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Implication de I'inflammasome NLRP3 dans la détection des toxines bactériennes et dans I'évolution du

COVID-19

Résumé

Lors d’une infection, les mécanismes innés de détection des microorganismes pathogenes sont
indispensables a la réponse immunitaire innée et a l'initiation de I'immunité adaptative. Une réponse
immunitaire physiologique est définie comme une réponse proportionnelle et adaptée a la stimulation
microbienne et doit conduire a une résolution effective de I'inflammation. Pour cela, I'h6te doit étre
capable de détecter quantitativement et qualitativement les micro-organismes. Du point de vue
guantitatif, I'hote détecte des motifs structuraux conservés au sein d’une classe de micro-organismes
comme le lipopolysaccharide des bactéries Gram négatives. D’autre part, la détection de I'activité des

facteurs de virulence — spécifiques aux pathogenes — permet une détection qualitative.

La découverte des PRR et plus précisément des inflammasomes a permis une avancée majeure dans la
compréhension des mécanismes de détection des pathogenes et des signaux de danger liés aux
dommages cellulaires produits lors de linfections. Les inflammasomes sont des complexes
macromoléculaires a I'origine de 'activation de la Caspase-1 et de la maturation des Interleukines (IL)-
1R et -18. L'inflammasome le mieux caractérisé est NLRP3. Cet inflammasome est régulé par des
modifications post-traductionnelles qui régulent sa localisation, stabilité, changement de conformation
et ses interactions protéiques. Initialement découverts pour leur implication dans des pathologies auto-
inflammatoires, les inflammasomes sont également impliqués dans la détection de I'activité des

facteurs de virulence notamment ceux ciblant les RhoGTPases.

Les Rho GTPases sont situées au carrefour de grandes voies de signalisation cellulaire ; en régulant la
migration cellulaire, la phagocytose ou encore la transcription des genes, ceux sont des acteurs majeurs
de I'immunité. Cela en fait des cibles préférentielles pour les micro-organismes pathogenes. En effet,
plus de 30 facteurs de virulence bactériens manipulent les Rho GTPases en utilisant diverses stratégies

menant a leur inhibition ou leur activation.

La bactérie Escherichia coli (E. coli) uropathogene est la premiere cause de cystites et pyélonéphrites et
dans les cas les plus graves de bactériémies. Plus d’un tiers des E. coli uropathogénes possedent la toxine
CNF1, une dé-amidase activant les Rho GTPases. Cette modification détruit I'activité GTPase intrinseque

et stimulée par les GAPs (GTPase-activating protein) de Rho, Rac et Cdc42.

Avant mon arrivée au laboratoire, I'équipe du Dr Laurent Boyer a montré que la toxine CNF1 induit une

réponse immunitaire. En effet, au cours de la bactériémie chez la souris ou de I'infection systémique



chez la drosophile, les E. coli exprimant CNF1 sont éliminées plus rapidement que les E. coli ne
possédant par CNF1. Au niveau cellulaire, I'activation des Rho GTPases par CNF1 est responsable de la
production de cytokines pro-inflammatoires. En parallele de cette réponse transcriptionnelle, la toxine
CNF1 provoque la maturation de I'lL-1R de facon dépendante de la Caspase-1, suggérant I'implication

d’un inflammasome.

Mon projet de thése était d’identifier I'inflammasome impliqué dans la détection de la toxine CNF1 et

de caractériser la voie de signalisation menant a cette activation.

Nous avons identifié I'inflammasome NLRP3 comme étant responsable de la détection de |'activation
de la Rho GTPase Rac2 par la toxine CNF1. Nous avons ensuite étudié le réle de la kinase Pak1, effecteur
majeur de Rac2, dans cette voie de signalisation et nous avons pu montrer que Pakl joue un réle crucial
dans I'activation de I'inflammasome NLRP3 par CNF1. Pakl phosphoryle la Thr659 du récepteur NLRP3
et cette phosphorylation est déterminante pour le recrutement de la protéine régulatrice Nek7 et
I'activation de lI'inflammasome NLRP3 en aval de la détection de CNF1. Finalement, nous avons pu
montrer le role majeur de la voie Pak1-NLRP3 dans la mise en place d’'une réponse immunitaire anti-

virulence au cours de la bactériémie.

De plus, nous avons utilisé notre expertise pour étudier I'activation de I'inflammasome NLRP3 chez les
patients infectés par le SARS-CoV-2. Cette étude nous a permis d’établir la signature de la réponse
NLRP3 dans les cellules myéloides circulantes des patients COVID-19 et d’utiliser ces parametres pour

définir un score permettant de prédire I'évolution des patients.

En résumé, mon travail sur I'implication de I'inflammasome NLRP3 dans la détection de la virulence a
permis une meilleure compréhension des mécanismes mis en jeu lors d’'une réponse immunitaire anti-

infectieuse.

Mots clés : Inflammasome — Rho-GTPases — Facteurs de virulence — COVID-19



Implication of the NLRP3 inflammasome in the sensing of RhoGTPase-activating toxins and clinical

evolution of COVID-19

Abstract

The innate immune detection of pathogenic microbes is crucial to enhance the immune response.
During an infection, the activation of the innate immune system is the first step to establish an
adaptative immune response. A physiological immune response is defined as adapted to the microbial
environment and as an effectively resolved inflammation. To do so, the host must be able to detect
qualitatively and quantitatively microbes. The detection of conserved microbial-associated molecular
patterns (MAMPs) such as lipopolysaccharide of Gram-negative bacteria allows the host to evaluate the
number of microbes. On the other hand, the detection of virulence factors’ activity — pathogen-specific

— give a qualitative view of microbes.

The discovery of inflammasomes has allowed a major advance in the understanding of the mechanisms
of detection of pathogen- and danger-associated molecular patterns. Inflammasomes are
macromolecular complexes responsible for the activation of Caspase-1 and the maturation of
Interleukins (IL) -1R8 and -18. The best characterized inflammasome is NLRP3. This inflammasome is
regulated by post-translational modifications which regulate its localization, stability, conformational
change and its protein interactions. Initially discovered for their involvement in autoinflammatory
pathologies, there is growing evidence for the role of inflammasomes in detecting the activity of toxins

and microbial effectors including those targeting Rho GTPases.

Rho GTPases are located at the crossroads of major cell signaling pathways; by regulating cell migration,
phagocytosis or even gene transcription, these are major players in immunity. This makes them
preferential targets for pathogenic microorganisms. Indeed, more than 30 bacterial virulence factors

manipulate Rho GTPases using various strategies leading to their inhibition or activation.

The uropathogenic Escherichia coli (E. coli) bacterium is the primary cause of cystitis and pyelonephritis
and in the most severe cases of bacteremia. More than a third of uropathogenic E. coli possess the CNF1
toxin, a de-amidase that activates Rho GTPases. This modification destroys the intrinsic GTPase activity

stimulated by the GAPs (GTPase-activating protein) of Rho, Rac and Cdc42.

Before my arrival at the laboratory, Dr. Laurent Boyer's team showed that the CNF1 toxin induces an
immune response. Indeed, during bacteremia in mice or systemic infection in drosophila, E. coli
expressing CNF1 are eliminated more quickly than E. coli deleted for CNF1. At the cellular level, the

activation of Rho GTPases by CNF1 is responsible for the production of pro-inflammatory cytokines.



Alongside this transcriptional response, the CNF1 toxin causes IL-1p to mature in a Caspase-1 dependent

fashion, suggesting the involvement of an inflammasome.

My thesis project was to identify the inflammasome involved in the detection of the CNF1 toxin and to

characterize the signaling pathway leading to this activation.

We have identified the NLRP3 inflammasome as being responsible for the detection of Rho GTPase Rac2
activation by the CNF1 toxin. We then studied the role of the kinase Pakl, a major effector of Rac2, in
this signaling pathway and we were able to show that Pak1 plays a crucial role in the activation of the
inflammasome NLRP3 by CNF1. Pakl phosphorylates Thr659 of the NLRP3 receptor and this
phosphorylation is critical for the recruitment of the regulatory protein Nek7 and the activation of the
NLRP3 inflammasome downstream of the detection of CNF1. Finally, we were able to show the major
role of the Pak1-NLRP3 pathway in the establishment of an anti-virulence immune response during mice

bacteremia.

In addition, we used our expertise to study the activation of the NLRP3 inflammasome in patients
infected with SARS-CoV-2. This study allowed us to establish the signature of the NLRP3 response in the
circulating myeloid cells of COVID-19 patients and to use these parameters to define a score to predict

the outcome of the patients.

In summary, my work on the involvement of the NLRP3 inflammasome in the detection of virulence has

provided a better understanding of the mechanisms involved in an anti-infective response.

Keywords : Inflammasome — Rho-GTPases — Virulence factors — COVID-19
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1. Immunité innée au cours de l'infection

L'immunité innée constitue la premiére ligne de défense au cours d’une infection. Celle-ci est mise en
place dans les premieres heures et fait intervenir différents types cellulaires. Les barriéres épithéliales
sont le premier obstacle qu’un micro-organisme rencontre. Si le pathogene parvient a franchir cette
barriére, les cellules de I'immunité innée sont mises en jeu afin de combattre I'infection. L'activation de

I'immunité innée est cruciale pour la mise en place, en aval, d’'une immunité adaptative.

1.1. La théorie des MAMPs et PRRs

Les cellules de I'immunité innée détectent des motifs microbiens hautement conservés appelés PAMPS
(Pathogen-Associated Molecular Patterns) (Janeway, 1989). En raison de leur présence chez les micro-
organismes pathogénes et non pathogénes le terme MAMPs (Microbial-Associated Molecular Patterns)
a été proposé ; celui-ci est maintenant privilégié pour désigner ces motifs (Ausubel, 2005). Les MAMPs
sont des molécules systématiquement associées a une classe de micro-organismes, comme par

exemple, le lipopolysaccharide (LPS) de la paroi des bactéries Gram négatives.

Les récepteurs cellulaires responsables de la reconnaissance des MAMPs ont été nommés « Pattern
Recognition Receptors » (PRRs) par le Pr Charles Janeway qui formula cette hypothése en 1989
(Janeway, 1989). Celle-ci fat confirmée par la découverte du récepteur Toll chez Drosophila
Melanogaster (Lemaitre et al., 1996). Un an plus tard, le premier homologue de Toll chez I’humain
(aujourd’hui nommé TLR4) est découvert (Medzhitov et al., 1997). Nous connaissons aujourd’hui 13
homologues de Toll nommés TLRs (Toll-like receptors) chez la souris et 10 TLRs chez I'homme
(Medzhitov, 2009). Ces récepteurs jouent un rdle essentiel dans la réponse a I'infection en activant des
voies de signalisation permettant la synthése de cytokines et chimiokines pro-inflammatoires (Takeda

and Akira, 2015).

Les PRRs regroupent actuellement un grand nombre de protéines classées en différentes classes : les
TLRs, les récepteurs de type RIG-I (RLRs), les lectines de type C (CLR), les récepteurs de type Nod (NLRs),
les récepteurs de type AIM2 (ALRs) ou encore cGAS (Brubaker et al., 2015; Fitzgerald and Kagan, 2020).
Ces récepteurs reconnaissent ensemble un large panel de motifs microbiens, tel que détaillé dans le
tableau 1. Les récepteurs formant des inflammasomes seront abordés dans la section

« Inflammasomes » (page 17).

