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➢ Abstract 

All living organisms are continuously exposed to threatening pathogens that can attack and invade 

them. For this reason, the host developed a series of defence mechanisms in order to detect and 

eliminate pathogens. One of these mechanisms is mediated by the assembly of inflammasomes. 

Inflammasomes are multiprotein complexes that activate the inflammatory caspase-1 in response to 

microbial components, danger or stress. The active caspase-1 leads to the formation of a gasdermin D 

pore in the cell membrane allowing the release of inflammatory cytokines IL-1β and IL-18, therefore 

resulting in a lytic and highly inflammatory cell death, called pyroptosis. The inflammasomes were 

shown to play a crucial role in the innate host defense against a broad variety of microbial pathogens, 

different danger signals, and stress. Therefore, there is a wide variety of inflammasomes (NLRP3, NLRC4, 

AIM2, PYRIN, NLRP1) and their expression and assembly are tightly regulated.  

The role of inflammasomes has been extensively studied in innate immune cells such as macrophages 

and neutrophils but not in epithelial cells. However, it's important to note that epithelial cells are 

frequently the initial cells barrier that pathogens meet, and their response determines the start of an 

infection. Interestingly, the human NLRP1 inflammasome (hNLRP1) is highly expressed in epithelial cells 

(lung, skin, cornea) and the molecular mechanisms that govern its activation have remained enigmatic 

until recently. Particularly, NLRP1 has recently gained much attention and is rising as an important 

epithelial sensor involved in antimicrobial defence as well as in the development of pathologies. 

During my PhD, I studied the role of the NLRP1 inflammasome as a sensor of microbial virulence in the 

human epithelium, in the context of viral infection by the SARS-Cov-2 virus but also in the context of 

bacterial infection by Pseudomonas aeruginosa.  

The virus of severe acute respiratory syndrome coronavirus 2 (SARS-Cov-2), that causes the COVID-19 

pandemic, primarily infects the respiratory tract (nasal, bronchial and lung epithelial cells). Interestingly, 

one of the most important cytokines released during severe COVID was IL-18, suggesting a critical role 

of inflammasomes during a SARS-CoV-2 infection. During my PhD one of my works consisted to study 

the role of hNLRP1 during a COVID-19 infection. Using alveolar epithelial cell line A549 expressing the 

receptor of SARS-CoV-2, ACE2 and over-expressing or not human NLRP1, we found that infection with 

SARS-Cov-2 leads to a pyroptotic form of cell death only in cells expressing NLRP1. Mechanistically, we 

showed that the NSP5 3CL protease cleaves NLRP1 and induces a pyroptotic cell death by an alternative 

pyroptosis pathway that involves the activation of gasdermin E. Finally, we showed a higher amount of 

gasdermine E and IL-18 in patients with Severe COVID, suggesting that an over-activation of the NLRP1 

pathway may be pathological during SARS-CoV-2 infection. 
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In addition, we observed cystic fibrosis patients who are chronically infected with P. aeruginosa exhibit 

enrichment of IL-1β in the lungs. These observations strongly suggest the involvement of 

inflammasomes. Thus, our work demonstrated that P.aeruginosa’s exotoxin A induces NLRP1 activation 

via the activation of a ribotoxic stress pathway involving ZAKα and p38 kinases. Finally, we observed that 

epithelial cells isolated from cystic fibrosis patients exhibit enhanced inflammatory responses leading to 

increased cell death and IL-18 release in response to P.aeruginosa. 

Together, our data demonstrated the important role of human NLRP1 in the immune response against 

microbial pathogens (viruses or bacteria) in the human epithelium and their possible involvement in 

different associated diseases.  

The first project is published (Planes et al., 2022) and the second project is under revisions in Journal 

Experimental of Medicine (Pinilla et al., 2023). 

Keywords: Inflammasome- Pyroptosis – NLRP1 – human epithelium – SARS-CoV-2– P.aeruginosa 
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➢ Résumé 

Tous les organismes vivants sont continuellement exposés à des agents pathogènes qui peuvent les 

attaquer et les envahir. Pour cette raison, l'hôte a développé une série de mécanismes de défense afin 

de détecter et d'éliminer les pathogènes. Un de ces mécanismes est médié par l’assemblage des 

inflammasomes, des complexes multi-protéiques qui, suite à leur activation, recrutent et activent une 

protéase inflammatoire, la caspase-1.  A son tour, caspase-1, clive une protéine appelée gasdermine D, 

qui va former un pore dans la membrane cellulaire permettant la libération des cytokines 

inflammatoires IL-1β et IL-18 et la rupture membranaire, entraînant ainsi une mort cellulaire lytique et 

hautement inflammatoire, appelée pyroptose. Il a été démontré que les inflammasomes jouent un rôle 

crucial dans la défense innée de l'hôte. De ce fait, il existe donc une grande variété d'inflammasomes 

capables de reconnaître différents stimulus. Le rôle des inflammasomes a été largement étudié dans les 

cellules de l'immunité innée telles que les macrophages et les neutrophiles, mais pas dans les cellules 

épithéliales. Cependant, il est important de noter que les cellules épithéliales sont souvent la première 

barrière cellulaire que les pathogènes rencontrent, et leur réponse est cruciale pour la défense de 

l’organisme. Il est intéressant de noter que l'inflammasome NLRP1 est fortement exprimé dans les 

cellules épithéliales (poumon, peau, cornée) et que les mécanismes moléculaires qui régissent son 

activation sont restés énigmatiques jusqu'à récemment. Au cours de mon doctorat, j'ai étudié le rôle de 

l'inflammasome NLRP1 en tant que capteur de virulence microbienne dans l'épithélium humain, dans 

le contexte d'une infection virale par le virus SARS-Cov-2, mais aussi dans le contexte d'une infection 

bactérienne par Pseudomonas aeruginosa. 

Le virus du SARS-CoV-2, responsable de la pandémie de COVID-19, infecte principalement les voies 

respiratoires et il est intéressant de noter que l'une des principales cytokines libérées lors d'un COVID 

sévère dans les poumons est l'IL-18, ce qui suggère un rôle critique des inflammasomes lors d'une 

infection par le SARS-CoV-2. En utilisant la lignée cellulaire épithéliale alvéolaire A549 exprimant le 

récepteur du SARS-CoV-2, ACE2, et surexprimant ou non NLRP1, nous avons découvert que l'infection 

par le SARS-Cov-2 conduit à une forme pyroptotique de mort cellulaire uniquement dans les cellules 

exprimant la NLRP1. En détail, nous avons montré que la protéase NSP5 3CL clive NLRP1 et induit une 

mort cellulaire pyroptotique par une voie alternative qui implique l'activation de la gasdermine E. Enfin, 

nous avons montré une quantité plus élevée de gasdermine E et d'IL-18 chez les patients atteints de 

COVID sévère, suggérant qu'une suractivation de la voie NLRP1 pourrait être pathologique pendant 

l'infection par le SARS-CoV-2. 

De plus, nous avons observé que les patients atteints de mucoviscidose qui sont infectés de manière 

chronique par P. aeruginosa présentent un enrichissement en IL-1β dans les poumons. Ces observations 

suggèrent fortement l'implication des inflammasomes. Ainsi, nos travaux ont démontré que l'exotoxine 
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A de P.aeruginosa induit l'activation de NLRP1 via l'activation d'une voie de stress ribotoxique impliquant 

les kinases ZAKα et p38. Enfin, nous avons observé que les cellules épithéliales isolées de patients 

atteints de mucoviscidose présentent des réponses inflammatoires accrues conduisant à une 

augmentation de la mort cellulaire et de la libération d'IL-18 en réponse à P.aeruginosa. 

L'ensemble de nos données ont démontré le rôle important de NLRP1 dans la réponse immunitaire 

contre les pathogènes microbiens (virus ou bactéries) dans l'épithélium humain et leur implication 

possible dans différentes maladies associées. Le premier projet a déjà été publié (Planes et al., 2022) et 

le second est en cours de révision dans le Journal Experimental of Medicine (Pinilla et al., 2023). 

 

Mots clés : Inflammasome- Pyroptose – NLRP1 –épithélium – SARS-CoV-2– P.aeruginosa 
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I. Introduction 

“Each species must constantly evolve to avoid extinction in the face of competitors who are also 

constantly evolving”(Lacey & Miao, 2020). This observation made by the evolutionary biologist Leigh 

Van Valen in 1973 is illustrated in Lewis Carol’s book Through the Looking Glass, in which the 

protagonist, Alice, engages in a footrace with the Red Queen. The Red Queen hypothesis also applies to 

host-pathogen interactions. Multicellular organisms, from plants to vertebrates, are continuously 

exposed to invading pathogens (viruses, bacteria, fungi and parasites) that are capable to attack and to 

invade. For this reason, all living organisms developed a series of defence mechanisms in order to 

preserve their integrity, homeostasis and survival. As hosts develop defence mechanisms to protect it 

selves against infection, pathogens must, in turn, develop virulence factors to thrive. This constant 

evolutive race by the two competitors ensures that neither the host nor the pathogen disappears. The 

integrity, homeostasis and survival of organisms from infection depends on the detection and  

elimination of pathogens while limiting tissue damage. The vital need for this balance in host response 

has led evolution to develop a powerful array of cellular defences ranging from cell autonomous 

immunity to innate and adaptive immunity that all together constitutes the human immune system. 

These defence mechanisms are first initiated by the detection of danger signals through receptors 

dedicated to this function: the pattern recognition receptors (PRRs). 

1. Pattern recognition receptors (PRRs) 

 All host cells have evolved sophisticated harm detection systems that involve cell receptors binding to 

molecular motifs broadly conserved across pathogens (pathogen-associated molecular patterns—

PAMPs), or indicative of host damage (damage-associated molecular patterns—DAMPs). PAMPs (now 

also referred to as MAMPs for “microbe-associated molecular patterns”) are components from many 

microorganisms that have been conserved during evolution, making them excellent targets for 

recognition. DAMPs were introduced by Polly Matzinger as a “danger theory”, suggesting that the main 

determinant of immune activation is not the origin of the antigen itself but the extent of the damage it 

causes. Consequently, DAMPs are endogenous ligands that are usually produced as a result of injury 

(stress or damage). For example, HMGB1 is one of the classic DAMP, it localizes in the nucleus to 

promote protein assembly on specific DNA sequences, while in response to pathogenic insults, cells 

damages or death, it can be released in the extracellular medium. Released HMGB1 mediates the 

activation of immune cells and induces the inflammation.  

The cellular receptors responsible for the recognition of PAMPs or DAMPs were named Pattern 

Recognition receptors (PRR). The existence of these receptors was predicted by Pr. Charles Janeway in 

1989, before the mechanisms of innate recognition were known. PRRs are expressed in a broad set of 
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immune (monocytes, macrophages, neutrophils, dendritic cells and other myeloid cells) and non-

immune cells (especially endothelial and epithelial cells) and exist in various forms. The different PRRs 

vary according to their location, the specificity of their ligands and their downstream signalling pathway, 

providing a complete and effective response to various infections or damage. Several families of PRRs 

have been identified, among them, the membrane-bound receptors that include the Toll-Like Receptors 

(TLRs), C-type Lectin Receptors (CLRs) and the cytoplasmic receptors including the Nucleotide-binding 

domain, leucine-rich repeat containing receptors (NLRs) and RIG-I like receptors (RLR). A number of 

other PRRs including the cytosolic DNA sensors (CDS) cGAS-STING and the family of absent in melanoma 

(AIM)-like receptors (ALRs). Interestingly, like animals, plants requires, and have evolved a robust innate 

system to detect and respond to pathogen-derived molecules (Jones et al., 2016). This is mediated by 

cell surface or intracellular receptors typically encoded by disease resistance (R) genes which share 

architectural and functional similarities with animals (inflammasomes-like, gasdermins) that I will 

describe later. 

Upon recognition of their cognate-specific ligands, PRRs rapidly induce host immune responses:  

mobilization of soluble defence molecules, killing of the infected cells or tissues, acquisition of 

specialized functions by sentinel cells, induction of co-stimulatory molecules by antigen-presenting cells, 

and many other physiological responses. One of these immune responses is the activation of conserved 

signalling pathways (NF-KB and IFN) that culminate in the activation of specific genes dedicated to 

orchestrating the eradication of the pathogen, and the induction of a pro-inflammatory response with 

the release of cytokines and chemokines. While most of these pathways initiate a robust transcriptional 

reprogramming of gene expression, a subset of PRRs is implicated in the induction of host defence 

mechanisms causing cell death. In my manuscript, I will be particularly interested in PRRs that induce 

cell death, and more specifically, a lytic form of cell death called pyroptosis, induced after the 

assembling of a multiprotein complex: the inflammasome (see later in part II) 

I. Toll-Like Receptors (TLRs) 

The TLRs were so-called according to their similarity to the protein encoded by the toll gene identified 

during embryonic development and dorsoventral polarization of the drosophila in 1985 by Christiane 

Nüsslein-Volhard (Anderson et al., 1985). The role of the Toll receptor in the host’s innate immunity 

against fungal infection in Drosophila melanogaster was confirmed by Jules Hoffman in 1996 (Lemaitre 

et al., 1996). One year later, the first Toll homolog in humans (now called TLR4) was 

discovered(Medzhitov et al., 1997). The discovery of TLRs was an important event for immunology 

research and was recognized as such with the awarding of the 2011 Nobel Prize to Jules Hoffman at the 

French National Center for Scientific Research in Strasbourg and Bruce Beutler at the Scripps Research 
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lnstitute in California. TLRs represent an ancient pathogen-recognition system that detects PAMP 

derived from microorganisms: microbial molecular st ructures such as proteins, flagellin from bacteria l 

flagella, lipoteichoic acid (LTA) and peptidoglycan (PGN) from Gram-positive bacteria, LPS from Gram

negative bacteria, lipopeptides, double-stranded (ds) RNA of viruses1 and DNA) or DAMPs from damaged 

t issue. To date, 10 humans and 13 murîne homologous of TLR have been identified(Fitzgerald & Kagan, 

2020). They are expressed in all innate immune cells such as macrophages, neutroph ils, dendritic cells 

(DC), natura l killer (NK) cells, mast cells, basoph ils, and eosinophils. We can divide t hem into two 

subfamilies depending on their localization, either on the plasma membrane or in intracellular vesicles 

membranes, such as endosomes. 

I l 
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Figure 1: The cellular locations ofthe mammalian Toll-like receptors. Toll-like receptors (nRs) are transmembrane 
receptors localized at the cellular or endosomal membranes. They recognîze diverse PAMPs from bacterfa, fungî, 
parasites and viruses, including lipid-based bacterial cell walls components such as 'lipopolysaccharide (LPS) and 
lipopeptides, microbial protein components such as flagellin, and nucleic acids such as single-stranded or double~ 
stranded RNA and CpG DNA. 

TLRs are transmembrane proteins with extracellular or endosomal leucine-rich repeats (LRR) for the 

recognition of PAMP/DAMP, transmembrane demain and intracellular toll-interleukin 1 (IL1-R) receptor 

(TIR) demains required for the activation of downstream signal transduction pathways. TLR signalling 

includes at least two distinct pathways (Kagan, 2012) : MyD88-dependent pat hway uti li zed by all TLRs, 

except TLR3, leading to the production of inflammatory cytokines. TRIF dependent pathway is used in 

TLR3 and 4 and associates with type 1 interferon stimulation. The activation of these pathways induces 

an antimicrobial activity and the product ion of inflammatory cytokines essential in the fight against 

infections. 

Il. RIG-1 like receptors (RLR) 

Retinoic acid-inducible gene 1-like receptors (RLR) are expressed in most cell types and are primarily 

located ln the cytosoL (Rehwinkel & Gack, 2020). Thls protein family is composed of three members: 

retinoic acid-inducible gene (RIG-1), melanoma differentiation-associated protein 5 (MDAS) and 

laboratory of genetics and physiology 2 (LGP2). Ali RLRs have a central helicase demain and a so-called 

14 



carboxy-terminal domain (CTD). These two domains work together ta detect viral RNAs. RIG-I and MDAS 

additionally have two amino-terminal caspase activation and recruitment domains (CARDs), which 

mediate downstream signal transduction. LGP2 lacks the CARDs and is widely believed ta regu late RIG

I and MDAS. RIG-I discriminates between hast and vi ral RNA by sensing t he unmodified 5' triphosphate 

end of the ssRNA viral genome that is not found in hast RNA. MDA-5 senses long double-stranded RNA. 

(Rehwinkel & Gack, 2020), 
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Agure 2: Viral RNA detection by RIG-1 and MDAS. RIG-1 (retinoic-acid-inducible protein 1) and MDA-5 (melanoma
differentiation-associated gene 5) are cytoplasmic RNA helicases that belong to the RIG-1-like receptors (RLRs) 
family. RIG-1 ;md MDA-5 are key protein sensors of viral RNA and are critical for host antiviral responses. After the 
detectîon of viral RNA, they interacts wîth the mitochondrial antivtral signaling proteîn MAVS leading to the 
production of type-1 interferons (IFN·a and IFN-~). 

Ill. C-type Lectin Receptors (CLRs) 

Cells of the innate and adaptive 1immune systems, including all myeloid cells and lymphocytes, express 

various C-type lectins. These molecules were origina lly named for their ability to bind to carbohydrates 

in a Ca2+·dependent manner thanks ta the carbohydrate-recognition domain (CRD). However, the CRD 

of many C-type lectins lack the components required for Ca2•-dependent carbohydrate recognition and 

thus do not bind sugars, which has led ta the distinction between the sugar-binding C-type CRDs and 

the broader fam ily of C-type lectin-like demains (CTLDs) that can recognize a broader repertoire of 

ligands including glycans, proteins and llpids among others. On the basis of their molecular structure, C

type lectins are found as secreted molecules or as transmembrane proteins, and t hey have been 

implicated in a diverse range of physiological functions because of their ability ta recognize self 

(endogenous) and non-self (exogenousl ligands. ln tact, many C-type lectins can recognize bath classes 

of ligands and are involved in numerous physiological functions. Soluble C-type lectins can function., for 

example, as growth factors, opsonins, antimicrobial proteins and components of the extracellular matrix 

15 
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(ECM), and they regulate many essential processes such as development, respiration, coagulation, 

angiogenesis and inflammation. Transmembrane C-type lectin receptors (CLRs) can use various 

intracellular signalling pathways to directly modulate cellular, developmental, homeostatic and 

immunological responses.  

IV. Nucleotide-binding domain, leucine-rich repeat containing (NLRs) 

Nucleotide-binding domain, leucine-rich repeat containing (NLRs) are a large family of cytoplasmic 

innate sensors that detect microbial products or cellular injury and stress. The NLRs are considered a 

very ancient family of innate immunity receptors because they were first identified in plants where they 

play a critical role in disease resistance (R genes) that are part of plant defences against microbial and 

parasite pathogens (Chisholm et al., 2006). Homologues of the NLRs are present in vertebrates and 

phylogenetically more primitive organisms such as the sea urchin but also in plants that express NB-LRR 

receptors with remarkable structural and functional similarities.  The evolutionary conservation of the 

NLRs suggests that they play an important function in host defence. 

There are 23 NLR family members in humans and at least 34 NLR genes in mice. NLRs are expressed in 

many cell types including immune cells and epithelial cells. Members of the NLR family of proteins are 

multidomain proteins that share many common structural features. They all possess the following 

domains (Lamkanfi & Dixit, 2014): 

• C-terminal leucine-rich repeat (LRR) domains that usually confer ligand recognition specificity 

• a central NACHT nucleotide-binding domain (NBD) domain (also referred to as NOD domain) 

closely related to the oligomerization module found in the AAA+ family of adenosine 

triphosphatases (ATPases) that is critical for activation. NACHT domain includes a nucleotide-

binding domain (NBD), helical domain 1 (HD1), a winged helix domain (WHD), and helical 

domain 2 (HD2).  

• a variable N-terminal protein-protein interaction domain required for signal transduction that 

divided the NLR into a variety of subfamilies.   

Based on the different types of N-terminal domains, NLRs are classified into five subfamilies (Inohara et 

al., 2005): NLRA (acidic transactivation domains), NLRB (baculoviral inhibitory repeat (BIR) domain, NLRC 

(caspase-associated recruitment domain (CARD)), and NLRP (pyrin (PYD) domain). An additional 

subfamily, NLRX, characterized by the presence of an N-terminal domain without significant homology 

to any known domains and by its localization to the mitochondria, has been recognized (Tattoli et al., 

2008; Ting et al., 2008).  
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 The NLRA subfamily contains only one member named CIITA which presents an acidic transactivation 

domain involved in the transcriptional regulation of the MHC class II genes. The other three subfamilies 

are characterised by the presence of homotypic protein–protein interaction modules that are involved 

in the recruitment of signal transduction molecules. The NLRB subfamily is distinguished by the presence 

of the baculovirus inhibitor repeat (BIR) domain. The presence of a CARD is a feature of the NLRC 

subfamily, while members of the NLRP family contain a pyrin domain (PYD). Finally, NLRX1, a CARD-

related X effector domain of unknown function shows no strong homology to the N-terminal domain of 

any other NLR subfamily member.   

The NLRs can be classified functionally in two categories: those inducing innate immune pathways, such 

as NFϏB, and those inducing the assembly of cytosolic signalling complexes known as inflammasomes. 

In these families of NLR, we find NLRC4 that belongs to the NLRC family, NLRP1-3,-6,-7,-9b,-12 that 

belong to the NLRP family but also atypical NLR-like proteins: B30.2 containing proteins as PYRIN (in 

human). Inflammasomes are high molecular weight oligomeric complexes that act as caspase 1-

activating platforms in response to microbial components or sterile danger and stress signals leading to 

the release via a nonclassical secretion pathway depending on gasdermin D pore formation of 

inflammatory cytokines IL-1β and IL-18. The following chapters will discuss in detail the inflammasomes 

(see part II).   

Figure 3: Human NOD-like receptors (NLRs)-classification and domain organization. LRR—leucine-rich repeats; 

NACHT—NAIP, CIITA, HET-E, and TP1 proteins; CARD—caspase activation and recruitment domain; AD—activation 

domain; BIR—baculovirus IAP repeat; PYD—pyrin domain. Adapted from: (Meunier & Broz, 2017) 
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V. Cytosolic DNA sensors (CDS) 

➢ AIM2-like receptors (ALRs) 

ALRs are DNA sensors activated by pathogens infection and stress conditions such as DNA break. We 

found 4 family members in humans and six in mice.  The four members in human include: Absence in 

melanoma 2 (AIM2), IFN-γ inducible protein 16 (IFI16), Interferon-inducible protein X (IFIX or pyrin and 

HIN domain family member1, PYHIN1) and myeloid cell nuclear differentiation antigen (MNDA). While 

members in mice include AIM2, p202, p203, p204 and p205. Importantly, until now only AIM2 and IFI16 

have been reported as PRRs. The fact that ALRs have only been described in mammals suggests that 

they are a novel family of receptors that appeared later in evolution.  

The members of the ALR family are characterised by the presence of a HIIN 200 domain that conserved 

repeats of 200 amino acid residues towards the C-terminus. The HIN domain in the proteins allows them 

to bind double-stranded DNA (dsDNA). Most members (except p202) also contain a PYRIN domain (PYD) 

in the N-terminus. Three members of the family in humans (MNDA, PYHIN1 and AIM2) present an N-

terminal PYD domain, whereas the fourth member IFI16 harbours two tandem HIN200 domains and 

one PYD. In addition to DNA sensing and subsequent immune activation, the PYD domain can recruit 

the adaptor ASC to form an inflammasome, this is the case particularly for AIM2 and IFI16. AIM2 

inflammasome can be activated by bacterial pathogens such as Francisella tularensis, Listeria 

monocytogenes, Streptococcus pneumoniae, Mycobacterium tuberculosis etc. IFI16 can also lead to 

inflammasome activation after dsDNA binding to nuclear IFI16. In addition, dsDNA binding to IFI16 

triggers the expression of pro-inflammatory and antiviral cytokines via the STING/TBK1/IRF3 signalling.  

➢ cGAS-STING 

The cGAS -STING signalling molecules are intracellular PRRs that recognizes the cytosolic dsDNA (of 

viruses but also host-derived self dsDNA) and comprise a crucial cytosolic innate immune signalling 

pathway (in innate immune cells, including fibroblasts, macrophages, and DCs) to induce type 1 IFN 

production. cGAS was discovered in the year 2013 (Sun et al., 2013; J. Wu et al., 2013) and functions as 

a primary cytosolic DNA sensor that recognizes a broad repertoire of DNA from both foreign and self-

origin and engages STING. STING is an adapter protein located on the endoplasmic reticulum (ER) that 

initiate the induction of type I IFNs and an extensive array of IFN-stimulated genes (ISGs), the output of 

which represents canonical cGAS-STING signalling.  Given the central role of cGAS in detecting DNA of 

multi-purpose origin, the cGAS-STING pathway exerts remarkably diverse functions in varied cellular 

processes. Alternatively, cGAS-STING signalling have noncanonical functions and was recently linked 

with the induction of senescence and autophagy and to immune cell death and the regulation of 
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proliferation (Chen & Xu, 2022). Additionally cGAS is well conserved in evolution since bacterial form of 

cGAS were recently discovered (Whiteley et al., 2019) 
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Figure 4: cGAS-STING signaling pathway. The cyclic GMP-AMP synthase {cGAS) stimulator of interferon gene 
(STING) signaling pathway is a critical immune pathway that functions to detect the presence of cytosolic DNA. 
This activation triggers an antiviral response leading to type-1 IFN {IFN-a and IFN-~) production. 

2. The immune system 

1. lnnate immunity 

lnnate immunity is the first llne of defence against pathogens and provldes a rapid nonspecific response 

to infection pathogenic microorganisms, metabol!c perturbations and lnjury. This fs set up in the first 

hours and involves dîfferent cell types. The activation of innate îmmunity is crucial for the downstream 

development of adaptive immunîty, which is slower to develop and that can recognize and destroy 

specific pathogens. 

lnnate immunity is divided into two levels: the chemical and physical barriers (skin, saliva, stomach acid 

and urine flow) and the innate immune cells. Our body surfaces are defended by the epithelia l cells, 

which impose a physical barrler between the internai environment and the externa l world to maintain 

homeostasis, integrity and permeability. We found epJthelial cells in the skin but also in the respiratory, 

urogenital and gastrointestinal tracts. Due to their location, epithelial cells are specialized for their 

.specific fonctions, such as the lung (gas exchange) and intestine (nutrient uptake) and have unique 

innate defence strategies against the pathogens they usually encounter. The internai epithelial are 

known as mucosal epithelia because they secrete a viscous fluid ca lled mucus, which contains many 

glycoproteins called mucins that represent a key avoidance strategy that prevents pathogens from 

entering the body. Moreover, our surface epithelia are more than Just physica l barriers to infection, 

they also produce a wide range of chemfca ls that are microbicides or inhlbit mlcrobial growth. For 

example, the acid pH of the stomach and t he microbicidal enzymes in the gastrofntestinal tract. If t hese 
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barriers are crossed other elements of the innate immune system may immediately come into play, the 

innate immune cells. 

Although these mechanisms have been known for many years, they have generally been considered to 

have only minor roles in the immune system. Consequently, epithelial cells have not received much 

attention in front-line immunology research. However, during my thesis, I was able to show a crucial 

role of epithelial cells following a viral (Sars-Cov2) or bacterial (Pseudomonas aeruginosa) infection that 

I will describe later in the results chapter. 

➢ Innate immune cells in phagocytosis and inflammation 

If a microorganism crosses an epithelial barrier and begins to replicate in the host’s tissues, in most 

cases, it is immediately recognized by resident phagocytic cells. In the innate immune system, 

macrophages and monocytes, granulocytes, and dendritic cells are the primary classes of phagocytic 

cells. Macrophages are the major phagocyte population resident in most normal tissues at homeostasis. 

They can arise either from progenitor cells that enter the tissues during embryonic development, and 

then self-renew at steady state during life, or from circulating monocytes. Macrophages can also 

develop from monocytes that leave the bloodstream and infiltrate tissues after an infection or 

inflammation.   

Neutrophils, eosinophils, and basophils are members of the granulocytes, which make up the second 

largest family of phagocytes. Neutrophils, also known as polymorphonuclear neutrophilic leukocytes 

(PMN) are the cells most directly involved in innate defence against infectious pathogens. These brief-

lived cells are common in the blood but absent from healthy tissues. Because they can identify, eat, and 

eliminate a variety of pathogens without the assistance of an adaptative immune response, 

macrophages and granulocytes play a significant role in innate immunity. 

The third class of phagocytes in the immune system is the immature dendritic cells that reside in 

lymphoid organs and in peripheral tissues. Conventional (or classical) dendritic cells (cDCs) that are 

subdivided into cDC1 and cDC2)) and plasmacytoid dendritic cells are the two primary functional 

varieties of dendritic cells (pDCs). Both types of cells develop from progenitors in the bone marrow, 

which largely branch from cells with myeloid potential, and they travel through the circulation to 

peripheral lymphoid organs and tissues throughout the body. Dendritic cells ingest and break down 

microbes, but, unlike macrophages and neutrophils, their primary role in immune defence is not the 

front-line, large-scale direct killing of microbes. A major role of cDCs is to process ingested microbes in 

order to generate peptide antigens that can activate T cells and induce an adaptive immune response.  

They also produce cytokines in response to microbial recognition that activates other types of cells 

against infection. cDCs are thus considered to act as a bridge between innate and adaptive immune 
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responses. pDCs are major producers of a class of cytokines known as type I interferons, or antiviral 

interferons. 

An important effect of the interaction between microbes and innate immune cells is the activation of 

the inflammation. Inflammation is an important component of the innate immune response. It was 

originally described by pain, warmth, redness and tissue damage. It is induced following the release of 

cytokines and chemokines by macrophages and other immune cells. Collectively, these proteins induce 

a state of inflammation in the tissue, attract monocytes and neutrophils to the infection, and allow 

plasma proteins to enter the tissue from the blood. It is induced by the recognition of PAMPs and/or 

DAMPs by Pattern Recognition Receptors (PRRs) leading to the classical inflammatory response 

described in four steps: recognition of the danger signal, recruitment of cells, elimination of the danger 

and resolution of the inflammation. 

II. Adaptive immunity 

Adaptive immunity involves antigen-specific responses which are highly adapted to the specific 

pathogen and firmly regulated by crosstalk between innate immune cells. Adaptive immunity is 

composed of lymphocytes T and lymphocytes B.  

T cells enter the bloodstream after completing their main development in the thymus. When they get 

to a secondary lymphoid organ, they leave the blood and move through the lymphoid tissue. They then 

return via the lymphatics to the bloodstream to circulate back and forth between the blood and 

secondary lymphoid tissues. Mature recirculating T cells that have not yet encountered their specific 

antigens are known as naive T cells. A naive T cell needs to encounter its particular antigen, which is 

delivered to it as a peptide: MHC complex on the surface of an antigen-presenting cell, in order to be 

stimulated to multiply and develop into effector T cells, which have new activities that help remove 

antigen. Naive T cells differentiate into numerous functional classes of effector T cells that are 

specialized for particular functions upon identifying antigens. Naive CD8 T cells differentiate into 

cytotoxic effector T cells that recognize and destroy infected cells when they recognize pathogen 

peptides presented by MHC class I molecules. The effector repertoire of CD4 T cells is more flexible. 

Naive CD4 T cells can develop down diverse pathways that produce effector subsets with different 

immunological activities against various microorganisms after identifying pathogen peptides presented 

by MHC class II molecules. The primary regulatory T cells, or Treg cells, which limit the degree of 

immunological activation, are TH1, TH2, TH17, and TFH, which activate their target cells (see figure 5). 
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Figure 5: Function and differentiation of different CD4 T cells (X. Zhu & Zhu, 2020). Naïve CD4 T cells can 

differentiate into Th1, Th2, Th17, Tfh (follicular T helper), and Treg (T regulatory) subsets upon T cell receptor 

(TCR) activation through the role of different cytokines. T cells may also become cytotoxic CD4 T cells (CD4-CTLs) 

that kill their target cells in a major histocompatibility complex class II (MHCII)-restricted manner.  

B cells perform a variety of critical functions in the immune system, including antigen presentation, 

cytokine secretion, and setting up the structure of lymphoid organs, but they are most well-known as 

the adaptive immune system's antibody-producing cells. B cells have the capacity to respond to a range 

of foreign antigen molecules by making highly specific antibodies. 

III. Cell-autonomous immunity 

Our prevailing view of vertebrate host defence is strongly shaped by the notion of a specialized set of 

immune cells as sole guardians of antimicrobial resistance. However, this view seriously underestimates 

the ability of most cells, the majority of which are not part of the traditional immune system, to defend 

themselves against infection. This old and pervasive form of host protection is called autonomous cell 

immunity. Cell-autonomous immunity, which is defined as the ability of a host cell to eliminate an 

invasive infectious agent is mediated by immune signalling networks that sense microbial pathogens 

and stimulate downstream pathogen elimination programs. It relies on antimicrobial proteins, 

specialized degradative compartments, interferon responses and programmed host cell death.  

➢ Antimicrobial peptides 

Self-defence begins even before pathogens come into contact with the cell surface. Our body surfaces 

are defended by the epithelial cells, which impose a physical barrier between the internal environment 

and the external world to maintain homeostasis, integrity and permeability. Epithelial barriers have 

developed also chemical secretions, such as the anti-microbicidal peptides (defensins, cathelicidins…) 

to inhibit microbial growth.  For example, specialized gut epithelial Paneth cells secrete the antimicrobial 

lectin, RegIIIg, into the lumen of the small intestine to maintain a germ-free barrier.  
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➢ Autophagy 

Host cells have evolved methods to link pathogen detection with pathogen disposal. One of the best 

examples is the recognition of cytosolic pathogens and their subsequent delivery to lysosomes by the 

process of macroautophagy. A large number of ubiquitin E3 ligases have been identified and are 

responsible to coat viral and bacterial surfaces with ubiquitin, thus targeting microorganisms for loading 

into autophagosomes (de novo generated membrane-bound compartment) through interaction with 

the autophagosome-associated protein LC3 (Chang, 2020). During infection, eukaryotic cells co-opt 

autophagy to defend the cytosol against bacterial invaders, to attack microbe-containing vacuoles, and 

to remove pathogen-derived inclusion bodies (Randow & Münz, 2012). Selective autophagy relies on 

cargo receptors that cross-link “eat-me” signals on prospective cargo to ubiquitin-like proteins of the 

ATG8 family displayed on the phagophore membrane. Antimicrobial autophagy (“xenophagy”) uses 

many of the same eat-me signals that alert the autophagic machinery to engulf host protein aggregates 

and damaged organelles. Autophagy efficiently restricts the subpopulation of vesicle-inhabiting bacteria 

that, by damaging the limiting membrane of their vacuole, become exposed to the cytosol, for example, 

Mycobacterium tuberculosis and Salmonella Typhimurium.  

Figure 6: The autophagy pathway from (Chang, 2020). Autophagy is a multi-step process of sequential events that 

sequester intracellular components (proteins and organelles) in phagosomes to induces degradation and recycling 

of nutrients. This process depends on the maturation of the autophagosome and the fusion with the lysosome.  

➢ IFN response 

A variety of specialized pattern recognition receptors, most notably those that sense viral nucleic acids 

such cyclic GMP-AMP synthase (cGAS), AIM2, RIG-I, MDA5, OAS1 and several Toll-like receptors (TLRs), 

are used to detect viral infection (Sun et al., 2013). Typically, these sensors initiate signalling cascades 

that eventually activate the synthesis of interferons. This response to viruses involves the release of 

interferons as well as the expression of hundreds of genes known as interferon-stimulated genes (ISGs), 

which have various antiviral functions within the cell. Antiviral genes encode enzymes such as APOBEC3 

that edit and destroy viral nucleic acids1, SMHD1 (SAM domain and HD domain-containing protein 1) 

and other enzymes that deplete the cell of nutrients essential for virus replication, viperin proteins that 

produce antiviral chain terminator molecules, and proteins that interfere with viral entry, uncoating, 
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assembly and budding (such as IFITM, TRIM proteins, tetherin and GBPs) (Meunier & Broz, 2016; Wein 

& Sorek, 2022).  

 

 

 

 

 

Figure 7: Model of IFN response from (Wein & Sorek, 2022). Type I IFNs are transcriptionally regulated, and are 

induced following the recognition of pathogens components during infection by various host pattern recognition 

receptors. Following their production, type I IFNs trigger antiviral responses by binding to a common receptor 

(IFNAR). IFNα/β binding to IFNAR stimulates the JAK1-STAT pathway leading to the expression of IFN-stimulated 

genes (ISG) implicated in a large group of genes which play a role in host resistance to viral infections.   

➢ Programmed cell death 

An important host defence mechanism against pathogens is the induction of a regulated cell death. By 

this strategy, the host can eliminate infected cells in order to kill intracellular pathogens or to eliminates 

cells that were hijacked for the benefit of the pathogen. The regulated cell death can be categorized 

into apoptotic cell death or necrotic cell death (including necroptosis, ferroptosis and pyroptosis). Both 

pyroptosis and necroptosis result in the rupture of the plasma membrane that releases cellular content 

into the extracellular space, while apoptosis converts a cell into apoptotic bodies that retain cell content 

within membranes. Regulated cell death can be initiated by a variety of sensors of the innate immune 

system: direct sensors as PRRs, that can bind microbial ligands but also by “guards” that monitor normal 

function of cellular proteins and “decoys” that act like lures, tempting virulence factors to attack them.  

 

Figure 8: Apoptotic versus necrotic cell features. Regulated cell death can be categorized into apoptotic cell death 

and regulated cell necrosis, depending on the morphological characteristics and molecular mechanisms. This 

figure represents the morphological characteristics of these two regulated cell death and shows that apoptosis 

retains cell membrane integrity compared to cell necrosis that is characterized by membrane rupture and cell 

content release.  
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• Apoptosis 

Apoptosis was the first type of programmed cell death to be described, initially based on morphological 

features that distinguished it from necrosis. In this regard, John Kerr, Andrew Wyllie, and Alastair Currie 

described and characterized apoptosis for the first time in 1972 by cell shrinkage, membrane blebbing, 

and chromatin condensation as well as nuclear fragmentation (Kerr et al., 1972). Importantly, during 

apoptosis, the plasma integrity is preserved, avoiding the release of intracellular contents to the 

extracellular milieu, these features contribute to the reputation of apoptosis as an immunologically 

“silent” process without an inflammatory response. It exists a wide variety of stimuli and conditions 

(physiological and pathological) that can trigger apoptosis. Apoptosis is physiologically implicated in the 

normal eukaryotic development and ageing but also in the maintenance of the cell homeostasis that 

occurs without the cardinal signs of inflammation. However, apoptosis also occurs as a defence 

mechanism such as in immune reactions or when cells are damaged by disease or stress factors that will 

generate a change in cell homeostasis. In this case, the apoptotic cells will release a series of so-called 

“find-me” signals, such as extracellular ATP capable of recruiting phagocytes to the site of apoptotic 

corpses, therefore, at least one aspect of an inflammatory reaction. Additionally, it has recently been 

demonstrated that apoptosis triggered by the FAS/CD95 death receptor is linked to the production of 

chemokines and other immunologically active proteins that regulate phagocyte migration and effective 

apoptotic cell clearance (Hochreiter-Hufford & Ravichandran, 2013). All things considered, it is 

acceptable to conclude that although not completely “silent,” apoptosis is a form of cell death that does 

not trigger an over inflammatory response. The apoptotic cell death is mechanistically dependent on 

the activation of apoptotic effectors caspase-3/-7 (D. Tang et al., 2019). Caspases are an evolutionarily 

conserved family of cysteine proteases that, upon activation, induce the cleavage of proteins implicated 

in the structural integrity of the cell and nucleus.  

• Necrosis 

For two decades, necrosis was mostly thought of as an "accidental" cell death that happened in reaction 

to physicochemical insults, whereas apoptosis was thought to be the usual cell death form during 

development, homeostasis, infection, and disease. This viewpoint has been significantly altered by 

recent genetic findings, as well as the discovery of pharmacological necrosis inhibitors, and the 

identification of various mechanisms for controlled necrosis. Regulated necrosis is characterized visually 

by cytoplasmic granulation, organelle and/or cellular enlargement ('oncosis'), and is defined as a 

genetically controlled cell death process that eventually ends in cellular leakage. These physical 

characteristics are shared by numerous cell death mechanisms, and it is now necessary to investigate 

any shared or unique underlying signalling pathways. In an effort to identify and categorize different 

types of cell death and the underlying pathways that underlie them, numerous neologisms have been 
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created, including necroptosis, parthanatos, oxytosis, ferroptosis, ETosis, NETosis, pyronecrosis, and 

pyroptosis. These various forms of cell death were classified as controlled necrosis.  

In this section, I will briefly describe some regulated cell necrosis, focusing in particular on Pyroptosis, 

which is the cell death in which I worked during my thesis. 

▪ Necroptosis 

Necroptosis is a well-characterized programmed necrosis induced by perturbations of the extracellular 

or intracellular microenvironment. This type of cell death occurs following the activation of the tumor 

necrosis receptor (TNFR1) by TNFα, 3 even though TNFα has long been considered an inducer of 

apoptosis. Activation of other cellular receptors can also trigger necroptosis. These receptors include 

death receptors Fas (also referred to as CD95 or Apo-1), DR3 (also referred to as Apo-3), DR4 (also 

referred to as Apo-2 or TRAIL-R1), DR5 (also referred to as TRAIL-R2), Toll-like receptors (TLR4 and TLR3) 

and cytosolic nucleic acid sensors such as RIG-I and STING, which induce type I interferon (IFN-I) and 

TNFα production and thus promote necroptosis in an autocrine feedback loop.  

The majority of these pathways trigger NFκB dependent proinflammatory and prosurvival signals. The 

necroptotic pathway is nevertheless activated by further suppression of the proteolytic enzyme 

Caspase-8 by microorganisms or pharmacological agents. Downstream of the abovementioned 

receptors, active RIPK1 is recruited within an oligomeric complex that includes FADD, caspase-8 and 

caspase-10. In the absence of caspase-8 activity, RIPK1 recruits and phosphorylates RIPK3, forming a 

complex called the ripoptosome. The RIPK1/RIPK3 complex recruits and phosphorylates MLKL, thus 

forming the necrosome. Phosphorylated MLKL undergoes oligomerization and migrates to the plasma 

membrane where it induces necroptosis by initiating membrane rupture or regulating ion flux. In the 

necroptosis process, these proteins are fine-tuned by posttranslational regulation via phosphorylation, 

ubiquitination, glycosylation, and protein–protein interactions.  

 

 

 

 

 

 

 

 

Figure 9: Model of necroptosis pathway adapted from (J. Chen et al., 2019). Necroptosis can be induced by 

various stimuli such as TNFα. In short, ubiquitination of RIPK1 leads to cell survival through activation of 

NF-kB, whereas de-ubiquitination of RIPK1 leads to the formation of the complex II. In the absence of 

caspase-8 activity, RIPK1 recruits and phosphorylates RIPK3. The RIPK1/RIPK3 complex recruits and phosphorylates 
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MLKL, thus forming the necrosome. Phosphorylated MLKL undergoes oligomerization and migrates to the plasma 

membrane where it induces necroptosis by initiating membrane rupture or regulating ion flux.  

▪ Ferroptosis:  

Ferroptosis is a newly discovered form of regulated cell death (RCD), characterized by excessive iron 

accumulation and subsequent unbalanced redox states. Although there were several studies on 

ferroptosis and its mechanisms several years ago, the term "ferroptosis" was first described by the 

laboratory of Bren R. Stockwell in 2012 and has become a research hotspot in the field of cell death. 

The molecular mechanisms of ferroptosis depend mainly on the production and elimination of lipid 

peroxidation. Ferroptosis is triggered when excess iron induces high intracellular production of ROS 

through the Fenton reaction, disturbing the redox balance and triggering lipid peroxidation. Several 

antioxidant mechanisms regulate 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 the redox 

reaction. When cells are unable to remove the excess peroxide, the accumulation of lipid peroxidation 

leads to ferroptosis. This regulated necrosis is characterized by increased membrane density, shrunken 

mitochondria, and rupture of the outer mitochondrial membrane. Ferroptosis has been implicated in 

several diseases, including Parkinson's and Huntington's disease, cancer, ischemia-reperfusion of the 

kidneys and liver, as well as infectious diseases. 

▪ Pyroptosis 

Proptosis is a type of necrotic cell death culminating in the loss of plasma membrane integrity and 

release of pro-inflammatory cytokines. To distinguish this novel form of cell death from the other types 

of necrosis the term pyroptosis was proposed: ‘pyro’ meaning fire of fever, and ‘ptosis’ meaning to fall.  

The pyroptosis is induced by activation of so-called inflammasome sensors. These include the Nod-like 

receptor (NLR) family, the DNA receptor Absent in Melanoma 2 (AIM2) and the Pyrin receptor. The 

pyroptotic cell death is induced by the detection of a large variety of PAMPs and DAMPs released by 

pathogens or cellular stress and damage. Upon detection, the inflammasome sensors will oligomerize 

and recruit the adaptor protein (ASC) and the procaspase 1, therefore forming the multimolecular 

inflammasome complex (Martinon et al., 2002). Once assembled, the inflammasome cleaves and 

activates the caspase-1 that will cleave different substrates in the cell. On one hand, caspase1 will cleave 

the pro-inflammatory cytokines IL-1β and IL-18 into their mature form and on the other hand caspase 

1 will cleave gasdermin-D protein, generating an N-terminal fragment that binds to the plasma 

membrane, oligomerizes and induce the pore formation that allows the release of pro-inflammatory 

cytokines IL-1β and IL-18  (Rühl & Broz, 2022). Of note, IL-1 family members are cytokines that are 

released in an ER/Golgi-independent manner. Importantly, gasdermin-D is in most cases still required 

for the secretion of these cytokines, implying that gasdermin-D pores can act as channels for 

unconventional protein secretion. A non-canonical pathway (non-caspase1 dependent) inducing 
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pyroptosis was described in 2011(Kayagaki et al., 2011a). This pathway depends on the activation of 

caspase 11 (caspase 4/5 in humans) that will upon recognition of LPS induce the cleavage of gasdermin-

D and lead to pyroptosis.   

Despite evidence of the role of gasdermin-D in the execution of pyroptotic cell death and the release of 

IL-1β and IL-18, the mechanisms leading to plasma membrane rupture and cell death were not clear.  

Gasdermin-D mediated pore formation collapses the electrochemical gradient across the plasma 

membrane, depletes ATP levels and disturbs cellular metabolism and homeostasis, which eventually will 

lead to water influx and increase in osmotic pressure inside the cell that culminates in a plasma 

membrane rupture (Rühl & Broz, 2022). It was however recently described (Kayagaki et al., 2021) a 

novel protein known as Nerve Injury-induced Protein 1 (NINJ1) linked to the control of the plasma 

membrane rupture. Indeed, cells lacking NINJ1 still undergo cell swelling and plasma membrane pore 

formation- mediated by GSMD-D- but failed to release cytoplasmic content, indicating a role for NINJ1 

downstream of Gasdermin-D pore formation. Still, unanswered questions persist, such as how NINJ1 

gets activated and how it permeabilizes or disrupts the plasma membrane. Oligomerization of NINJ1 to 

the plasma membrane is required for plasma membrane rupture but the signals promoting NINJ1 

activation are still unknown.  

 

 

 

 

 

 

 

 

 

Figure 10: Mechanisms of inflammasome activation leading to a pyroptotic cell death. Pyroptosis is a lytic cell 

death induced by the detection of a large variety of PAMPs and DAMPs released by pathogens or cellular stress 

and damage. Upon detection, the inflammasome sensors will oligomerize and recruit the adaptor protein (ASC) 

and the procaspase 1, therefore forming the multimolecular inflammasome complex. Once assembled, the 

inflammasome cleaves and activates the caspase-1, which will cleave the pro-inflammatory cytokines IL-1β and IL-

18 into their mature form, and the gasdermin-D protein, generating an N-terminal fragment that binds to the 

plasma membrane, oligomerizes and induces the assembly of a gasdermin-D pore in the cell membrane. The 

gasdermin-D pore allows the release of pro-inflammatory cytokines IL-1β and IL-18. Finally, oligomerization of 

NINJ1 into the plasma membrane induces the rupture of the cell membrane and the release of the cell content. 

Abbreviations: DAMPs, damage-associated molecular patterns- PAMPs, pathogen-associated molecular patterns- 

N-GSDMD: N-terminal gasdermin D, GSDMD: gasdermin D- NINJ1, ninjurin 1.  



Emergence of human NLRP1 inflammasome as a sensor of microbial virulence in human epithelium 

 

29 

 

II. Inflammasome 

Recently, in 2002, the term inflammasome was coined by the team of Jurg Tschopp that discovered a 

huge molecular platform composed of three core proteins: a receptor (in this case an NLR protein 

named NLRP1), the adaptor protein apoptosis-associated speck-like protein containing a CARD (ASC) 

and the pro-inflammatory protease caspase-1 (Martinon et al., 2002). Following this, different groups 

showed that different NLRs can be implicated in the inflammasome formation. Tschopp and colleagues 

showed in 2004 that NLRP3 also forms an inflammasome complex with ASC, and caspase-1 (Agostini et 

al., 2004). Dixit and colleagues, in the same year, reported the crucial role of the adaptor protein ASC in 

the assembly of the inflammasome, supported by the creation of ASC and Nlrc4-deficient mice 

(Mariathasan et al., 2004). Importantly, macrophages lacking either ASC or Nlrc4 were not able to induce 

a pyroptosis caspase-1-dependent cell death.  

Inflammasomes are signaling platforms crucial to the innate immune response to infectious diseases. 

Nowadays, a large variety of inflammasomes exist, capable of recognizing molecular patterns unique to 

pathogens, dangers, stress or homeostatic perturbations. Inflammasomes are platforms leading to the 

activation of pro-inflammatory caspases, namely caspase-1 for canonical inflammasomes, and human 

caspase-4-5 (caspase-11 in mouse) for non-canonical inflammasomes (described later) that triggers the 

induction of pyroptotic cell death and release of proinflammatory cytokines.  

Simplistically, inflammasomes are comprised of a sensor, an adapter and an effector. Typically, 

inflammasome complexes are named after their sensor including NLRP1, NLRP3, NLRC4, AIM2 and 

PYRIN. The majority of sensors that oligomerize to an inflammasome belong to the family of NLRs 

composed of a central nucleotide-binding and oligomerization domain (NACHT), a C-terminal leucine-

rich repeat (LRRs) and N-terminal caspase recruitment domain (CARD) or pyrin (PYD) domains. However, 

not all receptors with a NACHT domain have been described as forming an inflammasome and not all 

receptors forming an inflammasome have a NACHT domain (AIM2, Pyrin, CARD8) (Figure 11). 

Inflammasomes can signal directly to caspase-1 if they contain a CARD (NLRC4, mouse NLRP1b, CARD8) 

or indirectly via the ASC adaptor if they signal through a PYD domain (AIM2, PYRIN, NLRP3). In contrast, 

caspase-11 is a combined direct sensor and protease that activates itself when it binds to LPS, activating 

a non-canonical inflammasome. 

