, Dr. Pei Yong Shi. SARS-CoV-2. Isolate hCoV-19/ USA/MD-HP05647/2021 (Delta Variant), SARS-CoV-2, Isolate hCoV-19/USA/OR-OHSU-PHL00037/2021 (Alpha Variant) and SARS-CoV-2, Isolate hCoV-19/Japan/TY7-503/2021 (Gamma Variant) were obtained from BEI.

  Mankan et al, 2012; Chen et al, 2014; Karmakar et al, 2015, 2016, 2020; Perez-Figueroa et al, 2016; Hassane et al, 2017; Monteleone et al, 2018

  Downloaded from https://www.embopress.org/doi/10.15252/embr.202154277 by Université Toulouse Iii Paul Sabatier, Wiley Online Library on [05/12/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License Nlrp3 A350V/wt MRP8-Cre À littermate control pups gained weight and flourished, whereas Nlrp3 A350V/wt MRP8-Cre Tg pups presented with a reduced body weight starting at postnatal day 4, and developed skin inflammatory abscesses and scaling erythema that were clearly visible by postnatal day 8 (Fig1C). Unlike their Nlr-p3 A350V/wt MRP8-Cre À littermate control pups, the survival rate of Nlrp3 A350V/wt MRP8-Cre Tg pups gradually declined in the first days after birth, with approximately 90% of Nlrp3 A350V/wt MRP8-Cre Tg
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Cre recombinase) were previously shown to present with skin abscesses, scaling erythema and hyperkeratosis, growth retardation and perinatal lethality, with all animals succumbing within 14 days after birth

(Brydges et al, 2009)

. Having established that the MWSassociated NLRP3 A350V mutant is active in LPS-stimulated neutrophils, we next sought to examine the pathophysiological role of neutrophil-restricted NLRP3 A350V inflammasome activation in vivo.

To this end, we bred mice that were homozygous for the Nlrp3 A350V allele to transgenic mice that hemizygously express the neutrophiltargeted MRP8/S100A8-Cre recombinase (MRP8-Cre Tg ) (Abram et al, 2014).

  1 and IL-1b (B). Cytokine values represent mean AE SEM of n = 4 biological repeats. Statistical significance was analysed by two-way ANOVA and P-values were corrected for multiple comparisons (Bonferroni). **P ≤ 0.01. C Representative pictures of Nlrp3 A350V/wt MRP8-Cre Tg and Nlrp3 A350V/wt MRP8-Cre À mice on days 4 and 8 after birth. Left side in each picture: Nlrp3 A350V/wt MRP8-Cre À mice; right side in each picture: Nlrp3 A350V/wt MRP8-Cre Tg . Abscesses (day 4) and scaling erythema (day 8) are observed in Nlrp3 A350V/wt MRP8-Cre Tg mice. D Survival curves of Nlrp3 A350V/wt MRP8-Cre Tg (n = 22) and littermate Nlrp3 A350V/wt MRP8-Cre À (n = 21) mice. Statistical significance was analysed by the log-rank Mantel-Cox test. ****P ≤ 0.0001.

  5 for lymphoid depletion (F) or EMH (G, H) or hepatocyte enlargement (I) by a board-certified pathologist. Values represent mean AE SEM of n = 6-8 biological repeats. Statistical significance was analysed by the Mann-Whitney U-test. ***P ≤ 0.001. J-L Cytokine secretion analysis (Luminex) of serum samples obtained on day 7 from Nlrp3 A350V/wt MRP8-Cre À (Cre À , n = 8) and Nlrp3 A350V/wt MRP8-Cre Tg (Cre Tg , n = 6) pups. Values represent mean AE SEM of n = 6-8 biological repeats. Statistical analysis of serum cytokine levels was performed by the Welch's t-test. *P ≤ 0.05; knockout mice resulted in a highly enriched population of CD11b + Ly6C + Ly6G + neutrophils with a mean purity of 96% AE 2.1% (Fig EV2A-C). We next used the isolated neutrophil population to systematically assess which canonical inflammasome pathways can induce IL-1b maturation and secretion in the culture media of LPS-primed neutrophils, as has been extensively characterized in macrophages (Van Opdenbosch et al, 2017; de Vasconcelos et al, 2019).