En reconnaissant des motifs microbiens conservés, I'immunité déclenchée par la détection de ceux-
ci ne permet pas au systeme immunitaire de différencier les micro-organismes pathogenes et non-
pathogénes, ni méme de savoir s’ils sont vivants ou non. Comment le systéme immunitaire peut-il

distinguer les microorganismes virulents et avirulents, et ainsi adapter sa réponse ?
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PRR MAMP(s) reconnu(s) Référence
Récepteurs de type Toll

TLR1/2*  Lipoprotéines (Takeuchi et al., 2002)

TLR2/6*  Lipoprotéines (Ozinsky et al., 2000)

TLR3 ARN double brin (Alexopoulou et al., 2001)

TLR4 LPS (Medzhitov et al., 1997; Poltorak et al., 1998)
TLR5 Flagelline (Hayashi et al., 2001)

TLR7 ARN simple brin (Diebold et al., 2004; Heil et al., 2004)
TLR8 ARN simple brin (Heil et al., 2004)

TLR9 ADN (ilots CpG non méthylés) (Hemmi et al., 2000)

TLR10/2* Lipoprotéines (Guan et al.,, 2010)

TLR11 Profilin (Toxoplasma gondii) (Yarovinsky et al., 2005)

TLR12 Profilin (Toxoplasma gondii) (Koblansky et al., 2013)

TLR13 ARN ribosomal bactérien (Hidmark et al., 2012)

Récepteurs de type RIG-I

RIG-I ARN double brin et simple brin (Yoneyama et al., 2004)

MDA5 ARN double brin (Kato et al., 2006)

LGP2 ARN double brin (Rothenfusser et al., 2005)

Lectines de type C

Dectin-1  R-glucanes (Brown and Gordon, 2001)
Dectin-2  Mannanes a (Saijo et al., 2010)
DC-SIGN  N-glycanes riches en mannose (Feinberg et al., 2001)
cGAS ADN double brin (Sun et al., 2013)

Tableau 1 : Détection des motifs microbiens par les PRRs
* . dimérisation du TLR2 avec un autre TLR.

1.2. Détection de la virulence des microorganismes

Il est avant tout nécessaire de définir la notion de virulence. La virulence d’un microorganisme se définit
par sa capacité a causer des dommages a I’h6te. Cependant la virulence d’un pathogéne est directement
en lien avec la susceptibilité de I'héte (Bhavsar et al., 2007; Casadevall and Pirofski, 2019; Stuart et al.,
2013). Les facteurs de virulence bactériens sont des molécules promouvant la dissémination, I'invasion

ou encore 'échappement au systéme immunitaire de I'héte.

Chez la plante, il existe une théorie permettant au systéme immunitaire de distinguer si un
microorganisme est virulent ou non. Celle-ci oppose I'immunité dite « médiée par les motifs microbiens
» (ou PTI pour « Pattern-Triggered Immunity ») a I'immunité dite « médiée par les effecteurs microbiens
» (ou ETI pour « Effector-Triggered Immunity »). L'ETI permet la détection de I'activité des facteurs de
virulence microbiens exprimés exclusivement par les pathogenes via des protéines de type « NB-LRR »

(Jones and Dangl, 2006).
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Jusque dans les années 2000, la théorie des PRRs proposée par le Pr Charles Janeway était
prédominante et ne permettait pas a elle seule d’expliquer la modulation de réponse du systeme
immunitaire face a un micro-organisme non pathogéne chez les métazoaires. La découverte de
mécanismes moléculaires permettant la détection des facteurs de virulence bactériens ou des
dommages cellulaires a permis I'émergence de nouvelles hypotheses. Celles-ci permettent d’expliquer
la différence d’amplitude de réponse immunitaire observée entre un micro-organisme pathogene et
non pathogene (Fischer et al., 2020; Matzinger, 2002a; Stuart et al., 2013; Vance et al., 2009). Parmi ces
hypothéses, I'immunité dirigée contre les effecteurs microbiens décrite chez les plantes semble étre

conservée chez les métazoaires (Boyer et al., 2011; Diabate et al., 2015; Stuart et al., 2013).

2. Lesinflammasomes

En 2002, I'équipe de Jirg Tschopp découvre des plateformes de signalisation macromoléculaires
appelées inflammasomes (Martinon et al., 2002). Les inflammasomes sont impliqués dans la détection
des signaux de dangers (DAMPs) (Tableau 2). lls permettent I'activation de la Caspase-1 et la maturation
des cytokines pro-inflammatoires Interleukine-1R8 (IL-18) et Interleurkine-18 (IL-18) via leur clivage par

la Caspase-1 (Lamkanfi and Dixit, 2014).

Structures murines

mNLRP1b NBD = LRR =FIND = CARD
Structures communes

mPyrin PYD === BB = CC

NAIP (1-6) BIR == BIR == BIR == NBD == LRR
Structures humaines

NLRC4 CARD = NBD == LRR

hNLRP1 PYD = NBD = LRR =FIND = CARD
NLRP3,6,9  PYD = NBD — [RR

hPyrin PYD = BB = CC B30.2
AIM2 PYD HIN-200

CARDS FIND = CARD

Figure 1 : Structures des récepteurs formant un inflammasome chez I’lhomme et la souris

Les inflammasomes sont composé d’un récepteur de type NLR, Pyrin ou PYHIN (ex : AIM2) (Figure 1),
d’un adaptateur ASC lorsqu’il est nécessaire et d’un effecteur, la Caspase-1. La majorité des récepteurs
s’oligomérisant en un inflammasome comportent un domaine de type « NB-LRR » également retrouvé
chez les végétaux et possédent une activité ATPase portée par leur domaine NBD (Duncan et al., 2007,
Jones et al., 2016). Cependant, tous les récepteurs possédant un domaine NBD n’ont pas été décrits
pour former un inflammasome et tous les récepteurs formant un inflammasome ne comportent pas de
domaine NBD (ex : AIM2, Pyrin, CARDS8). Cette partie se consacrera donc aux récepteurs dont la capacité

a former un inflammasome a été démontrée.
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Récepteur Détection Références
NLRP1/1b Protéases, E3-ligases et ARN double (Bauernfried et al., 2021; Levinsohn et al,,
brin 2012; Robinson et al., 2020; Tsu et al., 2021)
CARDS8 Protéases (Liu et al., 2021)
Divers signaux de dangers stériles et
NLRP3 ) i Revu dans (Swanson et al., 2019)
microbiens
Acide lipoteichoique et ARN double
NLRP6 brin (Hara et al., 2018; Wang et al., 2015)
NAIP1/NLRC4  Aiguille du SST3 (Kofoed and Vance, 2011)
NAIP2/NLRC4 Corps basal du SST3 (Kofoed and Vance, 2011)
NAIP5/NLRC4  Flagelline (Kofoed and Vance, 2011)
NAIP6/NLRC4  Flagelline (Kofoed and Vance, 2011)
DDX17/NLRC4 Petits éléments nucléaires intercalés (Wang et al., 2021b)
(Birckstimmer et al., 2009; Fernandes-
AIM2 ADN double brin cytosolique Alnemri et al., 2009; Hornung et al., 2009;

Roberts et al., 2009)

Tableau 2 : Activation des différents inflammasomes

SST3 : Systeme de sécrétion de type IlI

2.1. La Caspase-1

La Caspase 1 est une protéase a cystéines nécessaire au clivage des cytokines pro-inflammatoires IL-11

et IL-18. Ce clivage permet leur maturation, essentielle a leur activité biologique. La Caspase-1 nécessite

également d’étre clivée pour étre active. En effet, elle est composée d’'un domaine CARD et d’un

domaine catalytique constitué d’une sous unité p10 et p20. Le domaine CARD de cette protéase est

essentiel pour son recrutement au sein d’un inflammasome dont le but est la dimérisation de la

Caspase-1 nécessaire pour son clivage (Boucher et al., 2018), la Caspase-1 subit ensuite différents

clivages (Figure 2).

B

Dimérisation

Fragment CARD-p20 actif

CARD

z

— p10 p10
p20 p20
CARD

Fragments p10 et p20
inactifs

Figure 2 : Mécanisme d'activation de la Caspase 1

2.2. La protéine adaptatrice ASC

Certains PRRs intracellulaires possédent un domaine CARD leur permettant une interaction directe

homotypique CARD-CARD avec la Caspase-1, cependant, une grande partie n’en possede pas.
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'adaptateur ASC est nécessaire pour permettre l'interaction entre les récepteurs ne possédant pas de
domaine CARD et la Caspase-1. ASC est composé d’'un domaine Pyrin (PYD) interagissant avec le
domaine PYD du récepteur et un domaine CARD (Caspase recruitment domain) liant le domaine CARD
de la Caspase-1 (Oroz et al.,, 2016) (Figure 3). Lorsque l'inflammasome s’active et s’oligomérise,
I’adaptateur ASC forme des structures punctiformes nommeées « specks ». La nucléation des oligoméres
d’ASC permet d’amplifier le signal. En effet, cela permet une augmentation localisée de la concentration

de la Caspase-1 et facilite la dimérisation et I'autoprotéolyse de cette derniére (Dick et al., 2016).

W (T

CARD
p20

.

1 Interactions homotypiques

Caspase-1

p10

Figure 3 : L'adaptateur ASC
2.3. Les Interleukines 1R et 18

2.3.1.Fonctions biologiques

L'IL-18 est une cytokine pyrogénique, I'augmentation de la température corporelle accentue la
migration des leucocytes. De plus, I'lL-1R induit I'expression de molécules d’adhérence telles que ICAM-
1 et VCAM-1 par les cellules endothéliales afin de promouvoir l'infiltration des leucocytes au site
d’infection (Kupper and Groves, 1995). En se fixant a son récepteur, I'lL-18 induit également I'activation
de la voie NF-kB et donc sa propre transcription ainsi que d’autres cytokines et chimiokines pro-

inflammatoires comme I'lL-6 (O’Neill, 2002).

2.3.2.Synthése et maturation

Les Interleukines 11 et 18 sont deux cytokines inflammatoires. La transcription de I'IL-1R est induite par
I"activation des TLRs, la cascade du complément et |a signalisation en aval du récepteur de I'lL-1 (IL- 1R)
(Weber et al., 2010). Contrairement a I'lL-1R, I'lL-18 est exprimée de fagon constitutive (Marshall et al,,

1999).