Although these complexes play crucial roles in host defence, aberrant inflammasome activation has 

been associated with a number of diseases. Cryopyrin-associated periodic syndromes (CAPS) and 

familial Mediterranean fever (FMF) are two autoinflammatory disorders that are brought on by 

mutations in the NLRP3 and Pyrin genes. Chronic inflammasome activation has also been linked to the 

progression of cancer, metabolic disorders, and neurodegenerative diseases (Karki & Kanneganti, 2019; 
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Voet et al., 2019; H. Wen et al., 2012). Therefore, it is not surprising that the expression of 

inflammasome components, downstream effector molecules, and the upstream regulatory molecules 

necessary for effective activation is tightly regulated by a number of transcription factors (Interferon 

regulatory factor 1 (IRF1)) (Christgen et al., 2020). Furthermore, each sensing molecule-specific 

mechanism controls how each inflammasome is activated. These activation mechanisms can be broadly 

categorized into those that depend on direct ligand-binding and indirect activation mechanisms.  

 

Figure 11: Structures of inflammasome-forming receptors in humans. Abbreviations: LRR (leucine rich repeats), 

NACHT (NAIP, CIITA, HET-E and TP1 proteins), CARD (caspase activation and recruitment domain), BIR (baculovirus 

IAP repeat), PYD (Pyrin domain), HIIN-200 (hematopoietic interferon-inducible nuclear proteins with  200 amino-

acids), FIIND (function-to-find domain).  

Many nucleotide-binding, leucine-rich repeat (NLR) proteins are revealed by analysis of plant genome 

sequences and are encoded by putative R genes. Although we currently know very little about the 

mechanism of action, our understanding is increasing. In 2019, it was shown that the Arabidopsis 

thaliana HOPZ-ACTIVATED RESISTANCE 1 (ZAR1) protein, which activates defense in response to several 

pathogenic bacterial effectors, works similarly to mammalian NLRs inflammasome forming sensors. 

ZAR1 is a flexible signaling platform that has evolved to monitor the homeostasis of an important 

immune system, the receptor–like cytoplasmic kinase (RLCK) class VII kinases family. In the presence of 

bound ADP, ZAR1 is in an autoinhibited resting state associated with several RLCK class XII kinases. 

However, with ATP, induced by rupture of homeostasis, ZAR1 oligomerize into a large form with a 

pentameric structure that has the potential to form pores in membranes, they called it the 
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“resistosome”. Activated ZAR1 relocalizes to the plasma membrane, and the amino-terminal α-helix is 

required for this. This result remains to be confirmed but they encourage many interesting future 

experiments in plants (Dangl & Jones, 2019). 

1. The canonical inflammasome 

Canonical inflammasomes are composed of a receptor/sensor (NLR, Pyrin or PYHIIN), the adaptor 

protein (ASC), when required, and the inflammatory protease, pro-caspase-1. The assembly of 

inflammasome start with the recognition of DAMPs and/or PAMPs by the sensors. Upon this 

recognition, sensors will oligomerize and recruit the adaptor ASC, which will finally recruit and activates 

pro-caspase-1 in its mature and active form.  

Figure 12: The inflammasome compounds and interactions. The inflammasome complex is composed of a 

receptor/sensor (NLR, Pyrin or PYHIN), the adaptor protein (ASC) and the inflammatory protease, pro-caspase-1. 

The assembly of the complex depends on homotypic interactions between the PYD and the CARD domains.  

ASC is a small molecule (encoded by PYCARD) constitutively expressed in many cells that multiple 

inflammasomes require to recruit and activate caspase-1. ASC contains a PYD domain in the N-terminal 

and a CARD (Caspase Recruitment Domain) domain in C-terminal. The PYD domain allows the binding 

with the sensor through PYD-PYD interactions while the CARD domain allows the binding to pro-

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 

and CARD8 (see figure 11). Given the important role that ASC plays in inflammasome activation, it’s not 

surprising that the promoter of ASC (containing a large CpG island) is silenced by methylation in some 

cancers, notably in breast cancer (Stimson & Vertino, 2002). A better understanding of its regulation 

may provide insights into how cancers and other diseases progress.  

Caspase-1 is a cysteine protease that cleaves specific substrates present after aspartic acid residues. 

Caspase-1 is synthesized as an inactive zymogen form, the pro-caspase-1, composed with a CARD 



Emergence of human NLRP1 inflammasome as a sensor of microbial virulence in human epithelium 

 

32 

 

domain (N-terminal) and two catalytic subunits p20 and p10. Once it’s recruited by the adaptor ASC, 

pro-caspase 1 gets activated by proximity-induced dimerization, leading to self-proteolytic cleavage into 

the enzymatically active heterodimer p33/p10 (see figure 13). 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 (GSDM-D). There is little understanding of how caspase-1 transcription is regulated. 

Caspase-1 is expressed constitutively in murine macrophages, and some research suggests that NF-ϏB 

or IRF1 may activate caspase-1 (caspase-1 promoter contains NF-ϏB and IRF1-binding sites). In fact, 

caspase-1 is increased in chronic inflammatory situations and given the crucial function caspase-1 

performs in pyroptosis, it is important to understand how it is regulated (D. J. Lee et al., 2015).  

 

Figure 13: Mechanisms of caspase-1 activation. Pro-caspase-1 is divided into 3 domains: a CARD domain allowing 

its recruitment to the inflammasome complex and two catalytic subunits p20 and p10. Pro-caspase-1 is expressed 

in an inactive form in the cytosol, once recruited to the inflammasome, it dimerizes, which weakly activates it and 

allows the first auto-proteolytic cleavage located between the p20 and p10 domains to give a p33/p10 dimer .This 

dimer is strongly active and is still located in the inflammasome. The second cleavage takes place, allowing the 

formation of the p20/p10 dimer, its dissociation from the inflammasome and its quickly inactivation. 

 

I. Receptors of inflammasome 

To date several cytosolic sensors have been described to form an inflammasome including PRRs (NLR 

family, AIM2, IFI16), Pyrin and CARD8 (see table 1).  
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Inflammasome Activator References 

Human NLRP1 

3C and 3CL protease 

dsRNA (SFV) 

ribotoxic stress (UVB, exotoxin A) 

Valboropro (Talabostat): DPP8/9 inhibitor 

Reductive stress 

(Bauernfried et al., 2021 ; Jenster et al., 

2023a; Planès et al., 2022; Robinson et 

al., n.d., 2020a )(Q. Wang et al., 2023) 

Pinilla et al., under review 2023 

NLRP2 ATP (J. Xu & Núñez, 2022) 

NLRP3 

Diverse stimuli, and multiple molecular and 

cellular events, including ionic flux (K+/Ca2+), 

mitochondrial dysfunction, lysosomal damage… 

(Swanson et al., 2019) 

NLRP6 Lipoteichoic acid (Hara et al., 2018) 

NLRP9B Short ds RNA (only in rodents) (Ngo & Man, 2017) 

NLRC4 

Flagellin 

Bacterial T3SS (needle, rod) 

Retrotransposons RNA 

(Kofoed & Vance, 2011a; Shao-bin 

Wang, 2021) 

AIM2 

Cytosolic dsDNA (Specific to rodent cells and 

epithelial human cells but not human 

monocytes/macrophages) 

(Hornung et al., 2009b) 

PYRIN 
Loss of Rho-GTPases 

Phosphorylation 

(Gao et al., 2016a; Heilig & Broz, 

2018; Park et al., 2016a) 

CARD8 

Valboropro (Talabostat): DPP8/9 inhibitor 

Viral proteases (HIV-PR, CVB3) 

Reductive stress 

Intracellular peptides accumulation (through 

inhibition of aminopeptidases including M24B) 

(Johnson et al., 2020a; Nadkarni et al., 

2022; Rao et al., 2022; Q. Wang et al., 

2021, 2023)  

Controversial inflammasomes 

NLRP7 
Positively and negatively affect inflammasome 

responses (context dependent) 
(Carriere et al., 2021) 

NLRP12 
Positively and negatively affect inflammasome 

responses (context dependent) 
(Tuladhar & Kanneganti, 2020) 

IFI16 
KSHV DNA 

Still discussed 
(Kerur et al., 2011) 

Table 1: Receptors forming inflammasomes. Abbreviations: CVB3-Coxsackievirus B3, dsRNA-double stranded RNA, 

HIVPR- HIV protease, KSHV-Kaposi’s sarcoma-associated herpesvirus, SFV-Semliki Forest virus, T3SS-type 3 system 

secretion 
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➢ The NLRP3 inflammasome 

The NLRP3 inflammasome is currently the most fully characterized inflammasome and shares the 

common three domain structure: a central NACHT domain, a PYD domain in the N-terminal and an LRR 

in C-terminal (see Figure 11). The NLRP3 inflammasome can be activated through three pathways: 

canonical, non-canonical, and alternative pathways. In the following paragraphs, I will focus on the 

canonical activation of NLRP3. Non-canonical activation will be described later in the paragraph on non-

canonical inflammasome.  

NLRP3 has the particularity to require two signals to be fully activated: the priming and the activation 

signal. Initially, the necessity of priming had been ascribed to the fact that NLRP3, in murine 

macrophages, is expressed at a low level in basal conditions, and therefore the priming step was 

necessary to induce transcriptional upregulation of NLRP3 and it was named transcriptional priming. 

This 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 

(Bauernfeind et al., 2009). Lipopolysaccharide (LPS) activating TLR4 is commonly used to provide a 

priming signal. However, NLRP3 can also be primed non-transcriptionally, for example, by a brief pulse 

of LPS treatment (Juliana et al., 2012). Several post-translational changes of NLRP3, such as 

phosphorylation, dephosphorylation, deubiquitination, and de-sumoylation, have been implicated in 

these forms of priming (Barry et al., 2018; Shim & Lee, 2018). Under steady-state conditions, many cells 

already express NLRP3 in adequate numbers, which highlights the importance of non-transcriptional 

priming (McKee & Coll, 2020). Following the priming, the NLRP3 inflammasome can be activated by an 

array of stimuli.  

Different from other inflammasomes, the NLRP3 inflammasome requires a critical cofactor for 

inflammasome activation in murine macrophage cells. It was shown that the NIMA-related kinase 7 

(NEK7), a serine-threonine mitotic kinase is critical for inflammasome activation downstream of K+ efflux 

in mice (He, Hara, et al., 2016; He, Zeng, et al., 2016; Schmid-Burgk et al., 2016; H. Shi et al., 2016). NEK7 

specifically interacts with NLRP3, and promotes NLRP3 self-oligomerization and activation. However, 

NEK7 appears to function in NLRP3 priming, but not NLRP3 activation, in human macrophages. It was 

recently shown, in human cells that they employ a NEK7-independent signaling cascade instead that 

drives IKKβ-dependent, post-translational priming (Schmacke et al., 2022). Mechanistically, IKKβ activity 

recruited NLRP3 to PI4P, a phospholipid enriched on the trans-Golgi network (TGN). Tethering NLRP3 to 

PI4P led to inflammasome activation independently of NEK7, confirming that increased PI4P interaction 

serves to prime NLRP3 for inflammasome formation. 
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Recent evidences suggest a key role of the trans-Golgi network (TGN) in NLRP3 assembly process. In 

initial studies, it was shown that NLRP3 forms a ternary complex with the escort activity of sterol 

regulatory element-binding protein-2 (SREBP) and its partner cleavage-activating protein (SCAP) that 

transported NLRP3 from the ER to the trans-Golgi network (dTGN) for optimal inflammasome assembly 

(Guo et al., 2018). It was shown that TGN dispersion is a hallmark of NLRP3 activation, in fact, NLRP3 

stimuli lead to the disassembly of the trans-Golgi network (TGN). The recruitment of NLRP3 to the dTGN 

was dependent on a positively charged polybasic region located between the PYD and the NACHT 

domain of NLRP3 that interacts with a negatively charged phosphatidylinositol-4-phosphate (PtdIns4P) 

on the dTGN (J. Chen & Chen, 2018). Chen et al., identified the dispersal of the trans-Golgi network 

(TGN) as a common denominator of both K+ efflux-dependent and -independent NLRP3 triggers.  

• Activation of NLRP3 

NLRP3 can be activated by a large array of stimuli (J. Xu & Núñez, 2022) including: Candida albicans, 

Saccharomyces cerevisiae (Gross et al., 2009), pore-forming toxins (Craven et al., 2009; Mariathasan et 

al., 2006a), viral nucleic acids from viruses (Sendai virus, adenovirus, influenza virus, 

encephalomyocarditis virus) (Ito et al., 2012; Kanneganti et al., 2006; Muruve et al., 2008). NLRP3 is also 

known to detect diverse DAMPs inducing plasma membrane change in ion permeability (K+ efflux, Cl- 

efflux, Ca2+ cytosolic influx) (Di et al., 2018; Mariathasan et al., 2006c; Pelegrin, 2021), rupture of 

lysosomes by crystals or particulates, metabolic and mitochondrial stress (Pizzuto et al., 2022; Pizzuto 

& Pelegrin, 2020; Rajam̈aki et al., 2010) , UVB irradiations (Feldmeyer et al., 2007a)  and environmental 

irritants (Schroder & Tschopp, 2010) (see Table 2). The wide variety of these signals suggests that NLRP3 

is a key integration point of cellular stress in cell and that these signals are not directly recognized by 

NLRP3, but rather that they directly or indirectly create a disruption of the functions and integrity of the 

cell, which will then be recognized by NLRP3. Actually, K+ efflux from the cytosol has been identified as 

a common denominator of many NLRP3 triggers and in a simplistic manner we can divide the NLRP3 

activators into K+ efflux dependent or K+ efflux independent. I will not detail each activator known for 

NLRP3 but I will give a brief overview of the main forms to activate NLRP3. 

Mechanistically, different signals can induce K+ efflux. One of the first NLRP3 activator identified was 

the bacterial pore-forming toxin, nigericin, a K+ ionophore that induces K+ efflux. Extracellular adenosine 

triphosphate (ATP) via the purinergic P2X7 channel induces K+ efflux with other ions flux (such as Ca2+ 

and Na+). More recently, the two-pore domain weak inwardly rectifying K+ channel 2 (TWIK2) was shown 

to be activated by Ca2+ and Na+ and to be also implicated in K+ efflux (Di et al., 2018). Structural studies 

showed that low intracellular K+ concentration led to a conformational change in inactive NLRP3 (Tapia-

Abellán et al., 2021). This structural change was promoted by a unique linker sequence and a short 

FISNA domain located between the PYD and the NACHT domain of NLRP3(Tapia-Abellán et al., 2021). 
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Even though it has been demonstrated that K+ efflux plays a direct function in the activation of NLRP3, 

there is still debate over the roles of Cl-efflux and Ca2+ cytosolic influx. It was suggested that K+ efflux 

acts as the upstream of Cl- flux in NLRP3 activation and implies that although intracellular Cl- may help 

to activate NLRP3, Cl- efflux alone is not sufficient to activate NLRP3. 

Several of the NLRP3 activators that have been reported are insoluble particulates, or crystals 

(endogenous: MSU, cholesterol, Protein aggregates (fibrillar amyloid-β peptide) or exogenous: silica, 

asbestos, alum, calcium pyrophosphate dehydrates (CPPD)) (Cassel et al., 2008; Dostert et al., n.d.; 

Hornung et al., 2008a; Martinon et al., 2006; Rajam̈aki et al., 2010). Crystals are taken up by 

phagocytosis and enter macrophages, but once inside endolysosomes, they are resistant to ROS/low pH 

proteases-mediated destruction and accumulate until they cause the rupture of lysosomes. This rupture 

of lysosomes causes membrane damage and the release of lysosomal cathepsin in the cytosol (Hornung 

et al., 2008b). Lysosomal membrane rupture appears to be sufficient for inflammasome activation 

because the lysosomotropic agent HLLOMe activates NLRP3. Cathepsin inhibitors blocked caspase-1 

activation induced by particulate matter. Interestingly, lysosomal damage induces K+ efflux, however 

the mechanism for K+ efflux after lysosomal damage remains unclear.  

Mitochondria can provide a subcellular site for NLRP3 inflammasome assembly and molecules that can 

promote NLRP3 activation, including mitochondrial reactive oxygen species (mtROS), cardiolipin and 

mtDNA. Cardiolipin, a phospholipid that is normally located in the mitochondrial inner membrane and 

externalized in response to mitochondrial dysfunction, can bind the HD2 and the beginning of the LRR 

domain of NLRP3 to promote inflammasome activation. Mitochondrial DNA (mtDNA) can be released 

into the cytosol from damaged mitochondria to promote NLRP3 activation. For example, oxidized 

mtDNA can bind and activate NLRP3. mtROS, which are generated largely through the electron transport 

chain (ETC) Complex I and III, have been linked to NLRP3 activation. In line with this, certain 

imidazoquinolinamines, including imiquimod (IMQ) and CL097, and peptidoglycan were suggested to 

activate NLRP3 by targeting quinone oxidoreductases (NQO2) and mitochondrial Complex I, which 

promoted mtROS production. This NLRP3 activation is independent of K+ efflux.  

In human monocytes, activation of NLRP3 with lipopolysaccharide (LPS) alone via an alternative pathway 

is K+ efflux independent. LPS treatment in human and porcine PBMCs triggers TLR4-TRIF-RIPK1-FADD-

Caspase8-dependent NLRP3 activation, which occurs independently of K+ efflux. This NLRP3 activation 

induces IL-1B secretion but does not cause pyroptosis (Gaidt et al., 2016). Thus, in some cells, there are 

mechanisms of NLRP3 activation that can bypass K+ efflux. 
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Figure 14: Models of NLRP3 activation. Signal 1 (priming, left) is provided by the activation by cytokines or 
pathogen-associated molecular patterns (PAMPs), leading to the transcriptional upregulation of NLRP3 
lnflammasome components. Signal 2 (activation; right) 1s provided by any of numerous PAMPs or damage
assodated molecular patterns (DAMPs), such as particulates, crystals and ATP, that activate multiple upstream 
signalling events. These include K+ efflux, Ca+ flux, lysosomal disruption, mitochondrial reactive oxygen species 
(mtROS) production, the relocalization of cardiolipin to the outer mitochondrial membrane and the release of 
oxTdized mtDNA (Ox-mtDNA), followed by Cl- efflux. RNA viruses actiVate NLRP3 through mitochondrial antiviral 
signalling protein (MAVS) on the mitochondrial outer membrane. Abbreviations: CLIC, chloride intracellular 
channel protein; ER, endoplasmic reticulum, NF-KB, nuclear factor-KB; P2X7, P2X purinoceptor 7; ROS, reactive 
oxygen species; TLR, Toll-like receptor; TWIK2, two-pore domain weak inwardly rectifying K+ channel 2; dTGN: 
disordered trans-Golgi network, Ox-mtDNA: oxidized mitochondrial DNA. 

• NLRP3 inflammasome-driven diseases 

NLRP3 is currently known to be implicated in detecting and combating infections, however, it has now 

been linked to many diseases and especially diseases that arise in ageing populations. The pathogenesis 

of many common diseases that present later in life is influenced by chronic inflammation secondary to 

the presence or accumulation of sterile danger signais in tissues. The main sensor for these kinds of 

sterile inflammatory signais is NLRP3, which plays a significant role in the initiation of chronic 

inflammatory tissue reactjons in a number of disorders. Based on a mix of studies using animal models 

and clinical data, NLRP3 has been linked to a wide range of diseases and is a significant factor in 

inflammatory disease in four categories: genetic NLRP3-dependent auto-inflammatory diseases, 

diseases driven by metabolic dysfunction (type 2 diabetes, non-alcoholic steatohepatitis (NASH}, 

degenerative aspects of ageing and the development of some cancers), diseases caused by the 

formation of crystals or aggregates (silicosis, atherosclerosis, gout, kidney dysfunction, Alzheimer) and 

fibrosis following either acute tissue injury or chronic inflammation (Mangan et al., 2018). 

37 
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▪ NLRP3-dependent auto-inflammatory diseases 

Patients with these rare, inherited, autosomal dominant mutations in NLRP3 develop systemic auto-

inflammatory syndromes called cryopyrin-associated periodic syndromes (CAPS). CAPS is a broad 

definition for a group of auto-inflammatory disorders caused by activating mutations in the NLRP3 gene. 

These include, in order of severity, familial cold auto-inflammatory syndrome (FCAS), Muckle–Wells 

syndrome (MWS) and neonatal-onset multisystem inflammatory disorder (NOMID), which is also called 

chronic infantile neurological cutaneous articular (CINCA) syndrome (Mangan et al., 2018). These three 

conditions are characterized by blood neutrophilia, fever and tissue-specific inflammation in the skin, 

joints and conjunctiva. In MWS and NOMID, hearing loss and kidney amyloidosis can also occur. In MWS 

patients, urticaria and cold-exposure related arthritis are also suffered. In NOMID patients hives, 

overgrowth of the epiphysis of long bones and inflammation of the central nervous system (CNS) are 

also suffered. Thus far, more than 200 mutations in the NLRP3 gene associated with CAPS have been 

documented in the INFEVER database (de Menthière et al., 2003). Among them, 97 mutations are 

pathogenically associated with CAPS. These mutations result in gain of function proteins, demonstrated 

by their spontaneous inflammasome formation in the absence of the activating signal when 

overexpressed, what we called “sterile inflammation”. To gain further understanding of CAPS, mouse 

lines that express CAPS-associated variants of NLRP3 (FCAS, MWS and NOMID) were generated. These 

mice display systemic, lethal inflammation that is dependent on ASC, caspase 1 and, partially, on the 

downstream signalling molecules IL1β and IL18. 

• Inhibition of NLRP3 activation 

As the deregulation or aberrant activation of NLRP3 inflammasome is linked with many diseases, huge 

efforts have been made to find an inhibitor of NLRP3 as a therapeutic target. Several NLRP3 inhibitors 

have been reported from phenotypic screening (see table). These inhibitors target NLRP3 itself or other 

proteins that indirectly affect the activity of NLRP3 (Coll et al., 2022). A large amount of data has been 

presented on the ability of these compounds to inhibit inflammasome activity. However, detailed 

mechanistic information on the mode of inhibition is lacking for many of these molecules; each 

compound described may be a direct or indirect inhibitor of NLRP3. In addition, activity against other 

targets for most of the molecules listed below is not well characterized. As such, appropriate caution 

must be exercised when using these as tool compounds, as any effects observed may be the result of 

altering pathways not directly related to the NLRP3 inflammasome. Currently, the most well-

characterized compound is CP456,773 (MCC950) which specifically inhibits NLRP3 inflammasome 

activation downstream of K+ efflux. MCC950 targets a specific motif in the NLRP3 NACHT domain, 

blocking ATP hydrolysis and in consequence, NLRP3 activation. MCC950 has no effect on other 

inflammasomes but inhibits NLRP3 inflammasome in vivo and reduces the severity of experimental 
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autoimmune encephalomyelitis (EAE) mouse model. Other inhibitors targeting other components of the 

inflammasome, such as IL-1β, are actually used in clinic to treat patients with autoinflammatory 

disorders, particularly against CAPS. Three IL-1 inhibitors are available in clinic: Anakinra, an IL-1 

receptor antagonist, rilonacept, a decoy receptor of IL-1α and IL-1β and finally canakinumab, an IL-1β 

neutralizing antibody.  

Compound Inhibition mechanism Effects in vivo models 

Parthenolide 

(natural) 

Reducing ATPase activity. Also inhibits caspase-1 

activity downstream AIM2, NLRC4 and NLRP1 
- 

BAY 11-7082 

Forms covalent adducts with cysteine residues of 

NLRP3Impairing NLRP3 ATPase activity. Also 

inhibits NLRC4 

- 

Glyburide family Still unidentified. 

Effective at blocking multiple NLRP3 dependent 

pathologies: FCAS in PBMCs, LPS-induced septic shock 

and bronchopulmonary dysplasia in murine models 

CY-09 ATPase inhibitor 
Reduces neonatal lethality in CAPS mice, and decreseas 

symptoms in TD2 mouse of HFD. 

CP-456,773 

(MCC950) 
ATPase inhibitor 

Effective in a wide range of murine disease models 

(CAPS and experimental autoimmune encephalitis) 

MNS Suppressing NLRP3 ATPase activity. - 

Fenamate Blocking VRACs32. 

Effective murine model of Alzheimer’s disease (3xTgAD 

mouse), inhibiting microglial activation and IL-1β 

production and preventing memory loss 

OLT1177 Reduces ATPase activity 

Reduces IL1β release and caspase 1 activity in human 

blood neutrophils (from patients with CAPS). Preliminary 

clinical testing with nor any adverse effects : potential 

inhibitor for NLRP3 patients. 

Fc11a-2 Inhibition of caspase 1 activation 

In vivo efficacy in the mouse colitis model (reducing 

body weight loss and pro-inflammatory cytokines, such 

as TNF, IL1β and IL18) 

INF39 Inhibiting ATP ase activity Reduce systemic and colonic inflammation in rats 

BOT-4-one 

Promotes NLRP3 alkylation inducing NLRP3 

ubiquitination and impairs NLRP3 assembly. Also 

decreases NLRP3 ATPase activity. Moderate 

effects inhibiting NLRC4 inflammasome. 

- 
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Tranilast (TR) 

Inhibits NLRP3-ASC complex formation binding to 

the NACHT domain without affecting ATPase 

activity. 

Potential therapeutic application against CAPS, T2D and 

gout. 

Oridonin (Ori) 
Directly bind NLRP3 in a covalent manner in the 

NACHT domain without affecting ATPase activity. 

Therapeutic effects in metabolic disorders in HFD-

induced diabetic mice. 

BHB 
Reducing K+ efflux, leading to reducing 

oligomerization of ASC 
- 

Acrylate 
INF39 is not cytotoxic and inhibits IL1β production 

in macrophages. 

Oral administration of INF39 in a rat colitis model 

attenuated colonic inflammation. 

Table 2: NLRP3 inflammasome inhibitors 

➢ The NLRC4 inflammasome 

NLRC4 (also named IPAF) belongs to the NLR family and has the particularity that its inflammasome 

activation requires sensing collaboration with another NLR family member, NAIPs. NAIPs and NLRC4 

share two common domains, the NACHT domain and the C-terminal LRR. In addition, NAIPs has three 

BIR domains and NLRC4 contains an N-terminal CARD domain (see Figure 3). Given that NLRC4 has a 

CARD domain, it was supposed and confirmed that it will directly interact with procaspase-1 (Poyet et 

al., 2001). Although the function of ASC in the NLRC4 inflammasome is still unknown, it is assumed that 

these proteins do not directly interact since NLRC4 lacks a PYD domain.  

The NLRC4 inflammasome is activated by gram-negative bacteria possessing type III or IV secretion 

systems, such as Salmonella typhimurium, Shigella flexneri, Pseudomonas aeruginosa and Legionella 

pneumophila (J. Wen et al., 2021). The detection of these pathogens induces caspase-1 activation and 

pyroptosis through NLRC4 inflammasome activation. The main function of the bacterial secretion 

system is to mediate the passage of virulence factors (effector proteins), such as flagellin, into the cell 

cytoplasm by creating holes in the host's membrane. Through the cytoplasmic delivery of flagellin, which 

results in the activation of the NLRC4 inflammasome, S. typhimurium, L. pneumophila, and P. aeruginosa 

appear to cause the activation of caspase-1. These results were confirmed by delivering purified flagellin 

with liposomes in the cytosol or expression systems of flagellin that mimic the inflammatory activation 

of caspase-1 through NLRC4 in the host's cytosol (Franchi et al., 2006; Miao et al., 2006). Flagellin is not 

the only activator of NLRC4, indeed P. aeruginosa appears to activate NLRC4 through flagellin-

dependent and -independent pathways (Miao et al., 2010; Sutterwala & Flavell, 2009) and non-

flagellated bacteria such as S. flexneri trigger NLRC4 inflammasome activity). Some studies showed that 

NLRC4 can detect Type 3 system secretion system in a flagellin-independent pathway.  

However, no studies have been able to show direct interactions between flagellin or type 3 secretion 

system (T3SS) and NLRC4. It was supposed that NLRC4 may recruit proteins for ligand recognition. This 
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hypothesis was confirmed when NAIP5 has been shown to be associated with inflammasome activation 

and to be required for flagellin-mediated inflammasome activation ((Valeria et al., 2017). Thanks to 

these results, independent studies by Kofoed and Vance (Kofoed & Vance, 2011b) and by Zhao et al 

(Zhao et al., 2011) have shown that NAIP proteins can act as upstream sensors for NLRC4-activating 

ligands (Suzuki et al., 2014). Thus, different NAIP genes in mice encode proteins that confer specific 

ligand-mediated activation of NLRC4 response to some bacterial ligands confirmed by genetic deletions 

in mice. The human genomes encode only one functional NAIP protein (hNAIP). Further studies have 

revealed that hNAIP can mediate NLRC4 activation in response to both T3SS components (rod and 

needle) and flagellin (Valeria et al., 2017; Yang et al., 2013).  In contrast, individual murine NAIPs 

recognize these different ligands, NAIP1 recognizes the needle, NAIP2 recognizes the inner rod and 

NAIP5/6 recognizes flagellin.  

NLRC4 activation is also influenced by transcriptional regulatory mechanisms. A study found that 

interferon regulatory factor (IRF8) induces the transcription of NAIPs (-1, -2, -5 and -6) and that IRF8 is 

required for the optimal activation of NLRC4 inflammasome but dispensable for AIM2, NLRP3 and PYRIN 

activation. This works provides new insights into the regulation of the NAIP/NLRC4 inflammasome, 

however, more studies are needed to understand all the transcription regulatory mechanisms. Indeed, 

a basal expression of NAIPS and NLRC4 inflammasome activity in the absence of IRF8 implies that other 

factors may also contribute to the transcription of NAIPS and the NLRC4 inflammasome activation in 

IRF8-/- BMDMs was attenuated but not completely abrogated.  

 Interestingly, the pathways downstream of NLRC4 appear to be independently regulated by 

posttranslational modifications, particularly phosphorylation. However, despite two decades of study, 

several aspects of NLRC4 activation and function remain unclear. In 2012, Qu et al showed that following 

infection of macrophages with Salmonella Typhimurium NLRC4 was phosphorylated in a conserved 

residue, Ser 533 (Qu et al., 2012). In contrast to those reconstituted with wild-type NLRC4, Nlrc4 -/- 

macrophages did not activate caspase-1 and pyroptosis in response to S. typhimurium, demonstrating 

the importance of S533 phosphorylation for NLRC4 inflammasome function. PKCδ was discovered to be 

a potential NLRC4 kinase using biochemical isolation of the NLRC4-phosphorylating activity and a kinase 

inhibitor screen. Recombinant PKCδ phosphorylated NLRC4 S533 in vitro, immunodepletion of PKCδ 

from macrophage lysates prevented NLRC4 S533 phosphorylation in vitro, and PKCδ-/- macrophages 

preferentially responded to S. typhimurium with significantly reduced caspase-1 activation and IL-1b 

production. However, another paper showed that non-flagellated bacteria such as S. flexneri induce 

NLRC4 inflammasome activation independently of PKCδ (Suzuki et al., 2014). This paper suggested that 

the role of PKCδ phosphorylation in NLRC4 activation can be different depending on the type of bacterial 

infection. Later, a different team showed the importance of another kinase named LRRK2 in NLRC4 
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phosphorylation and activation after an infection with S.Typhimurium. The results showed that LRRK2-

/- macrophages impaired the caspase-1 activation and IL-1B secretion in response to NLRC4 activators 

(flagellin, rod, S.typhimurium infection). Mechanistically, LRRK2 formed a complex with NLRC4 (LRRK2 

interacted with NLRC4 via the WD40 domain) in response to S. Typhimurium infection promoting the 

phosphorylation of NLRC4 at Ser533, a critical modification required for the assembly of NLRC4 

inflammasome. However, it is still unclear whether these NLRC4 kinases play a dominant role in NLRC4 

activation. In 2014, another paper suggested that NLRC4 activation will require two signals to be 

activated in which Ser553 phosphorylation prepares NLRC4 for subsequent activation by flagellin sensor 

Naip5 afterwards. More studies are needed to understand the mechanisms of NLRC4 activation and the 

role of phosphorylation in NLRC4 priming or direct activation. In 2020, (Tenthorey et al., 2020) in an 

effort to clarify the role of S533 phosphorylation created three novel lines of NLRC4 mutant mice using 

CRISPR/Cas9 to better understand the function of S533 phosphorylation in NLRC4 activation: Mice that 

lack NLRC4 (Nlrc4/), orNLRC4S533D/S533D animals with a phosphomimetic mutation, and 

NLRC4S533A/S533A mice with a non-phosphorylable mutation, all in the endogenous Nlrc4 locus. They 

showed no importance of NLRC4 phosphorylation in serine S533 after NLRC4 activation with flagellin or 

S.Typhimurium infection.  

Recently, in 2021, it was reported that endogenous short interspersed nuclear element (SINE) RNAs, 

(which come from mobile genetic elements known as retrotransposons) induce NLRC4 inflammasome 

activation independent of NAIPs (Shao-bin Wang et al., 2021). These SINEs are only transcribed into 

RNAs during times of cellular stress, such as an infection or ageing and are known to promote atrophic 

macular degeneration (AMD) and systemic lupus erythematosus (SLE). They identify DDX17, a DExD/H 

box RNA helicase, as the sensor of SINE that licenses the assembly of an inflammasome. In an 

unexpected manner, they showed that both NLRP3 and NLRC4 proteins were necessary to form an 

active NLRC4 inflammasome and that the PKCδ is needed to help form the NLRC4 inflammasome. 

Inhibiting DDX17-mediated NLRC4 inflammasome activation decreased interleukin-18 (IL-18) release in 

SLE patient peripheral blood mononuclear cells and prevented retinal degeneration in an animal model 

of AMD.  
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• NLRC4 inflammatory disorders 

The NLRC4 inflammasomopathies are caused by gain-of-funct ion mutations in the gene encoding the 

inflammasome-forming sensor NLRC4. Mutant NLRC4 promotes the spontaneous formation of the 

NLRC4 inflammasome, production of inflammatory cytokines (IL-1~ and IL-18) and inflammatory cell 

death (Romberg et al., 2018). Two distinct molecular mechanisms were reported in NLRC4 

inflammasomopathy: mutations with in t he NACHT (NBD) domain inducing the oligomerizat ion of the 

inflammasome with an increased response to usual stimuli(Kitamura et al., 2014; L. Wang et al., 2021) 

or mutations in LRR domain, described as a regulator domain, inducing a constitutively active NLRC4 

inflammasome. Despite this molecular dichotomy, phenotypes are extremely varied. The medical 

presentation most current in patients with mutations in the NBD or LRR domain is the macrophage 

activation syndrome (MAS) with infantile enterocolitis. Milder phenotypes such as arthritis- or familial 

cold-induced autoinflammatory syndrome were described in NBD mutations (Bardet et al., 2021; Chear 

et al., 2020; Moghaddas et al., 2018; Volker-Touw et al., 2017; L. Wang et al., 2021). Key strategies for 

improving patient outcomes are urgently needed since treatments with Anakinra (targeting I L-1~} are 

not effective for the majority of patients. This can be explained by the important role of IL-18 in NLRC4 
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inflammasomopathy patients. The NLRC4 mutations are associated with chronic elevation of mature IL-

18 derived entirely from intestinal epithelia. (Weiss et al., 2018).  

➢ The AIM2 inflammasome 

Recently, four reports identified the HIN-200 family member, AIM2, as a cytosolic double-stranded DNA 

(dsDNA) sensor that oligomerizes, recruits ASC and induces caspase-1-dependent IL-1β maturation 

(Bürckstümmer et al., 2009; Fernandes-Alnemri et al., 2009; Hornung et al., 2009a; Roberts, 2009). This 

was an important advance in the inflammasome field as it was the first identification of a non-NLR family 

member forming an inflammasome complex. AIM2 belongs to the family of ALRs structurally defined by 

two domains: an N-terminal PYD and a C-terminal HIN200 domain. AIM2 is expressed at basal state in 

the spleen, the small intestine and in peripheral blood (Cridland et al., 2012). However, its expression 

can be induced by a priming signal that requires the induction of type I IFN, an immune response typical 

of viral infections. Like NLRP3, the priming signal induces the expression of AIM2, but the full activation 

of AIM2s requires a signal of activation.  

Ligand requirements for AIM2 are quite permissive and the only necessity is that DNA must be double-

stranded. Cytosolic dsDNA from viruses, bacteria, or the host itself, synthetic dsDNA can activate the 

AIM2 inflammasome (Lugrin & Martinon, 2018) and it was found that immunogenicity increases with 

DNA length. In absence of the typical NACHT domain to oligomerizes, the oligomerization of the complex 

is suggested to be mediated by clustering upon multiple binding sites in the ligand, dsDNA, to which 

AIM2 binds via its C-terminal HIN domain. The PYD domain interacts with ASC via homotypic PYD-PYD 

interactions, allowing the ASC CARD domain to recruit procaspase-1 to the complex. Activated caspase-

1 triggers IL-1b processing and secretion in cells primed by inflammatory stimuli to express pro-IL-1b. If 

prolonged, caspase-1 activation eventually leads to pyroptotic cell death. In addition, cytosolic DNA 

elicits the induction of the anti-viral cytokine IFNβ, through pathways that are currently unclear but may 

involve DAI. Signaling by autocrine/paracrine IFNβ can regulate the AIM2 inflammasome, as it induces 

expression of both AIM2 and the AIM2 inflammasome antagonist p202. AIM2 belongs to the family of 

HIN200 domain receptors also named ALR (see chapter ALR) and it seems that other HIN200 family 

members did not appear to be able to trigger inflammasome formation. However, it was reported that 

the mouse HIN-200 protein p202 (composed of 2 PYD domains) negatively regulates AIM2 

inflammasome through the binding of p202 to dsDNA that sequesters dsDNA and by interfering with 

AIM2-ASC interactions. More studies are needed to understand the relevance and the importance of 

these mechanisms in humans, as p202 has no ortholog in humans.  
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Further studies are requi red to firmly establish t he physiological relevance of this pathway, but AIM2 is 

proposed to function in cytosolic surveillance for DNA viruses and may contribute to autoimmune 

responses against self-DNA ln systemic lupus erythematosus . 
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)il,- PYRIN inflammasome 

PYRIN inflammasome (encoded by Mefv) highly expressed in granulocytes and monocytes is an atypical 

NLR-like protein composed with a PYD domain at the N-terminal of the protein and a 830.2 domain 

(only in humans) in the C-terminal. Via its PYD domain, ASC bind with PYRIN through PYD-PYD homotypic 

interaction, which induces its oligomerization and subsequently recruitment and activation of pro

caspase-1. MEFV expression increases in response to inflammatory stimuli like interferon-y (IFN-y) and 

tumor necrosis factor-a (TNF-a),(M.Centola et al., 2000) suggesting that pyrin plays a crucia l role in the 

immune response 

Prior to 2014, it was unknown wh ich ligands or signa is caused PYRIN activation. However, Xu et al 

researches showed that PYRIN can detect pathogen-induced alteration of host Rho guanosine 

triphosphatases (Rho GTPases)(H. Xu et al., 2014). This study demonstrated that the Clostridium difficile 
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virulence component TcdB, which is known to glycosylate and therefore inhibit the function of a minor 

Rho GTPase called RhoA (I.Just et al., 1995), can activate the pyrin inflammasome in mice and humans. 

It has also been demonstrated that certain bacterial toxins, including the TecA toxin of Burkholderia 

cenocepacia, VopS (Vibrio parahaemolyticus), IbpA (Histophilus somni), C3 toxin (Clostridium 

botulinum), pertussis toxin (Bordetella pertussis), VopS (Vibrio parahaemolyticus), and Vop were able to 

induce distinct modifications to the Rho GTPase RhoA inducing PYRIN activation. Due to the variety of 

post-translational modifications detected by PYRIN and the lack of direct interaction between PYRIN and 

RhoA it was postulated that pyrin essentially monitors for normal biochemical function of the Rho 

GTPases. PYRIN evolved as a functional guard of RhoGTPases activity, when Rho GTPases are perturbed, 

PYRIN activates caspase-1. Other studies may suggest that PYRIN might detect alterations in the 

cytoskeleton organization because Rho GTPases regulate a number of features of the dynamics of the 

actin cytoskeleton and PYRIN co-localizes with actin (in perinuclear filaments) and microtubules. Studies 

on WDR1, a regulator of actin-cytoskeleton dynamics, showed that mice and humans lacking the WDR1 

gene developed an autoinflammatory phenotype IL-18 dependent suggesting that PYRIN can detect the 

altered actin polymerization (M. L. Kim et al., 2015). Also, it was shown that  treatment with colchicine, 

a microtubule-disrupting compound, inactivates PYRIN downstream of its dephosphorylation (Gao et 

al., 2016b) . 

Current literature elucidated the molecular mechanisms of pyrin regulation downstream of RhoA and 

demonstrated how changes in host Rho GTPase activity trigger PYRIN inflammasome activation (Gao et 

al., 2016b; Park et al., 2016b; H. Xu et al., 2014). These publications showed that the RhoA-dependent 

serine/threonine protein kinases PKN1 and PKN2 directly phosphorylate PYRIN (in two serine residues 

(S208 and S242) of human PYRIN) which results in an interaction of PYRIN with chaperones proteins 14-

3-3. This interaction keeps PYRIN in an inactive state and represses inflammasome assembly. However,  

RhoA degradation or enzymatic modification causes a decrease in PKN1 and PKN2 activity and results in 

the lack or reduce levels of phosphorylated PYRIN. By an unclear mechanism, this lack of 

phosphorylation results in pyrin activation. 

PYRIN is associated with inflammatory disorders and the most characterized is Familial Mediterranean 

fever (FMF)(Park et al., 2016b). FMF is an autosomal recessive disorder induced by a mutation in the 

Mefv gene characterized by episodes of fever, rash, arthritis and intense inflammation. Massive 

neutrophil infiltration into the site of inflammation is one of the characteristics of FMF attacks, 

suggesting that the disease may be the result of enhanced chemotaxis in response to a typically 

inadequate signal. The microtubule inhibitor colchicine efficiently prevents the inflammatory attacks of 

FMF in contrast to their resistance to the anti-inflammatory actions of glucocorticoids.  



1 \!J II r,r , h man I th 111 m 

lnterestingly, pathogenic Yersinia species (Y. pestis, Y. pseudotuberculosis, and Y. enterocolitica) are 

distinct in possessing an additional virulence factor, YopM, which selectively inhibits the pyrin 

inflammasome. This makes them different from other pathogenic bacteria that have RhoA-targeting 

toxins. The numerous, well-documented episodes of the bubonic plague carried on by Y. pestis 

throughout human history may have contributed to the high frequency of FMF mutations found in 

contemporary Mediterranean popu lations. lt has been demonstrated that FMF-associated pyrin 

mutations provide resistance ta Y. pestis infection in humans and in mice models (Park et al., 2020). 
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>- The NLRPl and CARDS inflammasome 

As my main project focus on NLRPl inflammasome, a detailed description of the NLRPl inflammasome 

is proposed in part 3 of my manuscript. And because CARDS is structurally related to the NLRPl 

inflammasome (is the only other human protein with a function-to-find domain (FIIND)) and they have 

common activation mechanisms as well as differences, 1 will describe below this inflammasome in 

parallel to the NLRPl inflammasome to facilitate the understanding. 

2. The non-canonical inflammasome 

ln addition to the canonical inflammasome which activates caspase-1 after ligand recognition, non

canonical inflammasome activate human caspase-4 and caspase-5 and their homolog mouse caspase-

11 upon recognition of lipopolysaccharides (LPS), from gram-negative bacteria, leading to the direct 
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cleavage of GSDM-D and subsequent pyroptosis (Hagar & Miao, 2014; Kayagaki et al., 2011b; J. Shi et 

al., 2014; Yang et al., 2015).  

In humans, caspase-4 is constitutively expressed in contrary to caspase-11 in mouse that requires its 

upregulation via a priming step induced by extracellular LPS recognition by TLR4-Myd88. LPS is a potent 

PAMP which consists of a conserved lipid A, a core oligosaccharide chain and a variable polysaccharide 

chain known as O-antigen, implicated in sepsis and septic shock. LPS can reach the cytosol upon 

infection through the CD14/MD2/TLR4 axis or by outer membrane vesicles (OMVs)-mediated entry. To 

deliver LPS directly in the cytosol, the vacuolar bacterial membrane is disrupted by a superfamily of IFN-

induced GTPases named Guanylate-Binding Proteins (GBPs) (Meunier & Broz, 2016). GBPs directly bind 

to bacterial cell wall inducing bacteriolysis or disrupt outer membrane vesicles allowing LPS release in 

the cytosol. More recently, GBPs have been described to function as LPS receptors to allow caspase-

11/-4/-5 recruitment. Thus, unlike canonical inflammasome activation which requires a multiprotein 

scaffold for activation, non-canonical inflammasomes directly serve as receptors for intracellular LPS. 

Non-canonical inflammasomes recognize and bind to the LPS lipid A through its CARD domain inducing 

its oligomerization but also inducing its catalytic activity. Once activated, it induces the cleavage of 

GSDM-D, releasing the N-terminal fragment that self-oligomerizes 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. However, GSDM-D 

pores formation induces K+ efflux that secondary activates the canonical NLRP3 inflammasome resulting 

in IL-1β/-18 secretion.  

3. Alternative inflammasome activating-pathways 

Similar to apoptosis processes that can elicit necroptosis in absence of caspases(Holler et al., 2000), in 

some contexts, inflammasomes platforms can engage alternative routes to trigger pyroptotic cell 

death(K. W. Chen et al., 2019; Demarco, Grayczyk, Bjanes, le Roy, et al., 2020; Orning et al., 2018; Sarhan 

et al., 2018a). Caspase-3 was previously thought to be the executor of apoptosis, but it was suggested 

that caspase-3 can also induce pyroptosis by cleaving GSDME (Rogers et al., 2017; Y. Wang et al., 2017) 

and confirmed recently by our group (Planès et al., 2022). More surprisingly, caspase-8 can also directly 

cleave GSDMD to induce pyroptosis. Caspase-8 is the initiator caspase of extrinsic apoptosis and inhibits 

necroptosis mediated by RIPK3 and MLKL. Recent studies have revealed that caspase-8, in mice but not 

in humans, directly cleaves GSDMD (independently of caspase-1 and caspase-11) to trigger pyroptosis 

under specific conditions such as pharmacological or pathogen-induced inhibition of the kinase TAK1 or 

the inhibitor of apoptosis (IAP) (Sarhan et al., 2018b).  In addition, the activation of caspase-9 is also 

involved in pyroptosis by cleaving and activating caspase-3,(B. Zhou et al., 2018) and caspase-6 mediates 

the cleavage of GSDMC. These findings highlight the close coordination between apoptosis, necroptosis, 
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and pyroptosis and show that there are bridges between the pathways to coordinate cell death if one 

of them is disrupted. 

4. Gasdermin D cleavage and pyroptosis 

I. Gasdermin family as executors of pyroptosis 

The gasdermin (GSDM) protein family, which was reported in the early 2000s, constists of 6 members 

with homologous structures: in humans (GSDMA, -B, -C, -D, -E and PJVK) and 10 in mice (GSDMA1, -A2, 

-A3, -C1, -C2, -C3, -C4, -D, -E and PVJK)(Petr Broz et al., 2019). Every GSDM member has a distinct and 

restricted pattern of expression in different tissues to detect and respond to various infections (table 

1). Their name was based on the expression of murine GSDMA1 in the gastrointestinal tract and dermis. 

Initially little was known about the function of the gasdermin, but diverse roles in biological processes 

(cell differentiation, cell proliferation) but also in inflammation and cell death started to emerge shortly 

after their identification (figure 18).  

Most proteins of the GSDM family except for PJVK, have three domains: the GSDM N-terminal (GSDM-

NT) domain, a linker region and a GSDM C-terminal (GSDM-CT) domain. Both the N-terminal and C-

terminal domains are relatively well conserved in the family whereas the linker region is unique to each 

group. Due to the high homogeneity among all GSDM-NT, most GSDMs (except for GSDMB and PJVK) 

may have a common mechanism of autoinhibition and activation to form pores in the membrane. The 

full-length GSDM protein is thereby kept in an auto-inhibited state through inter-domain interactions 

between the GSDM-NT and GSDM-CT domains. In response to inflammasome activation signals, GSDMs 

are cleaved in the central linker region by different inflammatory caspases or granzymes, to generate 

an active GSDM-NT (N-terminal) fragment and a GSDM-CT (C-terminal fragment).  The caspase-1 

cleavage site present in GSDMD is not found in the other gasdermins with the exception of a minor 

splice variant of GSDMB, but other proteases sites might be present. In fact, human and mouse GSDME 

include a caspase-3 cleavage motif in their linker region and it has been observed that when caspase-3 

is activated by apoptotic stimuli, GSDME is cleaved at this location. This result lead to the hypothesis 

that GSDME promotes pyroptosis after cells had already initiated apoptosis (Rogers et al., 2017; Y. Wang 

et al., 2017). After cleavage, the active form of GSDM-NT binds to membrane lipids and extensively 

forms pores, resulting in cytotoxicity and cell death (Aglietti & Dueber, 2017). The conformational 

changes leading to pore formation are triggered by the binding of the N-terminal domain to membrane 

phospholipids, such as phosphoinositide and cardiolipin, with a positively charged pocket and negatively 

charged group, respectively. The surface of this pocket is fully masked by the GSDM-CT domain in the 

auto-inhibited full-length of GSDMs(Ding et al., 2016). The lipid-binding properties of the other GSDMs-
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NT domain are similar to that of GSDMD, suggesting a common membrane targeting mechanism in the 

pore formation.  

We are currently learning about the various physiological and pathological functions (table 3) of GSDMs 

as pyroptotic executors. Numerous diseases and tissue damage linked to inflammasomes have been 

linked to GSDMD (Li et al., 2019; Xiao et al., 2018). Additionally, in mice and/or humans, spontaneous 

mutations of GSDMs result in diseases such as alopecia in mice (GSDMA)(Runkel et al., 2004), asthma 

(GSDMB)(Das et al., 2016), and hearing impairment (GSDME/PJVK)(Delmaghani et al., 2006; Van Laer et 

al., 1998). Moreover, the key roles of GSDMs in infection, inflammation and cancer have stimulated 

investigations of GSDM-targeting therapeutics. Strategies to therapeutically modulate GSDMD activity 

are beginning to emerge, and several inhibitors of GSDMD have now been reported (Hu et al., 2020; 

Humphries et al., n.d.-a; Rathkey et al., 2018). 

 

Figure 18: Key events in the history of gasdermin from (X. Liu et al., 2021) 

➢ GSDMD 

GSDMD is the most studied as it is the key executioner of inflammasome-induced pyroptosis. Different 

groups (Kayagaki et al., 2015; J. Shi et al., 2015) demonstrated that GSDMD is a fundamental substrate 

to caspase 1 and caspase 11 (and caspase -4 and-5 in humans) and the executioner of inflammatory 

cytokine release.  The precise mode of execution of cell death by the GSDMD N-terminal has been 

explored and it was shown that it requires the cleavage of gasdermin D by caspases (-1,-11,-4 and -5) at 

the position 272FLTD275 in humans and 273LLSD276 in mice, thus generating an active 31-kDa GSDMD-

NT fragment and 22-kDa GSDMD-CT fragment(Ding et al., 2016). The active form of GSDMD-NT, which 
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posseses positively charged motifs binds to negatively charged membrane phospholipids and 

extensively forms pores, resulting in cytotoxicity and cell death (Aglietti & Dueber, 2017). This pore-

forming ability is recapitulated in vitro using liposomes, which demonstrated that the cleaved and 

recombinant GSDMD-NT bind to liposomes, indicating that GSDMD mediates its own recruitment to 

membranes (Sborgi et al., 2016). GSDMD only lyses cells from the inside and minimizes unneeded cell 

death and tissue damage since GSDMD-NT is exclusively connected with lipids of the inner wall of the 

plasma membrane. At the membrane, GSDMD-NT oligomerization is dependent on an active Cys192 

(human), Cys191 (mouse), which has to be oxidized to form a 31- to 34-fold symmetric pore. 

