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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 ZAKα 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 ZAKα 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 ZAKα- 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 ZAKα inhibitors. Altogether, our results show 60 

the importance of P. aeruginosa virulence factor EXOA at promoting NLRP1-dependent 61 

epithelial damage and identify ZAKα 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-1β, 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-1β 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 ZAKα 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 ZAKα and P38 (Wu et al., 2020; Vind et 120 

al., 2020). Subsequently, activated ZAKα 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 ZAKα inhibitors. Altogether, our results describe the ability of P. aeruginosa 125 

virulence factor EXOA at promoting NLRP1-dependent tissue damage and identify ZAKα 126 

as a critical sensor of bacterial pathogen-driven ribosome inactivation. 127 

 128 
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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-1β 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-1β/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-1β/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-1β/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-1β/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-1β/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-1β 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 ZAKα 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 ZAKα and the effector P38α/β 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 ZAKα-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 ZAKα (Fig. 3A, S3A). Further analysis of NLRP1 268 

inflammasome formation using fluorescence microscopy highlighted that ZAKα deficiency 269 

completely abrogated assembly of the NLRP1 inflammasome and cell death in response 270 

to EXOA (Fig. 3B). To further analyze if ZAKα and its downstream effectors P38 were 271 

important for NLRP1 inflammasome formation, we genetically deleted P38α, P38β or both 272 

P38α/β in reporter cells and quantified inflammasome assembly in response to EXOA 273 

(Fig. 3C, S3B). We observed that single deletion for P38α or P38β did not strongly modify 274 

inflammasome assembly whereas combined deficiency for P38α/β led to a robust defect 275 

in NLRP1 inflammasome formation upon EXOA exposure (Fig. 3C). This suggests that 276 

ZAKα- and ZAKα-activated P38 kinases contribute to NLRP1 inflammasome response to 277 

EXOA.  278 
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ZAKα 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 ZAKα-285 

deficient cells (Fig. 3D, E, S3C). All in one, those results suggest that ZAKα- 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 ZAKα 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 ZAKα 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 ZAKα/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, ZAKα-driven RSR constitutes a shared process 339 

between both species, which suggests that evolution selected ZAKα 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 ZAKα-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 ZAKα 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 
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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 ZAKα-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 ZAKα, 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 SM10λpir (Mix&Go competent cells, Zymo Research Corporation) and 476 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 17, 2023. ; https://doi.org/10.1101/2023.01.16.524164doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.16.524164
http://creativecommons.org/licenses/by/4.0/


20 
 

subsequently selected on LB-Agar supplemented with 50 μg/mL kanamycin /15 μg/mL 477 

gentamicin. After sequencing resulting clones were mated with PAO1 strains, 4H/37°C. 478 

Mated bacteria were plated on 15 μg/mL gentamicin and 20 μg/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 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 17, 2023. ; https://doi.org/10.1101/2023.01.16.524164doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.16.524164
http://creativecommons.org/licenses/by/4.0/


23 
 

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 (1μL/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 ZAKα, A549 cells were transduced 627 

with LentiCRISPR-V2 vectors containing sgRNA guides against DPH1, P38 isoforms and 628 
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ZAKα. 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-sgP38β in single KO cells for P38α achieved generation of double KO 631 

cells for P38α and P38β. 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-1β/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 

 676 

 677 

 678 

 679 

 680 

 681 

 682 

 683 

 684 

 685 

 686 

 687 

 688 

 689 
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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 (PAO1ΔT3SS, PAO1ΔT2SS, 695 

PAO1ΔT1SS) 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 

(PAO1ΔPLCN, PAO1ΔPLCH, PAO1ΔLASB, PAO1ΔEXOA) 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 

 731 
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 753 
Figure 3. EEF2 inactivation drives ZAKα and P38 MAPkinase activation and 754 

subsequent NLRP1 inflammasome nucleation. 755 

A. Immunoblotting of P38, JNK, ZAKα, NLRP1, Tubulin and phophorylated P38 and JNK 756 

in A549NLRP1+ and  A549NLRP1+/ZAKα- 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/ZAKα- 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/P38α/β- 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 
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 821 
Figure 4. Cystic fibrosis airway epithelial cells show exacerbated sensitivity to 822 

EXOA-driven pyroptosis, which is reversed by ZAKα 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 EXOA 825 

(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, ZAKα 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 EXOA 836 
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(10ng/mL) or not for 12 hours in presence or absence of PLX420 (ZAKα 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 PAO1ΔEXOA (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 
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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-GFP 890 

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-GFP 895 

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 
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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 ZAKα 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 P38α and P38β 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/ZAKα- 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 pHNECWT 955 

(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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