**P ≤ 0.01. Source data are available online for this figure.
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  14693178, 2022, 10, Downloaded from https://www.embopress.org/doi/10.15252/embr.202154277 by Université Toulouse Iii Paul Sabatier, Wiley Online Library on [05/12/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License canonical inflammasomes have been extensively characterized in macrophages and monocytes. Recent studies showed that caspase-11 activation in neutrophils may elicit GSDMD-dependent NETosis in response to LPS transfection, infection with flagellin-deficient S. Typhimurium mutants or upon Citrobacter rodentium infection (Chen et al, 2018). Moreover, inflammasome-independent (but neutrophil elastase-mediated) cleavage of GSDMD was suggested to promote PMA-induced NET formation (Sollberger et al, 2018). Other studies have shown that the canonical NLRP3 inflammasome promotes IL-1b secretion from BMNs stimulated with the NLRP3 agonists ATP and nigericin (Mankan et al, 2012; Karmakar et al, 2016, 2020), and from lung neutrophils of mice that had been infected with the respiratory bacterial pathogen Streptococcus pneumoniae (Karmakar et al, 2015; Hassane et al, 2017). NLRC4 inflammasome activation in neutrophils by S. Typhimurium infection was also shown to promote maturation and secretion of IL-1b (Chen et al, 2014, 2018; Monteleone et al, 2018); and NLRC4 activation in neutrophils in vivo was shown to drive systemic inflammatory disease (Kitamura et al, 2014; Nichols et al, 2017). However, a systematic analysis of the repertoire of functional canonical inflammasomes beyond NLRP3 and NLRC4 in neutrophils has not been reported. Moreover, the role of GSDMD in the context of neutrophil canonical inflammasome activation and PMA-induced NETosis is unclear.

Table 1 . Resource of reagents used in this study.

 1 Information and reagents are available upon request to Etienne.meunier@ipbs.fr.

	REAGENT or RESOURCE

Table 1 .

 1 (Continued) 

	REAGENT or RESOURCE

Table 1 .

 1 (Continued) 

	REAGENT or RESOURCE

Table 1 .

 1 (Continued) 

	REAGENT or RESOURCE

  al, 2011, 2013; Broz et al, 2012; Aachoui et al, 2013; Hagar et al, 2013; Yang et al, 2015). LPS interaction with the caspase activation and recruitment domain (CARD) of caspase-11 promotes its oligomerization and activation, which triggers the activation of the noncanonical inflammasome (Yang et al, 2015). Upon activation (Lee et al, 2018), caspase-11 cleaves and activates the pyroptosis executioner gasdermin-D (gsdmD) into the p30 active fragment (Kayagaki et al, 2015; Shi et al, 2015). Cleaved gsdmD then forms a pore into phosphatidylinositol-4,5-bisphosphate (PIP2)-enriched domains at the plasma membrane, which triggers pyroptosis, a pro-inflammatory form of cell death (Shi et al, 2015; Aglietti et al, 2016; Liu et al, 2016; Sborgi et al, 2016). In parallel, gsdmD pore-induced ionic perturbations also trigger activation of the canonical NLRP3 inflammasome, which results in the caspase-1dependent maturation of the pro-inflammatory cytokines interleukins (IL)-1b and IL-18 (Kayagaki et al, 2011; Ru ¨hl & Broz, 2015; Schmid-Burgk et al, 2015). Although caspase-11 confers host protection against intracellular Gram-negative bacteria (Aachoui et al, 2013; Cerqueira et al, 2018; Chen et al, 2018), its unrestrained activation provokes irreversible organ failure, blood clothing and sepsis (Kayagaki et al, 2011, 2013, 2015; Napier et al, 2016; Cheng et al, 2017; Deng et al, 2018; Rathinam et al, 2019; Yang et al, 2019). This suggests that host regulators might fine-tune the non-canonical inflammasome in order to optimize caspase-11-dependent response. To date, only few of them were described including SERPINB1-inhibited caspase-11/-4/-1 activation in resting cells or ESCRT-mediated plasma membrane repair (Ru ¨hl et al, 2018; Choi et al, 2019).Crucial at regulating the activation the non-canonical inflammasome pathway are the IFN-inducible GTPases, the so-called guanylate binding proteins (GBPs) and the immunity-related GTPase (Irg) Irgb10(Meunier et al, 2014, 2015; Pilla et al, 2014; Finethy et al, 2015; Man et al, 2015, 2016; Wallet et al, 2017; Zwack et al, 2017; Cerqueira et al, 2018; Costa Franco et al, 2018; Lagrange et al, 2018; Liu et al, 2018). Specifically, GBPs (1, 2, 3, 4 and 5) are recruited on LPS-enriched structures such as cytosolic Gramnegative bacteria and their derived products outer membrane vesicles (OMVs) (Meunier et al, 2014; Man et al, 2015; Finethy et al, 2017; Lagrange et al, 2018; Santos et al, 2018; Fisch et al, 2019).