Oligomerization of GSDMD is also influences by metabolites and by post-translational modification 

mostly at cysteine residues. For example, in macrophages, GSDMD cleavage was abrogated by the 

binding of unsaturated dicarbonic acids at distinct cysteine residues, such as itaconate and fumarate 

binding (Hoyle et al., 2022). Cysteine modification can be also artificially induced by drugs (e.g., 

necrosulfonamide, disulfiram) targeting Cys 191 and inhibiting GSDMD formation (Humphries et al., 

n.d.-b). Interestingly, damage to the plasma membrane does not necessarily result in cell death, since it 

has been observed that the influx of Ca2+ ions from the extracellular milieu triggers repair programs 

involving the ESCRT-dependent membrane repair that negatively regulates GSDMD. The exact 

mechanisms of removing GSDMD pores for the membrane remains unknown.  

The GSDMD-NT-induced membrane pores function as conduits for IL-1 family cytokine release and other 

cytosolic contents, including ions, from cells. GSDMD-dependent release of IL-1 cytokines in absence of 

cell death implies that the pores are large enough to allow the passage of mature IL-1β, and since they 

do not allow the passage of larger proteins, such as the caspase1 (60kda), LDH or large DAMPs, that are 

released after lysis of pyroptotic cells (Heilig et al., 2018). GSDMD pores have a size of 20-25 nm since 

the mature form of IL-1β has a diameter of 4-5nm the GSDMD pore should thus easily be large enough 

to allow the passage of cytokines. Recently, work on the GSDMD structure showed that the pore acts as 

a negative electrostatic filter, which repel  negatively charged amino acids in the IL-1β precursor 

molecule and only facilitates the release of positively charged liposome particles. Maturation of IL-1β 

by caspase-1 proteolytically removes these negatively charged amino acids in order to facilitate the 

release of mature IL-1β. When permeabilized by GSDMD pores, unlysed liposomes release positively 

charged and neutral cargoes faster than negatively charged cargoes of similar sizes, and the pores favour 

the passage of IL-1β and IL-18 over that of their precursors (Xia et al., 2021). Consistently, mutation of 

these acidic patches on the GSDMD pore also induced more release of pro-IL-1β. These findings show 

that GSDMD pores release mature IL-1 cytokines and even other cytosolic proteins before to or even 

independently of cell lysis, in addition to triggering cell death.  
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Besides GSDMD, which has now been shown to be cleaved and activated by inflammatory caspases (e.g. 

caspase-1, -11 [-4, -5 in human cells]) other proteases can also cleave GSDMD. For example, neutrophil 

elastase can process GSDMD and induce NETosis, and the apoptotic initiator caspase-8, activated by 

TNF complex IIb, also processes GSDMD at the same site as caspase-1 to drive host defence or TNF-

induced inflammation (Demarco, Grayczyk, Bjanes, Le Roy, et al., 2020).  

As pyroptosis through the activation of gasdermin D acts as a host defence against invasive pathogen 

infection, pathogens will develop strategies to counteract the activation of GSDMD. This is the case for 

one study of the enterovirus 71 (RV71) that shows that EV71 3C protease cleaves GSDMD at the Q193-

G194 pair, resulting in a truncated N-terminal fragment disrupted for inducing cell pyroptosis(Lei et al., 

2017a) . To go further, another study recently showed that EV71 infection induces the cleavage of GSDM 

E(GSDME), an essential step in the switch from caspase-3-mediated apoptosis to pyroptosis (Dong et 

al., 2022). We showed that this cleavage is independent of the 3C and 2A proteases of EV71. However, 

caspase-3 activation is essential for this cleavage, as GSDME could not be cleaved in caspase-3-KO cells 

upon EV71 infection. According to these results, our group recently showed that 3C protease of Sars-

Cov2 (NSP5) inactivates GSDMD by cleaving it in its pore-forming domain at Glutamine 193 and triggers 

a GSDME alternative epithelial pyroptotic cell death upon GSDMD inactivation (Planès et al., 2022)  

(detailed later in the chapter work and results). 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 flexneri to establish a replicative niche in human 

cells. 

In contrast to GSDMD, other members of the GSDM family, such as GSDMA, GSDMB, and GSDMC, are 

not cleaved by caspase-1 and caspase-11. GSDME is activated during classical apoptosis, by caspase 3 

cleavage after Asp270, which converts noninflammatory apoptotic death into inflammatory pyroptotic 

death in cells that express GSDME. Granzymes (Gzms) A and B, death-inducing proteases in natural killer 

(NK) cells and cytotoxic T lymphocytes (CTLs), also cleave GSDMB and GSDME, respectively, to activate 

pyroptosis during killer cell attack, which was previously thought of as noninflammatory. A recent study 

showed that GSDMC can be cleaved by caspase 8 after TNF-mediated death receptor signalling to trigger 

pyroptosis. However, the pore -forming function of the GSDMD-NT is not unique to this family member. 

The N-terminal fragments of all human gasdermin proteins (except PJVK) kill cells upon ectopic 

expression and possess the ability to form pores in liposomal membranes. Furthermore, the death 

caused by expression of all gasdermin N-termini is lytic and cells display a morphology similar to that of 

pyroptotic cells, further confirming that most gasdermin family members can indeed cause pyroptotic 

cell death. 
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Figure 19: Signalling pathways of GSDM family members (Bittner et al., 2022). The N-terminal domain of GSDMA-

E can bind with membrane lipids of the plasma membrane and form pores but each gasdermin is expressed in 

distinct cell types and are activated by different stimulus and caspases. However, the ability of PJVK to bind 

membrane lipids or form pores in the plasma membrane is uncertain. GSDMD is involved in pyroptosis via 

canonical (caspase-1) and non-canonical inflammasome (caspase 4,5,11) mediated pathways following cleavage 

by inflammatory caspases. The upstream events of GSDMA cleavage are not well characterized. Proliferating 

tumour cells are recognized by effector T cells that release Granzyme A, which cleaves GSDMB in cancer cells 

leading to pore formation and tumour cell lysis. Furthermore, GSDMB can also be activated by Caspase 1 or 3 

downstream of inflammasome formation or apoptosis, leading to pyroptosis. GSDMC is activated by Caspase 8 

downstream of apoptosis, linking apoptosis to pyroptosis. Similar to GSDMC, GSDME links apoptosis to pyroptosis 

subsequent to cleavage by Caspase 3 in apoptotic cells. Abbreviations: GSDMD-N, Gasdermin N-terminal; GSDMA, 

Gasdermin A; GSDMB, Gasdermin B; GSDMC, Gasdermin C; GSDMD, Gasdermin D; GSDME, Gasdermin E.  

➢ GSDMA 

The stomach and skin are the main organs where murine GSDMA3, the closest relative of human 

GSDMA, is expressed. It has been described that nine GSDMA3 mutations in mice result in alopecia (hair 

loss) and hyperkeratosis (refers to thickening of the skin's outer layer). All of these mutations act as 

gain-of-function mutations localized in the Gsdma3-CT domain and unmask the functional NT domain. 

Human GSDMA is known to be silenced in gastric cancer tissues and cell lines, and it is mostly expressed 

in epithelial cells of the mammary gland, umbilical cord, upper gastrointestinal tract, and skin. GSDMA 

mutations have not been reported in human alopecia; however, GSDMA polymorphisms have been 

linked to systemic sclerosis (an autoimmune fibrotic disease of the skin and visceral organs), 

inflammatory bowel disease (IBD) and childhood asthma. Similar to other gasdermins, GSDMA3 is able 

to form pores in membranes, thus this mutation presumably unleashes the pore-forming activity of the 

GSDMA3-NT. However, protease cleavage in human and mouse GSDMA and their regulatory 

mechanisms are not well-understood. 



Emergence of human NLRP1 inflammasome as a sensor of microbial virulence in human epithelium 

 

54 

 

Recently, Deng et al showed that GSDMA, the dominant gasdermin in the skin have an important role 

in the control of microbial pathogens’ virulence in the skin. GSDMA can be activated by a major skin 

pathogen causing morbidity and mortality worldwide: Streptococcus pyogenes. They found that S. 

pyogenes thanks to its virulence factor named SpeB (cysteine protease) cleaves GSDMA after Gln246 

causing the release of the N-terminal (active) fragment and the following pyroptosis in keratinocytes 

(Table 3). Gsdma1 genetic deficiency in mice results in uncontrolled bacterial dissemination and death. 

GSDMA acts as both a sensor and substrate of SpeB and as an effector to trigger pyroptosis.  adding a 

simple one-molecule mechanism for host recognition and control of the virulence of a dangerous 

microbial pathogen (Deng et al., 2022a). 

➢ GSDMB 

The human GSDMB is expressed in airway and gastrointestinal epithelia, liver, and neuroendocrine and 

immune cells. No GSDMB has been identified in rodents. GSDMB was linked to susceptibility to chronic 

inflammatory diseases including IBD(Rana et al., 2022), asthma(Das et al., 2016) and type I diabetes 

(Table 3). GSDMB expression is markedly increased in various cancers, including cervical, breast 

(Hergueta-Redondo et al., 2014), gastrointestinal and hepatic cancers, and its high expression is 

associated with poor prognosis. Both the full-length and GSDMB-NT can bind to membrane lipids such 

as phosphoinositide and glycolipid sulfatide, distinguishing them from other GSDMs. GSDMB can be 

cleaved by caspase-1, -3, -4, -6, and -7 within the pore-forming domain at the 88DNVD91 or D236 sites, 

which is similar to the cleavage of the pore-forming domain in GSDMD (Q. Chen et al., 2019; Zou et al., 

2021). However, GSDMB-NT but not the full GSDMB protein induces pyroptosis-like features in human 

HEK 293T cells. This suggests that binding by lipids of the full GSDMB protein leads to the production of 

GSDMB-NT. Also, GSDMB has been found to feature a granzyme A (GrzA) cleavage site between the N-

terminal and the C-terminal domain (Z. Zhou et al., 2020). 

➢ GSDMC 

GSDMC is a protein that is expressed in the trachea, spleen, oesophagus, small intestine, caecum, colon, 

and skin keratinocytes (table 3), however, their biological functions have not yet been identified. UV 

radiation significantly increases its expression through calcium-triggered NFATc1 signalling 

(Kusumaningrum et al., 2018). GSDMC is considered a marker for melanoma progression and is 

increased in colorectal cancer and promotes cancer cell proliferation which suggests that GSDMC may 

have an oncogenic role (Miguchi et al., 2016). Hou et al. found that under hypoxia, activated p-Stat3 

promoted nuclear PD-L1 translocation. Nuclear PD-L1 and p-Stat3 synergistically promote the 

expression of GSDMC. GSDMC, has been reported to be cleaved and activated by caspase 8 activated 

by TNF-α derived from macrophages switching apoptosis into pyroptosis in tumour cells (Hou et al., 
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2020) . In this paper, GSDMC was found to be involved in pyroptosis in breast cancer and highly 

expressed in this disease, which correlates with reduced survival.  

➢ GSDME 

GSDME was first described as a mutated gene (DFNA5) causing the generation of a cytotoxic truncated 

protein, itself leading to the activation of GSDME and cell death that results in an autosomal dominant 

form of hearing impairment, caused by cochlear hair cell loss(van Laer et al., 1998). GSDME is expressed 

in cochlea, placenta, heart, brain and kidney. GSDME is a physiological substrate of caspase-3 when it is 

stimulated by apoptotic triggers. GSDME is cleaved and activated by caspase 3 at Asp270 (in humans 

and in mice) when cells expressing GSDME are triggered to undergo apoptosis. GSDME cleavage 

generates a necrotic GSDME-NT domain that translocates to the plasma membrane and converts 

noninflammatory apoptosis into inflammatory pyroptosis.  

Consistent with its activation by caspase-3/-7 or granzyme B, recent studies have indicated that GSDME 

induces tumor cell death by inducing apoptosis and pyroptosis, which may explain that GSDME emerged 

as a player in anti-tumor immunity(Zhang et al., 2020). GSDME is epigenetically suppressed by 

methylation in most cancer cells (gastric, colorectal, breast cancers…)(Akino et al., 2007; Croes et al., 

2018; M. S. Kim et al., 2008) suggesting that it acts as a tumor suppressor by lowering the threshold of 

apoptotic signalling. When the expression of GSDME is induced by DNA methyltransferase inhibitors 

in vitro, colony formation in gastric and colorectal cancers and invasiveness in breast cancer are 

reduced. In contrast, p53, which is inactivated in many cancers, reportedly activates GSDME 

transcription in DNA-damaged cells, which could promote the removal of cancer cells by inflammatory 

recruitment and activation of phagocytic macrophages (Masuda et al., 2006). Interestingly, GSDME-

driven tumor cell pyroptosis has also been shown to trigger cytokine release syndrome (CRS) during CAR 

T cell therapy in mice, highlighting a potential role as a target to reduce CRS in patients.  

In addition to its anti-tumor role, our team has shown the involvement of GSDME activation after a Sars-

Cov2 infection. We recently showed that 3CL proteases inactivate the pyroptosis executioner 

Gasdermin D (GSDMD) and subsequently, caspase-3 and GSDME promote alternative cell pyroptosis in 

epithelial cells (Planès et al., 2022).  

➢ PJVK 

PJVK (DFNB59 gene) is a more distantly related GSDM family member with a truncated non-homologous 

CT domain. PJVK is expressed in the brain, eye, inner ear, heart, lung, kidney, liver, intestine and testis. 

Similar to GSDME, PJVK is associated with hearing loss in humans through familial genetic mutations, 

although these mutations are recessive rather than dominant. Patients with DFNB59 mutations either 

have auditory neuropathy or defective outer hair cells in the cochlea, which affects the neuronal 
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transmission of the auditory signal. Interestingly, it has been suggested that PJVK localizes to the 

membrane of peroxisomes in inner hair cells. Reactive oxygen species (ROS) caused by noise 

overexposure are detected by PJVK, which then activates the autophagy apparatus to destroy damaged 

peroxisomes (pexophagy). PJVK-driven pexophagy is followed by peroxisome proliferation, which 

protects auditory hair cells from oxidative damage. Given that the CT domain of DFNB59 is so short, it 

is unknown if it is a protein that forms pores or whether it is constitutively active. It is worth exploring 

whether DFNB59 forms pores in peroxisome membranes and whether other interacting proteins inhibit 

or activate it. Two proteins, rho-associated coiled-coil containing protein kinase 2 and the scaffold 

protein IQGAP1, were shown to bind the C-terminal region of PJVK in a cochlear cDNA library. Whether 

PJVK can be cleaved by a protease and form membrane pores requires further investigation. 

 GSDMA GSDMB GSDMC GSDMD GSDME PJVK 

Tissue/cell 

specific 

expression 

in human 

skin, tongue, 

oesophagus, 

stomach, 

mammary glands, 

bladder, umbilical 

cord and 

airway epithelium, 

gastrointestinal 

tract, brain, 

endocrine tissue, 

bone marrow 

tissue, lung, liver, 

kidney, testis and 

lymphocytes 

cerebral cortex, 

endocrine tissues, 

skin, trachea, 

spleen, 

oesophagus, 

stomach, 

intestines, vagina 

and bladder 

almost all human 

organs and tissue 

and immune cells 

brain, endocrine 

tissue, muscle 

tissue, 

gastrointestinal 

tract, heart, 

kidney, 

endometrium, 

placenta and IgE 

primed mast cells 

inner ear, neurons 

of the auditory 

system and testis 

Activator 

Streptococcal 

pyrogenic exotoxin 

B (SpeB) 

Human: caspase 1 

granzyme A 

Caspase-8 

Caspase-6 

Mouse caspase 

1/11 

Human: caspase 

1/4/5 

caspase 8 

cathepsin G 

Neutrophil 

elastase? 

caspase 3 caspase-

8, caspase-7 

granzyme B, 

not known 

Inhibitors  Shigella ipah7.8  

3C protease of 

EV71 

3C protease of 

SarsCov2 virus 

(NSP5) 

Shigella ipah7.8 

  

Biological 

functions 
Pyroptosis (skin) 

Pyroptosis, anti-

tumor immunity 
not known 

inflammation, 

pyroptosis, 

cytokine release, 

NETosis, bacteria 

killing 

pyroptosis, anti-

tumor immunity 
not known 

Associated 

disease 

Alopecia in mice, 

asthma, systemic 

sclerosis in 

humans, 

inflammatory 

bowel disease, 

breast cancer, type 

I diabetes and 

asthma 

cancer 

Sepsis, EAE, 

neonatal onset, 

atherosclerosis, 

type 2 diabetes 

Inflammatory 

disease 

deafness, cancer deafness 

 

Table 3: Gasdermin family. GSDM family genes currently consist of GSDMA, GSDMB, GSDMC, GSDMD, GSDME and 

PVJK. Each GSDM member exhibits a unique and restricted pattern of expression in various tissues, which results 

in a variety of diseases. 
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II. Fungal gasdermin-like proteins 

Gasdermin-like proteins have been identified in fungi and characterized as cell death–inducing toxins. 

Although there are functional similarities between mammalian and fungal gasdermins, little is known 

about the molecular systems that control gasdermin activity in fungi. Recently, Clav et al, showed that 

the fungal gasdermin HET-Q1 can be activated by proteolytic cleavage but also that the majority of 

fungal gasdermins are genomically grouped with genes encoding proteases (Clav et al., 2022). Some of 

these genes code for proteins with caspase-related domains or are immunological receptors found in 

plants and animals, respectively. This study has led to a better understand of how gasdermin-dependent 

cell death evolved by pointing out several evolutionary similarities between the signaling pathways seen 

in fungi and mammals. 

5. Inflammasome mediated IL-1β and IL-18 production 

Both IL-1 β and IL-18 are potent pro-inflammatory cytokines with an important role during the first steps 

of inflammation and their deregulation is extremely detrimental to health. Therefore, these are tightly 

regulated proteins, not only at the transcriptional level but also post-transcriptionally by due to their 

inflammasome-dependent activation. Both cytokines are synthesized as precursors and need to be 

processed into their biologically active form by caspase 1, after an inflammasome activation, that 

removes the N-terminal amino acids, creating mature, signalling-competent cytokines. In addition, 

other studies have shown that caspase-8 can also directly cleave IL1β (Gurung & Kanneganti, 2015). 

Once active cytokines are secreted, they can bind to their cognate cell surface receptors and initiate 

signalling. IL-1 cytokines bind to and act through specific receptors, which are characterized by 

intracellular Toll/Interleukin-1 receptor (TIR) domains and an extracellular immunoglobulin-like binding 

domain (Dinarello, 2009). At the receptor level, signalling can be regulated by antagonistic cytokines. 

These bind to the primary receptor yet do not allow the accessory receptor to form the trimeric 

complex, thus prohibiting IL-1 signalling. This can also be achieved by decoy receptors. These receptors 

bind the cytokine but lack the intracellular TIR domain necessary for signalling, thereby neutralizing 

agonist cytokines.  

IL-1β is a pleiotropic cytokine that acts on multiple cell types to drive inflammatory responses (Dinarello, 

2009), for example, IL-1β recruits neutrophils to the site of infection, controls the induction of IL-8 by 

epithelial cells and the release of IL-17 from T cells. IL-1β expression is never constitutive, IL-1β is 

induced in blood mononuclear cells, macrophages, keratinocytes and dendritic cells during stimulation 

with Toll-like receptor (TLR) ligands and other cytokines (e.g., tumor necrosis factor) (Q. Zhu & 

Kanneganti, 2017).  IL-1β is mostly produced by cells of the innate immune system and will trigger the 

production of inflammatory mediators. As a result, there is a fever, lowered pain threshold, 
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vasodilatation, and hypotension. These effects are mediated by acting directly on the hypothalamic 

temperature regulation center, and the activation of NF-κB and the resulting expression of COX-2, an 

enzyme involved in the synthesis of prostaglandins which increases the expression of adhesion 

molecules on endothelial cells and promotes the infiltration of inflammatory and immunocompetent 

cells from the circulation into the extravascular space. IL-1β is also an angiogenic factor and plays a role 

in tumor metastasis and blood vessel formation (Dinarello, 2009).  

Conversely, IL-18 is constitutively expressed in different cell types, including blood monocytes, 

macrophages, dendritic cells, keratinocytes and epithelial cells in humans.  Despite being constitutively 

expressed, IL-18 can also be induced, in response to signalling from various TLRs and type I interferon. 

In contrast to the strong pyrogenic activity of IL-1α and IL-1β, IL-18 is only able to induce fever at higher 

concentrations. IL-18 activates primarily p38 MAPK and AP-1 but fails to activate NF-κB. IL-18 is best 

known for its capacity to induce IFN-γ and is expressed by macrophages, epithelial cells, such as 

keratinocytes, and dendritic cells (J.-K. Lee et al., 2004). 
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III. The NLRP1 and CARD8 inflammasome 

 

Even though the first inflammasome-forming sensor, nucleotide-binding domain leucine-rich repeat 

pyrin domain containing 1 (NLRP1), was identified and described 20 years ago (Martinon et al., 2002), 

the molecular mechanisms underlying its activation have remained enigmatic and poorly understood 

until recently. This is due to several factors, including its unique structure in comparison to other 

inflammasomes, its uncommon epithelial expression, its significant structural divergence from rodent 

NLRP1, and the fact that the majority of human cancer cell lines utilized as research models no longer 

express NLRP1. Interestingly, CARD8 was identified as an inflammasome-forming PRR for the first time 

in 2018 (Johnson et al., 2018a) and it was described to be structurally related to the NLRP1 

inflammasome and to have common activation mechanisms as well as differences. For this reason, in 

this part of my manuscript, I will discuss recent discoveries surrounding the NLRP1 inflammasome 

(human NLRP1 and rodent NLRP1) and its mode of action and I will compare it with the CARD8 

inflammasome. 

6. Why NLRP1 and CARD8 are so unique inflammasomes? 

I. Difference between species 

One of the reasons that explain why the hNLRP1 inflammasome has been mysterious and enigmatic 

until recently is that most of the studies on NLRP1 were done in mice. However, the hNLRP1 and 

mNLRP1 inflammasomes are highly divergent. Investigating the gene loci coding for NLRP1 reveals a 

clear distinction between humans and rodents. In the human system, NLRP1 is encoded by a single gene 

on chromosome 17. However, the mouse genome contains three paralogs (Sastalla et al., 2013), mouse 

Nlrp1a (mNlrp1a), Nlrp1b (mNlrp1b) and Nlrp1c (mNlrp1c) presents at the same location in tandem on 

the chromosome 11. mNlrp1c is considered a pseudogene and mNlrp1b is extraordinarily polymorphic, 

with at least five different alleles present in common inbred mouse strains. Rodent expresses homologs 

of NLRP1 but not CARD8. 

II. Structure and tissue expression 

The human and rodent NLRP1 or CARD8 inflammasome sensors are unique because they are the only 

inflammasome-forming sensors that contain a FIIND domain. However, hNLRP1, mNLRP1 and CARD8 

structure remain different. 

➢ NLRP1 

Human NLRP1 (hNLRP1) contains five different domains: an amino-terminal PYD, followed by a NACHT 

domain, six leucine-rich repeat (LRR) domains, a function-to-find domain (FIIND), and a carboxyterminal 
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CARD (Figure 13). It was suggested that the PYD does not act as an effector domain but is required for 

self-inhibition of NLRP1, an activity that is reduced by GOF mutations (Zhong et al., 2016). hNLRP1 

possesses a particular structure : hNLRP1 is the only NLR that contains both PYD and a CARD domain. 

Indeed, its structure is unusual because the CARD domain is present in the C-terminal and not in the N-

terminal like in most NLRs. Furthermore, hNLRP1 contains a function-to-find domain (FIIND) that it can 

be subdivided into ZU5 (found in ZO-1 and UNC5) and UPA (conserved in UNC5, PIDD, and Ankyrin 

domain) subdomains. This unusual domain FIIND presents a self-cleavage domain which undergoes 

constitutive autoproteolysis after its ZU5 subdomain, generating two polypeptides: an N-terminal (PYD-

NACHT-ZU5) and a C-terminal (UPA-CARD) fragments that remain non-covalently associated (D’Osualdo 

et al., 2011). The cleavage in FIIND is not fully processed, and only a fraction of the total NLRP1 protein 

undergoes autoproteolysis. FIIND autoproteolysis is required for NLRP1 inflammasome activation 

because, after hNLRP1 activation, the FIIND autoproteolysis allows the release of the C-terminal 

fragment containing a CARD domain. Each C-terminal fragment (UPA-CARD) is then sequestered in a 

ternary complex (see figure 20) with one copy of the full-length NLRP1 and one copy of the host 

protease dipeptidylpeptidase 8 or 9 (DPP8/9), likely to prevent inflammasome formation during 

homeostatic protein turnover. NLRP1 inflammasome-activating stimuli accelerate the rate of N-terminal 

degradation (by direct cleavage for example) and/or destabilize the DPP8/9 ternary complex (by 

Valboropro), thereby releasing a sufficient level of free C-terminal fragments to self-oligomerize, 

recruits the adaptor ASC and caspase-1 and form an inflammasome-complex. Interestingly, the C-

terminal CARD induces ASC recruitment and caspase-1 activation. Although some CARD domains can 

directly recruit pro-caspase-1 the hNLRP1 fully requires ASC to recruit and oligomerize with pro-caspase-

1. hNLRP1 and mNLRP1B share a similar structure but only hNLRP1 contains an N-terminal PYD domain. 

However, while hNLRP1 critically requires the adapter protein ASC, mNLRP1B can recruit pro-caspase-

1 either with or without ASC. 

 

 

 

 

 

Figure 20:  The ternary complex structure of the inhibited form of NLRP1 from (Stefan Bauernfried & Veit 

Hornung, 2021). NLRP1 is maintained in an inhibitory form that is composed of the full length of NLRP1, a C-

terminal fragment (UPA-CARD), and the host protease DPP8/9 that inhibits the release of the C-terminal forms, 

maintaining the structure of this ternary complex. 
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In order to bind and hydrolyse ATP and allow the oligomerization of inflammasome platforms, the 

NACHT domains of NLRs proteins are crucial. Recently, a group showed that NLRP1 (mNLRP1 and 

hNLRP1) NACHT-LRR region directly interacts with oxidized thioredoxin-1 (TRX1). NLRP1 requires the 

ATPase activity of its NACHT domain to associate with TRX1 that represses inflammasome activation 

(Ball et al., 2022). TRX1 is a ubiquitous, highly conserved oxidoreductase that maintains redox balance 

in the cytosol and protects proteins from oxidative damage and aggregation. This suggests that oxidative 

stress represses the activation of the NLRP1 inflammasome whereas reductive stress acts as a danger 

signal. Therefore, they discovered several patient-derived missense mutations in the NACHT-LRR region 

of NLRP1 that weaken TRX1 binding, leading to inflammasome hyperactivation and autoinflammatory 

disease. Again, the N-terminal domain of NLRP1 seems to have many inhibitory mechanisms, unlike the 

rest of the inflammasomes. 

➢ CARD8 

The organized N-terminal domains present in hNLRP1 (PYD-NACHT-LRR) or mNLRP1 (NACHT-LRR) are 

absent in CARD8. CARD8 is the only other human protein with a FIIND, its structure consists of a FIIND 

and a CARD domain. Similar to hNLRP1, CARD8 must go through FIIND autoproteolysis in order to be 

activated, which allows the C-terminal CARD domain to oligomerize. The CARD8 CARD, in contrast to 

hNLRP1, interacts directly with the CARD of pro-CASP1 and does not require the adapter ASC. 

Another important difference between the human and rodent homologs is their expression in different 

tissues (Figure 13). Rodent NLRP1 activation was induced in cells of the myeloid lineage (classical 

immune cells). However, hNLRP1 is largely confined to epithelial barrier tissues such as keratinocytes in 

the skin, bronchial epithelial cells in the lung and corneal epithelial cells from the eyes (Burian & Yazdi, 

2018; Griswold et al., 2022). Furthermore, granulocytes, monocytes (very weakly), dendritic cells, 

Langerhans cells, and B and T cells all express NLRP1 (Kummer et al., 2007). All in all, because of these 

differences between rodents and humans, the results on mice studies could only partially contribute to 

deciphering the role of human NLRP1. In contrast, the activation of CARD8 inflammasome has been 

shown in bone marrow-derived cells (Johnson et al., 2018a, 2020b; Linder et al., 2020) or cancer cell 

lines (human myeloid cells).  
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Figure 21: NLRP1 and CARDS inflammasomes. NLRPl and CARDS proteins have FIIND and CARO demains and 

undergo autoproteolysis between the ZUS and UPA subdomains that comprise the FIIND. NLRPl proteins have 

NACHT and LRR demains preceding the FIIND, and human NLRPl also has an N-terminal PYD. Human NLRPl is 

encoded by a single gene, and the mouse genome contains three paralogs (rnNLRPlA, rnNLRPlB, and mNLRPlC). 

Rodent NLRPl is expressed in cel ls of the myeloid lineage; however, human NLRPl is expressed ln epithelial barrier 

tissues (skin, cornea, lungs, and intestine) but aise ln granulocytes, dendrftic cells, Langerhans cells, and Band T 

cells. ln contrast, CARD8 is expressed in bene marrow-derived cel ls and human cancer cell lines. 

Ill. Activation by the universal activator: Val-boro-Pro (VbP) 

lnterestingly, although these 3 inflammasomes (hNLRPl, mNLRPl, and CARD8) are different they all 

possess a "r,on-conventional" domain FIIND. After numerous studies (Huang et al., 2021a; Johnson et 

al., 2018b; Sharif et al., 2021; Zhong et al., 2018) it was shown that 1ntracellular proteases cal led DPP8/9 

(notably DPP9) under steady-state conditions directly interacts with hNLRPl and CARD8 via the FIIND 

domain (Figure 14). ln a poorly understood manner, this interaction with DPP8/9 keeps NLRPl in an 

inhibited state. DPP8/9 are intracellular serine proteases that cleave N-terminal dipeptides, and in 

particular, cleave d1peptide substrates with proline in the second position (NH2-Xaa-Pro). ln 2018, it was 

shown that dipeptidylpeptidase (DPP) inhibition by the small molecule Val-boroPro (VbP), a broad 

DPP4/7 /8/9 lnhibltor, results in its dissociation wlth the FIIND domain and activates the NLRPlB 

inflammasome (Johnson et al., 2018b). Subsequently, it was shown that the binding of the DPP9 

protease wîth hNLRPl as well as its cata lytic activity are reqUired for inhlbiting the activation of the 
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human NLRP1 inflammasome (Zhong et al., 2018) (Table 4). Interestingly, Vbp-mediated inflammasome 

activation is not dependent on the N-end rule pathway suggesting that Vbp-mediated activation of 

NLRP1 is distinct from N-terminal cleavage.  

A large number of groups are working on the mechanisms underlying how DPP8/9 inhibition activates 

NLRP1 and CARD8. Because DPP9 (as well as DPP8) interacts directly with NLRP1 and CARD8 but also 

has a catalytic (protease) activity both means have been studied to try to understand the mechanisms 

of NLRP1 and CARD8 inhibition by DPP8/9. Surprisingly, DPP8/9 was found to inhibit NLRP1 (murine and 

human) and CARD8 in different ways (table 4). In fact, binding of DPP9 with hNLRP1 as well as DPP9 

catalytic activity are required for inhibiting the activation of hNLRP1. However, in the case of CARD8, 

DPP9 inhibition seems to be independent of its binding and only require its catalytic activity (Bauernfried 

& Hornung, 2021). The understanding of these mechanisms is still very recent and not well 

comprehended. In the following paragraphs, I will summarize the current knowledge and differences in 

the activation of these inflammasomes by DPP8/9 inhibition (table 4).  

Different studies showed that DPP9 binding restrains hNLRP1 inflammasome formation by both 

inhibiting DPP8/9 activity and disrupting the DPP9-hNLRP1 interaction. In fact, Zhong et al, showed that 

the expression of hNLRP1 and ASC in DPP8/9−/−, but not wild-type, HEK 293T cells caused the formation 

of spontaneous ASC specks (Zhong et al., 2018). In this system, stable expression of wild-type DPP9, 

which both binds to hNLRP1 and has catalytic activity, completely abrogated speck formation. Notably, 

the stable expression of DPP9 S759A, which binds to hNLRP1 but is catalytically inactive, partially 

rescued speck formation. Consistent with these data, a hNLRP1 P1214R mutant (mutation located 

immediately after the autoproteolysis site) protein that is unable to bind to DPP9 spontaneously 

assembles into an inflammasome. Moreover, the autoproteolysis-deficient mutant NLRP1 F1212A 

protein exhibited impaired binding to DPP9, suggesting that autoproteolysis was required to create the 

binding interface. Recently, two authors (Hollingsworth et al., 2021; Huang et al., 2021b) have provided 

a better understanding of the interaction of DPP9 with NLRP1. Both groups revealed an auto-inhibited 

complex of NLRP1 that consists in a ternary complex that comprises DPP9, full-length NLRP1, and two- 

auto cleaved NLRP1 C-terminal (UPA-CARD) (Figure 14). The binding of the NLRP1 C-terminal (UPA-

CARD) to DPP9 requires full-length NLRP1, which suggests that NLRP1 activation is regulated by the ratio 

of NLRP1 C-terminal to full-length NLRP1. Co-expression of autoproteolysis-deficient full-length NLRP1 

consistently prevents activation of the inflammasome caused by ectopic expression of the NLRP1 C-

terminal. VbP prevents the N terminus of the NLRP1 C-terminal from interacting with the S730 residue 

in the DPP9 active site, which mimics a substrate-bound condition. In order to cause inflammasome 

activation, VbP impairs the NLRP1-DPP9 interaction and accelerates the degradation of the N-terminal 

fragment (Hollingsworth et al., 2021). Overall, these findings show that DPP9 acts as a checkpoint for 



the activation of the NLRP1 inflammasome by decreasing levels of NLRP1 (-terminal. This can be 

explained by the fact that NLRPl's activation results from its degradation, and NLRPl's constitutive 

turnover may release enough active C-terminal (UPA-CARD) ta cause caspase-1 activation. Ali these 

results suggest that the activation necessitates the accumulation of the UPA-CARD following its sporadic 

and spontaneous release from the N-terminal demains of NLRP1. This is consistent with the delayed 

kinetics of VbP-induced inflammasome activation (18 heurs). The quick response observed with other 

NLRP1 activators suggest that the DPP8/9 blockade must be bypassed by 'active' pathogen-induced 

N LRP1 inflammasome activation. 
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Figure 22: Activation of the hNLRPl inflammasome byValboroPro. VbP (ValboroPro) directly disrupts DPP9 binding 
from the ternary complex, thereby inhibiting DPP8/9 catalytic activity destabilizing hNLRPl, releasing its C
terminus from autoinhibition and înitiating the formation of the UPA-CARD oligomerization. 

Recent data suggest that VbP didn't activate CARDS (and mNLRPl) by disrupting the binding with DDP8-

9/. lt was suggested that VbP didn't disrupt the DPP9-CARD8 interaction but that it activate CARDS 

inflammasome exclusively by blocking DPP9 enzymatic activity (Griswold et al., 2019). According ta 

Griswold et al., DPP9-/- HEK293T cells spontaneously died when they expressed CASP1 and CARDS, and 

VbP did not cause any more cel l death (Taabazu ing et al., 2020). Stable expression of wild-type DPP9 in 

this system prevented cell death and restored the cells' sensitivityto VbP. Cel l death was not prevented 

by the expression of DPP9 5759A, which preserves CARDS binding but is catalytically inactive. Griswold 

et al., aise showed that, unlike hNLRPl, CARDS autoproteolysis is not required for DPP9 binding. ln fact, 

only ful l-length CARDS, and not the isolated N- or C-terminal fragments, binds ta DPP9. 
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Future research will be required to understand how and why hNLRP1 and CARD8 interact differently 

with DPP9. However, the data strongly indicate that the hNLRP1 binding interface involves at least one 

surface that is close to the DPP9 active site, whereas the CARD8 binding interface appears to be 

completely spatially remote from the DPP9 active site, so VbP does not detach from the complex but 

still leads to its activation, probably via the accumulation of peptides not degraded by DPP9 (Q. Wang 

et al., 2023). Surprisingly, the mNLRP1B-DPP9 contact, which did not require FIIND autoproteolysis and 

was not affected by VbP, resembled the CARD8-DPP9 interaction more than the hNLRP1-DPP9 

relationship. 

 hNLRP1-DPP9 CARD8 -DPP9 

Binding interaction Yes Yes 

Catalytic activity of DPP9 is required for 

binding 
Yes No 

DPP9 binds to autoproteolysis deficient 

mutant 
Minimal binding Yes 

Vbp reduces the binding of DPP9? Yes No 

Table 4: Current knowledge about hNLRP1 and CARD8 binding to DPP9 

7. Mouse NLRP1B 

I. Activation by lethal factor (LF) 

Bacillus anthracis is a Gram-positive bacterium that causes anthrax, a deadly disease to livestock and, 

occasionally, to humans (zoonosis). Among the virulence factors causing its pathogenicity, one of the 

most virulent is the anthrax lethal toxin (LT). Anthrax lethal toxin (LT) is a two-component toxin 

consisting of the zinc metalloprotease lethal factor (LF) and the pore-forming protein protective antigen 

(PA). Through endocytosis, PA transports LF into the host cell cytosol, where it cleaves a number of host 

proteins (such as MAPK). In the 1990s it was shown that direct LT injection can cause a quick 

inflammatory response in mice that results in systemic shock and mortality. This reaction is dependent 

on macrophages and IL-1 signaling. It was only in 2006, that rodent NLRP1 was identified to be 

implicated in this response (Boyden & Dietrich, 2006). However, LF induces the activation of only some 

alleles of mNLRP1B (mNLRP1B1 and mNLRP1B5) and not hNLRP1. Later, in 2012, it was shown that LF 

cleaves mNLRP1B after Lys44, inducing its activation, and that the use of proteasome inhibitors could 

block LF-induced NLRP1B activation. These results reveal the importance of the cleavage for mNLRP1B 

activation but also the implication of the proteasome pathway (Levinsohn et al., 2012; Squires et al., 

2007). The concept that an inflammasome is triggered after cleavage was not well understood at the 

time and it wasn’t until 2013 that this concept was validated. In 2013, Chavarria-Smith and Vance 

confirmed that NLRP1 can be directly activated by cleavage using an engineered system in which 
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NLRP1B was modified with an N-terminal GFP followed by a synthetically added TEV (tobacco etch virus) 

cleavage site (Chavarría-Smith & Vance, 2013). Although LF only cleaves a subset of NLRP1 proteins, N-

terminal proteolysis by the proteasome is a common mechanism for NLRP1 activation that was 

confirmed by several studies in 2019 and named the “functional degradation” pathway (Sandstrom et 

al., 2019a).  Based on this concept, it was shown that the cleavage of mNLRP1B on its N-terminal exposes 

a destabilizing N-terminal residues, which is recognized by a member of the N-end rule pathway, the E3 

ligase named Ubr2 (Chui et al., 2019). The N-end rule pathway is complex, but in a simplistic manner, 

the N-end rule pathway thanks to N-recognins recognizes proteins with destabilizing N-terminal residue 

(thanks to the identity of its N-terminal amino acid), ubiquitinates and degrades proteins by leading 

them to the proteasome (Tasaki et al., 2012; Varshavsky, 2011; Varshavsky & Hartl, 2018). After 

recognition by Ubr2, the N-terminal fragment of NLRP1B is subsequently destroyed by the proteasome. 

The break in the polypeptide chain within the FIIND prevents the proteasome from degrading the C-

terminal NLRP1 domains and instead results in the release of the active C-terminal UPA-CARD fragment. 

The C-terminal then assembles and oligomerizes directly with caspase-1 leading to pyroptotic cell death. 

In this case, both, the N-end rule pathway and proteasome pathway were implicated in the mNLRP1B 

activation.  

This "functional degradation" based activation pathway strongly suggests that NLRP1 could operate as 

a "decoy" to sense pathogenic protease activity. To be more specific, pathogens may have developed a 

several of strategies, including but not limited to lethal factor (LT), to degrade mammalian NLR proteins 

and avoid being recognized by the innate immune system. However, the inflammasome is activated and 

an immunological response is induced when the NLRP1 N-terminus is accidentally destroyed. In line with 

this “decoy” hypothesis, it was shown that the Ipah7.8 E3 ubiquitin ligase secreted by Shigella flexneri 

bacterium directly ubiquitinates and activates mouse NLRP1B (Sandstrom et al., 2019b). Interestingly, 

pyroptosis induced by IpaH7.8 also occurs in Ubr2-/- cells, likely because IpaH7.8 itself can directly 

ubiquitylate NLRP1B and therefore bypasses the requirement for N-end rule E3 ligases, indicating that 

mNLRP1B activation was independent of the N-end rule pathway but proteasome-dependent.  

Toxoplasma gondii has also been reported to activate mNLRP1 in macrophages (from rats and rodents). 

However, the molecular mechanism of T gondii-induced NLRP1 activation is unknown. Ewald et al 

reported that T.gondii infection does not cleave the NLRP1 N-terminus like LF protease suggesting that 

the key pathogenic effector of this parasite is not a protease (Ewald et al., 2014). An alternative 

possibility is that a T.gondii activity manipulates the host cell in some way, and NLRP1 senses this 

perturbation in the host cell’s state. It was suggested that NLRP1 could sense pathogen-associated 

activities by an indirect mechanism such as cellular perturbations (ATP depletion).  
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Figure 23: Mode! of mNLRPlB activation. Anthrax lethal factor (LF) released by Boeil/us anthracis activates the 
mNLRP1B inflammasome by protease cleavage (left). LF cleaves between residues K44 and L45 in the N-termlnal 
fragment, generating a destabilized N-terminal residue. The N-end rule E3 ligase UBR2 recognizes and 
ubiquitinates this neo-N-terminus, inducing its proteasome-mediated degradation. The C-terminal is then released 
and used to recruit and activate caspase-1, ihducing mNLRP1B inflammasome actrvation. Shigelfa flexneri activates 
the mNLRP1B inflammasome, thanks to the secretion of lpah7.8 E3 ubiquitin ligase that dîrectly ubiquitinates and 
induces the N-terminal degradation by the proteasome that induces the C-terminal release. 

8. Human NLRPl inflammasome 
1. The emerging functions of eplthelial inflammasomes in immunity to infection and diseases 

The epithelium (epiderrnis, gastrointestlna l, and respiratory tract) is const antly exposed to a wide range 

of pathogens and danger signs as a result of its advantageous placement. Trad itiona lly, the epithelium 

has been thought of as a protective but passive barrier. However, epithelial surfaces are physical, 

chemical, and biological barriers. Accord ing to t he most recent studies of interactions between host 

epithelium and microorganism. lt is now clear that the epithelium sen ses and actively responds to these 

signais in order to maintain barrier homeostasis and contributes to the inflammatory response (Palazon

Riquelme & Lopez-Castejon, 2018). Epit hella l cells are armed with int rinsic immune defence 

mechanisms collectively called cell-autonomous immunit y that cover a broad set of anti-microbial 

mechanisms including autophagy, t he interferon system, and inflammasome sensors. Particularly, 

NLRPl has recentl'y gained much attention since the early 2020s and is rising as an important epithelial 

sensor lnvoJved l n antimicrobial defence as well as in the development of pathologies (Bauernfried & 

Hornung, 2021). 
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Human NLRPl polymorphisms have been linked ta an elevated risk for numerous autoimmune and 

autoinflammatory disorders of the skin or respiratory tract, with keratinocytes and respiratory epithelial 

cel ls prirnari ly affected (Drutrnan et al., 2019; Zhong et al., 2016). This suggests that human NLRPl plays 

an important tissue-specific raie in epithelial cells of barrier t issues rather t han within the myeloid 

compartment. 

Three dist inct monogenic skin diseases, including familial keratosis lichenoides chronica (FKLC), multiple 

self-hea ling pa lmoplantar carcinoma (MSPC), and autoinflammation with arthrit is and dyskeratosis 

(AIADK), are linked ta gain-of-function mutations in the human NLRPl. lnterestingly, these mutations 

are main ly located in three distinct regions (Table 4): PYD demain, between NACHT and LRR demain and 

the FIIND demain. lndividuals with MSPC had missense mut ations in the PYD demain of NLRPl (A54T, 

A66V M77T), individuals with FKLC had an in-frame deletion (F787-R843) that removed the first LRR 

demain and part of the preced ing linker region and individuals With AIADK had missense mutations 

located in t he FIIND demain. Reconstitution of inflammasome components in 293T cells or immortalized 

keratinocytes demonstrated that the disease-associated NLR.Pl PYD variants A54T, A66V, and M77T 

were auto-active, spontaneously inducing NLRPl ol igomerization, caspase-1 activation, and IL-1~ 

release(Zhong et al., 2016). 

MSPC FKLC AIADK 

Skin auto-inflammatory 
disease hNLRPl

dependent 

GOF mutation 

Multiple self-healing 
palmoplantar carcinoma 

(MSPC) 

MSPC,A54T,A66V,and 
M77T are found within 

the N-terminal PYD 

Familial keratosis 
lichenoides chronica 

(FKLC) 

ln-frame deletion (F787-
R843) that removed the 

first LRR demain and part 
of the pre-ceding linker 

region 
(Conserved between 

men and redents) 

MSPC 
A54T 
A66V 
M77T 

FKLC 
AIADK F787-R843 
R726W dele1ion 0 

~ 1751-- ;_ 
disordered LRR 1 * 1 

reg1on 

Table 4: Implication of hNLRPl in rare inflammatory skin disorders 

Autoinflammation with 
arthritis and dyskeratosis 

(AlADK) 

R726W and P1214R 

The NLRPl mutations linked ta the diseases shed some light on the PYD's mechanism. The PYD of other 

NLRs serves ta recru it ASC. Although it was once thought that the NLRPl PYD also served this purpose, 

more recent data suggest that it was not t he case. ln fact, the MSPC mutat ions seemed ta impair or 

destabilize PYD folding. Although the authors argued that instability of the PYD eliminates a PYD-
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mediated auto-inhibitory interaction, it was also proposed that misfolding of the PYD causes NLRP1 

activation. Thus, the misfolding of PYD would be detected by the protein quality control system inducing 

proteasome 'functional degradation' of NLRP1. The loss of the NLRP1 PYD in numerous species, 

including mouse-like rodents, raises the intriguing possibility that the adaptive advantages of the NLRP1 

PYD may also come at a cost of adaptation (e.g., a lower threshold for undergoing spontaneous 

activation), which may become unbalanced in the extended absence of PYD-sensed pathogens.  

It's interesting to note that GOF mutations of NLRP1 predispose individuals to the growth of squamous 

cell carcinomas (SCCs), a type of nonmelanoma skin cancer derived from keratinocytes, demonstrating 

the pro-tumorigenic nature of chronic NLRP1-dependent inflammasome activation and skin 

inflammation (Zhong et al., 2016). Although the NLRP1 pathway aids in the development of SCCs in 

human skin, SCC cell lines and tumor biopsies show a strong downregulation of NLRP1 inflammasome 

proteins and pro-inflammatory cytokines (pro-IL1β) (Sand et al., 2019). Although NLRP1 activation aids 

in the early growth of skin tumors, inflammasome pathway activation in established SCC may adversely 

affect tumor cells by, for instance, inducing pyroptosis or/and antitumor immunity. Thus, NLRP1 plays 

an important role in human skin. Similarly, poor prognosis is linked to low expression of NLRP1 in lung 

cancer (Edward Shen et al., 2021).  

Furthermore, environmental air pollution is an emerging global issue that significantly impacts lung 

homeostasis and inflammatory responses. Very recently, a group showed that BaP, a toxic and 

carcinogenic polycyclic aromatic hydrocarbon in the air, causes DNA damage and lung inflammation 

that induces inflammatory cytokines in human lung epithelial cells (Kohno et al., 2023). Finally, they 

demonstrated that Bap enhances NLRP1 expression, activates the NLRP1 inflammasome, and triggers 

pulmonary inflammation. Interestingly, they show that ROS production signaling increases p53 (a key 

transcription factor that regulates the expression of genes involved in apoptosis and cell cycle arrest) 

levels and might be involved in NLRP1 expression (Krześniak et al., 2020). 

II. Activation of human NLRP1 by cleavage 

Anthrax lethal factor (LF) is the most well-characterized trigger for mNLRP1B, however LF failed to 

activate hNLRP1 caused by the absence of consensus LF cleavage site in human NLRP1. Despite 

structural differences detailed above, hNLRP1 and mNLRP1 are both activated by the small molecule 

Vbp. In 2016, activation of human NLRP1 by cleavage was described with the engineering of an hNLRP1 

molecule with an N-terminal GFP and TEV cleavage site. hNLRP1 was activated by a TEV cleavage event 

suggesting that hNLRP1 activation might be triggered after a direct cleavage (Chavarría-Smith et al., 

2016). However, remained unclear if virulence factors from pathogens can activate hNLRP1 until 

pioneer studies demonstrating that 3C proteases (3Cpros) of several enteroviruses, such as human 
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rhinovirus (HRV) activates NLRP1 (Robinson et al., 2020b; Tsu et al., 2021). HRV (Human rhinovirus) 

infection of primary human bronchial epithelial cells was shown to induce caspase-1 activation and IL-

1β and IL-18 release suggesting the activation of an inflammasome platform (Piper et al., 2013). 

However, the sensing mechanisms were unclear. HRV is the major cause of the common cold and is a 

member of the Picornaviridae family of single-stranded RNA viruses. All picornavirus, translate their 

genome as a single polyprotein, which is then cleaved into mature proteins in at least six sites in a 

sequence-specific manner by a virally encoded 3C protease, termed 3Cpro and 2Apro. Additionally, 

these proteases can cleave host proteins and facilitate immune evasion. Robinson et al, demonstrated 

for the first time that a viral protease, HRV-3C protease, cleaves NLRP1 between Gln130 and Gly131, 

which lies in a poorly conserved region flanked by PYD and NACHT domains, causing the generation of 

a neo-N terminus recognized by an N-end rule pathway and subsequently degraded by the proteasome. 

The mode of activation is well in line with the model of “functional degradation” (Figure 16). After 

cleavage by a protease, the N-terminal fragment is degraded, and the C-terminal UPA-CARD can form 

an inflammasome. However, unlike for mNLRP1B, the UBR2 ligase was not implicated. The N-terminal 

glycine produced by HRV-3Cpro cleavage of human NLRP1 is not a conventional type II N-terminal that 

is recognized by homologous UBR proteins. Recent research (Varshavsky & Hartl, 2023), has identified 

a glycine-specific N-degron pathway implicating the receptors ZER1 and ZYG11B and their associated 

cullins CUL2 and CUL5. The proteasome is used by the cullinZER1/ZYG11B mechanism to ubiquitinate 

substrate proteins having N-terminal glycine residues.  

Similarly, we showed, that Human NLRP1 is a sensor of pathogenic 3CL proteases in lung epithelial cells. 

We showed that NSP5 3C-like proteases from coronaviruses, including SARS-CoV-2, directly cleave 

human NLRP1, promoting functional degradation (Planès et al., 2022). In parallel, Nsp5 cleaves the 

executor of pyroptosis gasdermin D and makes it non-functional, triggering a GSDME alternative 

epithelial cell death. This work will be detailed later in the manuscript. 