Ces cytokines sont synthétisées dans le cytosol sous la forme d’un précurseur (pro-IL-18/pro-IL-18)
nécessitant I'action de la Caspase 1 pour étre clivé en forme mature. Seule la forme mature peut se fixer

au Récepteur a I'lL-1 (IL-1R) ou a I'lL-18 (IL-18R) et activer ces derniers (Mosley et al., 1987).
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2.3.3.Sécrétion

Les deux formes (précurseur et forme active) sont sécrétées. Les cytokines IL-18 et IL-18 ne comportent
pas de peptide signal permettant leur sécrétion par la voie conventionnelle (Hazuda et al., 1988;
Stevenson et al., 1992). Le mécanisme de sécrétion de I'lL-1R le mieux caractérisé implique les pores de

Gasdermine D (GSDMD). Cependant, des mécanismes alternatifs de sécrétion ont été décrits.
2.3.3.1. Sécrétion dépendante de la GSDMD

La Gasdermine D est clivée par les caspases inflammatoires 1 et 11 lorsque celles-ci sont activées. Ce
clivage produit un fragment N-terminal (Gasdermine-N) et un fragment C-terminal (Gasdermine-C) (He
et al., 2015; Shi et al.,, 2015) . Les fragments Gasdermine-N forment des oligomeéres qui s’ancrent dans
la membrane plasmique afin de former un pore (Liu et al., 2016b). L’ancrage membranaire de la GSDMD
provoque un gonflement de la cellule et une libération contrélée de protéines comme I'IL-18 ou I'lL-18
(He et al., 2015; Shi et al., 2015, 2017). Dans un deuxieme temps, la Ninjurine 1 (NINJ1) s’ancre a son
tour dans la membrane plasmique et provoque la lyse des cellules et ainsi une libération non controlée
du contenu cellulaire (LDH, HMGB1...) (Bjanes et al., 2021; Kayagaki et al., 2021). Le mécanisme

d’activation de NINJ1 n’est cependant pas encore élucidé (Newton et al., 2021).

La GSDMD est la mieux caractérisée dans le contexte infectieux mais d’autres Gasdermines comme la
GSDMB ou la GSDME jouent également un réle lors d’infections virales ou bactériennes. Alors que la
GSDMD est clivée par les Caspases-1 et -11, la GSDMB et la GSDME sont respectivement clivées par le
Granzyme A et la Caspase-3, de facon indépendante des inflammasomes (Hansen et al., 2021; Orzalli et

al., 2021).

Etant donné le role important de la pyroptose dans I'élimination des pathogénes intracellulaires, par
destruction de leur niche, il n’est pas étonnant de constater que la GSDMD est la cible de pathogénes.
En effet, 'E3-ligase lpaH7.8 de Shigella flexneri ubiquitine la GSDMD et provoque sa dégradation par le
protéasome, inhibant ainsi la pyroptose en aval de I'activation des inflammasomes NLRC4 et NLRP3 (non
canonique) et la destruction de sa niche réplicative. De maniére intéressante, la GSDMD murine n’est
pas un substrat de IpaH7.8 et les souris sont résistantes a I'infection par Shigella (Luchetti et al., 2021).
L'entérovirus 71 et le SARS-CoV-2 inhibent également la pyroptose en ciblant GSDMD : leurs protéases

de type 3C clivent la GSDMD en 2 fragments inactifs (Lei et al., 2017; Planes et al., 2021).

Cependant, I'activation d’un inflammasome, I'ancrage de la GSDMD et la sécrétion d’IL-1R ne sont pas
toujours synonymes de mort cellulaire (Conos et al., 2016; Evavold et al., 2018; Monteleone et al., 2018;
Wolf et al., 2016; Zanoni et al., 2016). En effet, il existe un mécanisme de réparation des pores de
GSDMD dans la membrane plasmique par la machinerie ESCRT-IIl (Rahl et al., 2018). La GSDMD est

également régulée négativement par succination (Humpbhries et al., 2020).
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2.3.3.2. Sécrétion indépendante de la GSDMD

Récemment, I'équipe de Kate Schroder a révélé un mécanisme pouvant expliquer a la fois la sécrétion
d’'ILl-1R GSDMD-dépendante et indépendante (Monteleone et al.,, 2018) . La maturation de I'IL-1R
induirait sa relocalisation au niveau de la membrane plasmique enrichie en PtdinsP2
(Phosphatidylinositol-4,5-bisphosphate) grace a des interactions électrostatiques. Cependant, cela ne

permet d’expliquer la présence de pro-IL-1R dans le milieu extracellulaire.

Il a été observé qu’apres stimulation, I'lL-118 est localisé au niveau du cytosol mais également dans des
vésicules présentant des marqueurs endolysosomaux (Cathespines D, LAMP-1) (Andrei et al., 1999).
Bien que cette cytokine soit synthétisée dans le cytosol, I'implication d’autophagosomes ou de corps
multivésiculaires qui fusionneraient avec la membrane plasmique dans un second temps pourrait étre

un nouveau mécanisme de sécrétion (Lopez-Castejon and Brough, 2011).

2.4. l'inflammasome NLRP1

NLRP1 a été le premier récepteur montré pour former un inflammasome responsable de I’activation de
la Caspase-1 (Martinon et al., 2002). Chez I'homme il existe un unique géne codant pour NLRP1 tandis
gue la souris posséde deux genes orthologues NLRP1A et NLRP1B ainsi qu’un pseudogene NLRPIC. La
principale différence est I'absence d’un domaine PYD chez les rongeurs. Le récepteur NLRP1 humain
possede a la fois un domaine CARD ainsi qu’un domaine PYD, qui théoriquement, permettent le
recrutement de la Caspase-1 et de I'adaptateur ASC respectivement (Chavarria-Smith and Vance, 2015).
Le récepteur NLRP1/1b possede un domaine FIIND qui est clivé par autoprotéolyse et composé des
domaines ZU5 et UPA. Ces domaines restent associés de facon non covalente aprés autoprotéolyse

(D’Osualdo et al., 2011; Finger et al., 2012; Frew et al., 2012).

L'inflammasome NLRP1/1b est activé par clivage direct (protéases virales et bactériennes) ou par
ubiquitination (E3-ligases). En effet, le facteur |étal (LF) de Bacillus anthracis et la protéase de type 3C
des entérovirus et betacoronavirus clivent la partie N-terminale de NLRP1b et le domaine NACHT
de NLRP1 respectivement (Levinsohn et al., 2012; Planés et al., 2021; Robinson et al., 2020; Tsu et al,,
2021). De plus, I'effecteur IpaH7.8 de Shigella a également été montré pour ubiquitiner NLRP1b
(Sandstrom et al., 2019).

Ces modifications entrainent la déstabilisation du récepteur et la dégradation du fragment N-terminal
par le protéasome a la suite de la régle du N-terminal (Chui et al., 2019; Sandstrom et al., 2019; Xu et
al., 2019). Grace a I'autoprotéolyse du domaine ZU5-UPA, le fragment C-terminal (UPA-CARD), associé
de fagon non covalente, est libéré et non dégradé par le protéasome. Enfin, ce fragment C-terminal
UPA-CARD s’oligomérise et recrute 'adaptateur ASC pour former un inflammasome (Figure 4). La

nécessité de 'interaction avec 'adaptateur ASC s’explique par 'incapacité — étonnante — du domaine
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CARD de NLRP1 a recruter directement la Caspase-1 (Ball et al., 2020; Robert Hollingsworth et al., 2021).
Il est intéressant de noter que le récepteur NLRP1 humain, en plus du domaine CARD, possede un
domaine PYD situé a I'extrémité N-terminale. Le domaine PYD de NLRP1 semble jouer un role inhibiteur
puisque son ablation induit I'activation spontanée de I'inflammasome NLRP1 (Bauernfried et al., 2021;

Zhong et al., 2016).

Le récepteur NLRP1/1b est régulé par les peptidases DPP8 et DPP9. En effet, I'inhibition de DPP8/9
accélere 'ubiquitination et la dégradation du domaine N-terminal de NLRP1. Deux études récentes ont
démontré que DPP9 s’associe au domaine C-terminal UPA-CARD en combinaison avec un monomére
de NLRP1 (via son domaine ZU5) afin d’inhiber I'oligomérisation des fragments UPA-CARD en un
inflammasome actif (Hollingsworth et al., 2021; Huang et al., 2021) (Figure 4). Il semblerait que le ratio
cellulaire entre le récepteur NLRP1 dans sa forme entiére et le domaine UPA-CARD de NLRP1 agissent

comme un verrou de I'activation intempestive de I'inflammasome NLRP1.

Chez I'homme, l'inflammasome NLRP1 détecte également les ARN viraux doubles brins lors de la
réplication virale de virus simple brins a polarité positive (Bauernfried et al., 2021). L'activation de
I'inflammasome NLRP1 dans ce contexte nécessite I'action du protéasome mais n’implique pas la regle
du N-terminal. Il a été montré que NLRP1 interagit directement avec I’ARN double brin, avec pour

conséquence l'activation de son activité ATPase (contenue dans le domaine NACHT).

PYD NACHT LRR FIIND CARD

- 0000205 3 v - e
NLRP1 C-ter ne peut pas soligomeriser [ DPP9 NLRP1 C-ter

T [NLRP1] > [NLRP1 C-ter]

Proteasome
PYD NACHT LRR FIIND CARD
- R 205 o T UpA
oUb
Proteases  E3-ligases bro L1 l[NLRm < [NLRP1 C-ter]
ProIL-18
GSDMD
v) == NLRP Crer
-
GEDMEN Inflamasome NLRP1/

Figure 4 : Mécanisme d'activation de I'inflammasome NLRP1

2.5. U'inflammasome CARD8

L'inflammasome CARDS est présent chez ’lhomme mais absent chez la souris et présente de grandes

similarités avec I'inflammasome NLRP1. En effet, CARDS8 est structurellement proche de NLRP1 : il
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possede également un domaine FIIND qui est auto-clivé et composé des sous-domaines ZU5 et UPA
(D’Osualdo et al., 2011). Cet inflammasome est également régulé par les peptidases DPP8/9 (Johnson

et al., 2020; Sharif et al., 2021).

Il existe néanmoins des différences entre CARDS8 et NLRP1. En effet, le récepteur CARD8 ne possede
qgue les domaines FIIND et CARD. De plus, I'activation de cet inflammasome ne fait pas intervenir
I’adaptateur ASC, mais le domaine CARD de CARDS recrute directement la Caspase-1 (Ball et al., 2020;

Robert Hollingsworth et al., 2021).

LU'inflammasome CARD8 a été montré pour étre activé par la protéase du VIH-1 (Virus de
I'immunodéficience humaine) dans des lymphocytes T CD4* non activés et les macrophages humains
(Wang et al., 2021a). La protéase du VIH clive CARD8 sur deux sites : le premier est situé au niveau du
domaine N-terminal et le deuxieme est situé dans le domaine ZU5. Le clivage du domaine N-terminal
de CARDS est nécessaire a son activation qui dépend de la régle du N-terminal et de sa dégradation par
le protéasome. L’activation de CARDS8 induit la maturation de I'IL-1% et la mort cellulaire par pyroptose

des lymphocytes T CD4* (Linder et al., 2020).

2.6. L'inflammasome NLRP3

L'inflammasome NLRP3 nécessite deux signaux pour étre activé : le premier signal ou signal de
« priming » correspond a la détection de MAMPs par les TLRs et un second signal ou signal d’activation

correspondant a la détection d’un signal de danger.

2.6.1.Signal de priming

Le premier signal permet tout d’abord la transcription du récepteur NLRP3 et de la pro-IL-1R via
I’activation du facteur de transcription NF-kB en aval de I'activation des PRRs ou du récepteur a I'lL-1

(IL-1R).