  Elif Eren et al EMBO reports 14693178, 2020, 11, Downloaded from https://www.embopress.org/doi/10.15252/embr.202050829 by Université Toulouse Iii Paul Sabatier, Wiley Online Library on [05/12/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License silencing in WT BMDMs increased the non-canonical inflammasome response while Casp11 À/À macrophages remained unresponsive to OMV-induced cell death, IL-1b release (Fig 3D). Interestingly, we observed that GBP Chr3À/À macrophages silenced for Gate-16 partially recovered their ability to respond to caspase-11 activators (Fig 3E). Finally, Gate-16 knock down in Irgm2 À/À BMDMs did not exacerbate cell death and IL-1b release nor gasdermin-D or caspase-1 cleavages (Fig 3D and E), suggesting that Irgm2 and Gate-16 work together to restrain non-canonical inflammasome response. Since Irgm2 deficiency leads to caspase-11 enrichment to bacterial membranes, we wondered about the role of Gate-16 in this process. We silenced Gate-16 in iWT-expressing CASP11-C254G-GFP and checked for its recruitment on S. Tm membranes. Consequently, iWT BMDMs knocked down for Gate-16 had a more pronounced accumulation of caspase-11 on S. Tm membranes than the controls after 4 and 8 h of infection (Fig 3F), which mirrored what we previously observed in Irgm2 À/À macrophages. By contrast, Gate-16 silencing in Irgm2 À/À did not increase the percentage of bacteria targeted by CASP11-C254G-GFP after 4 h of infection (Fig EV3E). Recent work suggested that caspase-11 activation could restrict Salmonella proliferation in macrophages and epithelial cells (Meunier et al, 2014; Thurston et al, 2016). Therefore, we monitored bacterial load in WT and Casp11 À/À BMDMs in which we silenced Irgm2 and Gate-16. Whereas Gate-16 silencing led to slight increased colony forming unit (CFUs) 24 h after infection, Irgm2 silencing did not modify intracellular bacterial loads, suggesting that Gate-16 also covers a caspase-11-independent cell autonomous immune process (Fig EV3F). Altogether, these results suggest that Irgm2 and Gate-16 cooperate to restrict the non-canonical inflammasome response by restraining caspase-11 targeting to bacterial membranes. Irgm2-and Gate16-inhibited Salmonella-induced non-canonical inflammasome responses do not involve canonical autophagy As Gate-16 is involved in the canonical and non-canonical autophagy regulation, we wondered if the exacerbated non-canonical inflammasome response observed in the absence of Gate-16 and Irgm2 relied on autophagy modulation. Therefore, we pharmacologically inhibited canonical autophagy (3-MA or Wortmannin) in WT and Casp11 À/À BMDMs targeted with siRNA against Irgm2 or Gate-16. Autophagy inhibition in BMDMs triggered exacerbated Salmonella (orgA À )-induced cell death and IL-1b release, a process that required caspase-11 (Fig EV4A). However, although Irgm2 and Gate16 knock down drove increased caspase-11-dependent response, autophagy inhibition also exacerbated the macrophage response to Salmonella infection (Fig EV4A). LC3b targeting to bacteria is also a hallmark of anti-bacterial autophagy (Masud et al, 2019; Wu & Li, 2019). Consequently, we infected WT BMDMs silenced for Irgm2 or Gate16 with Salmonella and analysed by fluorescence microscopy the recruitment of LC3b on bacterial compartments. We found that the percentage of LC3b + bacteria in control siRNA-treated BMDMs was not significantly altered in BMDMs silenced for Irgm2 or Gate16, although we noticed a trend for LC3b accumulation in siGate16-treated cells (Fig EV4B). This suggests that Gate16 and Irgm2 deficiencies modulate the non-canonical inflammasome response independently of canonical autophagy.