Interestingly, a proteolytic event induced by HIV protease can also activate CARD8. It has been shown 

that an HIV protease (HIV-1), which is usually only activated after the budding of the virus from the cell, 

can be activated intracellularly by nonnucleoside reverse-transcriptase inhibitors inducing the cleavage 

of CARD8 and its following activation in HIV-1 infected CD4+ T cells and macrophages (Wang et al., 

2021). 
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Figure 24: Mechanism of NLRPl activation by HRV-3Cpro following HRV infection in human airway epithelium 
adapted from (Robinson et al., 2020b). HRV-3C protease cleaves NLRPl between Gln130 and Gly131, causing the 
generation of a neo-N terminus recognTzed by an N-end rule pathway and subsequently degraded by the 
proteasome. The degradation of the N-terminus induces C-terminus release, oligomerization, and inflammasome 
activation. 

Ill. Activation by UVB radiation 

The prominent role of NLRPl in the skin îs underlined by strong pathological manlfestatîons in the skin 

observed in patients bearTng gain-of-function mutants of NLRPl (Zhong et al., 2016). Flnally, several 

reports have suggested that UVB rad iation can induce activation of NLRPl în human keratinocytes, but 

the mechanism by whlch NLRPl could sense UVB remained uncleat (Benjamin Faustin & John Ç. Reed, 

2008; Feldmeyer et al., 2007b). Two recent reports revea led new mechanlsms to explain how NLRP1 

could sense UVB radiation ln human keratinocytes (Jenster, Lange, Normann, vom Hemdt, et al., 2023b; 

Robinson et al., 2022). UVB-induced RNA damage promotes the ribotoxic stress response (RSR) 

medîated by the MAP kinase kinase klnase ZAKa (Vind et al., 2020; C. C. C. Wu et al., 2020a). Following 

this lead, the authors found that the activation of NLRPl upon UVB exposure requires the activlty of 

ZAKa and the downstream p38 kinases. Bîochemîcally, RSR leads to the direct hyperphosphorylation of 

a human-specific disordered linker region of NLRPl (between PYD and NACHT domaln) by ZAkcc kinase 

and lts downstream effector, p38 (Robinson et al., 2022). lndeed, ribotoxic stress is sufficient to dr1ve 

NLRPl activation; keratinocytes treated with antibiotics (anisomycin, lactimidomycin, deoxynivalenol, 

hygromycin, blasticidin) that promote ribosome stal llng and MAPKKK ZAKa phosphorylatlon rapidly 

induce NLRPl dependent inflammasome activation. Consistent with the mechanism through which 

cleavage drives NLRPl activation, activation of NLRPl downstream of MAPK signa ling also requires 
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proteasomal activity. These results dearly indicate that NLRP1 can actas a central signaling platform for 

immune surveillance of cellular homeostasis. 
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Figure 25: Madel of hNLRPl activation by the ribotoxlc stress response. UVB radiation induced RNA damage that 
promoted ribosome stalling and actlvated the ribotoxic stress response (RSR), mediated by the phosphorylation 
and actîvation of the MAP kinase kinase ZAKaand the downstream p38 kinase. Both kinases lead to the direct 
hyperphosphorylation of the human disordered region of NLRP1 that induces N-terminal degradation and the C
terminal release, oHgomerization, and NLRPl activation. This mode! of activation is also conserved for antibiotics 
like anisomydn, hygromycïn, and doxyvinenol. 

IV. Activation of hNLRPl by double-stranded RNA (dsRNA) and poly (dA:dT) 

Recently, nove! intriguing work by Bauernfried et al. demonstrated t hat Semliki Forrest Virus (SFV), a 

positive-sense single-stranded RNA alphavirus that forrns long dsRNAduring infection, activates hNLRPl 

in keratinocytes but not CARDS or rnNLRPlB. Mechanistically, they found that long dsRNA (>500 bp) 

bound directly to the hNLRPl (NACHT-LRR dornain) through electrostatic interactions. This interaction 

activates the ATPase NACHT domain of NLRPl inducing a conformation change that leads to its 

subsequent activation following proteasome-dependent degradation of the N-terminal dornain of 

NLRP1 and C-terrnina l fragment release (Bauernfried, Scherr et al. 2021). Recently, this work was 

confirrned by Jenster et al and other four alphaviruses, namely Sind bis virus, Chikungunya virus, Mayaro 

virus, and Ross River virus, have been shown to activate NLPRl (Jenster, Lange, Normann, vorn Hemdt, 

et al., 2023c). Similar to UVB, they showed that these viruses' activation of NLRPl needs p38 activity 

and is partially dependent on ZAKa, indicating that MAPK signaling pathways are also involved in the 

viral activation of NLRP1. Furtherrnore, pharmacologica l suppression of either ZAKa or p38 prevents 

NLRP1 activation by transfected dsRNA. lt is important to note that activation of NLRPl by protease 

activity or inhibition of DPP9 does not necessitate p38 activity, illustrating independent processes of 
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activation by these several stimuli. However, further studies are needed to determine the exact 

mechanism by which dsRNA will activate t he ZAKa and p38 pathway. 

Very recently1 Zhou et al showed that poly(dA:dT), a synthetic dsDNA is unique i n its abifity to activate 

NLRP1 in human primary keratinocytes (J. Y. Zhou et al., 2023). Like other activators, activation of NLRP1 

by poly(dA:dT) also required functional degradation, as inhibitors of the proteasome abrogated 

downstream act ivation. Unlike dsRNA Which requires ATP activity, poly (dA:dT} did not induce NLRP1 

ATPase activity. lnstead, poly (dA:dT) results in oxidative nucleic acid damage and cellular stress, events 

which activate MAP3kinase including ZAKa, that converge on p38 to activate NLRPl. lnterestingly, t he 

poly(dA:dT)-induced NLRPl response was only partialfy dependent on ZAKa, indicating that more 

kinases could be implicated in this pathway. 
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Figure 26: NLRPl activation by dsRNA or the dsDNA mimetic poly(dA:dT) detection. hNLRPl detects the long 
dsRNA from Semliki Forest Virus (SFV) and alphavirus that are generated during îts life cycle and trîggers 
inflammasome activation in human primary keratinocytes. Bauemfried et al. showed that dsRNA binds to the 
NACHT-LRR demain, followed by ATP hydrolysis by the NACHT demain, which is necessary for NLRPl activation. 
Very recently, Jenster et al. showed that the cellular stress p38 pathway 1s activated and impHcated in NLRPl 
phosphorylation and activation. Furthermore, Zhou et al showed that the dsDNA mimetic poly(dA:dT) induce 
inflammasome activation via the same p38 cellular stress pathway. 

V. Activation by reductive stress 

The non-selectrve metaffo-aminopeptidase (AP) inhlbitor bestatin methyl ester (MeBs), which induces 

the accumulation of mahy peptides and t hereby lnterferes with protein folding, accelerates the rate of 

NT degradatlon and synergizes wlth VbP to induce substantîaffy more pyroptosis. This work indicated 

t hat proteotoxic stress potehtlates NLRPl ahd CARD8 activation (Orth-He et al., 2023) . 
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Recently, it was shown that the oxidized form of TRXl binds to NLRPl and represses inflammasome 

activation and that genetic deletion ofTRXl sensitizes cells to VbP-induced pyroptosis (Ball et al., 2022). 

TRXl is a ubiquitous, highly conserved oxidoreductase that maintains redox ba lance in the cytosol and 

protects proteins from oxidative damage and aggregation. These find ings suggested that substances 

that decrease ROS and enhance TRXl would work together with VbP to increase the a mou nt of NLRPl

dependent pyroptosis. These reductive stress inducers, however, have not yet been recognized and 

defined until now. Very recently, it was discovered that a panel of related radical-trapping antioxidants, 

and in particular JSH-23, that induce reductive stress, accelerate N-terminal degradation of bath NLRPl 

and CARDS, and synergize with VbP to induce more pyroptosis (Q. Wang et al., 2023). Moreover, they 

found that reductive stress and peptide accumtJlation together activate bath NLRPl and CARDS in the 

absence of VbP. Overall, this work not only establishes chemica l probes that induce intracellular 

reductive stress but aise reveals that bath NLRPl and CARDS detect reductive stress. lt should be 

highlighted that CARDS lacks NT NACHT-LRR demains, and therefore is unable to bind oxidized TRXl. 

Th is suggestthat the regulator mechanism of inhibition by TRXl is only present in hNLRPl but t hat bath 

inflammasomes, NLRPl and CARDS can detect reductive stress or peptide accumulation. 
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Figure 27: Model of NLRPl and CARDS activation by reductive or proteotoxic stress. TRXl is a Ubiquitous, highiy 
conserved oxidoreductase that maintains redox balance in the cytosol and protects proteins from oxidative 
damage and aggregation. The oxidized form ofTRXl binds to NLRPl and represses inflammasome activation, and 
genetic deletion ofTRXl sensitizes cells to VbP-induced pyroptosis. Furthermore, they found that reductive stress 
(induced by antioxidants} and peptide accumulation (induced by aminopeptidase inhibitors) together activate 
both NLRP1 and CARD8 in the absence of VbP (ValboroPro). Abbreviations: TRXl, thioredoxin-1. 
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VI. Proteasome independent activation of NLRP1 

Very recently, Yang et al. describe the first viral protein that activates the NLRP1 inflammasome through 

direct binding that is independent of proteasome activity. The authors found that the protein ORF45 of 

the virus Kaposi’s sarcoma associated herpesvirus (KHSV), also known as human hepervirus 8, induced 

inflammasome activation in human epithelial in an NLRP1-dependent manner but in a proteasome-

independent manner. Because ORF45 is not a protease but a tegument structural gene, Yang et al. 

explored how it triggers NLRP1 activation. Using a yeast two-hybrid screen and co-immunoprecipitation, 

the authors found that ORF45 directly binds to the disordered region of NLRP1 (between the PYD and 

the NACHT domain), suggesting that ORF45 serves as a direct ligand for NLRP1. The authors try to 

determine how binding of ORF45 activates NLRP1 and using an elegant biochemical approach, in an 

unexpected manner they found that NLRP1 forms two inhibitory complexes following FIIND 

autoproteolysis (Fig 28). They found the previously reported ternary complex form by the NLRP1 full 

length, the NLRP1-Cterminal and DPP9 and they found a new complex never reported formed by 

NLRP1N-terminal and NLRP1C-terminal independently of DPP9 and stabilized by an interaction between 

the disordered region of NLRP1N-terminal and the UPA region of NLRP1C-terminal. This new 

autoinhibited complex of NLRP1 led the authors to hypothesize that ORF45 could act as a competitor 

with NLRP1C-terminal to bind to the NLRP1N-terminal disordered region, which would release NLRP1C-

terminal for inflammasome activation. Supporting this hypothesis, expressing increasing amounts of 

ORF45 resulted in progressively higher levels of inflammasome activation and reduced association 

between NLRP1CT and NLRP1NT. While ORF45 also activated the NLRP1FL–DPP9– NLRP1CT complex by 

binding to Linker 1 of NLRP1FL, it did not affect the DPP9– FIIND interaction (Fig 29). Finally, they showed 

that hNLRP1CT inflammasome assembly in the cytoplasm and that hNLRP1NT is translocated to the 

nucleus with ORF45 and did not undergo degradation. As ORF45-induced NLRP1 activation was not 

blocked by proteasomal inhibitors, these findings not only characterize the complex interactions by 

which autoprocessed NLRP1 is kept inactive in cells but also represent the first direct binding activation 

and proteasome independent mechanism for NLRP1 activation. It’s tempting to speculate that other 

ligands may also bind the disordered region and trigger NLRP1 activation and that disrupting the 

interaction through post-translational modifications could also trigger NLRP1 activation. Further 



investigations are needed to better understand the mechanisms ot autoinhibition and activation of 

NLRPl. 
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Figure 28: Two forms of autoinhibited NLRPl complexes. NLRPl forms two inhibitory complexes following FIIND 
autoproteolysis. lt was previously reported that a ternary complex is formed by the NLRPl ful l length, the NLRPl
C terminal, and DPP9. The new complex, which has never been reported before, is formed by NLRPlN- and 
NLRPlC-terminals independently of DPP9 and is stabilized by an interaction between the disordered region of the 
NLRPlN-terminal and the UPA region of the NLRPlC-terminal. 
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Figure 29: Proteasome-dependent or independent NLRPl activation, The classic pathways for actJvating NLRPl 
are totally proteasome-dependent (top figure). However, a new proteasome-independent pathway that activates 
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IV. Work context and results 

 

The role of inflammasomes has been extensively studied in innate immune cells such as macrophages 

and neutrophils. Despite the fact that this research greatly improved our knowledge of host-pathogen 

interactions, the in vivo scenario is clearly more complex. It's important to note that epithelial cells are 

frequently the initial cell barrier that pathogens meet, and their response determines the start of an 

infection. Accordingly, anti-microbial strategies of epithelial cells have gained much attention over the 

last decades and appeared to be crucial for maintaining a first line of defense against invading 

pathogens. Interestingly, the human NLRP1 inflammasome (hNLRP1), which was the first inflammasome 

to be described 20 years ago, is highly expressed in epithelial cells (lung, skin, cornea), and the molecular 

mechanisms that govern its activation have remained enigmatic until recently. Particularly, NLRP1 has 

recently gained much attention and is rising as an important epithelial sensor as well as in the 

development of pathologies. However, its role in host pathogens interactions is not fully elucidated. 

During my PhD, I observed an enrichment of pro-inflammatory cytokines IL-1β and IL-18 and cell damage 

associated in the lung epithelium of severe Covid-19 patients, infected with Sars-Cov2 and cystic fibrosis 

patients, infected with Pseudomonas aeruginosa. These two observations made me think that the 

inflammasome hNLRP1 could be involved in the inflammatory response. So, during my 3 years of PhD, I 

studied the role of the NLRP1 inflammasome as a sensor of microbial virulence in the lung epithelium, 

in the context of viral infection by the SARS-Cov-2 virus but also in the context of bacterial infection by 

Pseudomonas aeruginosa.  

The objectives of my phD were: 

• Study if NLRP1-dependent pyroptosis plays an important role during Sars-CoV-2 and 

Pseudomonas aeruginosa infection in the lung epithelium.  

• What are the mechanisms implicated in the NLRP1 activation? 

• Study the protective or detrimental role of the NLRP1 inflammatory response. 

Recently, the COVID-19 pandemic, caused by the severe acute respiratory syndrome coronavirus 2 

(SARS-Cov-2), caused the deaths of more than 4 million people worldwide. The virus primarily infects 

the respiratory tract and it is associated with 2 distinct clinical pictures. In the majority of cases the 

infection is asymptomatic or associated with minor cold or flu-like symptoms. However, in a minority of 

cases the infection is pathological and can lead to severe acute respiratory syndrome (ARDS) associated 

with high mortality. The immune response is crucial in explaining this dichotomy. A deregulated and 

excessive response correlates with severe forms of the disease. It was shown that an inappropriate 

hyperinflammatory response, caused by excessive release of inflammatory cytokines is linked many 
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severe cases of COVID-19 (Paludan & Mogensen, 2022). Interestingly, high levels of IL-18 and IL-1β were 

detected in the serum of severe COVID-19 patients and in the bronchiolar lavage fluid (BAL), respectively 

(Kyriazopoulou et al., 2021) (Rodrigues et al., 2020a). Numerous studies shown the involvement of 

NLRP3 inflammasome in IL-1B secretion by recruited-monocytes in the lung (Ferreira et al., 2021; 

Junqueira et al., 2022). However, the virus primarily infects the lung epithelial cells, suggesting a critical 

role for the hNLRP1 inflammasome during a SARS-CoV-2 infection. To investigate this hypothesis, we 

were interested in determining if SARS-Cov-2 infection can activate NLRP1. Because SARS-CoV-2 codes 

for 2 proteases involved in the maturation of viral polyproteins, the NSP3 or PL-pro, a papain-like 

protease, and the NSP5 or Mpro, a 3C-like cysteine protease, we hypothesized that one of these 

proteases could be implicated in the protease cleavage of NLRP1 and the following activation. To 

investigate that, during my PhD, one of my works consisted of deciphering the mechanisms implicated 

in the NLRP1 activation after a SARS-CoV-2 infection in the lung epithelium. This project is already 

published (Planes et al., 2022) and presented in the following pages. 

Furthermore, different works demonstrated that the human NLRP1 inflammasome can be activated 

downstream to ribotoxic stress response (RSR)(Andrew Sandstrom, 2023) . While those original reports 

identified environmental (UVB) and viral stresses that could induce this pathway, it was unclear whether 

microbial effectors would also induce NLRP1 activation via RSR. In order to investigate the role of 

hNLRP1 as a sensor of microbial virulence in human epithelium, we focused on the cystic fibrosis (CF) 

context. Interestingly, we observed cystic fibrosis patients who are chronically infected with P. 

aeruginosa exhibit enrichment of IL-1 in the BALF and strong damage as well as cell death in lung 

epithelial cells (Palomo et al., 2014; A. Tang et al., 2012) . These observations strongly suggest the 

involvement of epithelial inflammasomes. During my PhD, I was interested in deciphering the molecular 

mechanisms implicated in the cellular damage observed in the lung epithelium of CF patients chronically 

infected by P. aeruginosa. This work is under revision in the Journal Experimental Medicine (Pinilla et 

al., 2023). 

1. Work context 1: Human NLPRP1 is a sensor of pathogenic coronavirus 3CL 

proteases in lung epithelial cells 

I. Study context and objectives 

Since the early 2020s, NLRP1 has become an important topic of research as is now rising as an important 

epithelial sensor involved in antimicrobial defence as well as in the development of pathologies. Pioneer 

studies demonstrated that 3C proteases of several Picornaviridae viruses, such as human rhinovirus 

(HRV), cleaves and activates NLRP1 (Robinson et al., 2020c). Interestingly, NLRP1 is acting as a central 

decoy receptor aiming to counteract microbial virulence factors. These results suggests that other 

viruses or microbial pathogens containing 3C proteases could also activate the NLRP1 inflammasome.  
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During my PhD, one of my works consisted in deciphering the molecular and cellular mechanisms of the 

immune response to the COVID-19 infection. To do so, we screened the different inflammasome 

receptors expressed in lung epithelial cells and confirmed, as previously described, that they mainly 

express the NLRP1 inflammasome. We therefore hypothesized that NLRP1 might act as a SARS-Cov-2 

sensor. Because NLRP1 is expressed in primary airway epithelial cells, but its expression is lost in several 

human tumor cell lines, we over-expressed or deleted hNLRP1 in the alveolar epithelial cell line A549 

ACE2: A549 ACE2/NLRP1+ or A549 ACE2/NLRP1- . We found that infection with SARS-Cov-2 leads to a pyroptotic 

form of cell death in cells expressing NLRP1 but not in NLRP1 deficient cells. Conversely, complementing 

NLRP1 in NLRP1 deficient cells restored infection-induced cell death. Recent work has shown that NLRP1 

can be activated following its cleavage by viral proteases of type 3C of enteroviruses. We investigated 

the role of SARS-Cov-2 proteases in the NLRP1 activation in lung epithelial cells. SARS-Cov-2 codes for 2 

proteases involved in the maturation of viral polyproteins: NSP3 or PL-pro, a papain-like protease, and 

NSP5 or Mpro, a 3C-like cysteine protease. Consequently, our results demonstrated that the NSP5 3CL 

protease is able to cleave NLRP1 in its N-terminal domain after glutamine 333, leading to NLRP1 

activation. Our work has therefore shown that NLRP1 was activated after a SARS-Cov-2 infection, which 

leads to cell death by pyroptosis. In the classical pathway of pyroptosis, cell death is triggered by the 

cleavage of gasdermin-D protein which forms pores on the cell surface. We therefore investigated 

whether infection leads to the formation of these active forms of gasdermin-D. Surprisingly, we could 

not observe gasdermin-D active forms but the infection was associated with the appearance of 

gasdermin D cleavage bands. We tested the effect of the SARS protease NSP5 on these gasdermin D 

cleavages and observed that the SARS protease NSP5 cleaves Gasdermin D, after Q193, to generate an 

inactive fragment. This allowed us to demonstrate a new mechanism of SARS virulence that inactivates 

gasdermin D by cleaving it via its protease NSP5. To decipher what mechanism triggers cell death after 

SARS-Cov-2 infection we generated knock-out (by CrisprCas9 method) of gasdermin-D, gasdermin-B and 

gasdermin-D. We demonstrate that the infection by Sars-Cov-2 activates NLRP1 but inactivates the 

gasdermin-D inducing the engagement of an alternative pyroptosis pathway that involves the activation 

of gasdermin-E. To understand the effect of the virus detection by NLRP1 on viral replication we 

measured the production of infectious viruses particles in A549 ACE2/NLRP1+ or A549 ACE2/NLRP1-  cells using 

the TCID50 titration technique (dose of virus that infects 50% of the culture). The results showed that 

NLRP1 restricts the production of infectious viruses by 5X. This demonstrates that the NLRP1 pathway 

induces an anti-viral response, at least in vitro. Finally, to return to a physiological context, we studied 

patients to see if we could measure markers of the activation of this NLRP1 pathway. To do this, we 

were lucky enough to obtain plasma samples from patients with COVID-19, in collaboration with the 

IMAGINE Institute in Paris and the Toulouse Hospitals. Our results showed a higher amount of 
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Gasdermine E and IL-18 in patients with Severe COVID, suggesting that the  over-activation of the NLRP1 

pathway may be pathological during SARS-CoV-2 infection. 

To conclude, our work has shown that NLRP1 is an important sensor of SARS-CoV-2 infection in lung 

epithelial cells. Mechanistically, NLRP1 activation is dependent on the SARS-CoV-2 protease NSP5 3CL. 

This protease is a virulence factor that is able to inactivate gasdermin D in an attempt to escape 

pyroptosis but this protease activity is detected by NLRP1 which acts as a decoy receptor and induce a 

pyroptotic cell death by an alternative pyroptosis pathway that involves the activation of GE. 

Collectively, the detection of SARS-CoV-2 by the NLRP1 inflammasome leads to cell death by pyroptosis, 

which limits the production of infectious virus particles. Although this response is protective in vitro and 

limits the production of infectious virus particles, our data suggest that overactivation may be associated 

with severe disease.  

Contribution  

In this article, in which I am sharing the first author position with Remi Planes, Karin Santoni, Audrey 

Hessel, and Charlotte Passemar, I was involved in the development of the entire project and the design 

of the experiments. Below is a more detailed description of the experiments I performed.  

To show that the NSP5 protease was able to cleave NLRP1 and gasdermin D, I performed all the NLRP1 

and gasdermin D cleavage experiments in vitro and the western blots. 

To show that SARS-CoV-2 NSP5 cleaves NLRP1 at the Q333 site, I generated the different mutations in 

NLRP1 plasmids and transfected A549 cells with NLRP1 wild-type or NLRP1 mutated genes. To examine 

the ability of NSP5 to cleave wild-type or mutated NLRP1, I performed the in vitro cleavage assays. 

To show that NSP5 cleaves Gasdermin D in its pore-forming domain and generates an inactive form of 

Gasdermin D, we performed top-down mass spectrometry (in collaboration with Julien Marcoux at the 

IPBS). Following this experiment, we showed that SARS-CoV-2 protease Nsp5 generates two different 

fragments. To study the activity of the fragments, I generated plasmids expressing the full-length of 

gasdermin D, the active domain N-terminal of gasdermin D (1-275), and the different fragments of 

gasdermin D generated after the cleavage by SARS-CoV-2 3CL proteases, 1-193 and 194-484. To study 

their activity to active or not cell death, I expressed these plasmids in A549 cells Gasdermin D deficient, 

and I measured the induction of cell death thanks to the measure of LDH release. 

To demonstrate what sites were implicated in the gasdermin D cleavage by NSP5, I generated cells stably 

expressing the GsdmD gene mutated for protease cleavage sites (GSDMDQ193A and GSDMDQ335A). I 

performed in vitro cleavage assays with lysates of cells expressing GSDMD full length, GSDMDQ193A, 

and GSDMDQ335A that I incubated with NSP5 or caspase 1. 
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SUMMARY

Inflammation observed in SARS-CoV-2-infected patients suggests that inflammasomes, proinflammatory

intracellular complexes, regulate various steps of infection. Lung epithelial cells express inflammasome-

forming sensors and constitute the primary entry door of SARS-CoV-2. Here, we describe that the NLRP1 in-

flammasome detects SARS-CoV-2 infection in human lung epithelial cells. Specifically, human NLRP1 is

cleaved at the Q333 site by multiple coronavirus 3CL proteases, which triggers inflammasome assembly

and cell death and limits the production of infectious viral particles. Analysis of NLRP1-associated pathways

unveils that 3CL proteases also inactivate the pyroptosis executioner Gasdermin D (GSDMD). Subsequently,

caspase-3 and GSDME promote alternative cell pyroptosis. Finally, analysis of pyroptosis markers in plasma

fromCOVID-19 patientswith characterized severe pneumonia due to autoantibodies against, or inborn errors

of, type I interferons (IFNs) highlights GSDME/caspase-3 as potential markers of disease severity. Overall,

our findings identify NLRP1 as a sensor of SARS-CoV-2 infection in lung epithelia.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2), responsible for coronavirus disease 2019 (COVID-19), has in-

fected more than 219 million people worldwide. SARS-CoV-2

infection can induce multiorgan failure-associated sepsis with

an increased risk in immune-deficient individuals and patients

with particular pre-existing comorbidities (Al-Samkari et al.,

2020; Cao, 2020; Carvalho et al., 2021; Berlin et al., 2020; Zheng

et al., 2020). Given SARS-CoV-2 initially infects nasal, bronchial,

and lung epithelial cells, the host response in these cells can

potentially control infection or may result in a response to

SARS-CoV-2 that leads to excessive inflammation (Liu et al.,

2021; Peng et al., 2021).

Inflammasomes comprise an important response to viral

infection. These cytosolicmultiprotein complexes are composed

of a receptor/sensor, the adaptor protein ASC (at the noticeable

exception of the CARD8 inflammasome), and the proinflamma-

tory protease caspase-1 (Broz and Dixit, 2016). Upon inflamma-

some assembly, caspase-1 autoactivates and processes
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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, py-

roptosis, 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 ofmicrobial 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 sus-

pected 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).

As previously described, immunoblotting analysis of the

expression of inflammasome-forming sensors in human primary

epithelial and cell lines highlights that primary bronchial and alve-

olar epithelial cells specifically express the inflammasome-form-

ing sensor NLRP1 (Figures 1A and S1A) (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 pro-

teins noncovalently connected (Chavarrı́a-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 (Chavarrı́a-

Smith et al., 2016; Chui et al., 2019; Sandstrom et al., 2019)

and also in humans in response to enterovirus 3C cysteine pro-

teases (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 inhib-

itor protein], C2TA [MHC class 2 transcription activator], HET-E

[incompatibility locus protein from Podospora anserina]

and TP1 [telomerase-associated protein]) LRR (Leucine-Rich

Repeats) domain. This mechanism also promotes inflamma-

some 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) prote-

ase, 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, and S1B), limiting the ability to use these cells

to analyze the innate immune response to viral infection. There-

fore, we expressed hNLRP1 in the alveolar epithelial cell

line A549ACE2. This cell line expresses endogenous ASC,

caspase-1, andGSDMD (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; 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 NLRP1-

expressing cells (Figures S1C–S1E). In addition, only NLRP1-ex-

pressing cells contained ASC-GFP specks upon Val-boro treat-

ment, indicating that this fusion protein can be used to monitor

inflammasome assembly (Figure S1F).
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22The Medical Genetics Department, Koç University School of Medicine, 34010 Istanbul, Turkey
23Present address: Institute of Pharmacology and Structural Biology (IPBS), University of Toulouse, CNRS, Toulouse, France
24These authors contributed equally
25These authors contributed equally
26Further details can be found in the supplemental information
27Lead contact

*Correspondence: remi.planes@ipbs.fr (R.P.), etienne.meunier@ipbs.fr (E.M.)

https://doi.org/10.1016/j.molcel.2022.04.033

ll

Article

2386 Molecular Cell 82, 2385–2400, July 7, 2022



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 (ATPGlo) evaluation in A549ACE2/NLRP1+ and A549ACE2/NLRP1� airway epithelial cell lines infected with various multiplicity of infec-

tion (MOI) of SARS-CoV-2 for 24 h.

(C) Florescence microscopy and associated quantifications of ASC-GFP specks in A549ACE2/NLRP1+/ASC-GFP and A549ACE2/NLRP1�/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

(legend continued on next page)
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Next, we infected A549ACE2/NLRP1+ or A549ACE2/NLRP1� 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 trig-

gered a dose-dependent cell death of epithelial cells, a process

that was dependent on the NLRP1 expression (Figures 1B and

1C). In addition, only cells expressing NLRP1 exhibited active in-

flammasome 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 vari-

ants, suggesting that NLRP1-driven response is not directly

impacted by the appearance of those viral mutations (Fig-

ure S1G). Although primary bronchial epithelial cells and

A549ACE2/NLRP1+ cells do not express detectable levels of

NLRP3, we controlled that NLRP3 was not involved in triggering

this process by treating NHBEs and A549ACE2/NLRP1+ cells with

an inhibitor of the NLRP3 inflammasome, namely MCC950

(Figures S1H and S1I). 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� cells (Figure S1H). The ef-

ficacy of MCC950 was also tested in THP1 humanmonocyte cell

line, which express detectable levels of NLRP3 and inhibited the

activation of NLRP3 inflammasome upon exposure with thewell-

known toxin nigericin (Figure S1I).

Next, we explored the viral steps that were required for effi-

cient NLRP1 inflammasome activation upon SARS-CoV-2 infec-

tion. 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

A549ACE2/NLRP1+ cells as measured by the lack of appearance

of the nucleocapsid (N) protein (Figure S1J). Whenwe addressed

the ability of both compounds to modulate SARS-CoV-2-depen-

dent NLRP1 activation, we found that cell lysis (LDH release)

levels aswell as ASC-specks did not appear in presence of those

inhibitors (Figures 1D and 1E). 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 pri-

mary and in A549ACE2/NLRP1+ cells, suggesting that caspases are

important regulators of this process (Figures 1D and S1J).

Finally,weaimedatdetermining the reproducibilityofourobser-

vations in primary human epithelial cells. Hence, we used normal

humanbronchial epithelial cells (NHBEs) and evaluated the impor-

tance of NLRP1 in SARS-CoV-2-driven epithelial cell death. Infec-

tion ofNHBEwith variousSARS-CoV-2 strains led to the induction

of cell death, a process that was strongly impaired in presence of

the pan-caspase inhibitor Z-VADbut not in presence ofNecropto-

sis inhibitor Nec1s or the ferroptosis inhibitor Fe1 (Figures 1F and

S1L), suggesting a critical function of caspases in SARS-CoV-2-

driven epithelial cell death. Next, we generated genetic invalida-

tion ofNLRP1gene expression usingCRISPR-Cas9 inNHBEcells

(Figure 1G). Infection of NHBEWT and NHBENLRP1�/� epithelial

cells with SARS-CoV-2 showed a significant involvement of

NLRP1 expression in NHBE cell lysis after 36 h of infection (Fig-

ure 1G), hence confirming that NLRP1-dependent cell death oc-

curs 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 re-

quires viral replication.

SARS-CoV-2 3CL protease-cleaved NLRP1 triggers in-

flammasome 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 al., 2021;

Hollingsworth et al., 2021; Robinson et al., 2020; Sandstrom

et al., 2019). However, 3C protease cleaves NLRP1 between

Glutamine Q130 and Glycine G131 sites, which generates a free

Nter 131Glycine. This allows the recruitment of the Ubiquitin-pro-

cessing complex Cullin ZER1/ZYG11B and the targeting of ubiq-

uitinated-NLRP1 for proteasome degradation and subsequent

release and activation of the Cter UPA-CARD domain (Robinson

et al., 2020). Consequently, we infected A549ACE2/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; Eldeeb et al.,

experiments. For quantifications, the percentage of cells with ASC complexeswas 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 A549NLRP1+ and A549NLRP1� 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 remdesi-

vir (5 mM).

(E) Florescence microscopy and associated quantifications of ASC-GFP specks in A549ACE2/NLRP1+/ASC-GFP and A549ACE2/NLRP1�/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 infec-

tion. 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 indepen-

dent 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 ofNLRP1 in NHBE population using CRISPR-Cas9 andmeasure of cell lysis (LDH release) in NHBEWT and

NHBENLRP1�/� 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.
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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 A549NLRP1+/ASC-GFP and A549NLRP1�/ASC-GFP airway epithelial cell lines in-

fected 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 A549NLRP1+ 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 A549NLRP1+/ASC-GFP airway epithelial cell lines transduced with a doxycycline

(dox)-inducible plasmid encoding NSP5 or its catalytically inactive mutant NSP5C145A. 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-ter-

minal NLRP1, ACTIN, and NSP5.

(F) Florescence microscopy and associated quantifications of ASC-GFP specks in A549NLRP1+/ASC-GFP or A549NLRP1Q333A/ASC-GFP airway epithelial cell lines

transduced with a doxycycline (dox)-inducible plasmid encoding NSP5 or its catalytically inactive mutant NSP5C145A. Images shown are from one experiment

(legend continued on next page)
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2019). The use of MLN4924 markedly inhibited SARS-CoV-2-

induced 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 inflam-

masome 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 Ubiqui-

tination-driven NLRP1 degradation. Hence, we incubated

NLRP1+ and NLRP1� 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 and S2B–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, and S2B–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 anNter fragment of similar sizes, suggest-

ing a conserved ability of coronaviruses 3CL proteases to cleave

NLRP1 (Figure 2B). Such process was also seen using recombi-

nant NLRP1 protein in the presence of recombinant NSP5 prote-

ases from pathogenic coronaviruses, hence suggesting that

NSP5 alone is sufficient to mediate this process (Figures S2B

and S2C). To further determine if NSP5 catalytic activity ac-

counts at activating the NLRP1 inflammasome, we expressed

doxycycline-inducible NSP5 or its catalytically inactive mutant

(NSP5C145A) in NLRP1+ and NLRP1� 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 approx-

imately 38 kDa allowed us to map cleavage to a region in the

NLRP1 NACHT domain that contains the sequence 332LQG334

(Figures 2B–2D and S2D). 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 (NLRP1Q333A). We also used pre-

viously generated NLRP1 constructs that carry various muta-

tions 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

NLRP1Q333A (Figure 2E). To determine if the NLRP1Q333 site is

important for NSP5-mediated NLRP1 inflammasome nucleation,

we transduced ASC-GFP expressing cells with the NLRP1WT or

the NLRP1Q333A construct and monitored for NSP5-induced

ASC-speck formation and cell death. Cells expressing

NLRP1WT exhibited ASC-GFP specks, cell death induction,

and proteasome/Cullin ligase-dependency upon NSP5 expres-

sion (Figures 2F and 2G). In contrast, NLRP1Q333A-expressing

cells did not show ASC-GFP specks or robust cell death

upon NSP5 induction. We verified that the NLRP1Q333A

construct was still functional using nonprotease activators of

NLRP1. Hence, Val-boro treatment induced NLRP1WT- and

NLRP1Q333A-dependent cell lysis, suggesting that the

NLRP1Q333 site is specifically required for efficient NLRP1-

dependent 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 A549ACE2/NLRP1+ cells with SARS-CoV-2 in the pres-

ence of bortezomib. Indeed, as NLRP1 cleavage leads to protea-

somal degradation of the cleaved fragments, the used protea-

some 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 bortezo-

mib led to the detection of a cleaved NLRP1 fragment in

A549ACE2/NLRP1+ and A549ACE2/NLRP1Q130A cells, which was not

seen in A549ACE2/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 A549NLRP1+ and A549NLRP1� 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 A549NLRP1�, A549NLRP1+ A549NLRP1Q333A,

or A549NLRP1Q130A 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 A549NLRP1+ and A549NLRP1Q333A 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 NHBEWT 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 NHBEWT and NHBENLRP1�/� 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 asmeans ± SEM from n = 3 independent pooled experiments; ***p% 0.001 for the indicated comparisons with t test.
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Figure 3. NSP5 protease cleaves Gasdermin D in its pore-forming domain

(A) Cell death (LDH) evaluation in A549NLRP1+, A549NLRP1�, or A549NLRP1+/GSDMD� 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 NHBEWT andNHBEGSDMD�/� airway epithelial cells infected with various SARS-CoV-2 viral

strains (MOI 1) for 36 h.

(legend continued on next page)
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NLRP1Q333 site is important for cleavage upon SARS-CoV-2

infection and can be significantly revealed when inhibiting

proteasome-driven degradation (Figure 2H). Furthermore,

A549ACE2/NLRP1Q333A cells showed greater resistance to cell

death than A549ACE2/NLRP1+ cells upon SARS-CoV2 infection,

arguing that the Q333 site is important for efficient NLRP1 acti-

vation during viral infection (Figure 2I).

Finally, we performed NLRP1 immunoblotting in NHBE-in-

fected cells with SARS-CoV-2 and also observed the accumula-

tion 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

NHBEWT (Figure 2K). Altogether, our results suggest that the

SARS-CoV-2 protease NSP5 activates the NLRP1 inflamma-

some by cleavage at theNLRP1Q333 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 inflam-

masome is nucleated, it licenses caspase-1 autoactivation. Sub-

sequent cleavage of the pyroptosis executioner GSDMD acti-

vates this pathway. Using CRISPR-Cas9 editing, we generated

GSDMD KO lines in NHBE and A549ACE2/NLRP1+ cells and in-

fected them with SARS-CoV-2 (Figures 3A, 3B, and S3A). How-

ever, 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 and 3B). Similarly, immu-

noblots of infected cell samples (combined supernatants and

cell extracts) showed a decrease in the proform of GSDMD (anti-

body 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-GSDMDCter antibody,

the expected size of caspase-1-processed GSDMD is around

20 kDa) (Figure 3C). In addition, the use of an antibody that spe-

cifically recognizes the active Nter GSDMD fragment failed to

detect any active GSDMD (Figure 3B). This result was consistent

in A549ACE2/NLRP1+ and A549ACE2/NLRP1� cells, suggesting that

some protease-based, but inflammasome-independent, mech-

anism mediates this distinct processing of GSDMD (Figure 3B).

In order to determine whether SARS-CoV-2-encoded en-

zymes 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, sug-

gesting that the SARS-CoV-2 NSP5 protease can cleave

GSDMD (Figures 3D and S3B). 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 incu-

bated with NSP5, and the resulting mixture was subjected to

proteomic analysis. This approach detected GSDMD fragments

corresponding to the Nter of GSDMD 1-Q193 (Figure 3E). In order

to determine if NSP5 effectively cleaves at the Q193 site

of GSDMD, we expressed GSDMDWT, GSDMD193A, or

GSDMD335A encoding constructs in A549GSDMD cells. This

approach was previously used to detect enterovirus EV71 3C

protease-mediated cleavage at this site (Lei et al., 2017). Incuba-

tion of cell lysates with either NSP5 or recombinant human

caspase-1 (CASP1) showed that CASP1 efficiently cleaved all

GSDMD constructs (Figures 3F and S3C). However, we

observed that NSP5 was unable to process GSDMDQ193A, sug-

gesting that NSP5 cleaves GSDMD at the Q193 site (Figures 3F

and S3C).

Next, we transfected plasmids encoding for NSP5-generated

GSDMD fragments (1–193, 194–484) in A549 cells and moni-

tored for their pore-forming activity bymeasuring cell lysis induc-

tion. Although caspase-1-generated GSDMD1–275 fragment

showed strong lytic activity in A549 cells, none of the

NSP5-generated fragments showed pore-forming activity, sug-

gesting that NSP5-cleaved Nterm GSDMD inhibits GSDMD-

mediated pyroptosis (Figure 3G). To test our hypothesis, we

generated cell expressing GSDMD mutated in the NSP5 cleav-

age site. Expression of NSP5 protease in cells expressing

(C) Western blot examination of Gasdermin D (GSDMD) processing in A549NLRP1+ cells infected with SARS-CoV-2 at MOI of 0.1 for 24 h. GSDMD was immuno-

blotted 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 A549NLRP1+ or A549NLRP1� 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 identifica-

tion of GSDMD-cleaved fragments. In blue are represented the various GSDMD fragments identified upon NSP5 coincubation. In red is the NSP5 protease de-

tected 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) pro-

teases in cell lysates from A549 expressing WT GSDMD or GSDMD193A constructs. GSDMD (anti-C-terminal), NSP5, and ACTIN were immunoblotted.

(G) Cell death (LDH) evaluation in A549 cells expressing doxycycline-inducible GSDMD fragments, includingGSDMD 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 A549NLRP1+/GSDMD� cells complemented or not with constructs coding for WT GSDMD or GSDMD193A. Cells were trans-

duced 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 deter-

mined 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.

ll

Article

2392 Molecular Cell 82, 2385–2400, July 7, 2022



(legend on next page)

ll

Article

Molecular Cell 82, 2385–2400, July 7, 2022 2393



NSP5-uncleavable GSDMD (GSDMD193A) 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 GSDMD193A (Figure 3H).

Finally, SARS-CoV-2 infection also induced higher cell death

levels in GSDMD193A-expressing cells than that in parental cells,

suggesting that GSDMD cleavage by NSP5 might lower the effi-

ciency 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 Gasder-

min 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 al., 2020;

Orzalli et al., 2021; Taabazuing et al., 2017; Tsuchiya et al.,

2019; Zhou and Abbott, 2021). 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 A549ACE2/NLRP1+ and

HBEWT but not in A549ACE2/NLRP1� or NHBENLRP1�/� cells

(Figures 4A and 4B). In addition, the pan-caspase inhibitor

Z-VAD strongly impaired GSDME cleavage, suggesting that

NLRP1-dependent caspase-8 and caspase-3 activation li-

censes GSDME cleavage (Figure 4A). Furthermore, quantitation

of caspase-1 or caspase-3/7 activities in SARS-CoV-2-infected

A549ACE2/NLRP1+ and NHBEWT cells revealed that the activity of

both caspases is increased (Figures 4C and 4D). However, we

noticed that the levels of caspase-1 activity in A549ACE2/NLRP1+

cells were extremely low (10 times lower) compared with those

observed in NHBEWT cells (Figures 4C and 4D). Thus, to defini-

tively 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 A549ACE2/NLRP1+ and in HBEWT cells. Although caspase-1 inhi-

bition showed a negligible reduction in cell death both in

A549ACE2/NLRP1+ and in NHBEWT cells, themost striking inhibition

was observed in the presence of Z-VAD as well as the

caspases-8 (Z-IETD)-specific and caspases-3 (Z-DEVD)-spe-

cific inhibitors (Figures 4E and 4F). 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 gener-

ated A549ACE2/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 ge-

netic removal caspase-3 and GSDME improved cell survival

upon SARS-CoV-2 infection (Figures 4G and 4H). 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

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

(A) Western blot examination of Gasdermin E, caspases-3, and caspases-8 processing in A549NLRP1+ and A549NLRP1� 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 NHBEWT and NHBENLRP1�/� 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) NHBEWT or A549NLRP1+ 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 A549NLRP1+ 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 A549NLRP1+ or A549NLRP1+/CASP3�-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 A549NLRP1+, A549NLRP1+/GSDMD�, or A549NLRP1+/GSDME�-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 NHBEWT or NHBEGSDME�/�-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) showdata presented asmeans ± SEM from n = 3

independent pooled experiments; ***p% 0.001 for the indicated comparisons with t test.
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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 thegeneration 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

A549ACE2/NLRP1+, A549ACE2/NLRP1�, or NHBEWT/NHBENLRP1�/�

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 parti-

cles (Figures S4A and S4B). 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-associatedmolecular patterns), we next aimedat deter-

mining 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

suchasHMGB1, IL-18, and IL-1B,butalso thecaspase-3-derived

alarmin interleukin-16 (IL-16). IL-16 is not an inflammasome-

derived alarmin; however, its cleavage by caspase-3 allows its

maturation and release. Hence, given the strong involvement of

thecaspase-3/GSDMEaxis inSARS-CoV2-dependentcell death,

we also included IL-16 in our analysis as a read out of caspase-3-

driven cytokinematuration and release. At the exception of IL-1B,

all other alarmins/cytokines tested showed anNLRP1-dependent

enrichment in the supernatant of infected A549ACE2/NLRP1+ and

NHBEWTcells, henceconfirming thatNLRP1-dependent pyropto-

sis in epithelial cells generates robust alarmin and DAMP re-

sponses (Figures S4D and S4E).

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 en-

riched 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 pneu-

monia 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 A549ACE2 cells deficient for the

expression of MAVS, a central modulator of interferon produc-

tion upon SARS-CoV-2 infection (Figures S5A–S5C). We

next infected A549ACE2/NLRP1�/MAVS+, A549ACE2/NLRP1+/MAVS+,

A549ACE2/NLRP1�/MAVS�, and A549ACE2/NLRP1+/MAVS� cells with

SARS-CoV-2 and monitored for cell death. We observed a very

strong induction of NLRP1-dependent cell lysis in MAVS-defi-

cient 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 cas-

pase-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 inflam-

masome 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

(WHOWorking Group on the Clinical Characterization and Man-

agement of COVID-19, 2020). First, patients with moderate (non-

hypoxemic) COVID-19 pneumonia on admission and throughout

their stay at the hospital (group ‘‘Moderate’’ with aWHO 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

and S5D).

We sampled 10–15 patients from each category, and already

in this small cohort, wewere 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 previ-

ously described; however, we failed to detect significant differ-

ences in IL-1B levels among the different type of patients we as-

sayed (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 crit-

ical 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 hu-

manized 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.
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DISCUSSION

Our study identifies NLRP1 as a central sensor of SARS-CoV-2

3CL protease NSP5 but also highlights NSP5 as a virulence fac-

tor against GSDMD-mediated pyroptosis. In line with pioneering

studies on the ability of picornavirus 3C proteases to cleave hu-

man NLRP1 at a different site (Q130-G131) and promote its activa-

tion, 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 pro-

tease from EV71 enterovirus was shown to cleave and inactivate

GSDMD at the 193Q site (Lei et al., 2017). It is tempting to spec-

ulate 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 pro-

teasomal 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 prote-

ases by NLRP1, the cytokine storm observed in SARS-CoV-2

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.
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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 pro-

motes 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, primingwith various PRR ligandsmight pro-

mote NLRP3 expression in epithelial cells warrants further

investigations.

Induction of a well-balanced innate immune response is cen-

tral to controlling microbial infections, including those triggered

by pathogenic coronaviruses (Broggi et al., 2019; Schultze and

Aschenbrenner, 2021; Tay et al., 2020; Zheng et al., 2020).

Consequently, any delay in a robust type I interferon produc-

tion/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; Za-

noni, 2021; Zhang et al., 2020). Our insights into NLRP1 inflam-

masome 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.