Lors du priming, I'engagement des TLRs induit également la transcription de CMPK2, responsable de la
synthése de désoxyribonucleotides requis pour la synthése d’ADN mitochondrial. L'oxydation de ’ADN

mitochondrial est un signal de danger détecté par I'inflammasome NLRP3 (Zhong et al., 2018).

Le premier signal de priming a été décrit pour induire une régulation post-traductionnelle de NLRP3. En
effet, NLRP3 est régulé par de nombreuses modifications post-traductionnelles comme |'ubiquitination,
la phosphorylation ou encore la SUMOylation (Figure 5). Lorsque ces modifications sont induites par
une stimulation des TLRs, celles-ci sont regroupées sous le terme de « priming non-transcriptionnel ».
Cet événement intervient dans les premiéres minutes de la stimulation des TLRs et repose sur

I"activation de la kinase IRAK1 en aval de Myd88 (Fernandes-Alnemri et al., 2013).
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Lors de I'activation des TLRs au cours du priming, il semblerait que les kinases IKKe et AKT (en aval de
TBK1) soient activées et phosphorylent NLRP3, notamment sur la Ser5 (Fischer et al., 2021; Zhao et al.,
2020a). Cette modification située dans le domaine Pyrin (PYD) empéche l'interaction du domaine PYD
de NLRP3 avec le domaine PYD de la protéine adaptatrice ASC par répulsion électrostatique (Stutz et al.,
2017; Zhao et al., 2020a). La phosphorylation de ce résidu inhibe NLRP3 afin d’empécher son activation
intempestive. Dans un second temps, lors du signal d’activation, PP2A déphosphoryle la Ser5 de NLRP3

pour permettre son activation (Stutz et al., 2017).

Les kinases JNK1/2 phosphorylent NLRP3 sur la Ser198 en réponse au premier signal. Cette
phosphorylation a été décrite comme nécessaire a I'activation de I'inflammasome NLRP3 (Song et al,,
2017). Il a été montré que cette phosphorylation permet de recruter le complexe BRISC (BRCC3, BRE,
HSPC142 et ABRO1) et d’induire la dé-ubiquitination du domaine LRR de NLRP3 par BRCC3, nécessaire
a 'activation de lI'inflammasome (Py et al.,, 2013; Ren et al., 2019). Lors du priming, la Ser806 est
phosphorylée par CSNK1A1. Au cours de |'étape d’activation, la déphosphorylation de ce résidu est

nécessaire au recrutement de Nek7 puis de la dé-ubiquitinase BRCC3 (Niu et al., 2021).

De plus, il a été montré que I'E3-ligase Pellino2 forme des chaines d’ubiquitine de type K63 sur NLRP3
en réponse a un signal de priming (Humphries et al., 2018). De maniere étonnante, I'utilisation de

MCC950 (un inhibiteur de I'activité ATPase de NLRP3) inhibe cette ubiquitination.

L'inflammasome NLRP3 est également régulé par SUMOylation. En réponse au LPS, I'E3-ligase TRIM28
ajoute des SUMO1, 2 et 3 sur NLRP3. Cette modification inhibe I'ajout de chaines d’ubiquitine de type
K48 sur NLRP3 avec pour conséquence I'inhibition de la dégradation de NLRP3 par le protéasome et sa

stabilisation (Qin et al., 2021).

Enfin, la phosphorylation de la Ser728 de NLRP3 lors du priming par la kinase Msn (MINK1) a été

montrée pour étre une étape critique a son activation (Zhu et al., 2021).

IKKe

AKT JNK1/2 PELI2 TRIM28 MINK1 CSNKTA1
(P ) (P ) (Ub ) (SUMO ) (P ) (P )
N 4 A 4 NG 4 NG 4 N 4 NG 4

1 1 1 1 1 1

S5 5198 ? ? S728 5806

LI = NACHT == LOOOUO000BBRE00N0N00000 ™

Figure 5 : Modifications post-traductionnelles et priming de I'inflammasome NLPR3

Les résidus modifiés correspondent a la protéine NLRP3 humaine. Ub : ubiquitination, deUb :
déubiquitination, P : phosphorylation ; deP : déphosphorylation, SUMO : sumoylation.
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2.6.2.Signaux d’activation

A la suite de la détection d’un signal de danger, le récepteur NLRP3 subit des modifications post-
traductionnelles régulant son interaction avec I'adaptateur ASC puis le recrutement de la Caspase 1. |l
a été montré que la protéine Nek7 est nécessaire a |'activation de l'inflammasome NLRP3
(Hauwermeiren and Lamkanfi, 2016; He et al.,, 2016) via son interaction avec le domaine LRR du
récepteur (Sharif et al., 2019). Cette interaction intervient en amont du recrutement de |'adaptateur

ASC (He et al., 2016).

L'inflammasome NLRP3 peut étre activé par un large panel de signaux de dangers stériles (urate de
sodium, ATP extracellulaire, cristaux de cholestérol, stress mitochondrial, amyloide béta..) ou
microbiens (Nigéricine, S. aureus, L. monocytogenes...) (Hornung et al., 2008; Lamkanfi and Dixit, 2014).
Etant donné la diversité des signaux détectés par cet inflammasome, il semblerait que NLRP3 se
comporte plus comme un intégrateur de signal plutdt qu’un réel récepteur de motif (PRR). Plusieurs

évenements semblent agir en amont de I'activation de I'inflammasome NLRP3 (Figure 6)

2.6.2.1. Flux ioniques
- Efflux de potassium et de chlore

La toxine ionophore Nigéricine de Streptomyces hygroscopicus agit comme un antiport H*/K*. Son
ancrage membranaire provoque un efflux de potassium (Budunova and Mittelman, 1992). D’autres
signaux comme |'ATP extracellulaire, via sa fixation au récepteur P2X7R, ou les cristaux sont connus pour

induire un efflux de potassium (Yang et al., 2019b).

L'efflux de potassium est un élément nécessaire a I'activation de I'inflammasome NLRP3 (Katsnelson et
al.,, 2012; Mufioz-Planillo et al., 2013; Pétrilli et al.,, 2007). La kinase Nek7 semble permettre un
changement de conformation de NLRP3 en aval de 'efflux de potassium, de facon indépendante de son
activité kinase (Hauwermeiren and Lamkanfi, 2016; He et al., 2016; Sharif et al., 2019; Shi et al., 2016).
Il semblerait néanmoins que certains activateurs de l'inflammasome NLRP3, comme le stress
mitochondrial induit par I'imiquimod, ne nécessitent pas d’efflux de potassium pour induire un signal

de danger alors que Nek7 demeure nécessaire pour I'activation de I'inflammasome (Grol8 et al., 2016).

Cependant, la voie de signalisation impliquée dans I'activation de I'inflammasome NLRP3 par I'efflux
potassique n’était pas clairement décrite jusqu’a récemment. Il a été montré que les activateurs de
I'inflammasome NLRP3 (Nigéricine, ATP, cristaux d’urate de sodium) induisent une dispersion du réseau

trans-golgien (TGN). Ce mécanisme sera détaillé dans la partie 2.6.2.2.

L'efflux de chlore a également été décrit pour jouer un réle dans I'activation de I'inflammasome NLRP3.

Les ROS mitochondriaux provoqués par les activateurs de l'inflammasome NLRP3 (Nigéricine, ATP,
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MSU...) induisent une translocation des canaux chlore de type CLIC du cytosol vers la membrane
plasmique, provoquant un efflux de chlore impliqué dans I'activation de I'inflammasome NLRP3 (Tang
et al, 2017). ll semblerait que I'efflux de chlore permette I'oligomérisation d’ASC en un speck de facon
NLRP3-dépendante. En revanche ce dernier ne contiendrait ni Nek7 ni la Caspase-1 avant que I'efflux

de potassium induise le recrutement de Nek7 et 'activation du complexe (Green et al., 2018).

[l existe une voie de régulation négative de I'activation de I'inflammasome NLRP3 en aval de I'efflux de
potassium et de chlore. En effet, la protéine WNK1 détecte la chute de la concentration intracellulaire
de chlore et active les protéines OSR1 et STK39 qui régulent les canaux co-transporteurs Na*/K*/Cl

SLC12A1, SLC12A2 et SLC12A3 afin de rétablir I'équilibre osmotique (Mayes-Hopfinger et al., 2021).
- Mobilisation du calcium

Le calcium est un second messager jouant un réle important dans différents processus cellulaires. De
nombreux activateurs de I'inflammasome NLRP3 induisent une mobilisation du calcium. (Lee et al,,
2012; Murakami et al., 2012). Les cristaux provoquent la rupture des lysosomes qui liberent du calcium
dans le cytosol tandis que la mobilisation du calcium en aval de I'ATP ou de la Nigéricine semble
impliquer le réticulum endoplasmique, un réservoir majeur de calcium intracellulaire. L'inflammasome
NLRP3 est activé a la suite d’une hausse du calcium intracellulaire et une baisse de 'AMP cyclique
(AMPc) (Lee et al., 2012). L’exces de calcium intracellulaire et la surcharge en calcium des mitochondries
pourrait induire un dysfonctionnement mitochondrial (Murakami et al., 2012). De plus, 'AMPc semble
agircomme un inhibiteur de NLRP3 via I'activation de la kinase PKA qui phosphoryle NLRP3 sur la Ser295.
Cette phosphorylation induit l'ubiquitination subséquente du domaine LRR de NLRP3 par I'E3-ligase
MARCH?7 et sa dégradation par autophagie (Guo et al., 2016; Yan et al., 2015).

2.6.2.2. Dysfonction des organelles
- Rupture lysosomale

La phagocytose de particules cristallines telles que les cristaux d’acide urique, de silice ou encore d’alun
induit une déstabilisation des phagolysosomes et la libération d’enzymes lysosomales telles que les
cathepsines B (Hornung et al., 2008; Sharp et al.,, 2009). Ces deux évenements sont nécessaires a

I"activation de I'inflammasome NLRP3 en aval de la phagocytose de cristaux.
- Dysfonctionnement mitochondrial

Les mitochondries sont au centre de la régulation du métabolisme cellulaire comme le cycle de Krebs,
la voie des pentoses phosphates ou encore la phosphorylation oxydative. Ces voies de signalisations

sont étroitement liées a la polarisation des macrophages (O’Neill et al., 2016).
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Les mitochondries jouent un réle prépondérant dans I'activation de I'inflammasome NLRP3. En effet,
des composés ciblant directement la machinerie mitochondriale activent NLRP3 mais les mitochondries
jouent également un réle dans I'activation de cet inflammasome en aval de toxines ou particules

cristallines (Gurung et al., 2015).

L'imiguimod, connu pour étre un agoniste du TLR7, est également un inhibiteur du complexe | de la
chaine respiratoire mitochondriale et de NQO2 (quinone oxidoreductase) qui active I'inflammasome
NLRP3 (GroR et al., 2016). La production de ROS mitochondriaux et I'inhibition du complexe | de la
chaine respiratoire sont deux évenements requis pour l'activation de lI'inflammasome NLRP3 par
I'imiquimod de facon TLR7-indépendante. La perturbation du flux glycolytique par des composés
chimique a également été décrite pour activer I'inflammasome NLRP3 (Sanman et al., 2016). L'inhibition
de la GAPDH et de I'a-enolase, impliquées dans la glycolyse, conduit a une chute de la concentration de

NADH et a la production de ROS mitochondriaux, responsables de I'activation de NLRP3.