  Elif Eren et al 14693178, 2020, 11, Downloaded from https://www.embopress.org/doi/10.15252/embr.202050829 by Université Toulouse Iii Paul Sabatier, Wiley Online Library on [05/12/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License epithelial cells (Santos et al, 2020; Wandel et al, 2020). Whether Irgm2/Gate-16-inhibited caspase-11 (or hCASP4) enrichment on bacterial membranes involves other GBPs (4 and 6) remains to be addressed. So far, due to the lack of information, a possible function of Irgm2 remains elusive, but Irgm1 and its human homologous IRGM have been described to participate in the autophagy/xenophagy processes (Maric-Biresev et al, 2016; Azzam et al, 2017). In addition, Gate-16 belongs to the ATG8-like proteins, including LC3 (abc), Gabarap and GabarapL1, all involved in various autophagy/ membrane remodelling step regulation such as lysosome biogenesis, autophagosome formation and closure (Lee & Lee, 2016; Nguyen et al, 2016; Gu et al, 2019). To this regard, both Irgm1/IRGM (Finethy et al, 2020) and Gabarap proteins inhibit the activation of the Nlrp3 inflammasome (Pei et al, 2017; Mehto et al,2019a,b). In addition, Irgm-1 and Irgm-3 deficiencies also rescue exacerbated inflammasome response from Irgm2-deficient macrophages(Finethy et al, 2020). Therefore, one can hypothesize that Gate-16 and Irgm2 deficiencies could lead to defective autophagy, which would promote cytosolic LPS accumulation and an exacerbated caspase-11 activation. However, results from Finethy et al (2020) and our own suggest that Gate-16 and Irgm2 regulate Gram-negative bacteria-induced non-canonical inflammasome response in an autophagy-independent manner. Should those effectors modulate the non-canonical autophagy pathway is an attractive hypothesis that deserves further investigations.
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  ). t-Test with Bonferroni correction was used for comparison of two groups. For multiple comparisons, one-way ANOVA with multiple Bonferroni correction test was used. Data are reported as mean with SEM. For animal experiments, Mann-Whitney tests were performed, and for mouse survival analysis, log-rank Cox-Mantel test was selected. P-values are given in figures, NS means non-significant. Significance is specified as *P ≤ 0.05; **P ≤ 0.01, ***P ≤ 0.001.
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Author summary