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 devas-

tating 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 cyto-

kine 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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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti- Gasdermin D (N-terminal), 1: 1000 ab215203;RRID: AB_2916166 Abcam

Anti- Gasdermin D (C-terminal), 1: 1000 ab210070;RRID: AB_2893325 Abcam

Anti- NLRP1 (N-terminal), 1: 1000 AF6788-SP;RRID: AB_2916167 R&D system

Anti- NLRP1 (C-terminal), 1: 1000 ab36852;RRID: AB_776633 Abcam

Anti -ACE2, 1: 1000 ab108252;RRID: AB_10864415 Abcam

Anti -TMPRSS2, 1: 1000 ab92323;RRID: AB_10585592 Abcam

Anti-actin 1: 5000 A1978;RRID: AB_476692 Sigma-Aldrich

anti-Sheep igG HRP (1/4000) HAF016;RRID: AB_562591 R&D

Goat anti-mouse HRP (1/4000) 1034-05;RRID: AB_2794340 SouthernBiotech

Goat-anti-rabbit IgG (H+L), HRP

conjugate (1/4000)

R-05072-500;RRID: AB_10719218 Advansta

Rabbit anti-Goat IgG (H+L) Secondary

Antibody, HRP (1/4000)

81-1620;RRID: AB_2534006 Invitrogen

Donkey anti-Rabbit IgG (H&L) - Affinity

Pure, DyLight�550 Conjugate (1/1000 IF)

DkxRb-003-D550NHSX;RRID: AB_2916168 ImmunoReagents

Anti Caspase 8 (1: 1000) ALX-804-242-C100;RRID: AB_2050949 Enzo Life

Anti Caspase 1 (1: 1000) AG-20B-0048-C100;RRID: AB_2916169 Adipogen

Anti Caspase 3 (1: 1000) 9662S;RRID: AB_331439 Cell Signaling

Anti gasdermin E (1: 1000) Ab215191;RRID: AB_2737000 Abcam

Anti SARS NSP5 (1: 1000) NBP3-07061;RRID: AB_2916170 Novusbio

Anti SARS Nucleocapsid (1: 1000) NB100 56683;RRID: AB_838841 Novusbio

Bacterial and virus strains

BetaCoV/France/IDF0372/2020 Sylvie van der Werf and the National

Reference Centre for Respiratory Viruses

Institut Pasteur

(Paris, France)

hCoV-19/USA/MD-HP05647/2021 (Delta Variant) BEI

hCoV-19/USA/OR-OHSU-PHL00037/2021

(Alpha Variant)

BEI

hCoV-19/Japan/TY7-503/2021 (Gamma Variant) BEI

Biological samples

Plasma from Covid patients Covid Biotoul cohort/Toulouse, France Hospital of Toulouse

Plasma from patients with inborn mutations or

autoantibodies

Institut Imagine/Covid genetic effort Institut Imagine,

Paris/France

Chemicals, peptides, and recombinant proteins

Z-VAD: 40 mM tlrl-vad Invivogen

Y-VAD: 40 mM inh-yvad Invivogen

Z-DEVD: 40 mM S7312 Selleck Chemicals

Z-IETD: 40 mM inh-ietd Invivogen

MCC950: 10 mM inh-mcc Invivogen

VX765: 10 mM inh-vx765i-1 Invivogen

DMF: 10 mM S2586 Selleck Chemicals

MLN4924: 1 mM 6499 Tocris

Remdesivir: 5 mM 282T7766 Tebubio

Bortezomib: 0,1 mM S1013 Selleck Chemicals

PF-00835231: 10 mM S9731 Selleck Chemicals

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CG-376 SE-S0475 Euromedex

Nigericin tlrl-nig-5 Invivogen

Hoescht 62249 Invitrogen

Poly(I:C) HMW tlrl-pic Invivogen

Nate lyec-nate Invivogen

Lipofectamine 2000 11668030 Invitrogen

Lipofectamine LTX 15338030 Invitrogen

Doxycycline S5159 Selleck chemicals

Recombinant human IL-18 (rcyec-hil18) Invivogen

Critical commercial assays

IL-1B 88-7261-77 Fisher Scientific

IL-6 555220 BD

IL-16 DY316 R&D

Caspase 3 BMS2012INST Invitrogen

Gasdermin E AG-45B-0024-KI01 Adipogen

HMGB1 NBP2-62766 Novusbio

Deposited data

Original blots and microscopy images https://doi.org/10.17632/nwhd3w9w5x.1 Mendeley dataset

Experimental models: Cell lines

THP1 KO NLRP3 Thp-konlrp3z Invivogen

THP1 Thp-null Invivogen

A549 A549d-nfis Invivogen

A549-Dual� ACE2 & TMPRSS2 a549d-cov2r Invivogen

A549-Dual� KO-MAVS Cells a549d-komavs Invivogen

A549 ACE2 & TMPRSS2 Cells a549-hace2tpsa Invivogen

IL-18 Reporter HEK 293 Cells (hkb-hmil18) Invivogen

Lonza, B-ALI kit 00193514 00193514 Lonza

Corning HTS Transwell-24 well

permeable supports

CLS3379 Corning

Recombinant DNA

LentiCas9-Blast addgen ref 52962 (Sanjana et al.,

2014)

p8.91 Didier Trono lab Didier Trono lab

pMD.2G addgene ref 12259 Didier Trono lab

LentiGuide-Puro addgen ref 52963 (Sanjana et al.,

2014)

Vector pLVX-EF1a-IRES-Puro

Containing the SARS-CoV-2,

USA-WA1/2020 3C-Like Protease

Gene, C145A Mutant

BEI NR-52953 BEI

pLEX307-SARS-CoV-2-3CL (NSP5) addgene #160278 (Resnick et al.,

2021)

pSC2+ NLRP1 constructs (Robinson et

al., 2020)

pLV-72-Cas9-GFP N/A Invivogen

pLVB-Tet ON N/A Invivogen

pLVB-TetR N/A Invivogen

pBRGEN N/A Invivogen

pMSCV-puro Addgene plasmid # 68469 (Akama-Garren et al., 2016)

pMSCV-GsdmB GeneScript N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pMSCV-GsdmE GeneScript N/A

pMSCV-GsdmD GeneScript N/A

pCW57-RFP- P2A-MCS Addgene #89182 (Barger et al., 2021)

LENTI V2 plasmid Addgene 52961 N/A

Oligonucleotides

sgRNA targetting Gasdermin E (Exon 2) CAGTTTTTATCCCTCACCCT Sigma-Aldrich

sgRNA targetting Gasdermin E (Exon 2) TAAGTTACAGCTTCTAAGTC Sigma-Aldrich

sgRNA targetting Gasdermin E (Exon 3) GTCGGACTTTGTGAAATACG Sigma-Aldrich

sgRNA targetting Casp1 (Exon 2) TTGTGAAGAAGACAGTTACC Sigma-Aldrich

sgRNA targetting Casp1 (Exon 4) AAGGATATGGAAACAAAAGT Sigma-Aldrich

sgRNA targetting Gasdermin D (Exon 5) TTAGGAAGCCCTCAAGCTCA Sigma-Aldrich

sgRNA targetting Gasdermin D (Exon 6) GAATGTGTACTCGCTGAGTG Sigma-Aldrich

sgRNA targetting Gasdermin D (Exon 5) AGGTTGACACACTTATAACG Sigma-Aldrich

sgRNA targetting Caspase 3 (Exon 4) CATACATGGAAGCGAATCAA Sigma-Aldrich

sgRNA targetting Caspase 3 (Exon 5) TGTCGATGCAGCAAACCTCA Sigma-Aldrich

sgRNA targetting MAVS ACCTCAGCAGATGATAGGCTCGGCC Sigma-Aldrich

sgRNA targetting MAVS ACCTCGCCCATCAACTCAACCCGTGC Sigma-Aldrich

sgRNA targetting NLRP1 (Exon 2) GCTCAGCCAGAGAAGACGAG Sigma-Aldrich

sgRNA targetting NLRP1 GATAGCCCGAGTGACATCGG Sigma-Aldrich

sgRNA targetting NLRP1 AGCCCGAGTGACATCGGTGG Sigma-Aldrich

sgRNA targetting GFP GGAGCGCACCATCTTCTTCA Sigma-Aldrich

Fwd Q333A GAACCTCGCATAGTCATACT

GGCGGGGGCTGCTGGAATTGGGAAG

Sigma-Aldrich

Rev Q333A CTTCCCAATTCCAGCAGCCCCCGCCA

GTATGACTATGCGAGGTTC

Sigma-Aldrich

HA-GsdmD Q335A fwd2 GGCGCTGGAGgccGGCCAGAGCCTT

GGGCC

Sigma-Aldrich

HA-GsdmD Q335 rev2 cgcaaccccaaccccggatccCTAGTGGGG

CTCCTGGCTC

Sigma-Aldrich

HA-GsdmD Q193 fwd cagatcgcctggagaattggctagcATGTACCCA

TACGATGTTCCA

Sigma-Aldrich

HA-GsdmD Q193 rev cgcaaccccaaccccggatcctcaCTGCAAGC

ACGTGGCTC

Sigma-Aldrich

HA-GsdmD N-ter fwd cagatcgcctggagaattggctagcATGTACCC

ATACGATGTTCC

Sigma-Aldrich

HA-GsdmD N-ter rev cgcaaccccaaccccggatcctcaATCTGTCA

GGAAGTTGTGG

Sigma-Aldrich

GsdmD Q193 fwd1 aggcgccggaattagatctctcgagatggactaca

aagacgatgacgacaagGGTGGAGGTGGA

GGTGGA

Sigma-Aldrich

GsdmD Q193A rev1 GGCCCTCACCggcCAAGCACGTGGC

TCCGG

Sigma-Aldrich

HA-GsdmD Q193A fwd2 CACGTGCTTGgccGGTGAGGGCCAG

GGCCAT

Sigma-Aldrich

GsdmD Q193 rev2 pMSCV ctcccctacccggtagaattcCTAGTGGGGC

TCCTGGCTC

Sigma-Aldrich

GsdmD Q335 fwd1 aggcgccggaattagatctctcgagatggacta

caaagacgatgacgacaagGGTGGAGG

TGGAGGTGGAG

Sigma-Aldrich

GsdmD Q335A rev1 GGCTCTGGCCggcCTCCAGCGCC

TCCTCCAA

Sigma-Aldrich

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents listed in method details and key resources table sections should be

directed to and will be fulfilled by the lead contact, Etienne Meunier, Etienne.meunier@ipbs or Emmanuel Ravet, e.ravet@

invivogen.com

Regarding the experimental model and subject details that relate to medical aspects of this study, request of information must be

sent to jean-laurent.casanova@inserm.fr and Guillaume-martin.blondel@chu-tlse.fr

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 prep-

aration 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 ‘‘Comité 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

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

HA-GsdmD Q335A fwd2 GGCGCTGGAGgccGGCCAGAGC

CTTGGGCC

Sigma-Aldrich

GsdmD Q335 rev2 pMSCV ctcccctacccggtagaattcCTAGT

GGGGCTCCTGGCTC

Sigma-Aldrich

Recombinant proteins

Recombinant SARS-COV 3CL E-718-050 Novusbio

Recombinant SARS-CoV-2 3CL E-720-050 Novusbio

Recombinant MERS-CoV 3CL E-719-050 Novusbio

Recombinant human caspase-1 protein (active) Ab39901 Abcam

Nsp3, peptidase C16 of PLpro PX-COV-P004 proteogenix

HRV3C Protease SAE0045 Sigma-Aldrich

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
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on respiratory samples. 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 (WHOWorking Group on the Clinical Character-

isation 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,

invasive ventilation, or extra-corporeal membrane oxygenation (WHOgrade >5). Three groups of non-immunocompromised patients

were identified for the purpose of this study: patients with moderate COVID-19 on admission and throughout their stay at the hospital

(group ‘‘Moderate’’); patients with moderate COVID-19 on admission with subsequent clinical worsening and severe COVID-19

requiring ICU admission (group ‘‘Moderate/Severe’’); and patients with severe disease requiring ICU already on admission (group

‘‘Severe’’). Mean age of COVID-19 patients was 60.8 ± 12 years, the percentage of females was 24.4.

Plasma from patients with interferon alterations

15 plasmas from patients with life-threatening COVID-19 pneumonia who developed critical disease (Bastard et al., 2020; Zhang

et al., 2020) were obtained. Specifically, 3 patients exhibited inborn autosomic recessive (AR) or autosomic dominant (AD) mutation

in genes encoding for interferon production/response, including AD TBK1 (MB019430), AR IRF7 (MB019096) and AR IFNAR1

(MB019091) (Zhang et al., 2020). The 12 other plasma samples came from COVID-19 patients with proven auto-antibodies to

IFNa2/IFNw (Figure S5D; 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 Pneu-

monia. 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).

Plasma and serum samples from the patients were frozen at �20�C immediately after collection.

Cell culture

Vero E6, Calu, THP1, HEK 293FT, THP1Nlrp3-/- 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. 104 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 Differ-

entiating 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 5.104 (MOI 0.5), 1. 105 (MOI 1) or 2.105 (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 rotarymicrotome (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 unmask-

ing 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 counter-

stained 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 transducedwith VSV-G pseudotyped lentiviral vector carrying

theNLRP1 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.
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To generate cells stably expressingGSDMD genemutated for protease cleavage sites (GSDMDQ193A andGSDMDQ335A) we recon-

stituted GSDMD deficient cells with full length or mutated GSDMD constructs (GSDMDQ193A and GSDMDQ335A). Cells were trans-

duced with VSV-G pseudotyped lentiviral vector carrying different GSDMD constructs in presence of 8mg/ml polybrene and centri-

fugated for 2h at 2900 rpm at 32�C. 48 h later, mediumwas 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 theN-terminal andC-terminal domains of GSDMDpeptideswere generated

following proteases cleavage by using SnapGene software; 2) N-terminal and C- terminal GSDMD coding sequence were generated

by PCRwith 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-ter-

minal 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 GSDMDQ193A and

GSDMDQ335A) 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) ac-

cording 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 3CLC145A 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 105 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 30min. DNA-lipids complexes were pre-

pared with 1mg of pCS2+ NLRP1 mutated plasmids (Robinson et al., 2020) or pCS2+ NLRP1Q333A, lipofectamine LTX and PLUS re-

agent 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 105 A549 dual cells were plated in 6 well plate in 10%FBSDMEM (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. The BetaCoV/France/IDF0372/2020 isolate was sup-

plied 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.

SARS-CoV-2 isolates were amplified by infecting Vero E6 cells (MOI 0.005) in DMEM (Gibco) supplementedwith 10mMHEPES and

1% penicillin-streptomycin (Gibco). The supernatant was harvested at 48 h post-infection when cytopathic effects were observed,
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cell debris were removed by centrifugation, and aliquots were frozen at�80�C. Viral stocks were titrated by plaque assays in Vero E6

cells. Typical titers were 5 to 103 106 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-strepto-

mycin (Gibco), and then incubated overnight at 37 ◦C in a humidified, 5% CO2 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 sup-

plemented with 10mMHepes, 1% penicillin-streptomycin and 1% L-Glutamine for 1h at 37�C. Then, culture mediumwas completed

up to 200 ml with DMEM or Opti-MEM.

Virus titration by TCID50 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�1 to 10�6.5) 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

themanufacturer’s instructions. 125 ng of total RNAswere used to generate cDNAs. To quantify SARS-CoV-2 RNAs, the cDNAswere

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 PCRmaster 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 Cytotox-

icity 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-Glo� 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 Sci-

entific, (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 manufac-

turer’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 manufac-

turer instructions.

Top-down LC-MSMS

Nano-LC-MSMSanalyses of Gasdermin-Dwere performed on a nanoRSUHPLC 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 mMwas 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.
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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 themaximum injection time to 400ms. Dynamic exclusion for 60 swas usedwithin 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 pro-

teoforms were then manually validated. The search database was generated using a custom made.fasta file containing the se-

quences 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 pu-

rified 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-

2 PLpro 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 gasder-

min 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 105 cells were plated in 24 well plate.

The day of lysis, mediumwas 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 30min at 4�Cbefore being stored at

-80�C for further assays.

Cell imaging

Cells were images in BSL-3 facility under EVOS Floı̈d (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
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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 superna-

tant 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 super-

natant (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, RNPmixes containing

Cas9 protein (90pmoles, 1081059, IDT), gRNA (450pmoles) and electroporation enhancer (1mL/Mix, 1075916, IDT) were electropo-

rated 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) or GSDME (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 asmean with SEM. P values are given in figures. Significance

is defined as *p% 0.05; **p% 0.01, ***p% 0.001.
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were performed against full-length NLRP1 Nter (p130/110), ASC (p22), GSDMD (p55), 

CASP1 (p50) and ACTIN (p40). 

(B)  Western Blot examination of the expression of NLRP1, ASC, ASC-GFP, ACE2, 

TMRSS2 and ACTIN in A549 cells engineered for the purpose of this study. 

Immunoblots were performed against full-length NLRP1 Nter (p130/110), ASC (p22), 

ASC-GFP (p50), TMRSS2 (p54), ACE2 (p130) and ACTIN (p40). 

(C-E) Measure of cell lysis (LDH release) in A549NLRP1+ or A549NLRP1- transfected with 

polyI:C (0.1µg or 1µg) (B) or treated with Valboro (5 and 10µM) (C) in 

presence/absence of the Caspase-1 inhibitor Z-YVAD (25µM) for 10 hours.  

(F) Florescence microscopy of ASC-GFP specks in A549ACE2/NLRP1+/ASC-GFP and 

A549ACE2/NLRP1-/ASC-GFP airway epithelial cell lines treated with 5µM of Valboro for 10 

hours. Images shown are from one experiment and are representative of n=3 

independent experiments; scale bars 10 µm.  

(G) Florescence microscopy and associated quantifications of ASC-GFP specks in 

A549ACE2/NLRP1+/ASC-GFP airway epithelial cell lines infected for 24 hours with various 

strains of SARS-CoV-2 (MOI 0.01). 

(H) Measure of cell lysis (LDH release) in A549NLRP1+ or A549NLRP1- treated with Valboro 

(5 µM) for 10 hours or infected with SARS-CoV-2 (MOI 0.05) for 24 hours in 

presence/absence of the NLRP3 inhibitor MCC950 (10µM).  

(I) Measure of cell lysis (LDH release) in PMA (100ng/mL)-primed THP1 myeloid cells 

treated with Nigericin (20µM) for 2 hours in presence/absence of the NLRP3 inhibitor 

MCC950 (10µM).  

(J) Western blot examination of NLRP1 and SARS-CoV-2 Nucleocapsid (N) in 

A549ACE2/NLRP1+ and A549ACE2/NLRP1- airway epithelial cell lines infected with SARS-

CoV-2 for 24 hours multiplicity of infection (MOI) of 0.05 in presence /absence of the 

NSP5 protease inhibitor PF-00835231 (10µM), Remdesivir (5µM), or Z-VAD (25 µM).  

(K) Florescence microscopy of ASC-GFP specks in A549ACE2/NLRP1+/ASC-GFP airway 

epithelial cell lines treated with 5µM of Valboro for 10 hours in presence/absence of 

the 3CL inhibitor PF-00835231 (10µM) or Remdesivir (5 µM). Images shown are from 

one experiment and are representative of n=3 independent experiments; scale bars 10 

µm.  



(L) Microscopy characterization of Air-Liquid Interface-differentiated and infected 

epithelial cells (ACE2, Mucin 5AC, Acylated tubulin, Nuclei, SARS-CoV-2) and 

measure of cell lysis (LDH release) in NHBE epithelial cells infected for 36 hours with 

various strains of SARS-CoV-2 (MOI 1) in presence/absence of the pan Caspase 

inhibitor Z-VAD (40µM). Images shown are from one experiment and are 

representative of n=2 independent experiments; scale bars 50 µm. 

Data information: 

Western Blot (A, B, J) images are from one experiment performed three times. Graphs 

C, D, E, H, I, L show data presented as means ± SEM from n=6 (G) or n=3  independent 

pooled experiments; ***p ≤ 0.001 for the indicated comparisons with t-test. Images (F, 

G, K) show one experiment performed three times.  
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Figure S2 (Related to Figure 2). NSPS-cleaved NLRP1 nucleates inflammasome 

activation 

(A) Measure of cell lysis (LDH release) in As49NLRP1+ or A549NLRP1- infected with SARS

CoV-2 (MOI 0.05) for 24 hours in presence/absence of the proteasome inhibitors 

bortezomib (0.1 µM) or MG-132 (0.1 µM). 

(B) Western blot examination of NLRP1 cleavage using an anti NLRP1 Nter antibody 

(aa1-323) upon co incubation of SARS-CoV-2, SARS-CoV1 or MERS-CoV 3CL 

(NSP5) proteases with recombinant human NLRP1 in presence or absence of the 3CL 

inhibitor PF-00835231 (1 0µM). NLRP1 N-terminal, NLRP1 C-terminal, NSP5 and 

ACTIN were immunoblotted. 

(C) Western blot examination of NLRP1 cleavage using an anti NLRP1 N-terminal 

antibody (aa1 -323) upon co incubation of SARS-CoV-2 NSP5 or SARS-CoV-2 NSP3 

proteases with A549NLRP1+ cell lysates in presence or absence of the 3CL inhibitor PF-

00835231 (1 0µM). NLRP1 Nter, NLRP1 Cetr, NSP5 and ACTIN were immunoblotted. 



(D) Sequence alignment of the NSP5-targeted human NLRP1Q333 site with mouse and 

primate NLRP1. 

(E) Measure of cell lysis (LDH release) in A549NLRP1+ or A549NLRP1Q33A treated with 

Valboro (10µM) for 10 hours. 

(F) Proposed mechanism of human NLRP1 activation by NSP5 protease. 

Data informations: 

Western Blot (A-C) images are from one experiment performed three times. Graph E 

show data presented as means ± SEM from n=3 independent pooled experiments; ***p 

≤ 0.001 for the indicated comparisons with t-test. G was created using biorender.com 

 





(B) Western blot examination of Gasdermin cleavages by SARS-CoV-2 NSP5 or 

NSP3, HRV3C or recombinant human Caspase-1 (CASP1) proteases in cell lysates 

from A549 expressing GSDMD, GSDMB or GSDME. GSDMD (anti Cter), GSDME, 

GSDMB, NSP5 and ACTIN were immunoblotted. 

(C) Western blot examination 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 GSDMD193A constructs in presence/absence of the 3CL 

inhibitor PF-00835231 (10µM). GSDMD (anti Cter), NSP5 and ACTIN were 

immunoblotted. 

Data information: 

Western Blot (A-C) images are from one experiment performed three times.  
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Figure S4 (Related to Figures 1-4). NLRP1-dependent pyroptosis both limits the 

production of infectious particles and promotes alarmin/DAMP release 

(A) TCID50 measure of production of infectious viral particles in A549ACE2/NLRP1+, 

A549ACE2/NLRPt-and A549ACE2/MAVs- cells infected for various times with SARS-GoV-2. 

(B) TCID50 measure of production of infectious viral particles in NHBEwr and 

NHBENLRPt-I- cells infected for various times with SARS-CoV-2 (MOI 0.5). 



(C) Q-RT PCR evaluation of SARS-CoV-2 RdRp mRNA levels in A549ACE2/NLRP1+ or 

A549ACE2/NLRP1- cells after 24 and 48 hours of SARS-CoV-2 infection (MOIs 0.05 and 

0.005). 

(D, E) Measure of the release of various Alarmins/Cytokines after 24 (D) or 36 (E) 

hours of infection with SARS-CoV-2 (MOI 0.05 and 1 respectively) by A549ACE2/NLRP1+, 

A549ACE2/NLRP1-, NHBEWT and NHBENLRP1-/-  cells.  

Data informations: 

Graphs A-E show data presented as means ± SEM from n=3 independent pooled 

experiments; **p ≤ 0.01, ***p ≤ 0.001 for the indicated comparisons with t-test.  
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Figure SS (Related to Figure 4). Plasmas from COVID19 patients show 

enrichments in (IL)-16/-18/GSDME and CASP3. 

(A) Measure of cell lysis (LDH release) in A549NLRP1+, A549NLRP1-, A549NLRP1+/MAvs- and 

A549NLAP1·/MAvs- upon SARS-CoV-2 infection or Valboro (5 µM) treatment for 24 hours. 

(B) Measure of cytokine/alarmin release in A549NLRP1+ or A549NLAP1+IMAvs- upon SARS

CoV-2 infection for 24 hours. 

(C) Western Blot examination of genetic invalidation of MAVS in A549 cells. MAVS 

appears at the 66kDa. 

(D) Information on COVID-1 g+ patients hospitalized and COVID-1 g+ patients exhibiting 

lnterferon alterations used in this study 

Data information: 

Graphs A, B 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) 

image is from one experiment. 
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2. Work context 2: EEF2-inactivating toxins engage the NLRP1 inflammasome and 

promote epithelial damage upon Pseudomonas aeruginosa infection 

I. Study context and objectives 

Pseudomonas aeruginosa is a gram-negative bacterium found ubiquitously in nature that infects most 

tissues in humans (cornea, lungs...) and exhibits a multi-drug resistance implicated in many economical 

and health repercussions. In humans, P. aeruginosa is known to lead to nosocomial infections but also 

to be an opportunistic pathogen causing acute or chronic infections, notably, in the lungs of cystic 

fibrosis (CF) patients. Cystic fibrosis (CF) is a recessive genetic disorder caused by mutations in the CFTR 

gene leading to inactivation, misfolding, or absence of the CFTR anion channel. This causes the build-up 

of thick mucus in the lungs, which represents a thriving environment for bacterial pathogens, especially 

P. aeruginosa which is the leading cause of death in cystic fibrosis patients.  In CF patients, P. aeruginosa 

infection is often associated with chronic infection and biofilm formation. Interestingly, CF patients 

chronically infected with P. aeruginosa showed enrichment of IL-1β in the bronchoalveolar lavage fluid 

(BALF) and strong damage and cell death in lung epithelial cells. These observations strongly suggested 

the implication of inflammasomes. During my PhD I was interested in deciphering the molecular 

mechanisms implicated in the cellular damage observed in the lung epithelium of CF patients chronically 

infected by P. aeruginosa.  

To investigate that we used a model of human nasal epithelial cells that we infected with PAO1, a strain 

of P.aeruginosa. To mimic P. aeruginosa biofilm-like behaviour in vitro, we relied on a transwell-adapted 

method that allowed bacteria to grow on top of a 0.4μm porous membrane while epithelial cells were 

seeded on the bottom of the wells. We demonstrated that PAO1 is able to induce a pyroptotic form of 

cell death characterized by LDH, IL-1β, and IL-18 release. We failed to detect NLRP3 expression and due 

to the important role of hNLRP1 in epithelia, we hypothesized that NLRP1 might be a sensor of 

extracellular P. aeruginosa in the airway epithelium. To address this question, we used our previously 

described epithelial lung A549-ASC-GFP reporter cell lines in which the hNLRP1 construct was stably 

introduced to investigate the molecular mechanism inducing hNLRP1 activation. Using different PAO1 

strains (deleted for different types of secretion system) we demonstrate that the T2SS was implicated 

in the hNLRP1 activation and more precisely, that this activation was induced by Exotoxin A, a virulence 

factor secreted by the T2SS. 

Recently, different works demonstrated that the human NLRP1 inflammasome can be activated 

downstream to ribotoxic stress response (RSR) initiated by the MAPKKK ZAKα and followed by p38 

activation. While those original reports identified environmental (UVB) and viral stresses that could 

induce this pathway it was unclear whether microbial effectors would also induce NLPR1 activation via 
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RSR. Here, we demonstrated that P.aeruginosa (PAO1) induces NLRP1 activation through the Type 2 

System Secretion (T2SS) effector Exotoxin A (ExoA) targeting and inhibiting the elongation factor EEF2 

that therefore induces a ribosomal stress response (RSR). ExoA is sufficient to induce NLRP1 activation 

through the ribosomal stress response via ZAKα and p38 in human nasal and corneal primary epithelial 

cells. We finally observed that epithelial cells isolated from Cystic fibrosis patients show heightened 

inflammatory responses leading to increased cell death and IL18 release in response to RSR stimuli 

including ExoA. Interestingly, this increase is not observed during VBP-induced NLRP1 activation. 

Altogether, our results show the importance of P.aeruginosa virulence factor ExoA in promoting NLRP1-

dependent epithelial damage and identify ZAKα as a critical sensor of virulence-inactivated EEF2 

suggesting the potential role of its inhibitors in treatment for CF patients chronically infected with 

P.aeruginosa.  

Contribution 

In this article, of which I am the first author. I performed and/or was involved in all the experiments. 

II. Paper (Pinilla et al., 2023 under review in JEM) 
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KEY POINTS  32 

 P. aeruginosa induces NLRP1-dependent pyroptosis in human corneal and nasal 33 

epithelial cells 34 

 P. aeruginosa Exotoxin A (EXOA) and other EEF2-inactivating bacterial exotoxins 35 

activate the human NLRP1 inflammasome 36 

 EEF2 inactivation promotes ribotoxic stress response and ZAK  kinase-dependent 37 

NLRP1 inflammasome activation. 38 

 Bronchial epithelial cells from Cystic Fibrosis patients show extreme sensitivity to 39 

ribotoxic stress-dependent NLRP1 inflammasome activation in response to 40 

Exotoxin A  41 

 P38 and ZAK  inhibition protects Cystic Fibrosis epithelial cell from EXOA-induced 42 

pyroptosis 43 

 44 

ABSTRACT 45 

The intracellular inflammasome complex have been implicated in the maladaptive tissue 46 

damage and inflammation observed in chronic Pseudomonas aeruginosa infection. 47 

Human airway and corneal epithelial cells, which are critically altered during chronic 48 

infections mediated by P. aeruginosa, specifically express the inflammasome sensor 49 

NLRP1. Here, together with a companion study, we report that the NLRP1 inflammasome 50 

detects Exotoxin A (EXOA), a ribotoxin released by P. aeruginosa Type 2 Secretion 51 

System (T2SS) during chronic infection. Mechanistically, EXOA-driven Eukaryotic 52 

Elongation Factor 2 (EEF2) ribosylation and covalent inactivation promotes ribotoxic 53 

stress and subsequent NLRP1 inflammasome activation, a process shared with other 54 

EEF2-inactivating toxins, Diphtheria Toxin and Cholix Toxin. Biochemically, irreversible 55 

EEF2 inactivation triggers ribosome stress-associated kinases ZAK - and P38-56 

dependent NLRP1 phosphorylation and subsequent proteasome-driven functional 57 

degradation. Finally, Cystic Fibrosis cells from patients exhibit exacerbated P38 activity 58 

and hypersensitivity to EXOA-induced ribotoxic stress-dependent NLRP1 inflammasome 59 

activation, a process inhibited by the use of ZAK  inhibitors. Altogether, our results show 60 

the importance of P. aeruginosa virulence factor EXOA at promoting NLRP1-dependent 61 

epithelial damage and identify ZAK  as a critical sensor of virulence-inactivated EEF2. 62 
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INTRODUCTION 63 

Pseudomonas aeruginosa is an opportunistic bacterial pathogen that can cause acute 64 

and chronic life threatening infections (Qin et al., 2022; Maurice et al., 2018). Due to 65 

widespread antibiotic resistance and its adaptation to the airway, skin and cornea of 66 

immune-compromised patients (e.g. ciliated dyskinesia, chronic granulomatous diseases, 67 

cystic fibrosis), Pseudomonas aeruginosa is listed as an important ESKAPE pathogen in 68 

the WHO list of microbes of concerns (De Oliveira et al., 2020). P. aeruginosa can trigger 69 

acute infections thanks to the expression of a Type 3 secretion system (T3SS), which 70 

leads to a robust inflammatory reaction mostly mediated by monocytes/macrophages and 71 

neutrophils (Qin et al., 2022). However, during chronic infections P. aeruginosa switches 72 

into a metabolically different state that represses T3SS expression and allows the 73 

expression and secretion of a different arsenal of effectors involved in the 74 

formation/maintenance of biofilm-like structures, which are extremely resistant to 75 

antibiotic treatments (Qin et al., 2022). In addition, the secretion of numerous matrix 76 

remodeling factors such as (phospho)lipases, proteases, siderophores, oxidative and 77 

toxic molecules strongly contribute to immune response deviation as well as to tissue 78 

damages, including epithelial barrier disruption (Qin et al., 2022). In this context, 79 

inflammatory mediator analysis from Cystic Fibrosis (CF) patients chronically infected 80 

with P. aeruginosa highlights an enrichment in inflammasome-derived cytokine IL-1 , 81 

suggesting that during the chronic step of P. aeruginosa infection one or many 82 

inflammasomes might be activated (Bonfield et al., 2012). Given the prominent epithelial 83 

cell damage observed in P. aeruginosa infected patients, and the poorly addressed 84 

function of the epithelial barrier in antibacterial defense, we hypothesized that some 85 

epithelial inflammasomes might respond to one or various factors released by P. 86 

aeruginosa during chronic infections.  87 

Inflammasomes, which mostly belong to the Nod-Like Receptor (NLR) and AIM2-Like 88 

Receptor (ALRs) families, are a subset of germline-encoded innate immune sensors that 89 

detect and respond to various signs of infections and environmental stresses (Lacey and 90 

Miao, 2020). Upon activation, inflammasome-forming sensors assemble a cytosolic 91 

supramolecular structure composed of the sensor/receptor, the adaptor protein ASC and 92 

the protease Caspase-1. Inflammasome assembly leads to caspase-1-dependent 93 
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maturation and release of inflammatory cytokines IL-1  and IL-18 as well as to pyroptosis, 94 

a pro-inflammatory form of cell death characterized by gasdermin (D)-driven pore 95 

formation and Ninjurin-1-dependent membrane disassembly (Kayagaki et al., 2021; Broz 96 

and Dixit, 2016; Lacey and Miao, 2020). 97 

The human NLRP1 inflammasome is notable among other inflammasome sensors 98 

because of 1) its epithelia-restricted expression, 2) its divergence from rodent 99 

counterparts and 3) its uncommon domain organization. Rare germline mutations and 100 

single-nucleotide polymorphisms in NLRP1 are associated with infection sensitivity, skin, 101 

corneal and intestinal inflammatory disorders as well as with asthma susceptibility in 102 

humans, hence underlying an important function of NLRP1 at triggering an innate immune 103 

response in various epithelia (Zhong et al., 2016; Griswold et al., 2022). 104 

A conserved mechanism of NLRP1 inflammasome activation relies on proteasome-driven 105 

degradation of the NLRP1 N-terminal autoinhibitory fragment (NT) and the subsequent 106 

oligomerization of the released C-terminal fragment (CT), which nucleates the NLRP1 107 

inflammasome assembly. To this regard, recent studies identified human-specific 108 

mechanism of NLRP1 inflammasome activation, including the recognition of viral double-109 

stranded RNA, cleavage by 3C and 3CL proteases from rhinovirus and SARS-CoV-2 110 

viruses as well as ZAK  and P38 stress kinase-driven phosphorylation upon exposure to 111 

ribosome stressors (UV-B irradiation, anisomycin) (Tsu et al., 2021; Robinson et al., 2020; 112 

Griswold et al., 2022; Bauernfried et al., 2021; Robinson et al., 2022; Jenster et al., 2023; 113 

Fenini et al., 2018; Planès et al., 2022).  114 

In this study, we discover that in human corneal and nasal epithelial cells, P. aeruginosa 115 

contributes to barrier disruption by secreting the Eukaryotic Elongation Factor 2 (EEF2)-116 

inactivating toxin Exotoxin A (EXOA), which subsequently triggers assembly of the 117 

NLRP1 inflammasome and release of associated IL-1 cytokine as well as  pyroptotic cell 118 

death. In this process, EXOA-inactivated EEF2 promotes ribotoxic stress response (RSR) 119 

and subsequent activation of the stress kinases ZAK  and P38 (Wu et al., 2020; Vind et 120 

al., 2020). Subsequently, activated ZAK  and P38 stimulate NLRP1 phosphorylation in 121 

its disordered region, functional degradation and activation. Finally, Cystic Fibrosis cells 122 

from patients show exacerbated P38 activity and hypersensitivity to EXOA-induced 123 

ribotoxic stress-dependent NLRP1 inflammasome activation, a process reverted by the 124 
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use of ZAK  inhibitors. Altogether, our results describe the ability of P. aeruginosa 125 

virulence factor EXOA at promoting NLRP1-dependent tissue damage and identify ZAK  126 

as a critical sensor of bacterial pathogen-driven ribosome inactivation. 127 

 128 

 129 

 130 

 131 
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RESULTS 156 

 157 

P. aeruginosa infection activates the NLRP1 inflammasome in human corneal and 158 

airways epithelial cells  159 

Chronic infections mediated by P. aeruginosa can target various sites, including skin 160 

(Spernovasilis et al., 2021), cornea (Hazlett, 2005) and airways/lung (Qin et al., 2022) 161 

tissues. In certain contexts, P. aeruginosa metabolically transitions into a mucoid form 162 

that enables biofilm formation. As chronically infected patients exhibit both epithelial 163 

alterations and robust IL-1  cytokine levels, we wondered about the contribution of 164 

inflammasome response from epithelial compartments during P. aeruginosa infection. To 165 

mimic P. aeruginosa biofilm-like behavior, we relied on a transwell-adapted method that 166 

allowed bacteria to grow on top of a 0.4μm porous membrane and where epithelial cells 167 

were seeded on the bottom of the wells (Fig. 1A). In this context, we analyzed the 168 

inflammasome response (IL-1 /IL-18 and cell death) of primary human corneal (pHCECs) 169 

and nasal epithelial cells (pHNECs) co-cultured with P. aeruginosa. We observed that P. 170 

aeruginosa triggered robust cell death and IL-1 /IL-18 release both in pHNECs and 171 

pHCECs (Fig. 1A). Importantly, the use of Z-YVAD, an inhibitor of Caspase-1 activity, 172 

underscored that IL-1 /IL-18 release fully depended on Caspase-1 activity while cell 173 

death was partly dependent on Caspase-1, Caspase-3 and Caspase-8 (Fig. 1A). This 174 

suggests that the inflammasome in pHNECs and pHCECs could contribute to IL-1 /IL-18 175 

and cell death in response to extracellular P. aeruginosa. In order to determine which 176 

inflammasome is involved, we immunoblotted for various inflammasome-forming sensors 177 

in those epithelial cells (Fig. 1B). Although we failed at detecting NLRP3 expression, we 178 

could detect expression of the NLRP1 sensor in addition to the complete inflammasome 179 

machinery (ASC, Caspase-1, GSDMD) both in nasal and corneal epithelial cells (Fig. 1B) 180 

(Robinson et al., 2020; Griswold et al., 2022). Hence, we hypothesized that NLRP1 might 181 

be a sensor of extracellular P. aeruginosa in the airway and corneal compartments. To 182 

address this question, we used our previously described epithelial lung A549-ASC-GFP 183 

reporter cell lines in which hNLRP1 construct was stably introduced (Planès et al., 2022). 184 

Florescence microscopy and quantification of active inflammasome complexes (ASC-185 

GFP+ puncta/Specks) in co-cultured reporter cells unveiled that P. aeruginosa exposure 186 
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promoted the formation of inflammasome complexes as well as induced significant cell 187 

death specifically in NLRP1-expressing cells (Fig. 1C). This suggested that NLRP1 could 188 

be a sensor of a yet unknown secreted product by P. aeruginosa. To further determine 189 

the involvement of NLRP1 in primary cells at responding to extracellular P. aeruginosa, 190 

we invalidated NLRP1 expression in nasal and corneal epithelial cells by using CRISPR-191 

Cas9 method (Fig. 1D). Co-culture of WT and NLRP1-deficient cells with P. aeruginosa 192 

showed that NLRP1-/- cells exhibited a defect in cell death (measured by propidium iodide 193 

incorporation and LDH release) as well as at releasing IL-1 /IL-18 cytokines (Fig. 1D, E). 194 

As hNLRP1 inflammasome activation requires ubiquitination and subsequent 195 

proteasome-driven functional degradation, which releases the active NLRP1 C-Ter 196 

fragment, we next incubated pHCECs with PAO1 or with Val-boro-pro (Vbp), a known 197 

chemical activator of the NLRP1 inflammasome, in presence or absence of the 198 

proteasome inhibitor bortezomib (Fig S1A-C). Measure of the pyroptosis pore forming 199 

protein Gasdermin-D processing, hNLRP1 degradation, cell death and IL-1  release in 200 

pHCECs showed that proteasome inhibition strongly impaired those processes, hence 201 

suggesting that the hNLRP1 inflammasome activation by P. aeruginosa occurs in a 202 

proteasome-dependent manner in corneal and airway epithelial cells (Fig S1A-C). 203 

 204 

EEF2-inactivating Exotoxin A promotes NLRP1 inflammasome response 205 

As the NLRP1 inflammasome responds to a yet to be determined secreted product of P. 206 

aeruginosa, we next wondered about the identity of this factor. P. aeruginosa expresses 207 

various secretion systems (T1SS to T6SS) that allows either secreting or injecting various 208 

elements (Filloux, 2011, 2022). Using co-cultures of A549-ASC-GFP/NLRP1 reporter 209 

cells lines with PAO1 transposon mutants for different secretion systems, we observed 210 

that Type-2 Secretion System (T2SS)-deficient PAO1 specifically failed at inducing 211 

NLRP1 inflammasome complex assembly (Fig. 2A). Among other factors released by 212 

PAO1 T2SS are phospholipases (PLCN, PLCH), elastase protease LASB and the 213 

Exotoxin A (EXOA) (Liao et al., 2022). Using PAO1 transposon mutants for each of those 214 

factors, we observed that only the PAO1 strain that is deficient for Exotoxin A (EXOA) lost 215 

the ability of promoting the formation of the NLRP1 inflammasome in our reporter cell 216 
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lines (Fig. 2B). This suggests that T2SS-secreted EXOA is the major factor with which 217 

extracellular P. aeruginosa activates the NLRP1 inflammasome in epithelial cells. 218 

EXOA is a ribotoxin that irreversibly ribosylates the elongation factor EEF2, which leads 219 

to ribosome inactivation (Jørgensen et al., 2005; Armstrong and Merrill, 2004), a process 220 

we also observed by determining ribosome polysomes accumulation (marker of 221 

alterations in translation machinery) and translation inhibition (puromycin incorporation as 222 

a marker of translation efficiency) (Fig. 2C, D). In this context, to determine if EXOA 223 

ribosylating activity was required for NLRP1 inflammasome response, we exposed 224 

reporter cells to recombinant EXOA and the catalytically dead mutant EXOAH426A, which 225 

is unable to promote EEF2 ribosylation (Roberts and Merrill, 2002) (Fig. 2E, S2A). 226 

Microscopy observation and quantifications of NLRP1 inflammasome complexes in 227 

reporter cells showed that EXOA but not its mutant triggered robust inflammasome 228 

formation (Fig. 2E). EEF2 ribosylation by EXOA requires the presence of a specific 229 

modified form of Histidine 715 on human EEF2, namely Diphthamide (Liu et al., 2004; 230 

Ivankovic et al., 2006) (Fig. S2B). This unique amino acid arises from the enzymatic 231 

modification of Histidine by the so-called Diphthamide enzymes (DPHs) (Liu et al., 2004; 232 

Ivankovic et al., 2006). Hence, using our reporter cells, we genetically deleted DPH1, 233 

which is critical to initiate diphthamide synthesis (Fig. S2C). Analysis of NLRP1 234 

inflammasome complexes in response to EXOA showed that DPH1-deficient cells failed 235 

to assemble an active NLRP1 inflammasome complex (Fig. S2D). As control, activation 236 

of the NLRP1 infammasome by the Val-boro-pro (Vbp) molecule was not affected by the 237 

removal of DPH1, suggesting that EXOA specifically activates the NLRP1 inflammasome 238 

by promoting EEF2-ribosylation on the Diphthamide 715 amino acid (Fig. S2D). In 239 

addition  to EXOA, two other bacterial toxins, namely Diphtheria Toxin (Corynebacterium 240 

diphtheriae) and Cholix toxin (Vibrio cholera) (Jørgensen et al., 2008) also promote 241 

irreversible ribosylation of human EEF2 on Diphtamide 715 (Liu et al., 2004; Ivankovic et 242 

al., 2006; Jørgensen et al., 2005). Hence, to determine if those toxins could also induce 243 

NLRP1 inflammasome formation in a similar way than observed with EXOA, we exposed 244 

NLRP1 reporter cell lines to those toxins. As for EXOA, we observed that Cholix Toxin 245 

and Diphteria Toxin both triggered robust NLRP1 inflammasome complex assembly in 246 

those reporter cells (Fig. S2D). Furthermore, NLRP1 inflammasome formation was 247 
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abrogated in DPH1-deficient A549 in response to Cholix Toxin and Diphtheria Toxin, 248 

hence confirming the existence of a shared pathway for EEF2 inactivation by those toxins 249 

(Fig. S2D). 250 

Finally, exposure of primary WT and NLRP1-deficient corneal epithelial cells to EXOA 251 

highlighted an increased protection of NLRP1-/- cells to cell pyroptosis, suggesting that 252 

extracellular P.aeruginosa-induced NLRP1 inflammasome response in epithelial cells 253 

requires T2SS-secreted EXOA and subsequent EEF2 inactivation (Fig. 2F). 254 

 255 

EEF2 inactivation drives Ribotoxic Stress Response (RSR)-dependent ZAK  and 256 

P38 MAPkinase activation and subsequent NLRP1 inflammasome nucleation 257 

Recent studies unveiled that ribosome inactivation by UV-B as well as the antibiotic 258 

anisomycin also promote NLRP1 inflammasome activation in human keratinocytes 259 

(Robinson et al., 2022; Jenster et al., 2023; Fenini et al., 2018). Furthermore, this mode 260 

of activation engages the MAP3K ZAK  and the effector P38 /  kinases (Robinson et al., 261 

2022; Jenster et al., 2023; Fenini et al., 2018). Thus we wondered if EXOA-driven EEF2a 262 

irreversible inactivation and subsequent NLRP1 inflammasome formation might also 263 

engages a similar pathway. We generated ZAK -deficient reporter cell lines and 264 

measured their ability to promote activation of the MAPK stress kinases in response to 265 

EXOA exposure (Fig. 3A, S3A). We observed that EXOA, but not its inactive mutant 266 

EXOAH426A, strongly induced P38 and JNK stress kinase phosphorylation, a process that 267 

disappeared in absence of ZAK  (Fig. 3A, S3A). Further analysis of NLRP1 268 

inflammasome formation using fluorescence microscopy highlighted that ZAK  deficiency 269 

completely abrogated assembly of the NLRP1 inflammasome and cell death in response 270 

to EXOA (Fig. 3B). To further analyze if ZAK  and its downstream effectors P38 were 271 

important for NLRP1 inflammasome formation, we genetically deleted P38 , P38  or both 272 

P38 /  in reporter cells and quantified inflammasome assembly in response to EXOA 273 

(Fig. 3C, S3B). We observed that single deletion for P38  or P38  did not strongly modify 274 

inflammasome assembly whereas combined deficiency for P38 /  led to a robust defect 275 

in NLRP1 inflammasome formation upon EXOA exposure (Fig. 3C). This suggests that 276 

ZAK - and ZAK -activated P38 kinases contribute to NLRP1 inflammasome response to 277 

EXOA.  278 
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ZAK  and P38-driven phosphorylation of Serine and Threonines in the NLRP1 disordered 279 

region has been recently shown to promote NLRP1 inflammasome activation upon UV-280 

B-driven ribosome collision (Robinson et al., 2022). Here, using NLRP1 constructs 281 

mutated for either phosphorylation site 1 (110TST112) or site 2 (178TST180), we observed 282 

that EXOA was unable to trigger assembly of the NLRP1 inflammasome in reporter cells 283 

(Fig. 3D, E). To the contrary, Vbp- and SARS-CoV-2-induced NLRP1 inflammasome 284 

assembly was fully efficient in cells complemented with either construct or in ZAK -285 

deficient cells (Fig. 3D, E, S3C). All in one, those results suggest that ZAK - and P38-286 

targeted NLRP1 site 1 and 2 is required for efficient inflammasome assembly in response 287 

to EXOA but not during Vbp or SARS-CoV-2 exposure. 288 

 289 

Cystic fibrosis airway epithelial cells show exacerbated sensitivity to EXOA-driven 290 

cell death, which is reversed by ZAK  inhibition 291 

Next we investigated the role of EXOA-driven pyroptosis in a patho-physiological model 292 

of P. aeruginosa infection. In addition to causing corneal infections, P. aeruginosa is well 293 

known to establish life-threatening infection in airways and lungs of Cystic Fibrosis (CF) 294 

patients. Due to defective mucus production and clearance (Veit et al., 2016), the airway 295 

of CF patients favor chronic P. aeruginosa infections. Collaborating with the Hospital of 296 

Toulouse, we obtained nasal brushes from healthy and Cystic fibrosis patients carrying 297 

the F508 mutation in the CFTR ( F508 / 4005+1G A and F508 / N1303K, respectively 298 

referred in the text and figure legends as CF donors 1 and 2) (Fig. S4A). CF patients 299 

have been described to express very high basal and inducible P38 kinase activation (Raia 300 

et al., 2005; Bérubé et al., 2010), a phenotype we could confirm by exposing or not those 301 

cells to EXOA (Fig. 4A). Given the importance of P38 kinases at promoting EXOA-302 

dependent NLRP1 inflammasome response, we next measured the ability of healthy and 303 

CF nasal cells to undergo EXOA-dependent cell death. Propidium incorporation measure 304 

in healthy and CF nasal cells showed that EXOA-driven cell death was exacerbated in 305 

CF nasal cells, a process that was reduced by the use of P38 inhibitor SB203580 (Fig. 306 

4B). Further experiments also showed that ZAK  inhibition (PLX4720) even further 307 

inhibited EXOA-driven cell death, Gasdermin D cleavage and IL-18 release both in 308 

healthy and CF nasal cells (Fig. 4C-F, S4B). Such process was conserved with the 309 
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ribotoxic antibiotic anisomycin but not in response to Vbp where nasal cells from healthy 310 

and CF patients responded similarly, hence suggesting that P38 pre-activation in CF 311 

patients specifically sensitive them to ribotoxic stress-driven NLRP1 response, a process 312 

that may contribute to P. aeruginosa-driven epithelial barrier disruption (Fig. 4D-F, S4B). 313 

Altogether, our results suggest that the ZAK /NLRP1 axis contributes to exacerbated 314 

epithelial barrier destabilization upon EXOA-inactivated EEF2 exposure. 315 

 316 

DISCUSSION 317 

Chronic infections of multiple organs mediated by P. aeruginosa are a major source of 318 

epithelium damage and inflammatory exacerbations. Due to the lack of robust and 319 

relevant models of study as well as its remarkable adaptation to specific environments, 320 

the impact of chronic infections mediated by P. aeruginosa on host epithelial integrity has 321 

long been hard to address. Here, our findings and those from the Zhong group 322 

(companion manuscript) that the T2SS-released Exotoxin A, and its relatives Cholix and 323 

Diphtheria Toxins, trigger activation of the human NLRP1 inflammasome in skin 324 

keratinocytes, corneal and airway epithelial cells, three important sites of P. aeruginosa 325 

chronic infections. This process exemplifies a novel biochemical pathway by which 326 

epithelial organs detect bacterial virulence factors.  327 

Although major research studies unveiled that upon acute infection, P. aeruginosa T3SS 328 

allows both activation of the NLRC4 and NLRP3 inflammasomes in rodent as well as in 329 

human macrophage and neutrophil models (Sutterwala et al., 2007; Faure et al., 2014; 330 

Franchi et al., 2007; Miao et al., 2008; Deng et al., 2015; Balakrishnan et al., 2018; 331 

Santoni et al., 2022a; Ryu et al., 2016), chronic infections mediated by this pathogen is 332 

associated with a downregulation of T3SS in favor a biofilm phenotype, where EXOA is 333 

strongly produced and released. To this regard, our observation that EXOA-driven 334 

ribotoxic stress contributes to exacerbated tissue damage and inflammation strongly 335 

correlate with earlier studies which showed that EXOA-deficient bacteria triggered lower 336 

tissue damages during infections of human and mice (Michalska and Wolf, 2015; Pillar 337 

and Hobden, 2002). Even though the RSR-driven NLRP1 inflammasome path is not 338 

conserved among rodents and humans, ZAK -driven RSR constitutes a shared process 339 

between both species, which suggests that evolution selected ZAK  as a versatile stress 340 
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sensor. To the contrary, for yet to be determined reasons, human-specific evolution has 341 

linked RSR to NLRP1 inflammasome response in epithelia, which suggests a specific 342 

importance for such selection.  343 

A caveat of this work mostly relies on the yet to be determined identification of Ubiquitin 344 

ligases that promote NLRP1 functional degradation upon ZAK -driven phosphorylation, 345 

which is currently under investigations. The sensitivity of NLRP1 activation to the Nedd8 346 

inhibitor MLN4924 suggests that Nedd8-driven Cullin ligase activation is of major 347 

importance in this process (Jenster et al., 2023; Robinson et al., 2022). Among the broad 348 

family of Cullin ligases, Cull1 and 2 were found to target phosphorylated proteins for 349 

Ubiquitination and subsequent degradation (Chen et al., 2021). Should one of those 350 

Ubiquitin ligase complex be involved constitutes an attractive hypothesis to pursue. 351 

In addition to UVB, Chikungunya virus, the antibiotic anisomycin and the fungal toxin DON 352 

(Fenini et al., 2018; Jenster et al., 2023; Robinson et al., 2022), our work, along the one 353 

from Zhong lab, unveils the critical involvement of the NLRP1 inflammasome upon 354 

infections mediated by various bacterial pathogens, including C. diphtheria and P. 355 

aeruginosa. To this regard, patients developing Cystic fibrosis (CF) show exacerbated 356 

inflammation and tissues damages upon chronic infection with P. aeruginosa. Specific 357 

studies highlighted that stress-activated kinases P38 and JNK were over activated in CF-358 

derived cells from patients (Bérubé et al., 2010; Raia et al., 2005). Although various 359 

hypothesis were developed to explain such dysregulation in CF patients, no study, 360 

including ours, could unveil the critical molecular and biochemical mechanisms engaged, 361 

which warrants for further investigations. However, our findings that in this context, 362 

EXOA- but also other RSR inducers specifically triggered an exacerbated cell death 363 

response suggest that targeting ZAK  and/or P38 kinases in P. aeruginosa-infected 364 

patients might constitute a good host-targeted approach in order to limit epithelial 365 

damages complementary to the current antibiotic and CFTR modulator strategy used 366 

(Kaftrio | European Medicines Agency).  367 

Finally, it is long been noted that host EEF2 (and EEF1) is targeted by a variety of 368 

exotoxins from different unrelated bacterial species. Indeed, EEF2 is highly conserved in 369 

all eukaryotic species, all expressing a specific diphtamide amino acid. In this context, 370 

yeasts as well as mammals are similarly targeted by EXOA and relative toxins, which 371 



13 
 

underlines the outstanding adaptation of P. aeruginosa to its environment but also raises 372 

the question of the specific species where EXOA holds the most prevalent/potent role for 373 

bacterial development/survival. Another key question lies on the recent identification 374 

DPH1 and 2 deficient patients (Urreizti et al., 2020; Nakajima et al., 2018; Hawer et al., 375 

2020). If those deficiencies might actually confer a selective advantage or not to C. 376 

diphteria, V. cholera or P. aeruginosa infections will constitute an exciting field of 377 

investigations, as previously observed for HIV- or-malaria-resisting patients (Samson et 378 

al., 1996; Allison, 1954) or recently highlighted for Yersinia pestis-shaped 379 

selection/evolution of the inflammasome-forming sensor PYRIN (Park et al., 2020). 380 

All in one, our results describe the critical role of ZAK -driven NLRP1 inflammasome 381 

response and epithelial disruption in response to the pathogen P. aeruginosa, and 382 

exemplify its deleterious potential in CF pathogenesis. 383 

 384 
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MATERIAL AND METHODS 403 

 404 

Ethic statements: Patient data and tissue collection was performed in agreement with 405 