'activation de I'inflammasome NLRP3 décrite dans ces deux études est indépendante de I'efflux de
potassium. Il est intéressant de noter que cette activation est néanmoins dépendante de la protéine

Nek7, décrite pour agir en aval de I'efflux de potassium (He et al., 2016).

Les dommages mitochondriaux induisent la libération et I'oxydation de I’ADN mitochondrial ainsi que
I'externalisation de la cardiolipine. Ces événements sont également des signaux d’activation de

I'inflammasome NLRP3 (lyer et al., 2013; Shimada et al., 2012; Zhong et al., 2018).

Au cours du priming NLRP3 se localise au niveau des MAMs (mitochondria-associated ER membranes).
[l a été montré que la PKD est activée en aval des dommages mitochondriaux et phosphoryle NLRP3 sur
la Ser295. Cette modification post-traductionnelle induit une relocalisation de NLRP3 des MAMs vers le
speck au niveau du MTOC (Microtubule-organizing center) (Zhang et al., 2017). Ces résultats sont a
remettre en perspective d’autres résultats montrant que la PKA phosphoryle NLRP3 sur ce méme résidu

afin de I'inhiber (Guo et al., 2016).

La mitophagie permet d’éliminer les mitochondries endommagées. Il a été montré que la cellule utilise
ce type d’autophagie comme rétrocontréle négatif de I'activation de I'inflammasome NLRP3 (Kim et al.,

2016; Lupfer et al., 2013).
- Dispersion du réseau trans-golgien

Comme décrit précédemment, I'efflux de potassium induit la dispersion du réseau trans-golgien. NLRP3
est recruté au réseau trans-golgien dispersé via l'interaction d’un domaine polybasique (chargé
positivement) du récepteur (situé entre le PYD et le NACHT) et le phosphatidylinositol-4-phosphate
(PtdIns4P) du TGN chargé négativement (Chen and Chen, 2018; Tapia-Abelldn et al.,, 2021). Ce
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recrutement est médié par 'efflux de potassium. En effet, les auteurs font I’hypothese qu’une déplétion
du potassium intracellulaire induit une baisse de la force ionique intracellulaire favorable a cette
interaction (Chen and Chen, 2018). Aprés activation, NLRP3 est transporté via les microtubules au
niveau du MTOC grace a HDAC6 et MARK4 pour former un inflammasome (Li et al., 2017; Magupalli et
al., 2020).

Il est intéressant de noter que la Tyr132 de NLRP3, située dans le domaine polybasique nécessaire au
recrutement de NLRP3 au réseau trans-golgien, est phosphorylée par la kinase EphA2 pour inhiber

NLRP3 (Zhang et al., 2020a).
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Figure 6 : Activation de I'inflammasome NLRP3

dTGN : Réseau trans-golgien dispersé ; MTOC : centre organisateur des microtubules
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2.6.2.1. Modifications post-traductionnelles supplémentaires

Dans cette partie je listerai les modifications post-traductionnelles nécessaires a I'étape d’activation de
I'inflammasome NLRP3 qui, a ce jour, ne sont pas liées a des perturbations ioniques ou une dysfonction

des organelles.

Au cours de la phase d’activation, la phosphatase PTPN22 déphosphoryle la Tyr861 de NLRP3. Cet
événement est crucial pour l'activation de l'inflammasome en aval des cristaux ou de I'ATP

extracellulaire (Spalinger et al., 2016).

La phase d’activation de I'inflammasome NLRP3 est également régulée par SUMOylation. En effet, la
Lys204 est SUMOQylée en aval du traitement des macrophages par ATP, Nigéricine ou encore des cristaux
d’acide urique (Shao et al., 2020). Cette modification est nécessaire a I'activation de I'inflammasome
NLRP3. La dé-SUMOylation par la protéase SENP3 est inhibitrice, mais les auteurs n’ont pas déterminé
si SENP3 retire la SUMO1 du résidu Lys204 ou d’un autre résidu. Alors que la SUMOylation de la Lys204
est activatrice, la SUMOylation (SUMO-2/3) du domaine LRR de NLRP3 par MAPL inhibe I'activation de
I'inflammasome (Barry et al., 2018). Les protéases SENP6/7 sont impliquées dans la dé-SUMOylation de

résidus (non identifiés) afin de permettre I'assemblage de I'inflammasome NLRP3 (Barry et al., 2018).

De nombreuses E3-ligases agissent en tant que frein de I'activation de I'inflammasome NLRP3 en
dirigeant NLRP3 vers la dégradation par le protéasome. En effet, I'E3-ligase TRIM31, dont la
transcription est induite par le LPS, ubiquitine NLRP3 pour dégrader le récepteur (Song et al., 2016).
C’est également le cas des E3-ligases ARIH2, Cbl-b, RNF125, Cull et FBXL2 qui ubiquitinent NLRP3 (Han
et al,, 2015; Kawashima et al., 2017; Tang et al., 2020; Wan et al., 2019).

L'exposition prolongée des macrophages au LPS induit une tolérance de I'inflammasome NLRP3. Il a été
montré que le monoxyde d’azote (NO) inhibe I'activation de I'inflammasome NLRP3 par S-nitrosylation
apres une exposition prolongée au LPS ou aux Interférons de type | et Il (Hernandez-Cuellar et al., 2012;
Mishra et al., 2013). D’autre part, une exposition soutenue au LPS induit la production d’itaconate par
Irgl, provoquant une tolérance des macrophages. Il a été montré que l'itaconate, en plus d’inhiber la
transcription de genes codant pour des cytokines pro-inflammatoires, est capable de modifier la Cys548
de NLRP3 pour inhiber son interaction avec Nek7 (Hooftman et al., 2020; Mills et al., 2018). En plus
d’inhiber NLRP3, I'itaconate modifie également la Cys77 de la GSDMD et ainsi inhibe la pyroptose
(Bambouskova et al., 2021).

2.6.3.Activation non canonique de I'inflammasome NLRP3

L'inflammasome NLRP3 peut également étre activé en aval de |la détection de LPS intracellulaire par la

Caspase-11 chez la souris et les Caspase-4 et -5 chez ’'homme. La Caspase-11 détecte le lipide A hexa-
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acétylé du LPS par liaison directe a celui-ci via son domaine CARD (Hagar et al., 2013; Kayagaki et al.,
2013; Shi et al.,, 2014). Chez 'homme, la Caspase-4 détecte également le lipide A tétra-acétylé

contrairement a la Caspase-11 murine (Lagrange et al., 2018).

Une fois activée, la Caspase-11 clive la Gasdermine D et permet I'ancrage du fragment N-terminal dans
la membrane plasmique qui s’oligomérise pour former un pore (Kayagaki et al., 2015). La formation du
pore de Gasdermine D provoque un efflux de potassium responsable de I'activation de I'inflammasome

NLRP3 (Riihl and Broz, 2015).

La transfection de LPS est une fagon artificielle d’étudier la détection de LPS intracellulaire. En effet,
lorsqu’une bactérie Gram négative pénétre dans une cellule hote, celle-ci est contenue dans une
vacuole. La Caspase-11, étant cytosolique, ne peut alors pas détecter la présence de LPS. Il est donc

nécessaire que les bactéries s’échappent de la vacuole (Meunier et al., 2014).

L'activation de la Caspase-11 est dépendante de la présence d’Interférons y. En effet, les GBPs
(Guanylate binding protein), des GTPases inductibles par I'IFNy, sont nécessaires a |'activation de la
Caspase-11. Les GBPs ont été décrites pour étre impliquées dans la rupture de la vacuole bactérienne
(Meunier et al., 2014). De plus, les GBPs jouent un réle dans le recrutement de la Caspase-11 au niveau
des bactéries cytosoliques. La GTPase GBP1 se lie aux bactéries cytosoliques et est nécessaire au
recrutement séquentiel de GBP2, 3 et 4 responsables du recrutement de la Caspase-11 (Santos et al.,

2020; Wandel et al., 2020).

Il a été récemment montré que le LPS de Salmonella est ubiquitiné par I'E3-ligase RNF213. Le
recrutement de RNF213 se produit en aval du recrutement de la Galectine 8, recrutée a la suite de la
rupture de la vacuole bactérienne par exposition de R-galactosides (Otten et al., 2021; Thurston et al.,
2012). Le role de I"'ubiquitination du LPS par RNF213 dans I'activation de la Caspases -11, -4 et -5 reste

a déterminer.

La voie non canonique de I'inflammasome NLRP3 est également activée par des lipides endogénes. En
effet, la Caspase-11 lie la forme oxydée du 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine
(oxPAPC) retrouvé a la suite d’un stress oxydant notamment chez les cellules mourantes. De maniére
intéressante la Caspase-11 ne lie pas les oxPAPC via son domaine CARD comme pour le LPS mais via son
domaine catalytique et son activité protéolytique n’est pas requise pour I'activation de I'inflammasome
NLRP3 (Zanoni et al., 2016). L'activation de I'inflammasome NLRP3 dans ce contexte n’induit pas de

pyroptose des cellules dendritiques, cet état a été nommé « hyperactivation ».
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2.7. Les inflammasomes NAIPs-NLRC4

Le récepteur NLRC4 s’associe a un récepteur de type NAIP afin de former un inflammasome. Il s’agit de
I"'unique exemple de deux récepteurs différents s’oligomérisant et formant un inflammasome (Vance,
2015). L'inflammasome NAIP-NLRC4 détecte la flagelline ainsi que les systéemes de sécrétion de type |l
et IV permettant la libération d’effecteurs bactériens dans le cytosol de la cellule cible. Le récepteur
NAIP confere a I'inflammasome NLRC4 sa spécificité de ligand. En effet, NAIP1 et NAIP2 détectent
I"aiguille et le corps basal du systeme de sécrétion de type lll respectivement tandis que NAIP5 et NAIP6
détectent la flagelline (Kofoed and Vance, 2011) . Chez I’homme il existe un unique NAIP reconnaissant

I"aiguille du systeme de sécrétion de type Ill (Yang et al., 2013; Zhao et al., 2011).

Récemment, une étude a montré que l'inflammasome NLRC4 est également activé par des petits
éléments nucléaires intercalés (SINE). Cependant cette détection est indépendante des protéines NAIPs
(Wang et al., 2021b). En effet, I’ARN de ces rétrotransposons est détecté par I’hélicase DDX17 qui active
NLRCA4.

En étudiant la formation de I'inflammasome NLRC4 chez la souris, deux équipes ont montré que la
détection du corps basal du systeme de sécrétion de type Il par NAIP2 induit I'interaction d’un
monomere de NAIP2 avec un monomere de NLRC4. Cette interaction induit un changement de
conformation de NLRC4. Le premier monomere de NLRC4 dans une conformation « ouverte » peut alors
recruter d’autres monomeéres afin de former I'inflammasome (Hu et al., 2015; Zhang et al., 2015) (Figure
7). Une fois I'inflammasome formé, le domaine CARD de NLRC4 permet de recruter et d’activer

directement la Caspase 1 (Broz et al., 2010).