Although a proper activation of various regulated cell necrosis confer a significant advantage against various infectious agents, their dysregulation drives host tissue damages that can end up with fatal sepsis. Specifically, 30% of the bacterial strains of Pseudomonas aeruginosa (P. aeruginosa) express the phospholipase A2-like toxin ExoU that is injected into host target cells through the Type-3 Secretion System. This toxin induces, through a yet unknown mechanism, a strong and fast necrotic cell death that supports fatal respiratory infections. Therefore, in this study, we sought to determine the cellular mechanisms by which ExoU triggers host cell necrosis. In this context, we found that ExoU exploits basal cellular phospholipid peroxidation to promote cell necrosis. Mechanistically, host cell lipid peroxidation stimulates ExoU phospholipase activity, which then triggers a pathological cell necrosis both in vitro and in vivo. Altogether, our results unveil that targeting host cell lipid peroxidation constitutes a virulence mechanism developed by microbial phospholipases, a process that contributes to P. aeruginosa-mediated pathology.
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SEM. Regarding animal experiments, we used Mann-Whitney tests and mouse survival analysis were done using log-rank Cox-Mantel test. P values in figures have the following meaning; NS non-significant and Significance is specified as � p � 0.05; �� p � 0.01, ��� p � 0.001. (500ng) in presence or not of ferrostatin-1 (Fe1, 10μM). Images show two independent experiments, each performed three times at 45 minutes or 3 hours post transfection. (E) Immunoblotting of Crispr Cas9-mediated Cypor gene deletion in immortalized (i)BMDMs or of Cypordeficient HELA cells. The Cypor#2 (red) was selected for further analysis. GFP means that cells were transduced with sgRNA targeting Gfp and used as control. (F) Cytometry detection and quantification of (phospho)lipid peroxidation using the probe C11-bodipy in WT or Cypor -/- immortalized (i)BMDMs pre-treated or not for 1 hour with CuOOH (20μM) in presence or absence of Ferrostatin-1 (20μM) and then infected with PP34 ExoU+ or PP34 ExoU-(MOI 5) for 1 hour. Sample were acquired using FACSCalibur (BD). The graphs shows the mean+/-SEM of one experiment performed in triplicate out of three independent experiments. � P � 0.05, �� P�0.001, for the indicated comparisons using t-test with Bonferroni correction. (G) Immunoblotting of Crispr Cas9-mediated Gpx4 gene deletion in immortalized BMDMs. The Gpx4#1 (red) was selected for further analysis. CD8 and GFP means that cells were transduced with sgRNA targeting Gfp or Cd8 genes and used as controls. (H) Cytometry detection and quantification of phospholipid peroxidation using the probe C11-bodipy in immortalized WT or Gpx4 -/-BMDMs using a fortessa cytometer. (I) Measure of 8-iso PGF2α isprostane in cell supernatant in WT BMDMs pre-treated or not for 1 hour with CuOOH (20μM) in presence or absence of Ferrostatin-1 (20μM) and then transfected with rExoU (500ng) for 3 hours. 
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Abstract

Inflammatory caspase-11 (rodent) and caspases-4/5 (humans) detect the Gram-negative bacterial component LPS within the host cell cytosol, promoting activation of the non-canonical inflammasome. Although non-canonical inflammasome-induced pyroptosis and IL-1-related cytokine release are crucial to mount an efficient immune response against various bacteria, their unrestrained activation drives sepsis. This suggests that cellular components tightly control the threshold level of the non-canonical inflammasome in order to ensure efficient but non-deleterious inflammatory responses. Here, we show that the IFN-inducible protein Irgm2 and the ATG8 family member Gate-16 cooperatively counteract Gramnegative bacteria-induced non-canonical inflammasome activation, both in cultured macrophages and in vivo. Specifically, the Irgm2/Gate-16 axis dampens caspase-11 targeting to intracellular bacteria, which lowers caspase-11-mediated pyroptosis and cytokine release. Deficiency in Irgm2 or Gate16 induces both guanylate binding protein (GBP)-dependent and GBP-independent routes for caspase-11 targeting to intracellular bacteria. Our findings identify molecular effectors that fine-tune bacteria-activated noncanonical inflammasome responses and shed light on the understanding of the immune pathways they control.

Transduction of iBMDMs

HEK 293-based retroviral packaging cell line (GP2-293) was plated in 10-cm Petri dish in DMEM + 10% FCS + 1% PS. When cell's confluency reached 60-80%, cells were placed in serum and antibiotic-free Opti-mem medium and transfected with VSV-G encoding vector (pMD.2G) along with CASP11-C254G-GFP or pRetro (-GFP or -Irgm2-GFP) vectors using PEI transfection reagent. 10 h after transfection, cell medium was replaced by DMEM + 10% FCS + 1% PS. At 48 h post-transfection, cell's supernatant containing retroviral particles were collected, filtered 0.45 lm and used to transduce target cells. After 48 h, puromycin (5 lg/ml) was used to select cells positively transduced with the transgene. When vectors contained GFP fusions, cells were sorted using fluorescence-activated cell sorting.