European Network of Research Ethics Committees and French ethic law. The ethical 406 

committee, according to the Medical Research Involving Human Subjects Act, reviewed 407 

and approved the study. Human tissue was provided by the University Hospital of 408 

Toulouse (France) and CNRS (agreements CHU 19 244 C and CNRS 205782). All 409 

patients involved in this study declared to consent to scientific use of the material; patients 410 

can withdraw their consent at any time, leading to the prompt disposal of their tissue and 411 

any derived material. 412 

 413 

Reagent used in the study 414 

Antibody Catalog Reference Provider 

Rabbit anti-ZAK antibody 1: 1000 A301-993A Bethyl 
Laboratories 

P38 MAPK antibody 1: 1000 9212S Cell signaling 

Phospho-P38 MAPK (Thr180/Tyr182) 
(D3F9) XPRabbit mAb 1: 1000 

4511S Cell signaling 

JNK1 Rabbit anti-Human Polyclonal 1: 
1000 

44690G Invitrogen 

Phospho-SAPK/JNK (Thr183/Tyr185) 
(81E11) Rabbit mAb 1: 1000 

4668S Cell signaling 

Anti NLRP1 1:200 679802 Biolegend 

Anti NLRP1 (N-terminal) 1: 1000 AF6788-SP;RRID: 
AB_2916167 

R&D systems 

Anti- NLRP1 (C-terminal), 1: 1000 
 

ab36852;RRID: 
AB_776633 

abcam 

anti-Sheep igG HRP (1/4000) HAF016;RRID: 
AB_562591 

R&D 
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Goat-anti-rabbit IgG (H+L), HRP 
conjugate (1/5000) 

R-05072-500;RRID: 
AB_10719218 

Advansta 

GSDMDC1 antibody 1: 1000 NBP2-33422 biotechne 

Anti-Puromycin Antibody, clone 12D10 MABE343 Sigma 

EEF2 antibody (1:1000) 2332S Cell signaling 

DPH1 antibody (1:1000) # H00001801-M02 ThermoFisher 
scientific 

Anti-alpha Tubulin antibody 1: 1000 
 

ab4074 
 

Abcam 

Streptavidin - HRP 434323 ThermoFisher 
scientific 

Reagents Catalog Reference Provider 

Transwell 140620 ThermoFisher 
scientific 

NAD+, Biotin-Labeled 80610 BPSBioscience 

Pseudomonas exotoxin A  0.5 mg P0184-.5MG sigma 

Inactive Exotoxin A N.A. Creative 
Diagnostics 

Diphteria Toxin D0564-1MG Sigma 

Cholix toxin This study This study 

Anisomycin SE-S7409-10MG selleck 

Talabostat (Vbp) tlrl-vbp-10 invivoGen 

PhoSTOP 4906845001 sigma/Roche 

cOmplete, Mini, EDTA-free Protease 
Inhibitor Cocktail 

4693159001 Sigma/roche 

Lipofectamine LTX 15338030 Invitrogen 

Puromycin Dihydrochloride A1113803 gibco 
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Molecular Probes SYTOX Green 
Nucleic Acid Stain 

S7020 Thermofisher 

Propidium iodide P1304MP Thermofisher 

Nate lyec-nate Invivogen 

Critical commercial assays Catalog Reference Provider 

Human total IL-18 duo set DY318-05 R&D 

Cyquant LDH C20301 Thermofisher 

Human IL-1beta 88-7261-77 Thermofisher 

Q5 Site-Directed Mutagenesis Kit 
Protocol 

E0554 NEB 

Chemicals Catalog Reference Provider 

ZAK inhibitor (PLX-4720) 10μM HY-51424 Med Chem 
Express 

P38 inhibitor SB 203580 10μM HY-10256 Med Chem 
Express 

Caspase-1 inhibitor - Ac-YVAD-cmk 
20μM 

inh-yvad invivogen 

Z-VAD-FMK 20μM vad-tlrl: invivogen 

Caspase-3/7 inhibitor ZDEVD-FMK 
20μM 

S7312 Selleck 

Caspase-8 inhibitor - Z-IETD-FMK inh-ietd invivogen 

Bortezomib 1μM S1013 selleck 

Cycloheximide (CHX) C4859-1ML Sigma 

Human Primary Nasal Epithelial cells Catalog Reference Provider 
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Tryple Express Enzyme (1X), no 
phenol red 

10718463 Fisher Scientific 

Nutragen Type I Collagen Solution, 6 
mg/ml (Bovine) 

5010-50ML Advanced 
Biomatrix 

Sputolysin 560000-1SET Sigma 

PneumaCult-Ex Plus Medium 05040 Stem cell 

Costar 6.5 mm Transwell, 0.4 μm Pore 
Polyester Membrane Inserts 

38024 Stem cell 

Human Primary Corneal epithelial cells Catalog Reference Provider 

Human Corneal Epithelial Cell Growth 
Medium 

221-500 Tebu-bio 

Human corneal epithelial cells 630-05a Tebu-bio 

Cell lines Catalog Reference Provider 

A549 ASC GFP NLRP1 a549-ascg-nlrp1 Invivogen 

A549 ASC GFP a549-ascg Invivogen 

A549 ASC GFP NLRP1/ACE2 a549-ascov2-nlrp1 Invivogen 

A549 ASC GFP ACE2 a549-ascov2 Invivogen 

Recombinant DNA Catalog Reference Provider 

hNLRP1 gene puno1-hnalp1a Invivogen 
 415 

Cell culture 416 

A549 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM,Gibco) 417 

supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% penicillin-418 

streptomycin, and 1% L-glutamine at 37°C 5% CO2. Primary Human Corneal epithelial 419 

cells were maintained in Human Corneal Epithelial Cell Growth Medium (Tebu-bio) at 420 

37°C 5% CO2.  421 

Regarding primary Human Nasal Epithelial Cells (pHNECs), patients' pHNECs were 422 

collected on superior turbinates using smear brushes at the Hosipital of Toulouse, France. 423 
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After brushing back cells in collection medium, centrifugation was performed for 5 min 424 

400g at 4°C. Pellet was resuspended in 4 ml TrypLE express (GIBCO) + 20μl Sputolysin 425 

(200X) and incubated at 37°C for 5 minutes to disrupt mucus. TrypLE was diluted with 4 426 

ml of Advanced DMEM F12- . 427 

Pellet was recovered after centrifugation and culture was continued in the expansion 428 

medium Pneumacult). After a week of proliferation, basal cells were counted and seeded 429 

onto collagen-coated (0.03mg/mL) and maintained in Pneumacult Ex Plus Medium 430 

(StemCell) at 37°C 5% CO2. 431 

 432 

Cell Stimulations 433 

Otherwise specified, cells were plated one day before stimulation in 12-well plates at 200 434 

000 cells per well in 1mL of DMEM, 10% FCS, 1% PS.  435 

Medium was changed to OPTIMEM and cells were preincubated or not with the indicated 436 

inhibitors during 1 hour.  437 

The pHNE cells were seeded the day before the stimulation in 12-well plates at 200 000 438 

cells  per well in 1mL of pneumacult medium. Cell’s medium was changed to OPTIMEM 439 

and cells were treated or not with the indicated inhibitors during 1 hour.  440 

The pHCE cells were seeded the day before the stimulation in 12-well plates at 10 000 441 

cells per well in 1 mL of corneal epithelial cell growth medium. Medium of the cells was 442 

changed to OPTIMEM and cells were treated or not with the indicated inhibitors during 1 443 

hour.  444 

All cells were treated with the indicated concentration of Exotoxin A (EXOA, 10 ng/mL to 445 

1μg/mL), anisomycin (1μM) or with Val-boroPro (15μM) for indicated times. 446 

SARS-CoV-2 (BetaCoV/France/IDF0372/2020 isolate) experiments were performed in 447 

BSL-3 environment as described in (Planès et al., 2022).  448 

Briefly, 250,000 A549ASC-GFP/NLRP1/ACE2, genetically invalidated or not for ZAK , were 449 

infected for 24 hours with BetaCoV/France/IDF0372/2020 strain at indicated MOI in 450 

DMEM supplemented with 10mM Hepes, 1% penicillin-streptomycin and 1% L-Glutamine 451 

for 1h at 37°C. 452 

 453 

 454 
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Transwell infections 455 

A549 cells, expressing or not NLRP1, along with the ASC-GFP reporter, were plated in 456 

24 well plates at 2, 5.105 cells per well one day before experiment. The following day, cell 457 

culture media was replaced by 600 μL of OPTI MEM per wells. Cells were placed in co-458 

culture with Pao1 bacteria WT or mutant (as indicated) at MOI of 10, in 100 μL of OPTI 459 

MEM separated by a semi-permeable transwell insert (0,3μm). After 18 hrs of co-culture, 460 

transwell inserts containing bacteria were removed and ASC-speck formation in A549 cell 461 

was analyzed. Images were acquired using EVOS M700 microscope. 462 

 463 

Bacterial growth and mutants 464 

P. aeruginosa strains (PAO1) and their isogenic mutants were grown in Luria Broth (LB) 465 

medium overnight at 37°C with constant agitation. The following day, bacteria were sub-466 

cultured by diluting overnight culture 1:25 and grew until reaching an optical density (OD) 467 

O.D.600 of 0.6 – 0.8.  468 

PAO1 and its transposon mutants were obtained from two-allele transposon library 469 

(Jacobs et al., 2003). 470 

 471 

Name Exact Location ORF Gene Abbrev. 

PW3079 + phoAwp05q1C05 PA1148 toxA (EXOA) 

PW2538 + phoAwp03q1H07 PA0844 plcH (PLCH) 

PW6586 + phoAwp08q2E01 PA3319 plcN (PLCN) 

PW6221 + lacZwp03q2D06 PA3105 xcpQ (T2SS) 

PW7302 + phoAbp02q4F10 PA3724 LasB (LASB) 

PW4017 + lacZbp02q3F02 PA1706 pcrV (T3SS) 

PW10311 + lacZbp02q1B09 PA5503 

ABC transporter 

(T1SS) 

 472 

Specific deletion of xcpQ (T2SS) and toxA (EXOA) genes was achieved as described 473 

previously in (Santoni et al., 2022b). Briefly, pEXG2 suicide vector containing 700-bp 474 

sequences of the flanking regions of the selected gene was directly inserted into 475 

competent SM10 pir (Mix&Go competent cells, Zymo Research Corporation) and 476 
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subsequently selected on LB-Agar supplemented with 50 g/mL kanamycin /15 g/mL 477 

gentamicin. After sequencing resulting clones were mated with PAO1 strains, 4H/37°C. 478 

Mated bacteria were plated on 15 g/mL gentamicin and 20 g/mL Irgasan LB-Agar 479 

plates in order to selectively remove E.coli SM10 strains. Next day, 5-10 clones were 480 

grown for 4h in LB and streaked on 5% sucrose LB plates overnight at 30°C. PAO1 clones 481 

were then checked by PCR for mutations.  482 

 483 

Name Sequence Targete
d Gene 

607_JB_PA_m

_toxA_R1 Fw 

CCCAGTCTCGAGGTCGACGGTATCGATAAGCTTGAT

ATCGAATTCggccgacggcggc 

toxA 

608_JB_PA_m

_toxA_R1 Rv 

tcgcgatgcacctgacacccgaggacctgaagtaactgccgc toxA 

609_JB_PA_m

_toxA_R2 Fw 

ggcagttacttcaggtcctcgggtgtcaggtgcatcgc toxA 

610_JB_PA_m

_toxA_R2 Rv 

CTGGAGCTCCACCGCGGTGGCGGCCGCTCTAGAAC

TAGTGGATCCagccattgttcgacgaataaagccacc 

toxA 

611_JB_PA_m

_toxA_Check 

R1 

gaagtacttcaacgggttgatcccc toxA 

612_JB_PA_m

_toxA_Check 

R2 

cgtttccgcaacgcttgaagt toxA 

EM019-xcpQ 

R1 Fw 

ttccacacattatacgagccggaagcataaatgtaaagcaagcttACGAT

AAAGACCAGGAGTGATGTATTGCC 

XcpQ 

EM020-xcpQ 

R1 Rv 

CGCCGTTATTCCGTCATCAGCAAAGGCTGGGACATC

GG 

XcpQ 

EM021-xcpQ 

R3 Fw 

ACCCGATGTCCCAGCCTTTGCTGATGACGGAATAAC

GGCGCC 

XcpQ 

EM022-xcpQ 

R3 Rv 

ggaaattaattaaggtaccgaattcgagctcgagcccggggatccACGC

CTGGTTCGTGGC 

XcpQ 
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EM023-xcpQ 

R1 check 

CCCGGCCAGTCACACCTATTGAT XcpQ 

EM024-xcpQ 

R3 check 

AGTGCTTGCCGACAACGACC XcpQ 

 484 

Cell death assays 485 

Cell lysis was measured by quantification of the lactate dehydrogenase (LDH) release 486 

into the cell supernatant using LDH CyQUANT kit (Thermofisher). Briefly, 50 μL cell’s 487 

supernatants were incubated with 50 μL LDH substrate and incubated for 30 min at room 488 

temperature protected from light.. The enzymatic reaction was stopped by adding 50 μL 489 

of stop solution. Maximal cell death was determined with whole cell lysates from 490 

unstimulated cells incubated with 1% Triton X-100 491 

 492 

Plasma membrane permeabilization assays were performed using propidium 493 

iodide incorporation. Cells were plated at density of 1 x 105 per well in Black/Clear 96-494 

well Plates in OPTI-MEM culture medium supplemented with Propidium Iodide dye 495 

(1μg/mL) and infected/treated as mentioned in figure legends. Red fluorescence is 496 

measured in real-time using a Clariostar plate reader equipped with a 37 C cell incubator 497 

or using an EVOS Floid microscope (Invitrogen). Maximal cell death was determined with 498 

whole cell lysates from unstimulated cells incubated with 1% Triton X-100. 499 

 500 

Cytokine quantification 501 

Cytokines secretions was quantified by ELISA kits, according to the manufacturer’s 502 

instructions, IL-1B (Thermo Fisher Scientific, (88-7261-77), IL-18 (Biotechne, DY318-05).  503 

 504 

Sample preparation for immunoblot 505 

At the end of the experiment, cell’ supernatant was collected and soluble proteins were 506 

precipitated using trichloroacetic acid (TCA) as described previously (Santoni et al., 507 

2022b). Precipitated pellet was then resuspended in 50 uL of RIPA buffer (150 mM NaCl, 508 

50 mM Tris-HCl, 1% Triton X-100, 0.5% Na-deoxycholate) supplemented with protease 509 

inhibitor cocktail (Roche). Adherent cells were lysed in 50 uL of RIPA buffer supplemented 510 
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with protease inhibitor cocktail (Roche). Cell lysate and cell supernatant were 511 

homogenized by pipetting up and down ten times and supplemented with laemli buffer 512 

(1X final) before boiling sample for 10 min at 95°C. 513 

 514 

Immunoblot 515 

Cell lysates were separated by denaturing SDS-PAGE and transferred on PVDF 516 

membrane. After transfer, the membrane is saturated 1h at room temperature in TBS-T 517 

(Tris 10 mM pH 8, NaCl 150 mM, Tween 20 0.05%) containing 5% BSA. Then, the 518 

membrane is incubated overnight at 4°C with the different primary antibodies, under 519 

agitation. After 3 washes with TBS-T, the membrane is further incubated with the 520 

secondary antibodies coupled with the peroxidase enzyme HRP (horseradish 521 

peroxidase) for 1 hour at room temperature and under agitation. Then membranes are 522 

washed 3 times with TBS-T. ECL revelation kit (Advansta) was used as a substrate to 523 

reveal HRP activity and membranes are imaged using ChemiDoc Imaging System 524 

(BioRad). The primary antibodies and secondary antibody used are listed in Reagent 525 

table. 526 

 527 

Phosphoblots 528 

At the end of the experiment, cell’ supernatant was discarded and adherent cells were 529 

lysed in 50 uL of RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, 1% Triton X-100, 0.5% Na-530 

deoxycholate) supplemented with protease inhibitor cocktail (Roche) and phosphatase 531 

inhibitors cocktails (Roche). Collected cell lysate was homogenized by pipetting up and 532 

down ten times and supplemented with laemli buffer before boiling for 10 min at 95°C. 533 

Cell lysates were then separated by SDS-PAGE and handled as described in the 534 

immunoblot section. 535 

 536 

Puromycin incorporation 537 

The day before the stimulation A549 ASC-GFP expressing or not NLRP1 were seeded in 538 

12-well plates at 200 000 cells in 1mL of DMEM 10% FCS 1% PS. Cells were treated with 539 

exotoxin A (10 ng/mL) for indicated times. 30 min before the end of the treatment 540 

puromycin antibiotic was added in cell medium at 1ug/mL final. Following puromycin 541 
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incubation, supernatant was discarded and adherent cells were prepared for immunoblot 542 

as described in the immunoblot section. Puromycin incorporation was revealed using the 543 

following antibody Anti-Puromycin Antibody (clone 12D10 MABE343). 544 

 545 

Polysomes Profiling. Sucrose gradient preparation. Five sucrose solutions containing 546 

10 %, 20 %, 30 %, 40 % and 50 % sucrose (w/v) were prepared in TMK buffer (20 mM 547 

Tris-HCl pH 7.4, 10 mM MgCl2, 50 mM KCl). Layers of 2.1 mL of each solution were 548 

successively poured into 12.5 mL polyallomer tubes (Beckman-Coulter, Cat. # 331372), 549 

starting from the most concentrated solution (50 %) at the bottom of the tubes to the least 550 

concentrated solution (10 %) at the top. Each layer was frozen in liquid nitrogen before 551 

pouring the following one. Frozen gradients were stored at - 80 °C and slowly thawed 552 

overnight at 4°C before use. Extract preparation. A549 cells were grown to 70% 553 

confluency and then treated or not with exotoxin A (10 ng/mL) for indicated times. 554 

Following this treatment, cells were incubated with Cicloheximide (CHX, 100 ug/mL) for 555 

15 min at 37°C. Following treatment, cells were rinsed twice with PBS and treated  with 556 

1mL of trypsin (0,25%) for 5 min at 37°C. Trypsin was diluted with DMEM medium 557 

containing 100 ug/mL of CHX. Cells were mixed up and down and counted to adjust the 558 

final resuspension volume in each condition. Cells were centrifuged at 1200 rpm (300g) 559 

for 5 min at 4°C. The cell pellet was washed with ice-cold PBS containing 100ug/mL of 560 

CHX. Cells were centrifuged at 1200 rpm (300g) for 5 min at 4°C. Supernatants were 561 

aspirated and gently lysed in lysis buffer (20 mM Tris-Cl [pH 8], 150 mM KCl, 15 mM 562 

MgCl2, 1% Triton X-100, 1mM DTT, 100ug/mL CHX, EDTA-free and Protease inhibitor 563 

cocktail. Samples were incubated on ice for 20 min and centrifuge at 1000 g for 5 min at 564 

4 °C min and supernatant corresponding to the cytosolic fraction of the cells were 565 

collected  into a 1.5 mL tube. Samples were further centrifugated at 10 000 g for 5 min at 566 

4°C to clarify the cytoplasmic extract. Extracts were quantified by measuring absorbance 567 

at 260 nm using Nanodrop. 568 

 569 

Extracts loading, gradient centrifugation and collection. Normalized amounts of 570 

extracts  were loaded on 10–50% sucrose gradients, and then centrifuged at 260,800 x 571 

g for 2.5 h at 4°C in an Optima L-100XP ultracentrifuge (Beckman–Coulter) using the 572 
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SW41Ti rotor with brake. Following centrifugation, fractions were collected using a Foxy 573 

R1 gradient collector (Teledyne Isco) driven by PeakTrak software (Version 1.10, Isco 574 

Inc.). The A254 was measured during collection with a UA-6 UV/VIS DETECTOR 575 

(Teledyne Isco). The final polysome profiles were generated in Excel from .txt files 576 

extracted from PeakTrak software. 577 

 578 

EEF2 ribosylation assays 579 

Cell lysates from A549 were prepared by suspending one pellet of 1.106 A549 cells in 100 580 

μL of RIPA buffer.  For in-vitro ADP-ribosylation assays, reactions were performed in 581 

Eppendorf tube by mixing 50 μL of whole cell lysate with 100 μL of ADP-ribosylation buffer 582 

[20 mM Tris-HCl (pH 7.4), 150 mM NaCl and 1 mM DTT] supplemented with NAD+ Biotin-583 

Labeled (BPSBioscience) at 50 μM final, in presence or absence of recombinant EXOA 584 

protein (100 ng). Reaction was left for 1h at 25°C. 20 μL of the reaction was analyzed by 585 

SDS-PAGE followed by Western blotting as described in the immunoblot section. 586 

Membranes were first subjected to EEF2 detection (using anti-EEF2 followed by HRP-587 

conjugated secondary antibody), then membranes were stripped, and ADP-ribosylation 588 

was detected by monitoring the incorporation of the NAD+ Biotin-Labeled probe using 589 

streptavidin-HRP-conjugate. 590 

 591 

Generation of mutations in NLRP1 gene 592 

To generate NLRP1 gene mutated for each phosphorylation sites (site 1 (110TST112) or 593 

site 2 (178TST180)) Threonines and Serines were substituted with Alanine in the human 594 

NLRP1 gene (isoform 1) by site-directed mutagenesis using Q5 site-directed 595 

mutagenesis Kit Protocol (E0554) according to the manufacturer’s instructions. Following 596 

primers were used: 597 

 598 

Primer FWD site 1 (3406-3414) cgccGCAGTGCTAATGCCCTGG 68°C 

Primer RV  site 1 gcggcGGGTTGGCTGGGAGACCC 68°C 

Primer FWD site 2 (3604-3612) cgcaGCAGTGCTGGGGAGCTGG 72°C 
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Primer RV site 2 gctgcGGGGGCGTTGGGTGACTC 72°C 

 599 

Cell transfection 600 

The day prior to the transfection, A549 cells were plated in 6 well plate at 2 x 105 cells per 601 

well in 1ml of DMEM complete medium. The following day, cells were incubated with Nate 602 

1X (Invivogen) for 30 min. 1 μg of NLRP1 plasmids (pLvB72 hNLRP1, pLvB72 603 

hNLRP1(3604-3612), pLvB72 hNLRP1 (3406-3414) were transfected using lipofectamine 604 

LTX and PLUS reagent according to the manufacturer’s instructions (Invitrogen). 605 

Transfected cells were incubated for 48 h before further treatments. 606 

 607 

Cholix toxin production 608 

Recombinant cholix toxin (ChxA) was produced using an adapted methodology from 609 

(Ogura et al., 2011). Briefly, BL21 (DE3) E. coli expressing chxA with a N-terminus 610 

hexahistidine-MBP-tag were harvested and bacteria were lysed by sonication on ice. 611 

Recombinant cholix toxin was first purified on nickel metal affinity chromatography 612 

(Takara) and subsequent TEV protease-mediated 6His-MBP tag removal at 4°C/Over 613 

Night (ON). Then, a second nickel metal affinity chromatography allowed harvesting 614 

Cholix toxin in the flow-through fraction.  615 

 616 

Genetic invalidations 617 

Genetic invalidation of NLRP1 in primary Human Nasal Epithelial Cells (pHNEs) and 618 

primary Human Corneal Epithelial Cells (pHCECs) was achieved by using 619 

Ribonucleoprotein (RNP) technic and nucleofection as described previously (Planès et 620 

al., 2022). RNP mixes containing Cas9 protein (90pmoles, 1081059, IDT), gRNA 621 

(450pmoles) and electroporation enhancer (1 L/Mix, 1075916, IDT) were electroporated 622 

using the Neon transfection system (Life Technologies) in T Buffer (Life Technologies). 623 

Settings were the following: 1900 V Voltage, 10 Width, 1 Pulse, 20ms. 624 

Efficient NLRP1 targeting sgRNA sequence was provided by FL. Zhong (5  625 

GATAGCCCGAGTGCATCGG 3 ) (Robinson et al., 2022). 626 

Regarding genetic invalidation of P38 isoforms and ZAK , A549 cells were transduced 627 

with LentiCRISPR-V2 vectors containing sgRNA guides against DPH1, P38 isoforms and 628 
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ZAK . 48h after transduction, cells were selected during 2 weeks and puromycin double 629 

resistant cells were used in functional assays. A second round of lentiviral infection with 630 

lenti-Blasticidin-sgP38  in single KO cells for P38  achieved generation of double KO 631 

cells for P38  and P38 . Cells were subsequently selected in blasticidin antibiotic before 632 

checking genetic invalidation by immunoblotting.  633 

 634 

Guides used to generate genetic invalidation 635 

P38 alpha 

(MAPK14) 

5’ AGGAGAGGCCCACGTTCTAC 3’ FWD 

P38 beta 

(MAPK11) 

5’ GCCCTCGCGCCGGCTTCTAC 3’ FWD 

ZAKalpha 

(MAP3K20) 

5’ TGTATGGTTATGGAACCGAG 3’ FWD 

Dph1 5’ GTTCACGGAGGCCGAAGTGA 3’ FWD 

CD8 5’ TCGTGGCTCTTCCAGCCGCG 3’ FWD 

 636 

Analysis 637 

Prism 8.0a (GraphPad Software, Inc) wa used to perform statistical analysis. All revlevant 638 

informations are included directly in figure legends. Otherwise written, data are reported 639 

as mean with SEM. Regarding comparison between two groups, T-test with Bonferroni 640 

correction was chosen and multiple group comparisons was analyzed by using Two-way 641 

Anova with multiple comparisons test. P values are shown in figures and are linked to the 642 

following meaning; NS non-significant and Significance is specified as *p  0.05; **p  643 

0.01, ***p  0.001. 644 

 645 

 646 

 647 

 648 
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FIGURE LEGENDS 649 

650 
Figure 1. P. aeruginosa triggers human NLRP1 inflammasome activation in corneal 651 

and nasal epithelial cells. 652 

A. Cell lysis (LDH) and IL-1 /IL-18 release evaluation in primary Human Corneal and 653 

Nasal Epithelial Cells, respectively pHCECs and pHNECs, upon P. aeruginosa (PAO1, 654 

1.105 bacteria) co-culture for 24 hours.  ***p  0.001, Two-Way Anova with multiple 655 

comparisons. Values are expressed as mean ± SEM.  656 

B. Immunoblotting examination of NLRP1, NLRP3, GSDMD, ASC and Tubulin in pHCECs 657 

and pHNECs. Immunoblots show lysates from one experiment performed three times. 658 
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C. Florescence microscopy and associated quantifications of ASC-GFP specks in 659 

A549NLRP1+/ASC-GFP and A549NLRP1-/ASC-GFP reporter cell lines exposed to P. aeruginosa 660 

(PAO1, 1.105 bacteria) for 24 hours.  ASC-GFP (Green) pictures were taken in dish during 661 

after infection. Images shown are from one experiment and are representative of n = 8 662 

independent experiments; scale bars, 50 μm. ASC complex percentage was performed 663 

by determining the ratios of cells positives for ASC speckles on the total cells (brightfield). 664 

At least 10 fields from each experiment were analyzed. Values are expressed as mean ± 665 

SEM. ***p  0.001, One-Way Anova. 666 

D. Immunoblotting characterization of genetic invalidation of NLRP1 in pHCECs and 667 

pHNECs population using CRISPR-Cas9 and microscopy visualization of plasma 668 

membrane permeabilization (Propidium Iodide incorporation, orange) in pHCECs co-669 

cultured with PAO1 (1.105 bacteria) for 24 hours. Images shown are from one experiment 670 

and are representative of n = 3 independent experiments; scale bars, 20 μm.  671 

E. Cell lysis (LDH) and IL-18 release evaluation in WT or NLRP1-deficient pHCECs and 672 

pHNECs, upon Valbororo pro, Vbp 15μM) treatment or P. aeruginosa (PAO1, 1.105 673 

bacteria) co-culture for 24 hours.  ***p  0.001, Two-Way Anova with multiple 674 

comparisons. Values are expressed as mean ± SEM.  675 
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 690 
Figure 2. P. aeruginosa EEF2-inactivating Exotoxin A (EXOA) promotes NLRP1 691 

inflammasome response 692 

A. Florescence microscopy and associated quantifications of ASC-GFP specks in 693 

A549NLRP1+/ASC-GFP reporter cell lines exposed to 1.105 P. aeruginosa (PAO1) and 694 
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associated isogenic mutants for various Secretion Systems (PAO1 T3SS, PAO1 T2SS, 695 

PAO1 T1SS) for 24 hours.  ASC-GFP (Green) pictures were taken in dish during after 696 

infection. Images shown are from one experiment and are representative of n = 3 697 

independent experiments; scale bars, 20 μm. ASC complex percentage was performed 698 

by determining the ratios of cells positives for ASC speckles on the total cells (brightfield). 699 

At least 10 fields from n = 3 independent experiments were analyzed. Values are 700 

expressed as mean ± SEM. One-Way Anova. 701 

B. Florescence microscopy and associated quantifications of ASC-GFP specks in 702 

A549NLRP1+/ASC-GFP reporter cell lines exposed to 1.105 P. aeruginosa (PAO1) and 703 

associated isogenic mutants for various Type-2 Secretion System virulence effectors 704 

(PAO1 PLCN, PAO1 PLCH, PAO1 LASB, PAO1 EXOA) for 24 hours.  ASC-GFP (Green) 705 

pictures were taken in dish during after infection. Images shown are from one experiment 706 

and are representative of n = 3 independent experiments; scale bars, 20 μm. ASC 707 

complex percentage was performed by determining the ratios of cells positives for ASC 708 

speckles on the total cells (brightfield). At least 10 fields from n = 3 independent 709 

experiments were analyzed. Values are expressed as mean ± SEM. ***p  0.001, One-710 

Way Anova. 711 

C. Schematic mechanism of P. aeruginosa Exotoxin A (EXOA) and related toxins at 712 

mediating EEF2 ribosylation and inactivation and subsequent ribosome inactivation.  713 

D. Determination of ribosome inactivation in A549NLRP1+/ASC-GFP and A549NLRP1-/ASC-GFP 714 

reporter cell lines exposed to Exotoxin A (EXOA, 10ng/mL) for 2 and 6 hours by 715 

measuring ribosome polysome accumulation and puromycin incorporation. 716 

E. Florescence microscopy and associated quantifications of ASC-GFP specks in 717 

A549NLRP1+/ASC-GFP reporter cell lines exposed to EXOA (10ng/mL) or its catalytically dead 718 

mutant EXOAH426A (500ng/mL) for 10 hours. ASC-GFP (Green) pictures were taken in 719 

dish during after toxin exposure. Images shown are from one experiment and are 720 

representative of n = 3 independent experiments; scale bars, 20 μm. ASC complex 721 

percentage was performed by determining the ratios of cells positives for ASC speckles 722 

(Green, GFP) on the total nuclei (Blue, Hoechst). At least 10 fields from n = 3 independent 723 

experiments were analyzed. Values are expressed as mean ± SEM. ***p  0.001, One-724 

Way Anova. 725 
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F. Plasma membrane permeabilization determination over time using Propidium Iodide 726 

(PI) incorporation in WT or NLRP1-deficient pHCECs exposed to Valboro (Vbp, 15μM), 727 

EXOA (10ng/mL) or EXOAH426A (10ng/mL) for indicated times. ***p  0.001, T-test. Values 728 

are expressed as mean ± SEM from one experiment (in triplicate) performed at least three 729 

times. 730 
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 753 
Figure 3. EEF2 inactivation drives ZAK  and P38 MAPkinase activation and 754 

subsequent NLRP1 inflammasome nucleation.755 

A. Immunoblotting of P38, JNK, ZAK , NLRP1, Tubulin and phophorylated P38 and JNK 756 

in A549NLRP1+ and  A549NLRP1+/ZAK - reporter cell lines exposed or not to EXOA (10ng/mL) 757 

for 3 hours. Immunoblots show lysates from one experiment performed at least three 758 

times. 759 
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B. Cell lysis (LDH release), florescence microscopy and associated quantifications of 760 

ASC-GFP specks in A549NLRP1+/ASC-GFP and A549NLRP1+/ASC-GFP/ZAK - reporter cell lines 761 

exposed to EXOA (10ng/mL) for 10 hours. ASC-GFP (Green) pictures were taken in dish 762 

during after toxin exposure. Images shown are from one experiment and are 763 

representative of n = 3 independent experiments; scale bars, 50 μm. ASC complex 764 

percentage was performed by determining the ratios of cells positives for ASC speckles 765 

(Green, GFP) on the total nucleis (Blue, Hoechst). At least 10 fields from n = 3 766 

independent experiments were analyzed. Values are expressed as mean ± SEM. ***p  767 

0.001, One-Way Anova. 768 

C. Cell lysis (LDH release), florescence microscopy and associated quantifications of 769 

ASC-GFP specks in A549NLRP1+/ASC-GFP and  A549NLRP1+/ASC-GFP/P38 / - reporter cell lines 770 

exposed to EXOA (10ng/mL) for 10 hours. ASC-GFP (Green) pictures were taken in dish 771 

during after toxin exposure. Images shown are from one experiment and are 772 

representative of n = 3 independent experiments; scale bars, 50 μm. ASC complex 773 

percentage was performed by determining the ratios of cells positives for ASC speckles 774 

(Green, GFP) on the total cells (brightfield). At least 10 fields from n = 3 independent 775 

experiments were analyzed. Values are expressed as mean ± SEM. ***p  0.001, One-776 

Way Anova. 777 

D. Western blot examination of NLRP1 using an anti-NLRP1 N-terminal antibody (aa 1–778 

323) in A549ASC-GFP reporter cells reconstituted with hNLRP1 or hNLRP1 plasmid 779 

constructs mutated for 112TST114/112AAA114 or  178TST180/178AAA180 after 10 hours 780 

exposure to EXOA (10ng/mL) or Vbp (15μM). 781 

E. Cell lysis (LDH release), florescence microscopy and associated quantifications of 782 

ASC-GFP specks in A549ASC-GFP reporter cells reconstituted with hNLRP1 or hNLRP1 783 

plasmid constructs mutated for 112TST114/112AAA114 or 178TST180/178AAA180 after 10 hours 784 

exposure to EXOA (10ng/mL) or Vbp (15μM). ASC-GFP (Green) pictures were taken in 785 

dish during after toxin exposure. Images shown are from one experiment and are 786 

representative of n = 3 independent experiments; scale bars, 50 μm. ASC complex 787 

percentage was performed by determining the ratios of cells positives for ASC speckles 788 

(Green, GFP) on the total cells (brightfield). At least 10 fields from n = 3 independent 789 
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experiments were analyzed. Values are expressed as mean ± SEM. ***p  0.001, Two-790 

Way Anova with multiple comparisons. 791 

 792 

 793 

 794 

 795 

 796 

 797 

 798 

 799 

 800 

 801 

 802 

 803 

 804 

 805 

 806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

 817 

 818 

 819 

 820 



35 
 

821 
Figure 4. Cystic fibrosis airway epithelial cells show exacerbated sensitivity to 822 

EXOA-driven pyroptosis, which is reversed by ZAK  inhibition. 823 

A. Immunoblotting of NLRP1, Tubulin and phophorylated P38 in pHNECsWT and 824

pHNECsCF from healthy (WT) and Cystic Fibrosis (CF) patients exposed to EXOA825 

(10ng/mL) or not for 12 hours. Immunoblots show lysates from one experiment performed 826 

at least three times. (d1) stands for “donor 1” from Cystic fribosis (CF) or healthy (WT) 827 

patients. 828 

B, C. Plasma membrane permeabilization determination over time using Propidium Iodide 829 

(PI) incorporation in pHNECsWT or pHNECsCF exposed to EXOA (10ng/mL) for indicated 830 

times. When specified, SB203580, inhibitor of P38 activity (10μM) or PLX420 (bRaf, ZAK  831 

inhibitor, 10μM) were used. (d1) and (d2) stand for respective donors 1 or 2. ***p  0.001, 832 

T-test. Values are expressed as mean ± SEM from one experiment (in triplicate) from one 833 

independent donor (d1/d2, CFd1/CFd2) performed at least three times.834

D. Immunoblotting of NLRP1, Gasdermin D (GSDMD) and Tubulin in pHNECsWT and 835 

pHNECsCF from healthy (WT) and Cystic Fibrosis (CF) patients exposed to EXOA836 
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(10ng/mL) or not for 12 hours in presence or absence of PLX420 (ZAK  inhibitor, 10μM). 837 

Immunoblots show combined supernatants and lysates from one experiment performed 838 

at least three times. (d2) stands for “donor 2” from Cystic fribosis (CF) or healthy (WT) 839 

patients. 840 

E. Cell lysis (LDH) and IL-18 release evaluation in pHNECsWT and pHNECsCF upon EXOA 841 

(10ng/mL), Anisomycin (1μg/mL) or Vbp (15μM) treatement for 18 hours in 842 

presence/absence of PLX420 (ZAK inhibitor, 10μM). ***p  0.001, T-test. Values are 843 

expressed as mean ± SEM from one experiment (in triplicate) from one independent 844 

donor (d1/d2, CFd1/CFd2) performed at least three times. 845 

F. IL-18 release in pHNECsWT and pHNECsCF co-cultured with PAO1 or PAO1 EXOA (1.105 846 

bacteria) for 24 hours. ***p  0.001, T-test. Values are expressed as mean ± SEM from 847 

one experiment (in triplicate) from one independent donor (d2, CFd2) performed at least 848 

three times. 849 
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SUPPLEMENTAL FIGURE LEGENDS 868 

869 

 870 
Figure S1. P. aeruginosa-activated human NLRP1 inflammasome requires 871 

proteasome activity. 872 

A. Schematic drawing of P. aeruginosa co-culture experiments performed with human 873 

corneal epithelial cells. 874 

B. Immunoblotting of NLRP1, Gasdermin-D and Tubulin in pHCECs upon Valbororo pro, 875 

Vbp 15μM) treatment or P. aeruginosa (PAO1, 1.105 bacteria) co-culture for 24 hours in 876 

presence/absence of proteasome inhibitor bortezomib. Immunoblots show lysates from 877 

one experiment performed at least three times. 878 

C. Cell lysis (LDH) and IL-1B release evaluation in pHCECs and pHNECs, upon 879 

Valbororo pro, Vbp 15μM) treatment or P. aeruginosa (PAO1, 1.105 bacteria) co-culture 880 

for 24 hours in presence/absence of proteasome inhibitor bortezomib.  ***p  0.001, Two-881 

Way Anova with multiple comparisons. Values are expressed as mean ± SEM. 882 

883 

884 

885 

886 
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 887 
Figure S2. Multiple EEF2-targeting toxins activate the human NLRP1 888 

inflammasome. 889 

B. Immunoblotting of ADP-Ribosylated proteins, EEF2 and Tubulin in A549NLRP1+/ASC-GFP890 

cell lysates treated or not with Vbp (15μM) or EXOA (10ng/mL) in presence of NAD-Biot. 891 

Immunoblots show lysates from one experiment performed at least three times. 892 

B. Schematic mechanism of DPH enzymes at promoting the formation of the Diphtamide 893 

aminoacid on EEF2. 894 

C. Immunoblotting characterization of genetic invalidation of DPH1 in A549NLRP1+/ASC-GFP895 

cells using CRISPR-Cas9.  896 

D. Fluorescence microscopy and associated quantifications of ASC-GFP specks in 897 

A549NLRP1+/ASC-GFP and  A549NLRP1+/ASC-GFP/DPH1- reporter cell lines exposed to Vbp (15μM), 898 

EXOA (10ng/mL), Cholix Toxin (CT, 10ng/mL) and Diphteria Toxin (DT, 20ng/mL) for 10 899 

hours. ASC-GFP (Green) pictures were taken in dish during after toxin exposure. Images 900 

shown are from one experiment and are representative of n = 3 independent experiments; 901 

scale bars, 50 μm. ASC complex percentage was performed by determining the ratios of 902 

cells positives for ASC speckles (Green, GFP) on the total cells (Birghtfield). At least 10 903 



39 
 

fields from n = 3 independent experiments were analyzed. Values are expressed as mean 904 

± SEM. ***p  0.001, One-Way Anova. 905 
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935 
Figure S3. Stress kinase ZAK  regulates EXOA-, but not SARS-CoV-2-driven 936 

NLPR1 inflammasome activation. 937 

A. Immunoblotting of NLRP1, Tubulin and phophorylated P38 and JNK in A549NLRP1+ and  938 

A549NLRP1- reporter cell lines exposed or not to EXOA (10ng/mL) or its inactive mutant 939 

EXOAH426A for 3 hours. Immunoblots show lysates from one experiment performed at 940 

least three times. 941 

B. Immunoblotting characterization of genetic invalidation of P38  and P38  in 942 

A549NLRP1+/ASC-GFP cells using CRISPR-Cas9. 943 

C. Fluorescence microscopy and associated quantifications of ASC-GFP specks in 944 

A549NLRP1+/ASC-GFP and A549NLRP1+/ASC-GFP/ZAK - reporter cell lines expressing hACE2 945 

infected for 24 hours with various SARS-CoV-2 MOI (Multiplicity of infection). ASC-GFP 946 

(Green) pictures were taken in dish during after toxin exposure. Images shown are from 947 

one experiment and are representative of n = 3 independent experiments; scale bars, 50 948 

μm. ASC complex percentage was performed by determining the ratios of cells positives 949 

for ASC speckles (Green, GFP) on the total cells (Birghtfield). 950 
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951 
Figure S4. Cystic fibrosis (CF) cells show exacerbated sensitivity to undergo cell 952 

death upon ribotoxic stress. 953 

A. Information regarding Healthy and CF patient samples used in this study. 954 

B. Fluorescence microscopy of Propidium Iodide (PI, red) incorporation into pHNECWT955 

(donor 2, d2) and pHNECCF (donor 1, d1) after exposure to Anisomycin or EXOA for 16 956 
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hours in presence or not of the ZAK alpha inhibitor PLX4720 (10μM). Images shown are 957 

from one experiment and are representative of n = 3 independent experiments; scale 958 

bars, 50 μm. 959 
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V. Conclusions and Perspectives 

 

Human NLRP1 was the first inflammasome-forming sensor discovered and described 20 years ago by 

Tschopp and colleagues. However, the molecular mechanisms of activation of NLRP1 remained a 

mystery for a very long time. This might be explained by 3 major reasons: most human cancer cell lines 

used as a model in research have lost NLRP1 expression, NLRP1 is expressed in the human epithelium 

(Sand et al., 2018), contrary to NLRP3 and murine NLRP1, which are mainly found in myeloid cells and 

finally, the majority of data on NLRP1 was obtained in rodents and it is not transposable in humans 

because of major structural differences. While recent advances in the field are placing NLRP1 as a central 

epithelial sensor able to integrate a broad range of signals, its role in host-pathogen interaction is not 

fully elucidated.  

The current knowledge about NLRP1 unveils different molecular mechanism of activation: DPP8/9 

inhibition, protease cleavage, detection of long dsRNA, redox and ribotoxic stress (Bachovchin, 2021; 

Bauernfried & Hornung, 2021). These different mechanisms of activation suggest that NLRP1 can act as 

a sensor for various types of perturbations and place NLRP1 as a central sensor in the human epithelium. 

However, the mechanisms by which NLRP1 recognizes these perturbations are more complicated that 

a simple ligand-binding domain. The NLRP1 inflammasome forming sensor possesses two domains (N-

terminal and C-terminal) linked in a non-covalent manner with a FIIND-death fold domain. Thanks to 

this specific structure, NLRP1 is engaged in a pathogen’s arms race acting as a decoy for 3C and 3CL 

microbial proteases. Pioneer studies showed that 3C proteases from several picornaviruses can cleave 

and activate NLRP1 (Robinson et al., 2020b; Tsu et al., 2021). These results were confirmed by our work, 

which showed 3CL proteases from SARS-CoV-2, SARS-CoV-1 and MERS cleave and activate NLRP1 

(Planès et al., 2022).  Interestingly, multiple proteins in the human system exhibit the fusing of a FIIND-

death fold domain extension to the C terminus (Liao et al., 2014), showing the importance of this FIIND 

domain for decoy capabilities. Indeed, human NLRP1 possesses a conserved disordered region between 

the PYD and the NACHT that can be phosphorylated by cellular kinases (ZAKα and p38) to induce the 

activation of NLRP1. Recently, it was described that UVB irradiations are implicated in the 

phosphorylation of NLRP1 (Robinson et al., 2022). However, it was poorly understood if some microbial 

pathogens can be implicated in this NLRP1 phosphorylation and activation process. It is important to 

note that the motifs needed for the protease degradation and phosphorylation are not conserved in 

mice suggesting that these motifs are conserved in humans to preserve an important defence 

mechanism against pathogens’ attacks.  

In order to better understand the mechanisms of NLRP1 activation and its role in the pathogen arms 

race, during my PhD I focused on two different microbial pathogens: SARS-CoV-2 and P.aeruginosa. 
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Thanks to our works, we identified NLRP1 as a sensor of SARS-CoV-2 3CL protease (NSP5) in airway 

epithelial cells and we described the critical role of ZAKα driven NLRP1 inflammasome response and 

epithelial damage in response to P.aeruginosa. 

During COVID-19 pandemic an early sign that inflammasomes were involved in COVID-19 appeared 

when LDH levels in the lungs and the kidney were correlated with the severity of the disease (Yi Han et 

al., n.d.). Rodrigues and colleagues then provided evidence for the role of NLRP3 in COVID-19 by 

demonstrating its activation in PBMCs (peripheral blood mononuclear cells) from COVID-19 patients 

(Rodrigues et al., 2020b). Similarly, we recently showed that NLRP1 acts as a central sensor of SARS-

CoV-2 3CL protease NSP5 in airway epithelial cells and we were unable to find substantial NLRP3 

expression in our epithelial cell models. These complementary results show the important role of 

inflammasomes in the severity of COVID-19 and confirm the different roles and tissue expression of 

NLRP1 and NLRP3. Mechanistically, we demonstrated that SARS-CoV-2 infection activates human NLRP1 

inflammasome in epithelial cells. This mechanism of activation is based on the NSP5 3CL protease that 

cleaves NLRP1 and promotes functional degradation (Figure 30). Interestingly, NLRP1 act as a decoy of 

the NSP5 virulence factor. NSP5 cleaves the executor of pyroptosis gasdermin D, in its pore-forming 

domain in order to inactivate it, but also cleaves NLRP1 promoting its degradation and activation. 

Similarly, 3C proteases from Enterovirus 71 cleave, and inactivate gasdermin D (Lei et al., 2017b). 

Interestingly, SpeB, a cysteine protease virulence factor from S. pyogenes, triggers keratinocyte 

pyroptosis by cleaving GSDMA and releasing an active N-terminal fragment (Deng et al., 2022b). All 

these results showed that non-host ligands (microbial pathogens) might directly cleave and process 

GSDMs, leading to pyroptosis regulation (activation or inhibition). In fact, GSDM cleavage requires 

aspartyl proteases (e.g, caspase-1, caspase-11, caspase-3, caspase-8…) and microbial proteases 

including aspartyl proteases are known virulence factors in various pathogens. For example, both fungal 

C. albicans Sap and viral HIV-1 PR are aspartyl proteases required for efficient infection. Importantly, all 

mentioned proteases were reported to trigger cell death in cells from various origins (Blanco et al., 2003; 

Cassone et al., 2016). Following that, our group is interested in studying gasdermins as immune 

platforms for microbial proteases sensing.  

Finally, we showed the importance of the caspase-3/-8 – GSDME cell death pathway induced after a 

SARS-CoV-2 infection in airway epithelial cells. Interestingly, we found that we have a strong correlation 

between increased levels of plasma caspase-3, cleaved caspase-3, IL-18, IL-16, IL-6, GSDMD and GSDME 

with the severity status of patients (IFN-altered patients or not) suggesting that an overactivation of 

NLRP1 will be deleterious for the patients. Future research should focus on whether excessive NLRP1 

inflammasome activation or a lack of NLRP1 response directly or indirectly promotes an NLRP3-

dependent response in patient myeloid cells. 
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In addition, it is also conceivable to think that microbial proteases might cleave directly into the active 

domain of NLRP1 (CARD domain) in order to block it, just as they can cleave the N-terminus of NLRP1 

to cause its activation. It is also tempting to speculate that the proteases DPP8/9 substrates regulate 

NLRP1 and CARD8 activity and that microbial pathogens could hijack and disrupt the activity of DPP8/9. 

Identifying substrates of DPP8/9 will be a big advance in the field. Some results identified a few potential 

substrates and indicates that DPP8/9 cleaves after proline residues in unstructured peptides (Geiss-

Friedlander et al., 2009). Consistent with this, DPP9 has been reported to be implicated in the catabolism 

of proline-containing peptides generated by the proteasome. Based on these data, it is tempting to 

speculate that inhibition of DPP8/9-mediated peptide cleavage induces a cellular perturbation that is 

indirectly sensed by NLRP1 and CARD8, as in the PYRIN inflammasome. These hypotheses open novel 

questions to address for better understanding of the NLRP1 inflammasome and its functions.  

In the second study, we showed that in human corneal and nasal epithelial cells, P. aeruginosa by 

secreting the Eukaryotic Elongation Factor 2 (eEF-2) inactivating toxin Exotoxin A (ExoA) triggers the 

assembly of the NLRP1 inflammasome and induces the release of associated IL-1 cytokine (IL-1β and IL-

18) (Figure 30). 

Mechanistically, ExoA inactivates eEF-2 by ribosylating a specific amino acid called diphthamide. 

Diphthamide is a unique post-translationally modified histidine residue found only in translation 

elongation factor 2 (eEF-2) (Jørgensen et al., 2005). Interestingly, all eukaryotic organisms and 

archaebacteria have been found to contain diphthamide in the elongation factor eEF-2, while eubacteria 

do not, indicating that this is a specific mechanism for targeting eukaryotic protein-synthetis machinery 

without inactivating the protein-synthetis machinery of bacterial pathogens. Diphthamide's 

biosynthesis is one of the most complex posttranslational modifications, but in a simplistic manner, the 

biosynthesis is accomplished by stepwise additions to the His715 (His699 in yeast) residue of eEF-2. This 

process needs different genes named DPH (DPH-1, -2, -3, -4 and -5)(S. Liu et al., 2004) that mediate the 

first step of the posttranslational diphthamide modification. Our results demonstrated that, in response 

to ExoA, DPH1-deficient cells failed to assemble an active NLRP1 inflammasome. In addition to exoA, 

the diphtamide serves as the target for other bacterial toxins, namely Diphtheria Toxin 

(Corynebacterium diphtheriae) and Cholix toxin (Vibrio cholerae)(Jørgensen et al., 2008). Interestingly, 

in parallel to our results, the Zhong group in Singapour showed that the Diphteria Toxin (DT) triggers 

the activation of human NLRP1 inflammasome in skin keratinocytes. Despite the fact that this 

modification in histidine, named diphtamide, was discovered for the first time almost 23 years ago, 

diphthamide has not been clearly implicated in the normal physiology of the eukaryotic cell (Van Ness 

et al., 1980). To go further, it will be interesting to make efforts to understand the physiological role of 

diphthamide in eukaryotic cells. Interestingly, very recently a novel ribosomopathy associated with a 
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“diphtamide-deficiency syndrome” was described (Hawer et al., 2020). Different patients were 

identified with DPH1 and DPH2 deficiencies (loss of function mutations) linked with a reduction in the 

functionality of components of the cellular machinery for eEF2-diphthamide synthesis. This syndrome 

is associated with developmental delay, abnormal head circumference (microcephaly or macrocephaly), 

short stature, and congenital heart disease. To go further, it could be interesting to test the response to 

the different ribotoxins in these patients to study if the deficiency of DPH1/2 could induce resistance to 

different microbial infections or not. Indeed, some deficiencies conferring selective advantage were 

previously observed for HIV- or-malaria-resisting patients (A.C. Allison & Phill B.M, 1954; Michel Samson 

et al., 1996) or recently highlighted for Yersinia pestis-shaped selection/evolution of the inflammasome-

forming sensor PYRIN (Park et al., 2016b). 