Le récepteur NLRC4 est également régulé par modification post-traductionnelle. En effet, au cours de
I'infection par Salmonella typhimurium, NLRC4 est phosphorylé par la PKCS sur la Ser533, un résidu
conservé au cours de I'évolution (Qu et al., 2012). Cette phosphorylation est nécessaire pour I'activation

de I'inflammasome NLRC4 en amont de la liaison des NAIPs (Matusiak et al., 2015).

Il est intéressant de noter que bien que NLRC4 puisse recruter directement la Caspase-1, des specks
ASC ont été observés lorsque cet inflammasome est activé. ASC semble permettre d’augmenter la
maturation d’IL-1R8 via I'assemblage d’une plateforme plus propice a 'activation de la Caspase-1 (Dick

et al., 2016; Miao et al., 2010).
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Figure 7 : Activation de l'inflammasome NLRC4-NAIP

2.8. l'inflammasome NLRP6

L'inflammasome NLRP6 est impliqué dans la régulation de I'immunité et de ’lhoméostasie intestinale. |l

est fortement exprimé dans les cellules épithéliales intestinales.

Cet inflammasome détecte la présence cytosolique d’acide lipotéichoique (LTA) associé aux bactéries
Gram positives par liaison directe (Hara et al., 2018; Shen et al., 2021). De maniere étonnante, NLRP6
recrute a la fois la Caspase-1 et la Caspase-11, I'activation de cet inflammasome conduit a la sécrétion
d’'IL-18 par les macrophages. La liaison de NLRP6 au LTA induit I'ubiquinitation du récepteur pour
I'activer, la déubiquitinase CYLD retire ces chaines d’ubiquitine de type K63 afin d’inhiber I'activation de

I'inflammasome NLRP6 (Mukherjee et al., 2020).

En plus de pouvoir former un inflammasome, NLRP6 semble réguler négativement les voies de
signalisation ERK et NF-kB au cours de 'infection bactérienne (Anand et al., 2012). Cependant, il n’a pas

été étudié si cette inhibition est liée a la capacité de NLRP6 a former un inflammasome.

NLRP6 joue également un role protecteur au cours de 'infection virale intestinale. Son expression est
induite par les interférons. NLRP6 lie de facon directe I’ARN double brin viral via les domaines NACHT-
LRR. L'activation de NLRP6 induit la formation de deux complexes distincts maisimpliquant la séparation

de phase liquide-liquide (Shen et al., 2021). Premierement, I'interaction de NLRP6 avec I'adaptateur ASC
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induit la formation d’un inflammasome responsable de I'activation de la Caspase-1. D’autre part,
I’activation de NLRP6 induit également son interaction avec I’hélicase DHX15 qui active le récepteur

MAVS pour induire la production d’Interférons (Shen et al., 2021; Wang et al., 2015).

2.9. l'inflammasome NLRP9

Il existe un seul NLRP9 chez I'"homme et trois isoformes chez la souris (NLRP9a, b et c). Le récepteur

NLRP9b est fortement exprimé dans les cellules épithéliales intestinales (Mullins and Chen, 2021).

La capacité du récepteur NLRP9 a former un inflammasome avec la Caspase-1 et ASC n’a été découvert
gue tres récemment. Chez la souris, I'inflammasome NLRP9b est activé au cours de l'infection des
cellules épithéliales intestinales par les rotavirus (virus a ARN double brin). Cet inflammasome est activé
en aval de la détection de I’ARN bicaténaire viral par I’hélicase DHX9 (Zhu et al., 2017). L"activation de
I'inflammasome NLRP9b et I'induction de la pyroptose en aval sont cruciales pour contenir la réplication
virale. Cependant, la sécrétion d’IL-18 ne semble pas étre un élément important pour restreindre

I'infection.

A ce jour, le role et la capacité a former un inflammasome du récepteur NLRP9 humain restent a

déterminer.

2.10. L'inflammasome AIM?2

L'inflammasome AIM2 détecte 'ADN double brin cytosolique (Blrckstimmer et al., 2009; Fernandes-
Alnemri et al., 2009; Hornung et al., 2009; Roberts et al., 2009). A I'état inactif, AIM2 est auto-inhibé :
le domaine PYD interagit avec le domaine HIN-200 (Figure 8). Lorsque le domaine HIN-200 détecte et
lie directement I’ADN, cela libére le domaine PYD qui peut alors recruter la protéine adaptatrice ASC et

permet de former un inflammasome (Jin et al., 2012).

L'inflammasome AIM2 détecte 'ADN microbien mais également I’ADN endogene lors d’'un stress

cellulaire engendrant une rupture de I'enveloppe nucléaire (Lugrin and Martinon, 2018).

IFI16-B chez 'homme et p202 chez la souris sont des protéines de la famille PYHIN qui possédent un
domaine HIN-200, le domaine PYD est absent. Il a été montré que ces deux protéines lient I’ADN double
brin avec une plus grande affinité que AIM2 et entrent en compétition avec ce dernier pour la liaison a
I’ADN (Roberts et al., 2009; Wang et al., 2018; Yin et al., 2013). Ce mécanisme permet une inhibition de
I'activation de l'inflammasome AIM2. De facon intéressante, ces deux protéines n’inhibent pas
I"activation de la voie cGAS-STING (Yin et al., 2013). Chez 'homme il existe la protéine POP3, qui a
I'inverse, est composée d’un domaine PYD uniquement, et qui est codée par un gene inductible par les
Interférons de type I. POP3 inhibe l'inflammasome AIM2 en entrant en compétition avec ASC pour

interagir avec le domaine PYD du récepteur AIM2 (Khare et al., 2014).
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L'inflammasome AIM?2 est également régulé par dégradation du récepteur AIM2 par autophagie (Shi et
al., 2012). En effet, lors de la détection d’ADN cytosolique, la protéine TRIM11 est activée et interagit
avec AIM2. L'auto-ubiquitination de TRIM11 induit la dégradation du complexe TRIM11-AIM2 par

autophagie (Liu et al., 2016a).

Une autre voie de signalisation permet la détection de I’ADN double brin cytosolique chez I'homme. La
protéine cGAS détecte I'ADN et produit le second messager cGAMP (2'3'-cyclic GMP-AMP) qui est
détecté par STING (Ablasser et al., 2013). STING recrute ensuite TBK1 qui phosphoryle le facteur de
transcription IRF3 dont la translocation nucléaire permet I'expression des Interférons de type |. En 2017,
une étude a remis en question le réle de I'inflammasome AIM2 dans la détection de I’ADN cytosolique
dans les monocytes humains. En effet, I'activation de la voie cGAS-STING provoquerait la rupture des

lysosomes provoquant I'activation de I'inflammasome NLRP3 (Gaidt et al., 2017).
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Figure 8 : Activation de I'inflammasome AIM?2

2.11. L'inflammasome Pyrin

L'inflammasome Pyrin veille au maintien de I"homéostasie de la Rho-GTPase RhoA. Initialement, la
fonction de Pyrin a été découverte dans le cadre de I'inactivation de RhoA par des toxines bactériennes
(Xu et al., 2014). A I'état basal, RhoA est actif dans la cellule et active ces effecteurs dont les kinases
PKN1 et PKN2 (Gao et al., 2016). Ces kinases phosphorylent Pyrin sur les Ser208 et Ser242 (Ser205 et
Ser241 chez la souris) ce qui permet le recrutement des protéines chaperonnes 14-3-3 qui maintiennent
Pyrin inactif (Jamilloux et al., 2018; Park et al., 2016) (Figure 9). Cette partie est développée dans la

revue publiée dans PLOS Pathogens, en annexe (Dufies and Boyer, 2021).

Le Syndrome de fieévre périodique avec hyperimmunoglobulinémie D (HIDS) est caractérisé par un

déficit en mévalonate kinase et se manifeste par des accés fébriles, une atteinte articulaire, une
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adénopathie et des éruptions cutanées (Drenth et al., 1999). Cette maladie auto-inflammatoire est
causée par l'activation de l'inflammasome Pyrin (Park et al., 2016). La mévalonate kinase est une
enzyme impliquée dans la synthese de géranylgéranyl nécessaire a la modification post-traductionnelle
des Rho-GTPases et a leur ancrage membranaire. La déficience en mévalonate kinase provoque une

dérégulation de I'activation des Rho-GTPases.

'activation de linflammasome Pyrin semble étre dépendante des microtubules, l'inhibition de
polymérisation des microtubules par la colchicine bloque I'activation de I'inflammasome Pyrin (Gao et
al., 2016). La dynamigue des microtubules semble étre importante en aval de la libération de Pyrin par
les protéines 14-3-3 et en amont de I'oligomérisation de I'inflammasome et la formation de specks ASC.
La colchicine, qui inhibe la polymérisation des microtubules, est le traitement préférentiel pour les
patients FMF (Ozen et al., 2016). Etrangement, une étude a montré que les mutations associées a |a
FMF (fievre familiale méditerranéenne) semblaient rendre I'activation de Pyrin par la toxine TcdA,
inhibant RhoA, indépendante des microtubules (Van Gorp et al., 2016). Une récente étude a montré
que l'inhibition, par des composés chimiques, de PKN1/2 chez les patients FMF est suffisante pour
induire I'activation de Pyrin, et ce de maniere dépendante des microtubules (Magnotti et al., 2019). Les
mécanismes impliqués dans la dérégulation de l'inflammasome Pyrin par les mutations affectant le

domaine B30.2 de Pyrin restent obscures.
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Figure 9 : Activation de I'inflammasome Pyrin
3. Détection des facteurs de virulence ciblant des Rho-GTPases

3.1. Les Rho-GTPases

Les Rho-GTPases (Guanosine triphosphatases de la famille Rho) appartiennent a la superfamille Ras des
petites protéines G participant a la régulation d’un grand panel de fonctions cellulaires. Cette

superfamille regroupe plus de 150 protéines classées en 5 sous-familles majeures : Ras, Arf, Rab, Ran et
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Rho. Actuellement, les familles de Rho-GTPases les mieux caractérisées sont RhoA, Racl/2 et Cdc42.
Elles sont notamment impliquées dans la transcription des genes, le cycle cellulaire, la morphologie, la
migration, la prolifération, la différenciation cellulaire, I’endocytose, la polarisation et lI'immunité

(Wennerberg et al., 2005).

3.1.1.Cycle des Rho-GTPases

Les protéines Rho, Rac et Cdc42 sont des GTPases : elles hydrolysent le GTP (Guanosine Tri-Phosphate)
en GDP (Guanosine Di-Phosphate). Les Rho-GTPases agissent a la maniere d’un interrupteur moléculaire

afin de contréler la transduction du signal au sein d’une voie de signalisation (Bishop and Hall, 2000).