Immunoprecipitation and GFP-Trap

Irgm2 À/À immortalized macrophages were transduced with retroviral vectors carrying a doxycycline-inducible Irgm2-GFP, or GFP alone constructs, cloned into Retro-X TM Tet-On â 3G vector (Clontech Laboratories, Inc.). To ensure proper Irgm2-GFP expression, cells were incubated 16 h with doxycycline 1 lg/ml in the presence of IFNc.I r g m 2 -GFP and associated protein complexes were pull-down using GFP-Trap magnetic beads according to manufacturer's instructions (chromotek). Briefly, cells were lysed in CoIP lysis buffer (10 mM Tris/Cl pH 7.5; 150 mM NaCl; 0.5 mM EDTA; 0.5% NP-40, 0.09% Na-Azide) supplemented with a protease inhibitor cocktail (Roche). Cell lysates were then incubated with GFP-Trap-MA beads for 1 h at 4°C. After two washes with wash-buffer (10 mM Tris/Cl pH 7.5; 150 mM NaCl; 0.5 mM EDTA, 0.018% Na-Azide), GFP-Trap complexes were boiled for 10 min at 95°Ci nR I P Ab u f f e r+ Laemmli before separation on SDS-PAGE and mass spectrometry or immunoblotting.

Mass spectrometry analysis

Immuno-purified protein samples were reduced with b-mercaptoethanol by heating at 95°C for 5 min, and cysteines were alkylated by addition of 90 mM iodoacetamide. Samples were loaded on a 1D SDS-PAGE gel, and proteins were isolated in a single gel band, which was excised and washed with several cycles of 50 mM ammonium bicarbonate-acetonitrile (1:1). Proteins were in-gel digested using 0.6 lg of modified sequencing grade trypsin (Promega) in 50 mM ammonium bicarbonate overnight at 37°C. Resulting peptides were extracted from the gel by successive incubations in 50 mM ammonium bicarbonate and 10% formic acid-acetonitrile (1:1), then dried in a speed-vac and resuspended with 22 llo f5 % acetonitrile, 0.05% trifluoroacetic acid (TFA) for MS analysis.

Peptides were analysed by nanoLC-MS/MS using an UltiMate Nano/ Cap System NCS-3500RS coupled to a Q-Exactive HFX mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Separation was performed on a C-18 column (75 lmID× 50 cm, Reprosil C18) equilibrated in 95% solvent A (5% acetonitrile, 0.2% formic acid) and 5% solvent B (80% acetonitrile, 0.2% formic acid), using a gradient from 10 to 45% gradient of solvent B over 60 min at a flow rate of 350 nl/min. The mass spectrometer was operated in datadependent acquisition mode with the Xcalibur software. Survey MS scans were acquired in the Orbitrap on the 350-1,400 m/z range, with the resolution set to 60,000, and the 12 most intense ions were selected for fragmentation by higher-energy collisional dissociation (HCD) using a normalized collision energy of 28. MS/MS scans were collected at 15,000 resolution with an AGC target value of 1e5 and a maximum injection time of 22 ms. Dynamic exclusion was used within 30 s to prevent repetitive selection of the same peptide. Three replicate MS analyses were performed for each sample.

Bioinformatic processing of mass spectrometry data

Raw mass spectrometry files were searched using Mascot (Matrix Science) against the Mouse entries of the SwissProt-TrEmbl protein database. The enzyme specificity was "trypsin", with a maximum of two misscleavages. Cysteine carbamidomethylation was set as a fixed modification, and N-terminal protein acetylation and methionine oxidation were specified as variable modifications. For the search, mass tolerance parameters were set at 5 ppm on the parent ion and 20 mmu on the fragment ions. Protein identification results were then validated with the Proline software by the target-decoy approach using a reverse database at a both a peptide and a protein FDR of 1%. To perform label-free relative quantification of proteins, the "abundance" metric retrieved by Proline was used, after global normalization of the MS signal across all MS runs. For each protein, a mean abundance value was computed from technical LC-MS replicate runs, and log 2 -transformed. Missing protein abundance values were then replaced by a noise value estimated for each analysis as the 1% lowest percentile of the protein abundance values distribution. Bona fide Irgm2 interactors were identified by comparing Irmg2-GFP immuno-purified samples and GFP control samples. For each protein, an enrichment ratio relative to the control and a Student t-test P-value was calculated from the protein abundance values derived from three independent biological replicate experiments. Relevant interactors were selected based on an enrichment ratio higher than 2 and a Student t-test P-value lower than 0.05.

Genetic invalidation of Caspase-11 and Irgm2 genes in immortalized BMDMs

Casp11 and Irgm2 genes were knocked out using the crispr/cas9 system in onco J2-immortalized (i) bone marrow-derived macrophages (BMDMs) iWTs or iIrgm2 
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