In addition, we showed that ExoA-inactivated-eEF-2 promotes ribotoxic stress response (RSR) and 

subsequent activation of the stress kinases ZAKα and p38  (C. C. 38C. Wu et al., 2020b). Subsequently, 

activated ZAKα and p38 stimulate NLRP1 phosphorylation in its disordered region, functional 

degradation and activation. Our results showed that ZAKα deletion by Crispr-Cas9, as well as the use of 

the ZAKα inhibitor (PLX) completely abrogated the assembly of NLRP1 inflammasome and cell death in 

response to ExoA. These results showed the crucial role of ZAKα kinase in the phosphorylation and 

activation of NLRP1. P38 is a kinase that can be activated by many different signalling pathways. 

However, in this context, following a ribotoxic stress, our results suggest that p38 is activated and 

phosphorylated only after phosphorylation by ZAKα. In fact, no p38 phosphorylation in response to ExoA 

is shown when ZAKα is genetically deleted. Interestingly, the genetic deletion of p38 inhibits the 

assembly of NLRP1 inflammasome in an early time point, as well as the p38 inhibitor which partially 

inhibits NLRP1-dependent cell death, suggesting a potential role of other kinases to phosphorylate 

NLRP1 downstream to ZAKα. Further investigations are required to identify if other kinases could be 

implicated in the NLRP1 phosphorylation. It is important to note that the ribotoxic stress response (RSR) 

and the activation of ZAK are still present in mice. Indeed, it exists ZAK deficient mouse that showed a 

defective ribotoxic stress response (Jandhyala et al., 2016).  However, due to the structural differences 

between hNLRP1 and mNLRP1, the NLRP1 pathway is not activated.   

Furthermore, we demonstrated that ZAKα and p38 phosphorylate NLRP1 in positions 110TST112 and 

178TST180 and that these sites are required for efficient inflammasome assembly to ExoA but not during 

Vbp exposure. However, many questions are still unanswered. How can phosphorylation of NLRP1 

increase the degradation and activation of NLRP1? Is phosphorylation sufficient to destabilize NLRP1 or 

is it the endogenous E3 ligases that recognize the phosphorylated NLRP1 to promote ubiquitination and 

degradation of NLRP1? Using the proteasome inhibitor (bortezomib) and the NEDD8-cullin ligase 

inhibitor (MLN4924), we showed that the NLRP1 activation following the Exotoxin A exposure is 



proteasome and E3 cullin-ligase dependent, suggesting that NEDD8-driven cullin ligase activation is 

requ ired for NLRPl degradation and subsequent inflammasome activation. So far, eight E3 cul lin ligases 

have been described, with two of thern (Cullin 1 and Cul lin 2) recognizing phosphorylated substrates (Y. 

Chenet al., 2021) Thus, we are currently performing siRNA approaches to understand the role of Cullin 

1/2 in promoting NLRPl functional degradation. 
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Figure S1: Human NLRPl as a central sensor of microbial virulence in airway epithelium. 

Finally, thanks to our models, we studied the effect of ExoA in cystic fibrosis patients. Cystic fibrosis (CF), 

which affects over 48,000 people in Europe and 30,000 people in the USA, is one of the most prevalent 

life-threatening autosomal recessive genetic diseases in Caucasians. CF is a multisystem disease 

characterized by recurrent lung infections, pancreatic insufficiency, gastrointestinal issues, CF-related 

diabetes, malnutrition, arthropathies, and male infertility (Q. Chen et al., 2021). Mutations on the 

transmembrane ion channel cystic f ibrosis transmembrane conductance regulator (CFTR) result in the 

alteration of the physiological function of CFTR production and maturation -and are the cause of the 

disease. The most common mutation is homozygous or heterozygous 6FS08 (Q. Chen et al., 2021) , The 

CFTR is an anion channel implicated in transport of ch loride (Cl-) and bicarbonate (HCO3-} ions and a 

regu lator of the epithelial sodium charinel (ENaC). The CFTR protein is highly expressed in the 

respiratory, digestive, and male urogenital tracts. An absence or reduction in functional CFTR leads to 
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defective CFTR-mediated anion transport and upregulation of ENaC. These changes in normal 

homeostasis result in fluid hyperabsorption, abnormally thick viscous mucus and defective mucociliary 

clearance. In our study, we demonstrated that primary nasal epithelial cells derived from cystic fibrosis 

(CF) patients showed hypersensitivity to ExoA-induced ribotoxic stress-dependent NLRP1 

inflammasome activation, a process reverted by the use of ZAK inhibitor (PLX-4720). Interestingly, we 

showed that ExoA but also other ribotoxic stress inducers (anisomycin) specifically triggered an 

exacerbated IL-18 cytokines release and cell death response. Besides, a previous study (Scambler et al., 

2019), showed an exaggerated pro-inflammatory response in CF cells when challenged with NLRP3-

infammasome activators LPS and ATP, leading to increased IL-18 secretion in CF HBECs (human 

bronchiolar epithelial cell lines), and IL-1β and IL-18 in CF monocytes. This exaggerated inflammatory 

response was reduced when cells were pre-treated with small molecule inhibitors of NLRP3. These 

controversial results can be explained by the different models of cell lines that we used. In our study, 

we used primary nasal epithelial cells from CF patients (ΔF508 mutations) or healthy individuals that 

strongly express NLRP1. Furthermore, we failed to induce the expression of NLRP3 after priming 

conditions (LPS-EK or IFNγ) and we failed to inhibit cell death with the use of the NLRP3 inhibitor 

(MCC950) after ExoA or anisomycin exposure. These results confirm the important role of NLRP1 in 

airway epithelial cells. To this regard, it is currently known that patients developing Cystic fibrosis (CF) 

show exacerbated inflammation associated with pro-inflammatory cytokine transcription and tissues 

damages upon chronic infection with P. aeruginosa. Other studies showed that when CFTR-deficient 

airway epithelial cells are exposed to Pseudomonas aeruginosa, there is an activation of nuclear factor-

κB (NF-κB), which drives the expression of IL-8, a potent neutrophil chemoattractant (Venkatakrishnan 

et al., 2000). Additionally, specific studies highlighted that stress-activated kinase P38 was over-

activated in CF-derived cells from patients (Bérubé et al., 2010; Raia et al., 2005). Interestingly, Jenster 

et al showed that ectopic activation of p38 by co-expression of its upstream kinases MKK3 or MKK6 is 

sufficient to initiate NLRP1 inflammasome assembly (Jenster, Lange, Normann, Vom Hemdt, et al., 

2023). Although several hypotheses were made to explain such dysregulation in CF patients, no study, 

including ours, could unveil the critical molecular and biochemical mechanisms engaged, which 

warrants further investigations.  

The recent approval of the triple-drug combination therapy, Ivacaftor/Tezacaftor/Elexacaftor (Trikafta) 

improves CFTR expression and function, and heralds a paradigm shift in the treatment of CF, as this 

combination is highly efficacious for both patients who are homozygous and heterozygous for the ∆F508 

mutation(Zaher et al., 2021). In our study, we pre-treated primary nasal cells from CF patients 

(heterozygous or homozygous for ∆F508 mutations) with Trikafta therapy and we combined it with ZAKα 

inhibitor (PLX) before ExoA or anisomycin exposure. This experiment reveals that the combination of 
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Trikafta treatment with the ZAKα inhibitor synergizes to completely inhibit cell death compared to 

Trikafta treatment alone. These results suggest that targeting ZAKα in P.aeruginosa-infected patients 

might constitute a good host-targeted approach in order to limit epithelial damages complementary to 

the current Trikafta treatment. An important aspect to be taken into account is that the PLX-4720 is an 

inhibitor of B-raf, a gene that encodes a protein belonging to the RAF family of serine/threonine protein 

kinases including ZAK kinase. We are currently working on the screening of selective inhibitors of ZAKα 

to test the efficacity of these selective inhibitors in combination with the Trikafta therapy.  

 

Figure S2: Cell death of primary nasal cells from cystic fibrosis (CF) patients induced by ExoA exposure.  

Legend: Primary human nasal cells cells (pHNECs) derived from Cystic Fibrosis patients were plated at a density of 

7000 cells per well in black/clear 96-well plates in Pneumacult medium containing the trikafta therapy: Ivacaftor 

(VX-770) (10uM), Tezacaftor (VX-661) (10uM), Elexacaftor (VX-445) (5uM). Following 48h of treatment, medium 

was changed and replaced by Pneumacult medium that contains the Trikafta therapy +/- ZAK inhibitor PLX4720 

(10uM) After 1hour of treatment, the cells were stimulated with Exotoxin A and supplemented with SYTOX-Green 

dye (100ng/mL). Green fluorescence is 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. 

This study also leaves many unanswered concerns and invites further research, including whether the 

NF-KB overactivation observed in CF patients could be related to this increased response by the NLRP1 

inflammasome? Could overactivation of NF-KB prime and over-activate NLRP1? We failed to show an 

increase in NLRP1 expression in CF patients but we didn’t investigate a possible overactivation of NLRP1. 

Interestingly, this hypothesis provides the opportunity to investigate new diseases. In this context, I am 

interested in the study of ubiquitinopathies, a new group of auto-inflammatory diseases. Recently, 

deregulation in the ubiquitin pathway has been reported in patients with auto-inflammatory diseases. 

In this context, the A20/TNFAIP3 (HA20) haploinsufficiency relies on the stimulation of the NFκB pro-

inflammatory pathway related to decreased recruitment of A20 to the NFκB signaling complex and 
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decreased deubiquitination by A20. As a result, children (7 months to 16 years of age) may develop a 

clinical Behçet-like phenotype, which includes bipolar aphtosis, skin lesions, and ophthalmologic 

involvement (Q. Zhou et al., 2015). All of these data suggest a potential role for NLRP1 in skin and 

ophthalmic damage. It would be interesting to investigate if this overactivation of the NF-KB pathway 

(as shown in CF patients) can be connected with a susceptibility to respond to NLRP1 in these tissues.  

In the last few years, significant progress has been made in understanding the molecular mechanisms 

driving the activation of the inflammasome sensor NLRP1 by pathogens and by perturbation of cellular 

homeostasis. NLRP1 activation is extremely complex and different from the others inflammasome 

sensors which makes studying it a real challenge. NLRP1 (and CARD8) are the unique inflammasome 

sensors with an intrinsic autoproteolytic activity that is required but insufficient for activation that needs 

the release of the effector C-terminal domain. This precise and unique structure gives a chance for 

specific pharmacological targeting of NLRP1 activation and to develop a treatment for patients with skin 

cancer and other autoinflammatory skin diseases.  

Altogether, we certainly show the importance of the human models to study the NLRP1 inflammasome 

and we show the importance and the emergence of human NLRP1 inflammasome as a sensor of 

microbial virulence in airway human epithelium. Our results strongly encourage to develop human 

models of the lung, skin, cornea and others to really understand all the complexity of the NLRP1 

inflammasome.  
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VII. APPENDIX 

 

1. Caspase-1 driven neutrophil pyroptosis and its role in host susceptibility to 

Pseudomonas aeruginosa 
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d’Etude des Pathologies Respiratoires, UMR 1100, Tours, France, 5 Division of Rheumatology, Department

of Internal Medicine, Washington University School of Medicine, Saint Louis, Missouri, United States of
America, 6 Department of Internal Medicine and Pediatrics, Ghent University, Ghent, Belgium

¤ Current Address: Institute of Pharmacology and Structural Biology (IPBS), University of Toulouse, CNRS,
Toulouse, France

‡ These authors equally supervised this work.
* etienne.meunier@ipbs.fr (EM); Remi.planes@ipbs.fr (RP)

Abstract

Multiple regulated neutrophil cell death programs contribute to host defense against infec-

tions. However, despite expressing all necessary inflammasome components, neutrophils

are thought to be generally defective in Caspase-1-dependent pyroptosis. By screening dif-

ferent bacterial species, we found that several Pseudomonas aeruginosa (P. aeruginosa)

strains trigger Caspase-1-dependent pyroptosis in human and murine neutrophils. Notably,

deletion of Exotoxins U or S in P. aeruginosa enhanced neutrophil death to Caspase-1-

dependent pyroptosis, suggesting that these exotoxins interfere with this pathway. Mecha-

nistically, P. aeruginosa Flagellin activates the NLRC4 inflammasome, which supports Cas-

pase-1-driven interleukin (IL)-1β secretion and Gasdermin D (GSDMD)-dependent

neutrophil pyroptosis. Furthermore, P. aeruginosa-induced GSDMD activation triggers Cal-

cium-dependent and Peptidyl Arginine Deaminase-4-driven histone citrullination and trans-

location of neutrophil DNA into the cell cytosol without inducing extracellular Neutrophil

Extracellular Traps. Finally, we show that neutrophil Caspase-1 contributes to IL-1β produc-
tion and susceptibility to pyroptosis-inducing P. aeruginosa strains in vivo. Overall, we dem-

onstrate that neutrophils are not universally resistant for Caspase-1-dependent pyroptosis.
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Author summary

Neutrophils play an essential role against infections. Although multiple neutrophil death

programs contribute to host defense against infections, neutrophils are thought to be

defective in Caspase-1-dependent pyroptosis. We screened several microbial species for

the capacity to overcome neutrophil resistance to Caspase-1-driven pyroptosis, and show

that the bacterium Pseudomonas aeruginosa specifically engages the NLRC4 inflamma-

some to promote Caspase-1-dependent Gasdermin D activation and subsequent neutro-

phil pyroptosis. Furthermore, NLRC4 inflammasome-driven pyroptosis leads to histone

citrullination, nuclear DNA decondensation and expansion into the host cell cytosol.

However, Neutrophil Extracellular Trap (NET) are not formed because DNA is kept in

the intracellular space despite plasma membrane permeabilization and extracellular

release of soluble and insoluble alarmins. Finally, in vivo P. aeruginosa infections highlight

that Caspase-1-driven neutrophil pyroptosis is detrimental to the host upon P. aeruginosa

infection. Altogether, our results demonstrate Caspase-1-dependent pyroptosis in neutro-

phils as a process that contributes to host susceptibility to P. aeruginosa infection.

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 vari-

ous cellular effectors. Among them, neutrophil serine proteases (Neutrophil elastase, Cathep-

sin 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 his-

tone-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), Protein-

ase 3 (Pr3) and Myeloperoxidase (MPO) proteins [3, 15, 18]. Finally, sub-cortical actin net-

work 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. ROS-

and 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 Cas-

pase-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
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“Amorçage Jeunes Equipes” (AJE20151034460 to

EM) and the ERC (StG INFLAME 804249 to EM),

the NIH (AR073752 to CTNP), the European

Society of Clinical Microbiology and Infectious

Diseases (ESCMID, to RP), Invivogen-CIFRE PhD

grant (to MP), Invivogen post-doctoral fellowship

(to RP) and a PhD fellowship from the Minister of

Research of Mali and Campus France agency (to

SB). The funders had no role in study design, data

collection and analysis, decision to publish, or

preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.ppat.1010305


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 induc-

tion 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 canoni-

cal pyroptosis impairment in neutrophils by showing that sterile activators, but also the

SARS-CoV-2 virus, could also contribute to canonical NLRP3 inflammasome-dependent neu-

trophil 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 spe-

cific set of virulence factors into host target cells, including macrophages and neutrophils [33].

T3SS-expressing Pseudomonas aeruginosa strains classically segregate into two mutually exclu-

sive clades. Those expressing the bi-cistronic ADP-rybosylating and GTPase Activating Pro-

tein (GAP) virulence factor ExoS, and those expressing the lytic phospholipase of the patatin-

like 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 tox-

ins 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 viru-

lence factors, which could promote NETosis [12, 41–43], the critical bacterial effector mole-

cules 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 patho-

gen 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 some-

how suppress caspase-1-mediated neutrophil pyroptosis. Mechanistically, P. aeruginosa-

induced 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. Fur-

thermore, 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-CreCasp1flox

mice) reduces both IL-1β production and susceptibility to P. aeruginosa infection in vivo.
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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 vari-

ous 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), Listeriamonocytogenes (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 time-

frame 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 set-

ups (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 neu-

trophil lysis, only LDH release by Pseudomonas aeruginosa (PAO1 strain) was partially depen-

dent 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-inde-

pendent, 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 Pseudomo-

nas 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 (PAO1ΔExoS, PAO1ΔExoT,

PAO1ΔExoY); deficient for the expression of Flagellin (PAO1ΔFliC); or for the T3SS (PAO1ΔExsA)

(Figs 1C and S1B). 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 and 1C). Flagellin deficiency modifies the physical recognition and

phagocytosis of P. aeruginosa by macrophages and neutrophils [45, 46] (S1C Fig), which could

indirectly alter the amount of Flagellin injected into host target cells. To ensure similar
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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 inWT 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 inWT or Casp1-/- BMNs infected with Pseudomonas aeruginosa PAO1 or various
isogenic mutants lacking Flagellin (FliC, PAO1ΔFliC) or T3SS-derived toxins ExoS, ExoY, ExoT (PAO1ΔExoS, PAO1ΔExoY, PAO1ΔExoT). ���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 inWT, Casp1-/- and GsdmD-/-murine Bone Marrow Neutrophils (BMNs) infected for the indicated times with
PAO1 or its isogenic mutant PAO1ΔExoS 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 inWT,
Casp1-/-, Casp11-/-, Casp1-/-Casp11-/- and GsdmD-/-murine Bone Marrow Neutrophils (BMNs) infected for 3 hours with Pseudomonas aeruginosa PP34
strain or its isogenic mutant PP34ΔExoU 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
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phagocytosis/recognition of Pseudomonas aeruginosa strains by neutrophils, we genetically

invalidated the expression of Flagellin motors (namely MotABCD) in a WT PAO1 and Flagel-

lin-deficient (PAO1ΔFliC) genetic background. Both PAO1ΔMotABCD and PAO1ΔMotABCD/ΔFliC

showed similar neutrophil uptake after 45 minutes of infection (S1C Fig), which allowed evalu-

ating the direct importance of Flagellin in P. aeruginosa-driven Caspase-1-dependent neutro-

phil pyroptosis. Kinetic analysis of neutrophil lysis (LDH release) and IL-1β production in WT

and Casp1-/- neutrophils showed that PAO1ΔMotABCD, but not PAO1ΔMotABCD/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 and

1D, 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

and 1D, and S1B). In addition, PAO1ΔExoS-induced neutrophil lysis was strongly reduced in

Caspase-1-deficient neutrophils, suggesting that ExoS expression suppresses Caspase-

1-dependent neutrophil death (Fig 1C and 1D, and S1B).

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 and 1D, and S1B), neutrophil lysis and IL-1β release by the PAO1ΔExoS

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 (PP34ExoUS142A). In addition, we examined the response of neutro-

phils to a P. aeruginosa strain that naturally expresses ExoU (PP34 strain) or a mutant thereof

that is genetically deficient for ExoU (PP34ΔExoU). These experiments showed that the P. aeru-

ginosa PP34 strain induces neutrophil lysis, yet in a Caspase-1- and Gasdermin D-independent

manner (Figs 1F and S1E). However, both human and murine neutrophils infected with

PP34ΔExoU or PP34ExoUS142A 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 GSDMD-

dependent 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 Cas-

pase-1-dependent neutrophil pyroptosis. To address this specific question, we used the most

potent pyroptotic strains of P. aeruginosa, namely PAO1ΔExoS, PP34ΔExoU or PP34 ExoUS142A

(further referred to as “pyroptotic strains” for clarity) (Fig 1G). We infected WTmurine neu-

trophils 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
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upon infection with P. aeruginosa pyroptotic strains PAO1ΔExoS and PP34ΔExoU (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, Cas-

pase-11 or AIM2—efficiently promotes neutrophil pyroptosis upon infection with P. aerugi-

nosa 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-/- neu-

trophils (Figs 1F and 2A). 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). Impor-

tantly, IL-1β release was entirely dependent on NLRC4 upon infection with any of these differ-

ent Pseudomonas aeruginosa strains, whereas the pyroptotic strains PAO1ΔExoS, CHAΔExoS and

PP34ΔExoU 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 PAO1ΔExoS, PP34 ExoUS142A and

PP34ΔExoU 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 and

2C). As expected, a PAO1 mutant strain lacking the T3SS regulator ExsA (PAO1ΔExsA) 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 inflam-

masome-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 neu-

trophil pyroptosis, namely PAO1, PAO1ΔExoS, CHA, CHAΔExoS, PP34ΔExoU 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 (1.105 CFUs) of P. aeruginosa strains that specifically triggered

NLRC4-dependent neutrophil pyroptosis, namely PP34ΔExoU. As control, we included its iso-

genic mutant PP34ΔExoU/ΔFliC that is deficient in Flagellin expression and hence unable to trig-

ger NLRC4-dependent neutrophil pyroptosis in vitro (Figs 2D and S2B). ImageStreamX

analysis of neutrophils presenting an active ASC supramolecular speck (ASC speck+/LY6G+

neutrophils) showed that PP34ΔExoU infection triggered inflammasome activation in neutro-

phils, and that the amount of ASC speck+ neutrophils was reduced when mice where infected

with Flagellin-deficient PP34ΔExoU/ΔFliC mutant bacteria (Figs 2D and S2B). 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, PAO1ΔExoS, CHA,

CHAΔExoS, PP34ΔExoU 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 necrop-

tosis, 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
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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 inWT 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 (PAO1ΔExsA) or ExoS (PAO1ΔExoS) 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 (PP34ExoUS142A) 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) inWT and Nlrc4-/- BMNs infected for 3 hours with P. aeruginosamutant strains PP34ΔExoU or PP34ΔExoU/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 1.105 PP34ΔExoU or PP34ΔExoU/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
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could also lead to DNA decondensation and expulsion. We infected WT, Casp1-/- or GsdmD-/-

murine BMNs with the pyroptotic P. aeruginosa strains PAO1, PAO1ΔExoS, PP34ExoUS142A, or

with the PP34 strain that triggers Caspase-1-independent neutrophil lysis (Figs 1 and 2). 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 PAO1ΔExoS and PP34ExoUS142A failed to induce NETs (Fig 3A), which sug-

gests 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 PP34ExoUS142A 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

and 3B, and S3A). Further experiments using time lapse fluorescent microscopy on ASC-Ci-

trine neutrophils infected with the pyroptotic strain PP34ExoUS142A or the NETosis-inducing

strain PP34 showed that both bacterial strains triggered efficient neutrophil DNA decondensa-

tion (Fig 3C and S1 and S2 Movies). However, pyroptotic neutrophils uniquely failed to com-

plete 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

PP34ExoUS142A 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 rea-

soned that during pyroptosis, neutrophils might keep histone-bound DNA trapped intracellu-

larly. 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 PP34ExoUS142A 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 struc-

tural component Lamin B1, the nuclear alarmin HMGB1 or NLRC4 in the extracellular envi-

ronment (S3B Fig). Importantly, this process required NLRC4 expression (S3B Fig). This

suggests that NLRC4-dependent neutrophil pyroptosis specifically promotes DNA deconden-

sation and release from the nuclear membrane while retaining histone-bound DNA intracellu-

larly despite soluble and insoluble factors being released in the extracellular environment

(S3C 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 deconden-

sation in neutrophils have been reported. First, Neutrophil Serine proteases Neutrophil Elas-

tase (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 His-

tone 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 neutro-

phils and neutrophils lacking the three proteases NE, CatG and Pr3 (NE-/-CatG-/-Pr3-/-) upon
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infection with the fully pyroptotic strain PP34ExoUS142A (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 mecha-

nism of inflammasome-driven DNA decondensation in neutrophils. Microscopy analysis of

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, PAO1ΔExoS, PP34 and PP34ExoUS142A 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 PP34ExoUS142A (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 PP34ExoUS142A (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 crossingWGA 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
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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 PP34ExoUS142A (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 inWT, NE-/-CatG-/-Pr3-/- and
GsdmD-/-murine Bone Marrow Neutrophils (BMNs) infected for 3 hours with Pseudomonas aeruginosa pyroptotic strain PP34ExoUS142A (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 PP34ExoUS142A (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 inWT-ASC-Citrine+ BMNs
infected for 3 hours with PP34ExoUS142A 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 PAO1ΔExoS (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), PP34ExoUS142A (MOI 2), PAO1 (MOI 10) or PAO1ΔExoS (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
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histone citrullination in WT, Nlrc4-/- and GsdmD-/- showed that the fully pyroptotic strain

PP34ExoUS142A 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 PP34ExoUS142A and PAO1ΔExoS 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 his-

tones in WT, Nlrc4-/- and GsdmD-/- neutrophils infected with the pyroptotic P. aeruginosa

strains PAO1, PAO1ΔExoS, PP34ΔExoU or with the NETotic strain PP34. As control, we used

Ionomycin, a known inducer of histone citrullination-driven NETosis. We observed that Iono-

mycin triggered NLRC4-independent histone citrullination in neutrophils (S4B Fig). To the

contrary, pyroptotic strains of P. aeruginosa PAO1ΔExoS, PP34ΔExoU 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, sug-

gesting that minor alternative pathways might also promote histone citrullination upon infec-

tion with P. aeruginosa pyroptotic strains (S4B Fig).

As PAD4 is an enzyme that promotes histone citrullination and subsequent DNA decon-

densation in various contexts, we next tested the importance of PAD4 in inflammasome-driv-

ing DNA decondensation in neutrophils. Infection of ASC-Citrine BMNs with the pyroptotic

strain PP34ExoUS142A 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 PP34ExoUS142A

infection (Fig 4D). Similarly, infection of WT or Pad4-/- neutrophils with the pyroptotic strain

PP34ExoUS142A 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 PP34ExoUS142A (Fig 4E). Fur-

ther infections of WT, Pad4-/- and Nlrc4-/- neutrophils with pyroptotic strains PP34ExoUS142A

and PAO1ΔExoS 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 PP34ExoUS142A and PAO1ΔExoS 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

PP34ExoUS142A efficiently induced histone citrullination and DNA decondensation in WT neu-

trophils, but not in GsdmD-/- 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 PP34ExoUS142A 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 PP34ExoUS142A or PAO1ΔExoS 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).
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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 PP34ExoUS142A showed that Glycine did

not modify neutrophil histone citrullination and DNA decondensation upon PP34ExoUS142A

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 PP34ExoUS142A 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 capaci-

ties. Nlrc4-/- BMNs had improved ability to restrict PAO1, PP34ExoUS142A and PAO1ΔExoS

infection thanWT and Pad4-/- neutrophils (Fig 4G), suggesting that neutrophil pyroptosis

more than PAD4-driven DNA decondensation promotes neutrophil failure to restrict PAO1,

PP34ExoUS142A and PAO1ΔExoS. Altogether, our results describe a novel pathway wherein acti-

vation of the neutrophil NLRC4 inflammasome triggers the generation of Calcium/PAD4-de-

pendent 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 neutro-

phil pyroptosis in vitro (Figs 1–4). 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 extra-

cellular NET formation in vivo, we infected MRP8-GFP+ (granulocytes, including neutrophils

express GFP) mice and monitored for the granulocyte death features using intravital micros-

copy (Fig 5A). Although necrotic granulocytes exhibited NETotic features (e.g. extracellular

DNA) upon exposure to the NETotic strain PP34, infection with the pyroptotic strain

PP34ExoUS142A 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 Pseu-

domonas aeruginosa infection. Thus, we intranasally infected mice lacking CASP1 expression

in the granulocytic compartment (MRP8Cre+Casp1flox) and their respective controls

(MRP8Cre-Casp1flox) with ExoS- or ExoU-expressing P. aeruginosa (respectively PAO1 and

PP34) or with their isogenic mutants PAO1ΔExoS and PP34ExoUS142A, both of which mostly

triggered a Caspase-1-dependent neutrophil pyroptosis in vitro. We observed that, upon lung

infections with PP34, MRP8Cre+Casp1floxmice did not show any differences in bacterial elimi-

nation 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, MRP8Cre+Casp1floxmice infected with PAO1, showed a
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slight but significant improved bacterial elimination in Bronchoalveolar Fluids (BALF)

and lungs, a phenotype that was further amplified upon infection with PAO1ΔExoS and

PP34ExoUS142A pyroptotic strains (Fig 5B–5G). Furthermore, IL-1β levels in BALFs were

decreased in MRP8Cre+Casp1floxmice infected with PAO1, PAO1ΔExoS and PP34ExoUS142A.

Although we cannot exclude that lower bacterial loads in MRP8Cre+Casp1floxmice could influ-

ence 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, PAO1ΔExoS and PP34ExoUS142A infections

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 2.5.105 CFUs of PP34 (NETosis-inducing strain) or PP34ExoUS142A (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 MRP8Cre- Casp1flox and MRP8Cre+Casp1floxmice intranasally infected with 5.105 CFUs of PP34
(NETotic strain) or PP34ExoUS142A (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 MRP8Cre- Casp1flox and MRP8Cre+Casp1floxmice intranasally infected
with 2.5.105 CFUs of PP34 (NETotic strain) or PP34ExoUS142A (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)
MRP8Cre- Casp1flox and MRP8Cre+Casp1floxmice at 10 hours after intranasal infection with 5 105 CFUs (5 mice/group) of PP34 (NETotic strain) or
PP34ExoUS142A (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 MRP8Cre- Casp1flox and MRP8Cre+Casp1floxmice intranasally infected with 1.107 CFUs of PAO1 (NETotic and
pyroptotic strain) or PAO1ΔExoS (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 MRP8Cre- Casp1flox and MRP8Cre+Casp1floxmice intranasally infected with 5.106 CFUs of
PAO1 (NETotic and pyroptotic strain) or PAO1ΔExoS (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) MRP8Cre- Casp1flox and MRP8Cre+Casp1floxmice at 8 hours after intranasal infection with 5. 106 CFUs (5 mice/group) of PAO1 (NETotic and
pyroptotic strain) or PAO1ΔExoS (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
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(Fig 5D and 5G). 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-depen-

dent pyroptosis can be overcome upon bacterial infection. Screening various inflammasome-

activating 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 Cas-

pase-1 upon P. aeruginosa infection. Related to this, previous studies showed a robust contri-

bution of NLRC4 at promoting P. aeruginosa spread in various organs, which suggests that

macrophages or other NLRC4-expressing cells are stronger contributors of mouse susceptibil-

ity 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 neutro-

phils at releasing IL-1β might also help the deviated immune response of the host to P. aerugi-

nosa, 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 T3SS-

injected Flagellin directly through the neutrophil plasma membrane might trigger an ineffi-

cientpyroptosis 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, PAO1ΔExoS, PP34ΔExoU) 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 Sys-

tem 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 betweenWT andNE-/-CatG-/-Pr3-/- neutrophils

upon P. aeruginosa suggests that, at least in murine neutrophils, those components do not reg-

ulate P. aeruginosa-driven NLRC4-dependent neutrophil pyroptosis. Similarly, upon P. aerugi-

nosa 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 Can-

dida albicans to an exacerbated IL-1β production and Caspase-1 activation whereas intracellu-

lar 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 aeru-

ginosa to specifically promote Caspase-1-dependent neutrophil pyroptosis but not intracellu-

lar-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 inflammasome-

driven pyroptosis, Caspase-11 might compensate at triggering neutrophil pyroptosis upon
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Gram-negative bacterial infections. Here, the lack of Caspase-11-dependent pyroptosis in neu-

trophils 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 hypothe-

size that the potent cytotoxic effect of these toxins towards various cell types, including neutro-

phils, 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 path-

way 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 charac-

teristic of neutrophil pyroptosis is the Protein arginine deiminase 4 (PAD4), activated by Cal-

cium 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 Ionomycin-

exposure. 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 con-

trollers [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 fur-

ther 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 “Intracel-

lular 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.
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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/citrul-

linated histone complexes intracellularly, hence expanding the spectrum of neutrophil death

mechanisms. Finally, we show that this mechanism contributes to host susceptibility to P. aer-

uginosa infection in vivo.

Methods

Ethics statement

License to use human samples is under legal agreement with the EFS; contract n˚

21PLER2017-0035AV02 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–/–,MRP8Cre+GFP+,MRP8Cre+Casp1flox 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 ani-

mal welfare (Directive 2010/63/EU). Charles Rivers provided WT C57BL/6 mice.

MRP8CreCasp1floxmice genotyping

Casp1flox/flox mice were kindly provided by Mo Lamkanfi and were crossed to MRP8Cremice

to generate MRP8CreCasp1flox. 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), Listeriamonocytogenes (L.monocytogenes, strain EGD), Bur-

kholderia 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.
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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 plas-

mid by Gibson assembly [71]. The assembled plasmid was directly transformed into compe-

tent 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 5.105

(lethal doses) or 2.5.105 CFUs of PP34/PP34ExoUS142A/PP34ΔExoU or with 1.107 CFUs (lethal

doses) or 5.106 CFUs of PAO1/PAO1ΔExoS 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-mTmGmice (8–12 weeks old) were infected intratracheally with 5.105 CFUs of P.

aeruginosa PP34 or PP34ExoUS142A 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 extracellu-

lar 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 venti-

lator (Harvard Apparatus). Mice were ventilated with a tidal volume of 10 μl of compressed air

(21% O2) per gram of mouse weight, a respiratory rate of 130–140 breaths per minute, and a

positive-end expiratory pressure of 2–3 cm H2O. 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 surgi-

cal incision was made to expose the rib cage. A second incision was then made into the inter-

costal 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
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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 soft-

ware (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-6GMicroBead Kit (Miltenyi Biotech) according to manu-

facturer’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 française du sang” (EFS, Tou-

louse Purpan, France) in accordance with relevant guidelines. Written, informed consent was

obtained from each donor. Neutrophils were then isolated by negative selection using MACSx-

press Whole Blood Human Neutrophil Isolation Kit (Miltenyi Biotech) according to manufac-

turer’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 resus-

pendent in serum free OPTI-MEMmedium. Absolute cell number was determined with auto-

mated 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 106 / 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 (105 cells), 500 μL (5.105 cells) or 2 mL (2.106 cells) respec-

tively. 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 SYTOXGreen
incorporation assay

Cells are plated at density of 1 x 105 per well in Black/Clear 96-well Plates in OPTI-MEM cul-

ture medium supplemented with SYTOX-Green dye (100ng/mL) and infected/treated as men-

tioned 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 superna-

tant were incubated with 100 μL LDH substrate and incubated for 15 min. The enzymatic reac-

tion was stopped by adding 50 μL of stop solution. Maximal cell death was determined with

PLOS PATHOGENS Caspase-1-driven neutrophil pyroptosis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010305 July 18, 2022 19 / 29

https://doi.org/10.1371/journal.ppat.1010305


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 clari-

fied 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 mMNaCl, 50 mM Tris-HCl, 1% Triton X-100,

0.5% Na-deoxycholate) supplemented with 5mM diisopropylfluorophosphate (DFP) in addi-

tion to the protease inhibitor cocktail (Roche). Cell scrapper was used to ensure optimal recov-

ery 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. Solu-

ble proteins from cell supernatant fraction were precipitated as described previously [74]. Pre-

cipitated 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

5.105 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 1/100th 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 sec-

ondary 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 plat-

inum with a Leica EMMED020 evaporator and were examined and photographed with a FEI

Quanta FEG250.
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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-Bio-

tec 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 ana-

lyzed 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 ASC-

citrine. 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 speci-

fied, 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 com-

parison of more than two groups. For in vivomice 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 Signifi-

cance is specified as �p� 0.05; ��p� 0.01, ���p� 0.001.

Supporting information

S1 Table. List and reference of 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 PP34S142 (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.

aeruginosaNETotic 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
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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 2.5.105 CFUs of PP34 (NETosis-inducing strains) or PP34ExoUS142A (pyropto-

sis-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 rep-

resent 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 neutro-

phils. 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 (PAO1ΔExsA), Flagellin (PAO1ΔFliC) or T3SS-derived toxins ExoS,

ExoY, ExoT (PAO1ΔExoS, PAO1ΔExoY, PAO1ΔExoT) 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 iso-

genic mutants lacking Flagellin (PAO1ΔFliC), Flagellin motors MotABCD (PAO1ΔMotABCD) or

both Flagellin and Flagellin motors MotABCD (PAO1ΔFliC/ΔMotABCD) at a MOI of 10. Here,

due to their lack of motility, bacteria were centrifuged for 5 min/1000 rpm to ensure neutro-

phil/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 PAO1ΔMo-

tABCD or PAO1ΔFliC/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 aeruginosamutant invalidated for

ExoU catalytic activity PP34ExoUS142A 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 aeruginosamutant invalidated

for ExoU catalytic activity PP34ExoUS142A 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 mul-

tiple 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. A.Measure of

cell lysis (release of LDH) inWT, Casp1-/-, Casp1-/-, Casp11-/-, Casp1-/-Casp11-/-, Nlrp3-/-,
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AIM2-/—, Nlrc4-/- and ASC-/- murine Bone Marrow Neutrophils (BMNs) infected for 3 hours

with Pseudomonas aeruginosa pyroptotic strains PP34ExoUS142A (MOI 2) and PAO1ΔExoS (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)

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 PP34ExoUS142A (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. ���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 fromWT and Nlrc4-/- murine BMNs infected with P. aeruginosaNETotic

strain PP34 or pyroptotic strain PP34ExoUS142A (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 Cal-

cium-dependent, but cell lysis-independent, manner. A. Confocal microscopy observations

and quantifications of human blood neutrophils infected for 3 hours with PAO1ΔExoS (MOI

10) or PP34ExoUS142A (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 representa-

tive of one experiment performed three times with at least 150 neutrophils observed/ experi-

ment. 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 Iono-

mycin (10μM, 3 hours) or infected for 3 hours with PAO1, PAO1ΔExoS, PAO1ExsA- (MOI 10)

or with PP34, PP34ΔExoU (MOI 2). Immunoblots show combined lysates and supernatants

from one experiment performed three times. C. Confocal microscopy observations and quan-

tifications of WT and GsdmD-/- BMNs infected for 3 hours with P. aeruginosa pyroptotic strain

PAO1ExoUS142A (MOI 2) in presence/absence of EGTA (10mM) and harboring Citrullinated

Histone 3 (H3-Cit) and decondensed DNA. Nucleus (blue) was stained with Hoechst; His-

tone-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
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PP34ExoUS142A (MOI2) or PAO1ΔExoS (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. Confo-

cal microscopy observations and quantifications of WT and GsdmD-/- BMNs infected for 3

hours with P. aeruginosa pyroptotic strain PAO1ExoUS142A (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 stain-

ing). For quantifications, the percentage of cells positives for H3Cit (H3-Cit+) and decon-

densed 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 PP34ExoUS142A (MOI2) or PAO1ΔExoS

(MOI 10) in presence/absence of Glycine (5mM). ���p� 0.001, Two-Way Anova with multi-

ple comparisons. Values are expressed as mean ± SEM. Graphs show combined values from

three independent experiments.

(TIF)
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Formal analysis:David Pericat, Jean-Philippe Girard, Céline Cougoule, Renaud Poincloux,
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enne Meunier, Rémi Planès.
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monas aeruginosa-induced caspase-1 activation. Eur J Immunol. 2007; 37: 3030–3039. https://doi.org/
10.1002/eji.200737532 PMID: 17935074

39. Hardy KS, Tessmer MH, Frank DW, Audia JP. Perspectives on the Pseudomonas aeruginosa Type III
Secretion System Effector ExoU and Its Subversion of the Host Innate Immune Response to Infection.
Toxins (Basel). 2021; 13: 880. https://doi.org/10.3390/toxins13120880 PMID: 34941717

40. Sutterwala FS, Mijares LA, Li L, Ogura Y, Kazmierczak BI, Flavell RA. Immune recognition of Pseudo-
monas aeruginosamediated by the IPAF/NLRC4 inflammasome. J ExpMed. 2007; 204: 3235–3245.
https://doi.org/10.1084/jem.20071239 PMID: 18070936

41. Rada B, Jendrysik MA, Pang L, Hayes CP, Yoo DG, Park JJ, et al. Pyocyanin-Enhanced Neutrophil
Extracellular Trap Formation Requires the NADPHOxidase. PLoSOne. 2013; 8: e54205. https://doi.
org/10.1371/journal.pone.0054205 PMID: 23342104

42. Thanabalasuriar A, Scott BNV, Peiseler M, Willson ME, Zeng Z, Warrener P, et al. Neutrophil Extracel-
lular Traps Confine Pseudomonas aeruginosa Ocular Biofilms and Restrict Brain Invasion. Cell Host
Microbe. 2019; 25: 526–536.e4. https://doi.org/10.1016/j.chom.2019.02.007 PMID: 30930127

43. Skopelja-Gardner S, Theprungsirikul J, Lewis KA, Hammond JH, Carlson KM, Hazlett HF, et al. Regula-
tion of Pseudomonas aeruginosa-Mediated Neutrophil Extracellular Traps. Front Immunol. 2019; 10.
https://doi.org/10.3389/fimmu.2019.01670 PMID: 31379861

44. Ryu JC, KimMJ, Kwon Y, Oh JH, Yoon SS, Shin SJ, et al. Neutrophil pyroptosis mediates pathology of
P. aeruginosa lung infection in the absence of the NADPH oxidase NOX2. Mucosal Immunol. 2017; 10:
757–774. https://doi.org/10.1038/mi.2016.73 PMID: 27554297

45. Balakrishnan A, Karki R, Berwin B, Yamamoto M, Kanneganti TD. Guanylate binding proteins facilitate
caspase-11-dependent pyroptosis in response to type 3 secretion system-negative Pseudomonas aer-
uginosa. Cell Death Discov. 2018; 4: 1–12. https://doi.org/10.1038/s41420-018-0068-z PMID:
30062052

46. Patankar YR, Lovewell RR, Poynter ME, Jyot J, Kazmierczak BI, Berwin B. Flagellar Motility Is a Key
Determinant of the Magnitude of the Inflammasome Response to Pseudomonas aeruginosa. Infect
Immun. 2013; 81: 2043. https://doi.org/10.1128/IAI.00054-13 PMID: 23529619

47. Arita K, Hashimoto H, Shimizu T, Nakashima K, YamadaM, Sato M. Structural basis for Ca(2+)-induced
activation of human PAD4. Nat Struct Mol Biol. 2004; 11: 777–783. https://doi.org/10.1038/nsmb799
PMID: 15247907

PLOS PATHOGENS Caspase-1-driven neutrophil pyroptosis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010305 July 18, 2022 27 / 29

https://doi.org/10.1016/j.celrep.2014.06.028
http://www.ncbi.nlm.nih.gov/pubmed/25043180
https://doi.org/10.3389/fimmu.2021.683803
http://www.ncbi.nlm.nih.gov/pubmed/34122445
https://doi.org/10.1182/bloodadvances.2021005949
https://doi.org/10.1182/bloodadvances.2021005949
http://www.ncbi.nlm.nih.gov/pubmed/34991159
https://doi.org/10.1159/000455857
http://www.ncbi.nlm.nih.gov/pubmed/28222444
https://doi.org/10.1038/nrmicro2199
http://www.ncbi.nlm.nih.gov/pubmed/19680249
https://doi.org/10.1084/jem.20160006
https://doi.org/10.1084/jem.20160006
http://www.ncbi.nlm.nih.gov/pubmed/27114610
https://doi.org/10.1038/nature10510
https://doi.org/10.1038/nature10510
http://www.ncbi.nlm.nih.gov/pubmed/21918512
https://doi.org/10.1084/jem.20151809
https://doi.org/10.1084/jem.20151809
http://www.ncbi.nlm.nih.gov/pubmed/27045008
https://doi.org/10.1073/pnas.0712183105
https://doi.org/10.1073/pnas.0712183105
http://www.ncbi.nlm.nih.gov/pubmed/18256184
https://doi.org/10.1002/eji.200737532
https://doi.org/10.1002/eji.200737532
http://www.ncbi.nlm.nih.gov/pubmed/17935074
https://doi.org/10.3390/toxins13120880
http://www.ncbi.nlm.nih.gov/pubmed/34941717
https://doi.org/10.1084/jem.20071239
http://www.ncbi.nlm.nih.gov/pubmed/18070936
https://doi.org/10.1371/journal.pone.0054205
https://doi.org/10.1371/journal.pone.0054205
http://www.ncbi.nlm.nih.gov/pubmed/23342104
https://doi.org/10.1016/j.chom.2019.02.007
http://www.ncbi.nlm.nih.gov/pubmed/30930127
https://doi.org/10.3389/fimmu.2019.01670
http://www.ncbi.nlm.nih.gov/pubmed/31379861
https://doi.org/10.1038/mi.2016.73
http://www.ncbi.nlm.nih.gov/pubmed/27554297
https://doi.org/10.1038/s41420-018-0068-z
http://www.ncbi.nlm.nih.gov/pubmed/30062052
https://doi.org/10.1128/IAI.00054-13
http://www.ncbi.nlm.nih.gov/pubmed/23529619
https://doi.org/10.1038/nsmb799
http://www.ncbi.nlm.nih.gov/pubmed/15247907
https://doi.org/10.1371/journal.ppat.1010305


48. LoomisWP, 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

50. Bagayoko S, Leon-Icaza SA, Pinilla M, Hessel A, Santoni K, Péricat D, et al. Host phospholipid peroxi-
dation fuels ExoU-dependent cell necrosis and supports Pseudomonas aeruginosa-driven pathology.
PLoS Pathog. 2021;17. https://doi.org/10.1371/journal.ppat.1009927 PMID: 34516571

51. Faure E, Mear J-B, Faure K, Normand S, Couturier-Maillard A, Grandjean T, et al. Pseudomonas aeru-

ginosa Type-3 Secretion SystemDampens Host Defense by Exploiting the NLRC4-coupled Inflamma-
some. Am J Respir Crit Care Med. 2014; 189: 799–811. https://doi.org/10.1164/rccm.201307-1358OC
PMID: 24555512

52. Cohen TS, Prince AS. Activation of inflammasome signaling mediates pathology of acute P. aeruginosa
pneumonia. J Clin Invest. 2013; 123: 1630–1637. https://doi.org/10.1172/JCI66142 PMID: 23478406

53. Jorgensen I, Zhang Y, Krantz BA, Miao EA. Pyroptosis triggers pore-induced intracellular traps (PITs)
that capture bacteria and lead to their clearance by efferocytosis. J Exp Med. 2016; 213: 2113–2128.
https://doi.org/10.1084/jem.20151613 PMID: 27573815

54. Evavold CL, Hafner-Bratkovič I, Kagan JC. Downstream of gasdermin D cleavage, a Ragulator-Rag-
mTORC1 pathway promotes pore formation and pyroptosis. bioRxiv. bioRxiv; 2020.
p. 2020.11.02.362517. https://doi.org/10.1101/2020.11.02.362517
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Abstract

Regulated cell necrosis supports immune and anti-infectious strategies of the body; how-

ever, dysregulation of these processes drives pathological organ damage. Pseudomonas

aeruginosa expresses a phospholipase, ExoU that triggers pathological host cell necrosis

through a poorly characterized pathway. Here, we investigated the molecular and cellular

mechanisms of ExoU-mediated necrosis. We show that cellular peroxidised phospholipids

enhance ExoU phospholipase activity, which drives necrosis of immune and non-immune

cells. Conversely, both the endogenous lipid peroxidation regulator GPX4 and the pharma-

cological inhibition of lipid peroxidation delay ExoU-dependent cell necrosis and improve

bacterial elimination in vitro and in vivo. Our findings also pertain to the ExoU-related phos-

pholipase from the bacterial pathogen Burkholderia thailandensis, suggesting that exploita-

tion of peroxidised phospholipids might be a conserved virulence mechanism among

various microbial phospholipases. Overall, our results identify an original lipid peroxidation-

based virulence mechanism as a strong contributor of microbial phospholipase-driven

pathology.
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Author summary

Although a proper activation of various regulated cell necrosis confer a significant advan-

tage 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 aeru-

ginosa (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 patholog-

ical 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 phos-

pholipases, a process that contributes to P. aeruginosa-mediated pathology.

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]. Mecha-

nistically, 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 cellu-

lar processes essential to mediate optimal efferocytosis of dead cells, cellular communication

resulting from the formation of lipids derived from peroxided phospholipids (e.g. isopros-

tanes, platelet activating factor) or the production of bioactive lipids (eicosanoids) from arachi-

donic 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 per-

oxidation processes is associated with various human pathologies such as cancer chemoresis-

tance, 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 sys-

tem, 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 pathol-

ogy 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.
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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 ExoU-

dependent 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 ExoU-

promoted 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 analy-

sis on alarmin release. We observed a strong ExoU-dependent alarmin production in BALFs 6

Fig 1. ExoU-dependent lung pathology in mice associates to an alarmin and peroxidized lipid signature. (A)
Survival of WTmice intranasally infected (n = 7 animals per condition) with 5.105 CFUs of P. aeruginosa PP34 or its
isogenic mutant PP34exoU-.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 fromWTmice (n = 8) 18 hours after intranasal infection with 5.105 CFUs of P.
aeruginosa PP34 or its isogenic mutant PP34exoU-. 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) fromWTmice (n = 8) 6 hours after intranasal infection with 5.105 CFUs of P. aeruginosa PP34 or its
isogenic mutant PP34exoU-. 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) fromWTmice (n = 8) 6 hours after intranasal infection with 5.105

CFUs of P. aeruginosa PP34 or its isogenic mutant PP34exoU-. 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) fromWTmice (n = 8) 6 hours after intranasal
infection with 5.105 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34exoU-. 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
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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 phospho-

lipid- 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]. Impor-

tantly, 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 Malondialde-

hyde (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 ExoU-

induced 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 phos-

pholipid 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), suggest-

ing 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 neu-

trophils 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. aeru-

ginosa (S2A and S2B Fig). ExoU exhibits a calcium-independent phospholipase A2-like activ-

ity [33]. Hence, we transfected recombinant ExoU protein (rExoU) or its enzymatically

inactive mutant ExoUS142A [58] in WT BMDMs and monitored for cell necrosis. Only macro-

phages 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), sug-

gesting that ferrostatin-1 does not directly alter bacterial physiology nor expression/secretion

of ExoU. Upon phospholipase activation arachidonic acid release can be metabolized and oxi-

dized by various cellular enzymes, including cyclooxygenases 1 and 2 (COX1, COX2), lipoxy-

genases (ALOX5 and ALOX12/15 in mice) or cytochrome p450 (CYPs) enzymes. Therefore,

we transfected recombinant ExoU inWT, Alox5-/- or Alox12/15-/- BMDMs in presence or

absence of various COX, CYP or different lipid peroxidation inhibitors (a-tocopherol, liprox-

statin-1, Resveratrol, ferrostatin-1). Although we observed that all lipid peroxidation inhibitors

have a strong inhibitory impact on cell death, cyclooxygenase, cytochrome P450 or lipoxygen-

ase 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,
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suggesting either that the phospholipase activity of ExoU promotes lipid peroxidation-inde-

pendent 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 ExoU-

induced host cell necrosis and release of alarmins.