Les Rho-GTPases passent d’un état inactif lié¢ au GDP a un état actif lié¢ au GTP (Figure 10). L’échange du
GDP en GTP se fait grace a un facteur d’échange appelé GEF (Guanine Exchange Factor). La
conformation des Rho-GTPases actives dévoile leur extrémité N-terminale isoprénylée permettant leur
ancrage a la membrane, a proximité de leurs effecteurs. La GTPase de la famille Rho est alors capable
d’interagir avec ses effecteurs et de les activer. Le retour a I’état inactif se fait a I'aide d’'une GAP (GTPase
Activating Protein) qui stimule I"activité intrinseque de la GTPase et permet I’hydrolyse du phosphate y
du GTP. Les Rho-GTPases alors inactives sont séquestrées dans le cytosol par une protéine GDI (Guanine
Nucleoside Dissociation Inhibitor) qui inhibe leur dissociation du GDP (Aspenstrom, 1999; Wennerberg

et al., 2005).

Membrane plasmique

VAV

GAP T™a
/ Rho-GTP Effecteurs

Rho-GDP /
GDI v GFF

Figure 10 : Cycle des Rho-GTPases

3.1.2.Role et effecteurs des Rho-GTPases

3.1.2.1. Régulation du cytosquelette

Les différents effets de "activation de Rho, Rac et Cdc42 sur le cytosquelette ont d’abord été étudiés
sur des fibroblastes (Ridley and Hall, 1992) puis ont été observés dans un grand nombre de types
cellulaires : astrocytes, cellules endothéliales et épithéliales, macrophages ou encore plaquettes (Hall,

1998).

'activation de chaque sous-famille de Rho-GTPases provoque des effets distincts via leur interaction
avec des protéines régulant la polymérisation et la dépolymérisation des filaments d’actine, des

microtubules et des filaments intermédiaires (Burridge and Wennerberg, 2004).
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L’activation de Rac méne a I'activation de la famille de protéines WASp qui activent le complexe ARP2/3,
induisant la nucléation et la polymérisation de réseaux d’actine branchée constituant les lamellipodes
(Higgs and Pollard, 2001; Machesky and Insall, 1998). L’activation de Cdc42 méne, a partir du méme
mécanisme, a la formation de filopodes via I’élongation des filaments d’actine formant une protrusion
membranaire. Les filopodes sont composés de filaments d’actine maintenus paralléles grace a des
protéines liant I'actine comme la Fascine (Kureishy et al., 2002). De plus, I'activation de la kinase Pak1
par Rac et Cdc42 induit la polymérisation des microtubules (Rane and Minden, 2014). Le cytosquelette
d’actine est également contrdlé par Rho via des protéines de la famille des formines comme mDial,
responsable de la nucléation d’actine filamenteuse (Li and Higgs, 2003) et permettant la formation de

cables d’actines (ou fibres de stress).

La dynamique de I'actine (cycle polymérisation — dépolymérisation) est régulée par Rac et Rho en
activant respectivement les kinases Pak et ROCK qui activent a leur tour la kinases LIM (LIMK) qui
phosphoryle la cofiline (ou ADF) et I'inactive. Cette derniére est responsable de la rupture des filaments
d’actine. De plus, Pak inhibe la kinase MLCK, une kinase responsable de la phosphorylation des chaines
légéres de myosines, tandis que ROCK inhibe la phosphatase MLCP ciblant également les chaines légeres
de myosines, impliquées dans la formation des fibres de stress. Les kinases Pak et ROCK ont donc un
effet antagoniste : 'activation de ROCK par Rho favorise la formation de fibres de stress tandis que
I"activation de Pak par Rac et Cdc42 induit la dépolymérisation des fibres de stress (Figure 11) (Qu et al.,

2001; Sanders et al., 1999; Vicente-Manzanares and Sanchez-Madrid, 2004).
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Figure 11 : Différents types de structures impliquant le cytosquelette d’actine
Issu de (El Masri and Delon, 2021).
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3.1.2.2. Immunité

Les Rho-GTPases régulent des processus immunitaires majeurs comme la phagocytose, la production
d’espéces réactives de I'oxygéne (ROS), la migration cellulaire ou encore la régulation de I'expression

de génes codant pour des cytokines.

La Rho-GTPase Rac2 est spécifiquement exprimée par les cellules de la lignée hématopoiétique (Reibel
et al., 1991), elle est considérée comme la Rho-GTPase de I'immunité. En effet, elle a été démontrée
nécessaire a la motilité chimiotactique des leucocytes et a I'activation de la NADPH oxydase au sein de
ces cellules (Matono et al., 2014). La NADPH oxydase Nox2 permet la formation d’ions superoxydes et
de ROS nécessaires a la dégradation des pathogenes (Bokoch and Knaus, 2003). Ces especes réactives
agissent au sein du phagosome en oxydant et en endommageant les protéines et I’ADN des pathogenes

phagocytés (Imlay and Linn, 1988).

Des mutations associées aux Rho-GTPases sont responsables d'immunodéficience primaire ainsi que

d’état auto-inflammatoires (El Masri and Delon, 2021).

Il a été rapporté que des patients portant la mutation de Rac2 Asp57Asn (qui rend la GTPase non
fonctionnelle et fonctionne comme un dominant négatif) souffraient d’infections séveres et récurrentes
dues a un défaut de migration des neutrophiles et d’activation de la NADPH oxydase (Ambruso et al.,
2000; Williams et al., 2000). Plus récemment, les mutations Glu62Lys et Asn92Thr rendant Rac2
constitutivement actif ont été associées a des patients présentant un défaut des lignées lymphocytaires
et myéloides et un excés de production de ROS par les neutrophiles. Ces patients présentaient des

infections récidivantes (Hsu et al., 2019; Sharapova et al., 2019).

D’autre part, les mutations Argl86Cys et Cys188Tyr de Cdc42 sont responsables d’une auto-
inflammation sévere chez les patients. Ceux-ci présentent des épisodes fébriles, des rash cutanés ainsi
gu’une cytopénie (Gernez et al., 2019). Ces patients présentaient des taux plasmatiques élevés d’IL-18
et IL-1R et I'administration d’anakinra (antagoniste de I'lL-1R) a permis d’améliorer leur tableau clinique

(Gernez et al., 2019; Lam et al., 2019).

Des mutations associées a la mévalonate kinase, nécessaire a la prénylation des Rho-GTPases, est a
I'origine du syndrome de fievre périodique avec hyperimmunoglobulinémie D (HIDS) via la perte

d’activation de RhoA et I'activation de I'inflammasome Pyrin (Park et al., 2016).

3.2. Facteurs de virulence ciblant les RhoGTPases

Les micro-organismes pathogenes produisent des facteurs de virulence ciblant de grandes voies de
signalisation de la cellule cible. Parmi celles-ci, les Rho-GTPases, situées au carrefour de nombreuses

voies de signalisation, sont la cible d’'un grand nombre d’effecteurs bactériens (Aktories, 1997). Les
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bactéries pathogenes ont développé un large panel de toxines et effecteurs modifiant les GTPases de la
famille Rho afin de détourner ces voies de signalisation a leur avantage. Cette modification peut étre

activatrice ou inhibitrice et fait appel a différents modes d’action des toxines (Tableau 3).

3.2.1.La toxine CNF1 des Escherichia coli uropathogéenes

La toxine CNF1 est exprimée par plus 30% des souches Escherichia coli (E. coli) uropathogenes

retrouvées en clinique (Landraud et al., 2000).

Cette toxine de type AB est sécrétée par E. coli et se fixe aux récepteurs Lu/BCAM et LRP (Chung et al.,
2003; Reppin et al., 2018). CNF1 est endocytée de facon récepteur-dépendante par la cellule cible
(Chung et al., 2003). L'acidification de I'endosome permet I'ancrage du domaine de translocation de
CNF1 dans la membrane de I'endosome afin de libérer le domaine catalytique dans le cytosol (Knust et
al., 2009). CNF1 posséde une activité dé-amidase ciblant les GIn61 de RhoA et GIn63 de Cdc42 et Rac,
et provoquant leur « mutation » en acide glutamique (Flatau et al., 1997; Schmidt et al., 1997). Ces
glutamines sont localisées dans le domaine switch Il des Rho-GTPases, jouant un role primordial dans
I'activité GTPase intrinseque. Cette modification post-traductionnelle détruit I'activité GTPasique
intrinséque et stimulée par les GAP, avec pour conséquence 'activation constitutive des Rho-GTPases

et de leurs effecteurs (Flatau et al., 1997).

'activation constitutive des Rho-GTPases induit des ondulations membranaires ce qui promeut la
macropinocytose et facilite I'invasion des cellules épithéliales par E. coli (Fiorentini et al., 2001). De plus,
I'activité de CNF1 tend a désorganiser les jonctions intercellulaires et diminue ainsi I'effet barriere des
épithéliums du systeme urinaire (Lemonnier et al., 2007). Ces changements au niveau cellulaire ont
pour conséquence l'accélération de la dissémination des bactéries dans la circulation, provoquant des

bactériémies (Moreno et al., 2005).

Lors de I'activation soutenue de Racl par CNF1, la kinase effectrice Pakl phosphoryle I'E3-ligase HACE1
pour I'activer. HACE1 ubiquitine ensuite Racl pour induire sa dégradation par le protéasome, cela agit

comme un rétrocontrole négatif de I'activation de Racl par CNF1 (Acosta et al., 2018).

Le géne codant pour CNF1 est situé dans un opéron codant également pour I’hémolysine-a, une toxine
cytolytique et I'expression de CNF1 est systémiquement associée a celle de I'hémolysine-a (Landraud

et al., 2003).
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Pathogene Cible Modification Réference
Toxines inhibant les Rho-GTPases
C. botulinum
C. limosum . . (Aktories et al., 1989;
c3 B. cereus Rho ADP-ribosylation Just et al., 1992)
B. thuringiensis
EDIN-A S. aureus Rho ADP-ribosylation (Sugai et al., 1992)
EDIN-B S. aureus Rho, Rnd3 ADP-ribosylation (Wilde et al., 2001)
P ) (Just et al., 1995a)
TcdA, TcdB C. difficile Rho, Rac, Cdc42 Glucosylation (Just et al., 1995b)
TcsL C. sordellii Rac Glucosylation (Popoff et al., 1996)
VopS V. parahaemolyticus Rho, Rac, Cdc42 AMPylation (Z\E)aors)rough et al,
IbpA H. somni Rho, Rac, Cdc42 AMPylation (Worby et al., 2009)
TecA B. cenocepacia Rho, Rac, Cdc42 Déamidation (Aubert et al., 2016)
Y. pestis
. . (Shao et al, 2002;
YopT Y. pseudotu@grcu/oss Rho, Rac, Cdc42 Clivage du CAAX Zumbihl et al,, 1999)
Y. enterocolitica
Y. pestis .
YopE Y. pseudotuberculosis Rho, Rac, Cdc42 GAP (Pawel-Rammingen et
- al., 2000)
Y. enterocolitica
) (Goehring et al., 1999;
ExoS, ExoT P. aeruginosa Rho, Rac, Cdc42 GAP Krall et al., 2000)
SptP Salmonella spp. Rac, Cdc42 GAP (Fu and Galan, 1999)
Y. pestis
YopO/YpkA Y. pseudotuberculosis Rho, Rac GDI (Prehna et al., 2006)
Y. enterocolitica
Toxines activant les Rho-GTPases
CNF1, CNF2 E. coli Rho, Rac, Cdc42 Déamidation (Flatau et al., 1997)
CNF3 E. coli Rho, Rac, Cdc42 Déamidation (Stoll et al., 2009)
. . (Hoffmann et al., 2004;
CNFY Y. pseudotuberculosis Rho, Rac, Cdc42 Déamidation Wolters et al,, 2013)
B. pertussis P . . .
DNT B. parapertussis Rho, Rac, Cdc42 Deamldatlon. ) (Horiguchi et al., 1997;
. . Transglutamination ~ Masuda et al., 2000)
B. bronchiseptica
VopC V. parahaemolyticus Rac, Cdc42 Déamidation (Zhang et al., 2012)
V. cholerae
SopE Salmonella spp. Rho, Rac, Cdc42 GEF (Hardtetal, 1998)
(Friebel et al.,, 2001;
] Il ) 42 EF
SopE2 salmonella spp cde G Stender et al., 2000)
. (Alto et al., 2006; Ohya
IpgB1 S. flexneri Rac, Cdc42 GEF et al., 2005)
. (Alto et al., 2006; Klink
IpgB2 S. flexneri Rho GEF etal, 2010)
Map E. coli Cdc42 GEF (Alto et al., 2006)
E. coli .
EspT C rodentium Rac, Cdc42 GEF (Bulgin et al., 2009)
E. coli
EspM1,2,3 C rodentium RhoA GEF (Arbeloa et al., 2010)
BopE B. pseudomallei Rac, Cdc42 GEF (Stevens et al., 2003)
SifA, SifB S. Typhimurium Non déterminé GEF putative (Alto et al., 2006)