Lipid peroxidation fuels ExoU phospholipase activity

Lipid-peroxidation requires reactive oxygen species (ROS), such as H2O2, that can oxidize var-

ious 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,

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, PP34exoU- or PP34exoUS142A for various times. ���p� 0.001, t-test with Bonferroni
correction. (A)Measure of LDH release inNlrc4-/- BMDMs infected with PP34 or PP34exoU- 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 inNlrc4-/- BMDMs infected with PP34 or PP34exoU- 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 inNlrc4-/- BMDMs infected with PP34 or PP34exoUS142A 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
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ExoU but not its catalytically inactivated mutant ExoUS142A, triggered an acute ROS produc-

tion 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 peroxi-

dation (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 and S3B).

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 peroxi-

dised 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 and S3C).We used a 45 min time-point to per-

form our experiments, as a point where plasma membrane permeabilization (propidium

uptake monitoring) is not observed. This design excludes the possibility that a decrease in per-

oxidised 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)/- phosphoser-

ines (PSs) and—phosphocholines (PCs) with arachidonic acid (C20:4/C22:4) acid side chains

(Figs 3B and S3C).

In cells, peroxidised phospholipids are detoxified by various factors, one of the most impor-

tant 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 ferrop-

tosis inducer Cumene hydroperoxide (20μM, 1h) might sensitize cells to ExoU-induced cell

necrosis. We transfected recombinant (r)ExoU inWT BMDMs in presence or absence of non-

toxic doses of the pro-oxidant Cumen hydroperoxide (CuOOH, 20μM, 1h) [59]. Although

CuOOH promoted lipid peroxidation but not BMDM cell death, rExoU transfection specifi-

cally induced an increased cell necrosis in CuOOH-primed BMDMs, a process that was inhib-

ited by the use of ferrostatin-1 (Fig 3C and 3D). In agreement with this result, we measured a

strong decrease in lipid peroxidation in CuOOH-primed cells transfected with rExoU (Fig 3C

and 3D), confirming that ExoU efficiently targeted lipid peroxides induced by CuOOH. In

addition, microscopy observations of CuOOH-primed cells highlighted a decrease of peroxi-

dized lipids at the plasma membrane upon infection by ExoU-expressing strain of P. aerugi-

nosa (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 ferropto-

sis 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 pro-

mote the basal lipid peroxidation involved in ExoU-dependent cell necrosis (Fig 3G and 3H).

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-primedWT but

not in Cypor-/- iBMDMs and HeLa cells (Fig 3G and 3H), which suggests that CYPOR-

induced lipid peroxidation heightens ExoU-dependent toxicity. However, in resting cells,
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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 inWT
BMDMs treated with CuOOH (20μM) or transfected with rExoU (500ng) or its catalytically dead mutant rExoUS142A

(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
ExoUS142A 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 inWT 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 inWT 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 immortalisedWT and Gpx4-/- BMDMs
transfected with rExoU (500ng) for 7 hours. ���p� 0.001, T-test with Bonferroni correction. (I) ExoU phospholipase
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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 and S3G and S3H).

Upon phospholipid peroxidation, arachidonic acid-containing phospholipids form isopros-

tanes 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 phospho-

lipase-dependent release of endogenous pre-formed isoprostanes. Accordingly, the release of the

8-PGF2α isoprostane was specifically induced by ExoU inWTmacrophages, a process that was

further amplified by the co treatment of cells with non-toxic concentrations of Cumen hydroper-

oxide (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 leukotri-

ene 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-tar-

geted peroxidised phospholipids might increase its phospholipase activity toward all phospholip-

ids (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, ExoUS142A- treated cell lysates did not show a

significant phospholipase activity induction, suggesting that we mostly measured the PLA2 activ-

ity 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 (ExoUBtU) [31]. We observed that recombinant ExoUBtU trans-

fection induced BMDMs necrosis, a process that was exacerbated by CuOOH priming and inhib-

ited by the use of ferrostatin-1, suggesting that ExoUBtU 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 ExoUBtU-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 inWT 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 rExoUBtU

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
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protect mice against exoU-expressing P. aeruginosa. Intranasal infection of mice using P. aeru-

ginosa 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, suggest-

ing that ferrostatin-1 mainly modulates ExoU-dependent processes in mice (Fig 4A). Simi-

larly, 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 and 4C). Addition-

ally, evaluation of the cellular contents in BALFs showed that ferrostatin-1 significantly pro-

tected a pool of alveolar macrophage upon P. aeruginosa challenge simultaneously decreasing

the number of recruited neutrophils, eosinophils and monocytes (Figs 4D and S4A). Although

a pathological function of recruited immune cells such as neutrophils is probable, we hypothe-

size that ferrostatin-1-inhibited resident alveolar macrophage death in response to exoU-

expressing P. aeruginosamight confer an improved immune protection characterized by lower

immune cell recruitment and lower tissue damages. Regarding this, lung histological observa-

tions showed that the inflammatory status of mice infected with non-lethal doses of ExoU-

expressing P. aeruginosa (1.105 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 peroxi-

dation-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 regu-

lation of cell necrosis, such processes appear to be linked to ExoU expression. In this context, pre-

vious 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/leukotri-

ene 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
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Fig 4. Ferrostatin-1 protects mice against ExoU-induced lung pathology. (A) Bronchoalveolar (BAL), lung and
spleen bacterial loads fromWTmice (n = 7/group) 18 hours after intranasal infection with 5.105 CFUs of P. aeruginosa
PP34 or its isogenic mutant PP34exoU-. 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) fromWTmice (n = 7 mice/group) 6 hours after
intranasal infection with 5.105 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34exoU-. 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) fromWTmice (n = 7
mice/group) 6 hours after intranasal infection with 5.105 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34exoU-.
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
5.105 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34exoU-. 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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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 modu-

lators 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 var-

ious processes such as efferocytosis through the engagement of peroxidised-PS, mitochondria-

dependent 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-phos-

pholipids 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 obser-

vations also suggest that although lipid peroxidation can occur in various cellular compart-

ments, 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 cal-

cium (Ca2+)-independent PLA2γ, the peroriredoxin Prdx6 PLA2 or the PLA2G6 (Ca2+-inde-

pendent 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 per-

oxidzed 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 cel-

lular 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 (peroxi-

dised) phospholipids. Consequently, the use of lipid peroxidation inhibitors such as resvera-

trol, 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 accumu-

lation 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 oxido-

reductase 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].
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Phospholipases are also present in venoms or various microbial pathogens (e.g.M. tubercu-

losis, L.monocytogenes, S. pyogenes) and can also promote fast cell necrosis [73–75]. Con-

versely, we extended our findings to the ExoU closely related ExoUBtU 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 H2O2-driven lipid peroxida-

tion, and secreted phospholipases able to cleave phospholipids [73]. In this context, it is tempt-

ing 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 per-

oxidised 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 simi-

lar 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 peroxida-

tion be involved in IL33-driven allergy or asthma in response to phospholipases or other aller-

gens (e.g. proteases) [77] will require additional study.

Understanding the mechanisms of regulated cell necrosis and their physio-pathological con-

sequences is currently driving intensive research and debates. While the importance of lipid

peroxidation in antigen presentation, anti-cancer treatments or in exacerbating neurodegenera-

tive diseases becomes more and more clear, its function in infectious diseases remains less stud-

ied. 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 phospholip-

ids 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 andmethod

Ethics statements

The use of human cells was performed under the agreement of the Research Ethical Commit-

tee, Haute-Garonne, France. Buffy coats came anonymously by the EFS (établissement français

du sang, Toulouse, France). For each donor, a written informed consent was obtained accord-

ing 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 commit-

tees (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
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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 5.105 Colony Forming Units (CFUs) of P.

aeruginosa PP34 strain (ExoU+) or its isogenic mutant (ExoU-) and animal survival was fol-

lowed 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 bacte-

rial strains.

Regarding bacterial loads assays, 6–10 mice/group were intranasally infected with 2.105 bac-

teria 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 (2.105 CFUs) of exoU-expressing P. aerugi-

nosa. 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 peri-

bronchial, 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-cul-

tured the next day by dilution overnight culture 1/50 and grew until reaching an optical den-

sity (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 Scien-

tific), 10% v/v MCSF (L929 cell supernatant), 10 mMHEPES (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 106/mL in RPMI gluta-

max medium with HEPES containing 20% FBS, 100 IU/ml penicillin and 10 μg/ml streptomy-

cin, 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 Eosino-

phils: CD11b+ Siglec F + after FACS analysis.
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Table 1. Resource of reagents used in this study. Information and reagents are available upon request to Etienne.meunier@ipbs.fr.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GPX4, 1/1000 abcam ab125066

ExoU, 1/1000 Ina Attree/CNRS, France. [37]

CYPOR 1/1000 abcam ab180597

Gapdh 1/10000 Gentex GTX100118

Goat anti-Rabbit HRP (1/10000) Advansta R-05072-500

Bacterial and Virus Strains

PAO1 J. Buyck/Univ of Poitiers/France N.A.

PP34 Ina Attree/CNRS, France. [37]

PP34exoU- Ina Attree/CNRS, France. [37]

PP34exoUS142A Ina Attree/CNRS, France. [37]

CHA Ina Attree/CNRS, France. [37]

CHAdST Ina Attree/CNRS, France. [37]

CHAdSTexoU+ Ina Attree/CNRS, France. [37]

PA103 J. Buyck/Univ of Poitiers/France N.A.

PA103exoU- J. Buyck/Univ of Poitiers/France N.A.

PA14 J. Buyck/Univ of Poitiers/France N.A.

PA14 exoU- J. Buyck/Univ of Poitiers/France N.A.

Biological Samples

Human lung biopsy Hospital of Toulouse CHU 19 244 C CNRS 205782

Human blood EFS 21PLER2017-0035AV02

Chemicals, Peptides, and Recombinant Proteins

Recombinant ExoU This study [31]

Recombinant ExoUS142A This study [31]

FCS Fisher Scientific 16010–159

mMCSF L929 cell supernatant NA

HEPES Fisher Scientific SH30237.01

Non-essential amino acids Invitrogen

ECL Clarity Max Substrate BioRad 1705060

ECL Clarity Max Substrate BioRad 1705062

Western Blot Strip Buffer Diagomics R-03722-D50

Tris base euromedex 200923-A

SDS ultra-pure (4x) Euromedex 1012

Acrylamide / Bisacrylamide 37.5/1 30% Euromedex EU0088-B

Temed Sigma T9281-25ML

Ammonium persulfate Sigma 248614-100g

Page Ruler 10–180 kDa Fisher Scientific 15744052

Triton X-100 Euromedex 2000

DMEM Fisher Scientific 41965–039

LB Fisher Scientific BP1426-2

LB Agar INVITROGEN 22700025

Roche protease inhibitor cocktail Sigma 000000011697498001

BSA SIGMA A9647-100G

Propidium iodide Invitrogen P3566

Beads Neutrophils human Miltenyi biotec 130-104-434

Beads Neutrophils murine Miltenyi biotec 130-120-337

Kit de coloration bleue et fixable des cellules mortes LIVE/DEAD pour excitation UV ThermoFisher Scientifique L34961

(Continued)
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Table 1. (Continued)

REAGENT or RESOURCE SOURCE IDENTIFIER

APC/Cyanine7 anti-mouse CD45 Antibody BioLegend 103116

PE/Dazzle 594 anti-human CD64 Antibody BioLegend 305032

FITC anti-mouse MERTK (Mer) Antibody BioLegend 151504

CD170 (Siglec F) Monoclonal Antibody (1RNM44N), Super Bright 780, eBioscience 78-1702-82

Ly-6GMonoclonal Antibody (1A8-Ly6g), APC eBioscience 17-9668-82

Brilliant Violet 650 anti-mouse/human CD11b Antibody BioLegend 101259

Brilliant Violet 421 anti-mouse Ly-6C Antibody BioLegend 128032

PE/Cyanine7 anti-mouse CD11c Antibody BioLegend 117318

Eosinophil differentiation cocktail (IL-5) R&D Systems 405-ML-005

Eosinophil differentiation cocktail (SCF) Biolegend 579706

Eosinophil differentiation cocktail (Flt-3) Biolegend 550706

Puromycin ThermoFisher Scientifique A1113803

G418 (Geneticin) invivoGen ant-gn-1

Blasticidin nvivoGen ant-bl-1

Cumene hydroperoxide Sigma-Aldrich 247502-5G

RSL3 Sigma-Aldrich SML2234

Ferrostatin-1 Sigma-Aldrich SML0583

Liproxstatin-1 Sigma-Aldrich SML1414

DFO Sigma-Aldrich D9533

a-tocopherol Sigma-Aldrich 258024

MAFP Sigma-Aldrich M2689

PPOH CaymanChem 75770

Cox1 inhibitor Ab142904 (Abcam) Ab142904

Cox2 inhibitor NS 398 (Abcam) Ab120295

cPLA2 assay kit Cayman Chemical 765021

CD14+ beads Miltenyi biotec 130-050-201

RPMI Fisher Scientific 72400–021

OPTIMEM Fisher Scientific 31985–04

Z-VAD Invivogen tlrl-vad

TPCA-1 Tocris 2559

mTNFa abcam ab259411

Olaparib CaymanChem 10621

Necrostatin-1s Sigma-Aldrich N9037 10MG

hMCSF Miltenyi biotec 170-076-171

Fisher BioReagents Lymphocyte Separation Medium-LSM Fisher Scientific BP2663500

ExoU This study N.A.

ExoUS142A This study N.A.

Human bronchial organoid culture reagents

Advanced DMEM/F12 Invitrogen 12634028

Gibco L-Glutamine (200 mM) Fisher 11500626

Hepes 1 M Fisher 11560496

Penicillin/Streptomycin Fisher 11548876

Primocin Invivogen ant-pm-1

Basic Media In house NA

RspoI In house NA

Noggin In house NA

B27 Gibco/Invitrogen 17504044

(Continued)
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Table 1. (Continued)

REAGENT or RESOURCE SOURCE IDENTIFIER

N-Acetylcysteine Sigma A9165-5g

Nicotinamide Sigma N0636

Y-27632 Cayman 10005583

A83-01 Tocris 2939

SB 202190 Sigma S7067

FGF-7 Peprotech 100–19

FGF-10 Peprotech 100–26

Critical Commercial Assays

mIL-1alpha ELISA kit Fisher Scientific 88-5019-88

mIL-36g ELISA kit Ray Biotech ELM-IL36G

LDH Cytotoxicity Detection Kit Takara MK401

mTNFalpha ELISA kit Fisher Scientific 88-7324-22

mIL-33 ELISA kit Fisher Scientific 88-7333-88

mHMGB1 ELISA kit Clinisciences LS-F4040-1

TBARMDA colorimetric kit Cayman 10009055

PGE2 EIA Kit Cayman 514010

LTB4 EIA kit Cayman 520111

8-PGF2 EIA kit Cayman 516351

H2DCFDA ROS detecting probe Invitrogen D399

C11 bodipy phospholipid peroxide detection probe Invitrogen D3861

ER-Tracker Blue-White DPX, for live-cell imaging Invitrogen E12353

Experimental Models: Cell Lines

WTMouse Bone marrow derived macrophages This study

Alox5-/- Mouse Bone marrow derived macrophages This study

Alox12/15-/- Mouse Bone marrow derived macrophages This study

Nlrc4-/- Mouse Bone marrow derived macrophages This study

Casp1-/-/Casp11-/- Mouse Bone marrow derived macrophages This study

GsdmD-/- Mouse Bone marrow derived macrophages This study

WTMouse bone marrow derived eosinophils This study

WTMouse bone marrow derived neutrophils This study

Human blood monocyte derived macrophages This study

Human blood neutrophils This study

Immortalized WT murine bone marrow derived macrophages This study

Immortalized Gpx4-/- murine bone marrow derived macrophages This study

Human Bronchial epithelial cells This study

Human Alveolar epithelial A549 cell line This study

Human intestinal epithelial HELA cell line This study

Experimental Models: Organisms/Strains

WT C57Bl6J mice C. Rivers

WT C57Bl6N mice C. Rivers

Alox5-/- C57Bl6 mice A.Coste [79]

Alox12/15-/- C57Bl6 mice A.Coste [79]

Nlrc4-/- C57Bl6 mice C.Bryant [80]

Casp1-/-/Casp11-/- C57Bl6 mice B.Py/ Junying Yuan [81]

GsdmD-/- C57Bl6 mice P.Broz [82]

Human Bronchial organoids This sudy [83,84]

Oligonucleotides

(Continued)
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Murine Bone Marrow-derived Neutrophils were isolated and purified from fresh bone mar-

rows 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+.

2.5x105 BMDMs or 1.106 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-MEMmedium 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 5x105/ml. A549, HeLa and HBE cells were cultured in DMEM gluta-

max medium with HEPES containing 10% FBS, 100 IU/ml penicillin and 10 μg/ml streptomy-

cin, 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.

Table 1. (Continued)

REAGENT or RESOURCE SOURCE IDENTIFIER

Guide Crispr mGpx4- Exon1 Forward Sigma-Aldrich GGACGCTGCAGACAGCGCGG

Guide Crispr mCypor- Exon1 Forward Sigma-Aldrich

Recombinant DNA

Plasmid: ExoU [31] [31]

Plasmid: ExoUS142A [31] [31]

Plasmid: ExoUBtU [31] [31]

LentiGuide-Puro Feng Zhang lab Addgene #52963

Lenti-multi-Guide From Qin Yan Addgene #85401

pMD.2G Didier Trono lab Addgene #12259

p8.91 Didier Trono lab N.A.

LentiCas9-Blast Feng Zhang lab Addgene #52962

Software and Algorithms

Graph Pad Prism 8.0

Image J

Snapgene GSL Biotech LLC,
Chicago, U.S.A

FlowJO FlowJo LLC

Benchling Software

Other

https://doi.org/10.1371/journal.ppat.1009927.t001
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Purification and generation of human blood neutrophils and monocyte-
derived 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 previ-

ously [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) pre-

warmed to 37˚C and carefully layered over the Ficoll-Paque gradient. The tubes were centri-

fuged 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) supple-

mented 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) accord-

ing 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. Sin-

gle 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 super-

natants 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 centrifu-

gating 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
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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 polymeri-

zation, 500 μl of Advanced DMEM/F12 (Invitrogen) supplemented with 1x L-Glutamine

(Fisher Scientific), 10mMHepes (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), 1.25mMN-Acetylcysteine (Sigma-Aldrich), 10mM

Nicotinamide (Sigma-Aldrich), 5μMY-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 10mMHepes 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

exoUS142A 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 microin-

jection (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 min-

utes for the duration of experiments under an EVOSM7000 (Thermo Scientific) Imaging Sys-

tem (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 unin-

fected)/(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 super-

natants or BALFs using EIA kits listed in resource Table 1.

Plasma membrane permeabilization assays

Cells are plated at density of 1 x 105 per well in 96-well Plates or at 2x105/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
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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 nor-

malized to the total protein concentration.

Recombinant protein production

Plasmids coding for exoUBtU, exoU or exoUS142A 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 chro-

matography (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 vali-

dated 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 intraperitone-

ally. 4-6h after, mice were infected by intranasal instillation of 50 μL of PBS containing or not

5x106 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-conju-

gated 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

Tomeasure 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-MEMmedium for 30 min at 37˚C. After three washes with PBS 1X

cells are resuspended in Opti-MEMmedium 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 indepen-

dent 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,

PLOS PATHOGENS Lipid peroxidation fuels Pseudomonas virulence

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009927 September 13, 2021 20 / 29

https://doi.org/10.1371/journal.ppat.1009927


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 sub-

strate (Biorad) and images were acquired on a ChemiDoc Imaging System (Biorad). All anti-

bodies 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 ExoUS142A 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 liquid-

liquid 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 mLMTBE 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, trans-

ferred into an empty glass round-bottom tube, and dried under vacuum in a SpeedVac con-

centrator. 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 Col-

umn Kinetex 2.6 μmHILIC 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 ExoUS142 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 arachido-

nyl thiophosphatidylcholonie) and then for additional 4 or 16 hours in dark. Reaction was

stopped using 25mM solution of DTNB according to manufacturer instructions and absor-

bance was detected at 405nm using a Clariostar plate reader. Phospholipase activity of ExoU

or ExoUS142 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 t-

test with Bonferroni correction for comparison of two groups. Data are reported as mean with
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SEM. Regarding animal experiments, we used Mann-Whitney tests and mouse survival analy-

sis 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.

Supporting information

S1 Data. Original immunoblotting membranes.

(TIF)

S2 Data. Numerical values obtained in the current study.

(XLSX)

S1 Fig. ExoU-dependent lung pathology in mice occurs in an inflammasome-independent

manner. (A) Survival of WT, Casp1-/-/Casp11-/-, Nlrc4-/- and GsdmD-/-mice intranasally

infected (n = 6 animals per condition) with 5.105 CFUs of P. aeruginosa PP34. Graphs repre-

sent one experiment (6 mice/group) out of three independent in vivo experiments. NS: Not

significant using Log-rank Cox-Mantel test for survival comparisons. (B) Bronchoalveolar

(BAL) and lung bacterial loads fromWT, Casp1-/-/Casp11-/-, Nlrc4-/- and GsdmD-/- mice

(n = 6) 18 hours after intranasal infection with 5.105 CFUs of P. aeruginosa PP34. Graphs rep-

resent one experiment (6 mice/group) out of three independent in vivo experiments. NS: Not

significant using Mann-Whitney analysis test.

(TIF)

S2 Fig. Lipid peroxidation contributes to ExoU-induced necrosis in various cell types. (A,

B)Measure of LDH release in various human and murine cell types infected with various P.

aeruginosa strains expressing or not exoU in presence of Ferrostatin-1 (Fe1, 10μM) for 2

hours. (C) LDH release in BMDMs transfected with recombinant ExoU (100ng) or its catalyti-

cally inactive mutant ExoUS142A, in presence of MAFP (50μM) or Ferrostatin-1 (Fe1, 10μM)

for 3 hours. ���p� 0.001, T-test with Bonferroni correction. (D) Immunoblotting of ExoU

secretion by P. aeruginosa in presence of ferrostatin-1 (20μM). Star (�) show non-specific

bands. (E)Measure of bacterial growth (O.D 600) in presence or absence of ferrostatin-1 (10,

20μM) for 14 hours). (F)Measure of LDH release in Nlrc4-/- BMDMs infected with PP34

(MOI5) in presence of Ferrostatin-1 (Fe1, 10μM) for 3 hours. Each hour, fresh Ferrostatin-1

(10μM) was added to cells (+) or not (φ). “pi” refers to post-infection.
(TIF)

S3 Fig. Lipid peroxidation fuels ExoU-dependent necrosis. (A) ROS production inWT

BMDMs transfected with ExoU or its catalytically dead mutant ExoUS142A for 45 minutes using

H2DCFDA (1μM) probe. (B) Cytometry detection and quantification of (phospho)lipid peroxi-

dation using the probe C11-bodipy in WT BMDMs infected with PP34ExoU+ or PP34ExoU-

(MOI 5) for 1 hour. Sample were acquired using FACSCalibur (BD). The graph shows the

mean+/-SEM of one experiment performed in triplicate out of three independent experiments.
�P�0.05, for the indicated comparisons using t-test with Bonferroni correction. (C) Lipidomic

analysis of the relative amount of each phospholipid upon rExoU transfection analysed in Fig

3B. (D) Representative microscopy images and time course experiment of propidium iodide

uptake in WT BMDMs transfected with rExoU or its catalytically inactive mutant ExoUS142A

(500ng) in presence or not of ferrostatin-1 (Fe1, 10μM). Images show two independent experi-

ments, each performed three times at 45 minutes or 3 hours post transfection. (E) Immunoblot-

ting of Crispr Cas9-mediated Cypor gene deletion in immortalized (i)BMDMs or of Cypor-

deficient 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
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quantification of (phospho)lipid peroxidation using the probe C11-bodipy inWT 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 PP34ExoU+ or PP34ExoU- (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) Immu-

noblotting 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 quantifi-

cation 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 super-

natant 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. (J) PGE2 and LTB4 eicosanoid release in WT

BMDMs pre-treated or not for 1 hour with CuOOH (20μM) and then transfected with 100ng of

ExoU or its catalytically dead mutant ExoUS142A for 3 hours.

(TIF)

S4 Fig. Ferrostatin-1 protects mice against ExoU-induced lung pathology. (A) Gating strat-

egy to analyse Immune cell populations in bronchoalveolar fluids (BALFs). Immune cells were

identified as CD45+ cells. Among CD45+ cells, different subset of immune cells including

Interstitial/Alveolar Macrophages, Eosinophils and Neutrophils are identified based on spe-

cific cell surface marker expression.

(TIF)

S1 Graphical Abstract. Host lipid peroxidation fuels ExoU-induced cell necrosis-depen-

dent pathology. In resting cells or in cells with induced lipid peroxidation (e.g. ferroptosis

pathway), ExoU (purple) becomes hyper-activated by host cell peroxidised phospholipids,

which drives an exacerbated cell necrosis, alarmin and lipid release and contributes to the sub-

sequent pathology. Consequently, targeting lipid peroxidation (ferrostatin-1) inhibits ExoU-

dependent cell necrosis and attenuates the host deleterious consequences. EM and SB used

Biorender.com to create this figure.

(TIF)

S1 Movie. Live cell imaging of uninfected immortalized murine Nlrc4-/- BMDMs cell death

using SYTOX green. 1 “time point” corresponds to 150s.

(AVI)

S2 Movie. Live cell imaging of uninfected immortalized murine Nlrc4-/- BMDMs cell death

in presence of 20μM of ferrostatin-1 using SYTOX green. 1 “time point” corresponds to

150s.

(AVI)

S3 Movie. Live cell imaging of immortalized murine Nlrc4-/- BMDMs cell death infected

with exoU-expressing P. aeruginosa (MOI1) using SYTOX green. 1 “time point” corre-

sponds to 150s.

(AVI)

S4 Movie. Live cell imaging of immortalized murine Nlrc4-/- BMDMs cell death infected

with exoU-expressing P. aeruginosa (MOI1) in presence of ferrostatin-1 (20μM) using

SYTOX green. 1 “time point” corresponds to 150s.

(AVI)
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S5 Movie. Live cell imaging of immortalized murine Nlrc4-/- BMDMs cell death infected

with exoU-deficient P. aeruginosa (MOI1) using SYTOX green. 1 “time point” corresponds

to 150s.

(AVI)

S6 Movie. Live cell imaging of immortalized murine Nlrc4-/- BMDMs cell death infected

with exoU-deficient P. aeruginosa (MOI1) in presence of ferrostatin-1 (20μM) using

SYTOX green. 1 “time point” corresponds to 150s.

(AVI)

S7 Movie. Live cell imaging of uninfected human bronchial organoids using Propidium

Iodide up to 12 hours.

(AVI)

S8 Movie. Live cell imaging of uninfected human bronchial organoids in presence of fer-

rostatin-1 (40μM) using Propidium Iodide up to 12 hours.

(AVI)

S9 Movie. Live cell imaging of human bronchial organoids microinjected with exoU-

expressing P. aeruginosa using Propidium Iodide up to 12 hours.

(AVI)

S10 Movie. Live cell imaging of human bronchial organoids microinjected with exoU-

expressing P. aeruginosa in presence of ferrostatin-1 (40μM) using Propidium Iodide up to

12 hours.

(AVI)

S11 Movie. Live cell imaging of human bronchial organoids microinjected with exoU-defi-

cient P. aeruginosa using Propidium Iodide up to 12 hours.

(AVI)

S12 Movie. Live cell imaging of human bronchial organoids microinjected with exoU-defi-

cient P. aeruginosa in presence of ferrostatin-1 (40μM) using Propidium Iodide up to 12

hours.

(AVI)
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Resources: Lise Lefèvre, Geanncarlo Lugo-Villarino, Agnès Coste, Ina Attrée, Dara W. Frank,

Hans Clevers, Peter J. Peters.
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Irgm2 and Gate-16 cooperatively

dampen Gram-negative bacteria-induced

caspase-11 response
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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 inflamma-

some. 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 acti-

vation 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 Gram-

negative bacteria-induced non-canonical inflammasome activa-

tion, 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 cyto-

kine 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 non-

canonical inflammasome responses and shed light on the under-

standing of the immune pathways they control.
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Introduction

Inflammasomes are cytosolic innate immune complexes that initiate

inflammatory responses upon sensing of microbe- and damage-

associated 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 lipopolysaccha-

ride (LPS) within the host cell cytosol (Kayagaki et 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 oligomer-

ization and activation, which triggers the activation of the non-

canonical 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-1-

dependent maturation of the pro-inflammatory cytokines inter-

leukins (IL)-1b and IL-18 (Kayagaki et al, 2011; Rühl & Broz,
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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 activa-

tion in resting cells or ESCRT-mediated plasma membrane repair

(Rühl et al, 2018; Choi et al, 2019).

Crucial at regulating the activation the non-canonical inflamma-

some pathway are the IFN-inducible GTPases, the so-called guany-

late 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 Gram-

negative bacteria and their derived products outer membrane vesi-

cles (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).

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 nega-

tive 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 under-

scored 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 activa-

tion 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 interfer-

ence 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�)

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). Impor-

tantly, Irgm2-silenced BMDMs had higher levels of cell death and

IL-1b release than the wild-type (WT) macrophages (Figs 1A

and EV1A). Such process was specific to Irgm2 given that Irgm1-

and Irgm3-targeted siRNAs did not induce significant variation in

macrophage death and IL-1b release upon Salmonella (orgA�) infec-

tion, despite the fact that their mRNA levels were efficiently reduced

(Figs 1A and EV1A). To further validate that Irgm2 is a regulator of

the non-canonical inflammasome response, we challenged WT,

Irgm2�/�, Casp11�/� and GBPChr3�/� BMDMs with a panel of Gram-

negative bacteria all known to activate the non-canonical inflamma-

some. Immunoblotting experiments in WT and Irgm2�/� 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 expres-

sion, all involved in the non-canonical inflammasome pathway

(Fig EV1B and C). Yet, when challenged with various Gram-

negative bacteria, Irgm2�/� 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 and C). 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�/�

BMDMs did not drive any defect in cell death but significantly

reduced NLRP3-dependent IL-1b release (Fig EV1D). As expected,

both Casp11�/� and GBPChr3�/� BMDMs were protected against

Gram-negative bacteria-induced non-canonical inflammasome

response (Fig 1B). Importantly, CRISPR-deleted Irgm2 gene expres-

sion in immortalized (i) Casp11�/� BMDMs (referred as Casp11�/�

sgIrgm2) did not reinduce pyroptosis and IL-1b release upon Gram-

negative bacterial infections (S. Typhimurium orgA� and Escheri-

chia coli) or E. coli-derived OMVs exposure, thus confirming that

Irgm2 negatively regulated caspase-11-dependent response (Figs 1D

and EV1E). 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�/� and Casp11�/� BMDMs and evaluated their ability to

undergo pyroptosis. Surprisingly, we observed that WT and

Irgm2�/� macrophages engaged cell death to the same extent 4 h

after LPS electroporation whereas Casp11�/� BMDMs were

protected against LPS-induced cell death (Fig 1E). This suggests that
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A

D

F G H

E

B C

Figure 1. IFN-inducible protein Irgm2 restrains caspase-11-dependent response to Gram-negative bacteria.

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�), and LDH and IL-1b release were measured.
B Cell death (LDH) and IL-1b release evaluation in WT, Irgm2�/�, GBPChr3�/� and Casp11�/� 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�/� BMDMs infected for 16 h with different Gram-negative bacterial strains.
D IL-1b and cell death (% LDH) evaluation in immortalized WT, Irgm2�/�, Casp11�/� and Casp11�/�Irgm2�/� (referred as sgIrgm2) BMDMs after 16 h of

Escherichia coli, S. Typhimurium orgA� and OMV treatment.
E Cell death (% LDH) evaluation in IFNc-primed WT, Irgm2�/� and Casp11�/� BMDMs 4 h after electroporation or not with 1 lg of E. coli LPS.
F–H Survival of WT, Casp11�/� and Irgm2�/� mice primed with 100 lg poly(I:C) for 6 h and injected (i.p.) with 5 mg/kg LPS or 5 and 25 lg of OMVs (n = 6 animals per

condition).

Data information: Data shown as means � 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

Elif Eren et al EMBO reports

 1
4
6
9
3
1
7
8
, 2

0
2
0
, 1

1
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://w
w

w
.em

b
o
p
ress.o

rg
/d

o
i/1

0
.1

5
2
5
2
/em

b
r.2

0
2
0
5
0
8
2
9
 b

y
 C

o
ch

ran
e F

ran
ce, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [1

2
/0

3
/2

0
2

3
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se



Irgm2-inhibited caspase-11 response occurs upstream from LPS

sensing by caspase-11.

Based on these results, we next determined whether Irgm2 also

inhibited canonical inflammasomes. We treated WT, Irgm2�/�,

Casp11�/� and Casp1�/�Casp11�/� BMDMs with various inflamma-

some 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�/� BMDMs (Fig EV1F). In addition, activation of the

NLRC4 inflammasome by T3SS-expressing Pseudomonas aeruginosa

and S. Typhimurium remained similar between WT and Irgm2�/�

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 LPS-

dependent sepsis models, where WT, Irgm2�/� and Casp11�/� mice

were intraperitoneally injected with poly(IC) to induce ISG expres-

sion (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�/� mice had resistance to LPS- and OMV-induced

sepsis, WT mice succumbed faster, hence validating our sepsis

model (Fig 1F and G). Noticeably, Irgm2�/� mice were even more

susceptible than WT mice to both LPS- and OMV-induced sepsis

(Fig 1F and G). Therefore, we used a sub-lethal model of OMV-

induced sepsis by injecting 5 lg of OMVs in mice. In such model,

both WT and Casp11�/� mice recovered from OMV injection

whereas all Irgm2�/� mice did succumb (Fig 1H). Moreover, cyto-

kine assays showed that Irgm2�/� mice had an exacerbated release

of all pro-inflammatory and inflammasome-related cytokines tested

upon OMV challenge, a phenotype that was reduced in Casp11�/�

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 GBPChr3�/� 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 GBPChr3�/�, Irgm2-silenced GBPChr3�/� 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 Fran-

cisella tularensis spp novicida infection. In this context, we evalu-

ated 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�/�, although

they were strongly reduced in Casp1�/�Casp11�/� and GBPChr3�/�

BMDMs (Figs 2B and EV2B). In addition, we observed that Irgm2-

silenced GBPChr3�/� BMDMs did not recover an inflammasome

response upon F. novicida infection. Then, we generated iGBPChr3�/�

Irgm2�/� (referred hereafter as iGBPChr3�/�sgIrgm2) by crispr Cas9

and evaluated their response upon S. Tm (orgA�) challenge.

iIrgm2�/� BMDMs showed time-dependent increased cell death

compared with iWT cells (Fig EV2C and D). While cell death in

iGBPChr3�/� BMDMs was strongly impaired, it was partially reversed

in iGBPChr3�/�sgIrgm2, alluding that Irgm2 deficiency was sufficient

to specifically promote caspase-11-dependent response in the

absence of GBPs (Fig EV2C and D). 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�/� 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�/�,

GBPChr3�/� and GBPChr3�/�Irgm2�/� 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�)

occurred after 4 h of infection in Irgm2�/� iBMDMs, whereas the

percentage of caspase-11-targeted bacteria in iWT GBPChr3�/� and

GBPChr3�/�Irgm2�/� iBMDMs remained low or null (Fig EV2E).

After 8 h of infection, however, the levels of CASP11-C254G-GFP-

associated bacteria increased in iWT (10%), albeit the percentage of

CASP11-C254G-GFP+ bacteria remained below those observed in

Irgm2�/� cells (15–16%) (Fig 2D). Strikingly, we noticed that

CASP11-C254G-GFP targeting to Salmonella was partially restored in

GBPChr3�/�Irgm2�/� iBMDM after 8 h of infection, although it was

strongly impaired in GBPChr3�/� cells (Fig 2D). Altogether, our

results point out that Irgm2 deficiency accelerates caspase-11 recruit-

ment on bacterial membranes. Although we cannot entirely exclude

that Irgm2 might also regulate GBP-dependent caspase-11 recruit-

ment to bacterial membranes, our result show that an Irgm2 defi-

ciency opens a GBPChr3 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 indepen-

dently of GBPChr3, we next searched for additional regulators. We

used a GFP-Trap coupled to mass spectrometry (MS) strategy using

IFNc-primed iIrgm2�/� BMDMs complemented with a doxycycline-

inducible 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 and EV3A).

Therefore, we decided to investigate whether Gate-16 played a role

in Irgm2-inhibited caspase-11 response. Co-immunoprecipitation
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experiments confirmed that Gate-16 was present in the Irgm2-GFP

fraction, hence validating our MS results (Fig 3B). Gabarap proteins

(Gabarap, GabarapL1 and Gate-16) belong to the ATG8 superfamily

proteins, all involved in autophagy/membrane remodelling regula-

tion. While Gabarap deficiency leads to increased canonical NLRP3

inflammasome response in mice, there is no information regarding

the putative function of Gate-16 at regulating the non-canonical

inflammasome. In this context, we found that silencing of Gate-16,

but no other gabaraps, increased OMV-induced caspase-11-dependent

cell death and IL-1b release (Figs 3C, and EV3B and C). As a control,

Gate-16 silencing did not alter BMDM response to canonical NLRP3

inflammasome activators (Fig EV3D). Then, we sought to determine

whether Gate-16-inhibited caspase-11 response was part of the Irgm2

path. Consequently, we silenced Gate-16 gene expression in WT,

GBPChr3�/�, Casp11�/� and Irgm2�/� BMDMs and evaluated the

ability of OMVs to induce a caspase-11-dependent response. Gate-16

A

C

D

B

Figure 2.
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silencing in WT BMDMs increased the non-canonical inflammasome

response while Casp11�/� macrophages remained unresponsive to

OMV-induced cell death, IL-1b release (Fig 3D). Interestingly, we

observed that GBPChr3�/� macrophages silenced for Gate-16 partially

recovered their ability to respond to caspase-11 activators (Fig 3E).

Finally, Gate-16 knock down in Irgm2�/� 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 defi-

ciency 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�/� macrophages. By contrast, Gate-16 silencing in Irgm2�/�

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�/� 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 intracel-

lular bacterial loads, suggesting that Gate-16 also covers a caspase-

11-independent cell autonomous immune process (Fig EV3F). Alto-

gether, 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 autop-

hagy 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 pharmacolog-

ically inhibited canonical autophagy (3-MA or Wortmannin) in WT

and Casp11�/� BMDMs targeted with siRNA against Irgm2 or Gate-

16. Autophagy inhibition in BMDMs triggered exacerbated

Salmonella (orgA�)-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 fluo-

rescence microscopy the recruitment of LC3b on bacterial compart-

ments. 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.

This is in agreement with the findings of Finethy et al (2020) that

underlined a lack of canonical autophagy markers (e.g., LC3 lipida-

tion) alteration in Irgm2�/� 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 mono-

cyte-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� 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 and EV5A). 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 × 105 cells of OMVs or infected with either S. Typhimurium orgA� (S. Tm orgA�) or F. tularensis spp novicida

(F. novicida) with an MOI of 25 for various times.

A Measure of LDH and IL-1b release in WT, GBPChr3�/� and Casp11�/� BMDMs were Irgm2 was knocked down 16 h after exposure to 2.5 lg/2 × 105 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 GBPChr3�/� BMDMs infected for 16 h with either S. Tm orgA� 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. Tm orgA�-mCherry (MOI 10, red) in IFNc-primed WT and
Irgm2�/� 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 � SEM.

D Confocal fluorescence microscopy images and associated quantifications of caspase-11-C254G-GFP (green) recruitment to S. Tm-mCherry (orgA�, red) in IFNc-primed
iWT, iIrgm2�/�, iGBPChr3�/� and iGBPChr3�/�/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 � SEM. ***P ≤ 0.001 for the indicated comparisons using t-test with Bonferroni correction.

Data information: Data shown as means � SEM (graphs A, B) from n = 4 independent pooled experiments; ***P ≤ 0.001 for the indicated comparisons using t-test with
Bonferroni correction. Images (C, D) are representative of one experiment performed three times.
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A

C D E F

B

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�/� 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 × 105 cells of OMVs for 16 h.
D LDH and IL-1b release from WT, Irgm2�/� and Casp11�/� BMDMs silenced for Gate16 and treated for 16 h with 2.5 lg/2 × 105 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), pro-

caspase-11, Gate16 and GAPDH in cell lysates of Gate16-silenced WT, Irgm2�/� and GBPChr3�/� BMDMs exposed to 2.5 lg/2 × 105 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�, 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 � 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 non-
targeting sequences.

Data information: Data shown as means � 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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higher IL-1B and cell death levels than their respective controls,

which is reminiscent of previous studies that showed a regulatory

role for IRGM on the canonical NLRP3 inflammasome (Fig 4B).

Although the research of a protein with a similar function of rodent

Irgm2 in humans warrants further investigations, our results suggest

that GATE16 function is conserved between both species. Next, we

wondered if GATE16-inhibited non-canonical inflammasome

response to Salmonella depended on human GBPs. GBP1, GBP2 and

GBP5 have recently been described as being important for efficient

CASP4 recruitment and activation on bacterial membranes. Hence,

we used human monocytic cell line U937 genetically invalidated for

GBP1, GBP2 and GBP5 (GBP1/2/5�/�) (Fig EV5B). Infection of IFNc-

primed WT or GBP1/2/5�/� U937 cells with Salmonella triggered

both GBP-dependent cell death and IL-1B release (Fig 4C). Impor-

tantly, GATE16 silencing in GBP1/2/5�/� cells reinsured significant

cell death and IL-1B release, suggesting that the human non-cano-

nical inflammasome response relies on GBP-dependent and GBP-

independent mechanisms (Fig 4C). Finally, we aimed at determining

if GATE16 is a direct regulator of the non-canonical inflammasome

response in human cells. Therefore, we electroporated LPS in WT or

GBP1/2/5�/� U937 cells in the presence or absence of GATE16

siRNA (Fig 4D). Our results showed that electroporated LPS-induced

cell death and IL1B release did not involve GATE16 (Fig 4D),

suggesting that GATE16 acts upstream of the non-canonical

inflammasome. Altogether, our results identified Irgm2 and GATE16

that cooperatively restrict Gram-negative bacteria-induced non-cano-

nical inflammasome activation in both mice and humans.

Tight regulation of the non-canonical inflammasome pathway is

of major importance as its uncontrolled non-canonical inflamma-

some response drives endotoxic shock. Conversely, two recent stud-

ies have uncovered that the IRF2 transcription factor (and to a

lower extent IRF1) transcriptionally controls murine gasdermin-D

and human caspase-4 expression (Benaoudia et al, 2019; Kayagaki

et al, 2019). In addition, SERPINB1 has also been found to directly

interact and inhibit activation of the inflammatory caspase-1,

caspase-4 and caspase-11 (Choi et al, 2019). Here, both Finethy

et al (2020) and us report a critical role of Irgm2 and Gate-16 at

balancing the non-canonical inflammasome activity. The Irgm2/

Gate-16 axis was required to inhibit caspase-11 recruitment to

Gram-negative bacteria in the host cell cytosol, which provided

controlled caspase-11 response and protection against sepsis. These

findings open many yet unanswered questions such as at which step

the Irgm2/Gate16 axis is regulating caspase-11 recruitment to bacte-

rial products. Gate-16 has been found to control proper cytosolic

localization of various GBPs (Park et al, 2016; Sasai et al, 2017),

including GBP2, crucial at regulating caspase-11 recruitment on

intracellular pathogen PAMPs. However, results from Finethy et al

(2020) and ours indicate that Gate16/Irgm2 removal in GBP-

deficient macrophages (lacking GBPs 1, 2, 3, 5 and 7) partially

restores a caspase-11-dependent response, suggesting that the Gate-

16/Irgm2 path might regulate caspase-11, at least to certain extent,

independently of these GBPs. Recently, two publications described

that hGBP4 participated with GBP1 and GBP3 to the recruitment of

CASP4 to cytosolic Gram-negative bacterial membranes in human

A B C D

Figure 4. GATE16 inhibits non-canonical inflammasome activation in human myeloid cells.

A LDH and IL-1B release from siRNA-treated primary human monocyte-derived macrophages (hMDMs) infected with S. Typhimurium orgA� (MOI25) for 16 h. When
specified, the caspase-4/5 inhibitor Z-LEVD (25 lM) or the NLRP3 inhibitor MCC950 (10 lM) was added to the experiments.

B LDH and IL-1B release from siRNA-treated primary human monocyte-derived macrophages (hMDMs), primed with IFNc (10 UI/ml) and PAM3CSK4 (100 ng/ml) and
then stimulated with Nigericin (20 lM) for 4 h. When specified, the caspase-4/5 inhibitor Z-LEVD (25 lM) or the NLRP3 inhibitor MCC950 (10 lM) was added to
the experiments.

C, D LDH and IL-1B release from siRNA-treated WT or GBP1/2/5�/� U937 monocytic cell line, primed with IFNc (10 UI/ml) and PAM3CSK4 (100 ng/ml) and then infected
with (C) with S. Typhimurium orgA� (MOI25) for 10 h or (D) electroporated with 1 lg of Escherichia coli LPS for 4 h. Φ indicates that no LPS electroporation was
performed. Data shown as means � SEM from n = 4 independent pooled experiments; ***P ≤ 0.001 for the indicated comparisons using t-test with Bonferroni
correction.

Data information: Data shown as means (graphs A, B) from n = 3 different donors; each donor is represented with a coloured circle; *P ≤ 0.05, **P ≤ 0.01 for the
indicated comparisons using one-way ANOVA with multiple Bonferroni correction.
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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/xeno-

phagy 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 addi-

tion, 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-cano-

nical inflammasome response in an autophagy-independent manner.

Should those effectors modulate the non-canonical autophagy path-

way is an attractive hypothesis that deserves further investigations.

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 Golgi-

regulated 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 regu-

late 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 investi-

gations 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 LPS-

activated 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 physiologi-

cal 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�/�, Casp1�/�Casp11�/�, Nlrp3�/� and GBPChr3�/� mice

have been described in previous studies (Li et al, 1995; Wang et al,

1998; Martinon et al, 2006; Yamamoto et al, 2012). Irgm2�/� 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 × 106,

2.5 × 105 or 5 × 104 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 stimula-

tion, we used pure LPS (O111B4, InvivoGen, 1 lg/ml), outer

membrane vesicles (E. coli, InvivoGen, 0.5, 1 and 2.5 lg/2 × 105

cells) or various Gram-negative bacterial strains were used includ-

ing, Shigella flexneri (M90T, MOI25), Salmonella Typhimurium

orgA� (SL1344, MOI25), E. coli (K12, MOI25), Citrobacter koseri

(MOI25) and Enterobacter cloacae (MOI25). When required, Wort-

mannin (Wort, 10 lM) and 3-metyladenine (3-MA, 1 mM) were

added 2 h after infection in order to inhibit autophagy. When
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specified, 1 lg of E. coli ultrapure LPS (O111:B4) was electropo-

rated with NeonTM Transfection System (Thermo Fisher) according

to manufacturer’s protocol. Briefly, 5 × 105 cells were resus-

pended 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) IFNc-

primed 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 activa-

tor, 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 inflamma-

some 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 infec-

tions. 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 × 105 BMDMs were infected with stationary phase Salmonella

orgA� (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 intracel-

lular 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 stimu-

lated with 1 lg/2 × 105 cells of OMVs or infected with Salmonella

Typhimurium (orgA�) 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 × 105 cells using RNeasy

Mini Kit (Qiagen). mRNAs were reverse transcribed with the Verso

cDNA Synthesis Kit (Thermo Scientific). Regarding qPCR experi-

ments, 1 lM of primers (Appendix Table S1), SYBRTM 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 � LDH uninfected)/(LDH

total lysis � 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 satura-

tion 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 × 105 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 antibod-

ies 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 anti-

bodies 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 manu-

ally counted using ImageJ software.
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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 conflu-

ency 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�/� immortalized macrophages were transduced with retroviral

vectors carrying a doxycycline-inducible Irgm2-GFP, or GFP alone

constructs, cloned into Retro-XTM Tet-On� 3G vector (Clontech Labora-

tories, Inc.). To ensure proper Irgm2-GFP expression, cells were incu-

bated 16 h with doxycycline 1 lg/ml in the presence of IFNc. Irgm2-

GFP and associated protein complexes were pull-down using GFP-

Trap magnetic beads according to manufacturer’s instructions (chro-

motek). 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°C in RIPA buffer + Laemmli before separation on

SDS–PAGE and mass spectrometry or immunoblotting.

Mass spectrometry analysis

Immuno-purified protein samples were reduced with b-mercap-

toethanol 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 ammo-

nium 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 ll of 5%

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 spec-

trometer (Thermo Fisher Scientific, Bremen, Germany). Separation

was performed on a C-18 column (75 lm ID × 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 data-

dependent 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 methion-

ine 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 repli-

cate runs, and log2-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 distribu-

tion. 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 experi-

ments. 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 macro-

phages (BMDMs) iWTs or iIrgm2�/�macrophages. Single guide

RNAs (sgRNA) specifically targeting caspase-11 exon 2 forward

(50CACCGCTTAAGGTGTTGGAACAGCT30) reverse (50AAACAGCTG

TTCCAACACCTTAAGC30), Irgm2 exon 2 forward (50CACCGTTCCA

TGTTGTCGAGCAACG30) reverse (50AAACCGTTGCTCGACAACATG

GAAC30) were designed using Benchling tool (Benchling.com), and

oligonucleotides were synthesized by Sigma-Aldrich. Crispr guide

RNA oligonucleotides were then hybridized and cloned in Lenti-

gRNA-Puromycin vector using BsmBI restriction enzyme (lenti-

Guide-Puro, Addgene 52963, Feng Zhang Lab). HEK293T cells were

transfected for 48 h with all constructs (Lipofectamine 2000)

together with the lentiviral packaging vector p8.91 (Didier Trono

Lab, EPFL, Switzerland) and the envelop coding VSV-G plasmid

(pMD.2G, Addgene 12259, Didier Trono Lab). 48 h later, viral

supernatants were harvested and subsequently filtered on 0.45-lm

filter. Recipient cells expressing Cas9 (1,000,000 cells/well in 6-well

plates) were generated using lentiviral transduction with a Cas9-

expressing lentiviral vector (lentiCas9-Blast, Addgene 52962, Feng

Zhang Lab). Then, Cas9+ cells were infected with packaged viral

ª 2020 The Authors EMBO reports 21: e50829 | 2020 11 of 15

Elif Eren et al EMBO reports

 1
4
6
9
3
1
7
8
, 2

0
2
0
, 1

1
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://w
w

w
.em

b
o
p
ress.o

rg
/d

o
i/1

0
.1

5
2
5
2
/em

b
r.2

0
2
0
5
0
8
2
9
 b

y
 C

o
ch

ran
e F

ran
ce, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [1

2
/0

3
/2

0
2

3
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se



particles. To ensure efficient infection, viral particles were centrifu-

gated 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-resis-

tant 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 plas-

mid # 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 anti-

body (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 invalida-

tion 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 stan-

dard Ficoll-Paque density (GE Healthcare). The blood was diluted

1:1 in phosphate-buffered saline (PBS) pre-warmed to 37°C and care-

fully layered over the Ficoll-Paque gradient. The tubes were centri-

fuged for 25 min at 514 g, at 20°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 mono-

cyte-derived macrophages, cells were cultured in RPMI medium

(GIBCO) supplemented with 10% FCS (Invitrogen), 100 IU/ml peni-

cillin, 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 (établissement français 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.). 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.

Data availability

The mass spectrometry proteomic data have been deposited to the

ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al,

2019) partner repository with the data set identifier PXD020457

(http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=

PXD020457).

Expanded View for this article is available online.
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