Tableau 3 :

Toxines modifiant les Rho-GTPases
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3.3. Réponse anti-virulence induite par |'activation des Rho-GTPases

L'activation des Rho-GTPases par des toxines bactériennes induit la transcription de genes codant pour
des cytokines et chimiokines pro-inflammatoires. Il a été démontré que |'effecteur SopE de Salmonella
active différentes voies de signalisation menant a la transcription des genes (Figure 12). D’une part,
I'infection de cellules épithéliales par des salmonelles exprimant SopE et SopE2 induit I'activation des
MAPK JNK, p38 et ERK, menant a 'activation du facteur de transcription NF-kB (Bruno et al., 2009). De
plus, SopE a été montré pour activer NOD1 et RIP2, conduisant la production de cytokines (Keestra et
al., 2013). Plus récemment, une étude a établi que SopE active I'axe Cdc42-Pakl menant a |'activation
de NF-kB de facon dépendante de TAK1 et TRAF6 (Sun et al., 2018). Des études complémentaires
permettraient d’établir si ces trois voies de signalisation sont interconnectées ou si celles-ci sont
séparées pendant l'infection. La toxine CNF1 est un exemple intéressant de réponse antimicrobienne
déclenchée par I'activation des Rho-GTPases. La toxine CNF1 des E. coli uropathogénes a été montrée
pour induire une réponse antimicrobienne protective en activant la Rho-GTPase Rac2 qui en retour
active les voies IMD-Relish et RIP1/2-NF-xB chez les cellules de drosophile et mammiféres
respectivement (Boyer et al., 2011; Diabate et al., 2015) (Figure 12). Il a également été montré que
I’activation des Rho-GTPases par CNF1 induit une réponse immunitaire au cours de la bactériémie de
fagcon dépendante des Caspases-1/11 ainsi que de I'lL-1R (Diabate et al., 2015). Ces données indiquent
gu’un inflammasome est activé par la toxine CNF1. La clairance bactérienne en réponse a la détection

de la toxine CNF1 est néanmoins contrecarrée par I'hémolysine-a. (Diabate et al., 2015).
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Figure 12 : Détection des toxines activant les RhoGTPases
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3.4. Réponse anti-virulence induite par I'inhibition des Rho-GTPases

L'inflammasome Pyrin est historiqguement associé a des pathologies auto-inflammatoires comme la FMF
ol des mutations de Pyrin sont retrouvées (Centola et al., 1998; Jamilloux et al., 2018), cependant, de
récentes études ont associé a Pyrin une fonction protectrice au cours de linfection. En effet,
I'inflammasome Pyrin est capable de détecter I'inactivation des Rho-GTPases par des facteurs de
virulence bactériens divers (Figure 13). En effet, I'inactivation des Rho-GTPases par TcdA et TcdB (de
Clostridium difficile), VopS (de Vibrio parahaemolyticus), 1bpA (de Histophilus somni) et TecA (de
Burkholderia cenocepacia) est détectée par Pyrin. Il estimportant de noter que ces effecteurs bactériens
inactivent RhoA par quatre mécanismes distincts : glycosylation, ADP-ribosylation, AMPylation et
déamidation (Aubert et al., 2016; Gao et al., 2016; Park et al., 2016; Xu et al., 2014). De plus, il a été
montré que le facteur de virulence de TcsL de Clostridium serdellii qui inhibe Rac et Cdc42 mais ne cible
pas RhoA, n’est pas détecté par I'inflammasome Pyrin, suggérant que Pyrin détecte spécifiquement le
statut d’activation de RhoA (Xu et al., 2014). L'inhibition de RhoA par des facteurs de virulence induit
une perte de la phosphorylation de Pyrin par PKN1/2 et de I'interaction de Pyrin avec les protéines 14-
3-3 ce qui a pour effet d’activer I'inflammasome Pyrin (Gao et al., 2016; Medici et al., 2019; Park et al,,

2016).

La bactérie Yersinia est un exemple de co-évolution hote-pathogéne. En effet, pour contourner
I"activation de l'inflammasome Pyrin induite par l'inhibition de RhoA (par YopE), Yersinia injecte
I'effecteur YopM qui active les kinases PKN1/2 et RSK1/2/3 qui phosphorylent Pyrin pour le maintenir
inactif (Chung et al., 2016; Ratner et al., 2016). Cela a mené a la sélection de mutations du domaine
B30.2 de Pyrin rendant Pyrin insensible a YopM et permettant ainsi a ces individus d’étre résistants a
I'infection par Yersinia pestis, a |'origine de la peste (Park et al., 2020). Ces mutations sélectionnées au

cours d’épidémies de peste, sont responsables, pour partie, de la maladie auto-inflammatoire FMF.
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Figure 13 : Détection par Pyrin des facteurs de virulence inhibant RhoA
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4. Role de I'inflammasome NLRP3 dans le sepsis

Le sepsis est défini comme une dysfonction des organes mettant en jeu la vie du patient et causée par
une dérégulation de la réponse de I’hdte face a une infection (définition Sepsis-3) (Singer et al., 2016).
Il est la conséquence d’une exacerbation de la réponse immunitaire face a une infection non résolue.
Celle-ci méne a une production excessive de cytokines (IL-6, IL-1R, TNF...) et a une libération de DAMPs
(HMGB1, ATP, ADN mitochondrial et nucléaire...) en réponse a la présence d’un microbe. En plus d’'une
trop forte inflammation, le sepsis induit également une immunosuppression. La physiopathologie du
sepsis est complexe et fait intervenir de nombreux mécanismes comme I'activation de la cascade du
complément, une augmentation de la coagulation, un épuisement des lymphocytes ou encore la mort
des neutrophiles par NETose (van der Poll et al,, 2021). Le passage d’une réponse immunitaire
protectrice au sepsis et au choc septique est vu comme la conséquence de I'absence de retour a

I"homéostasie ou que celui-ci soit trop tardif (Singer et al., 2016).

[ semble y avoir une boucle amplificatrice de la réponse immunitaire impliquant les inflammasomes. En
effet, parmi les évenements cités plus haut, de nombreux évenements peuvent étre une cause ou une
conséquence de I'activation d’un inflammasome. Pour une question de concision, je m’intéresserai ici

exclusivement a I'implication de I'inflammasome NLRP3 dans le sepsis.

Les bactéries Staphylococcus aureus (S. aureus) et Escherichia coli (E. coli) sont I'étiologie la plus
fréquente des bactériémies et sepsis bactériens (Kern and Rieg, 2020; Vincent et al., 2006). Au cours de
la bactériémie a E. coli, la présence de LPS dans la circulation induit I'activation non canonique de
I'inflammasome NLRP3 chez la souris (Kayagaki et al., 2015). L'ancrage membranaire de la GSDMD induit
I’exposition de phosphatidylsérine qui méne a I'activation du facteur tissulaire, un acteur majeur de la
cascade de coagulation (Yang et al., 2019a). Une coagulation intravasculaire disséminée est observée
chez les patients en état de sepsis et prédispose a une défaillance des organes (Gando et al., 2019).
De plus, I'activation d’un inflammasome et la pyroptose associée induit la libération de DAMPs tels que
HMGB1 ou I’ATP. Ces DAMPs amplifient la réponse immunitaire. L'ATP va activer I'inflammasome NLRP3
présent dans les cellules voisines et HMGB1 est capable de se fixer a différents PRRs (RAGE, TLR2, TLR4)
afin d’induire la production de cytokines pro-inflammatoires (Andersson et al., 2000; Park et al., 2004).
Enfin, HMGB1 est capable de se lier au LPS et apres son endocytose médiée par RAGE et la rupture de

I’endolysosome, d’induire I'activation non-canonique de I'inflammasome NLRP3 (Deng et al., 2018).

L'émergence du COVID-19 a mis en lumiére I'orage cytokinique ou « cytokine storm » dont certains
parametres immunitaires sont proches du sepsis notamment la présence d’IL-1f8 circulant et une

dérégulation de la formule sanguine.
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5. Réponse immunitaire innée au cours du COVID-19

5.1. COVID-19 et SARS-CoV-2 : généralités

Le SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) a émergé a Wuhan (Chine) a la fin de
I'année 2019 (Li et al., 2020b). Ce virus est a I'origine d’une maladie respiratoire nommée COVID-19
(coronavirus disease 2019). Le SARS-CoV-2 appartient au genre des betacoronavirus comme le SARS-
CoV et le MERS-CoV (Middle East respiratory syndrome-related coronavirus). Le SARS-CoV-2 est un virus
enveloppé a ARN simple brin a polarité positive. Le SARS-CoV-2 a un tropisme majoritairement
respiratoire mais infecte également le tractus gastro-intestinal et le systéme nerveux central (Gomes et
al., 2021; Liu et al., 2021). Bien que d’autres coronavirus, responsables de rhumes, circulent activement
dans la population, la population générale était naive des betacoronavirus lorsque le SARS-CoV-2 a
émergé.

Chez une grande partie des sujets infectés, la maladie est asymptomatique ou pauci-symptomatique
(fievre, toux, céphalées, perte de go(t et d’odorat...). Cependant, dans une proportion non négligeable
de cas (estimée a 10-20%) le SARS-CoV-2 est responsable d’une pneumonie pouvant évoluer en
syndrome de détresse respiratoire aiglie (SDRA) nécessitant I'hospitalisation. L’aggravation du COVID-
19 survient une dizaine de jours apres les premiers symptomes. Cette aggravation ne semble ni étre liée
au SARS-CoV-2 en lui-méme ni a la charge virale détectée dans les échantillons nasopharyngés
(Cocconcelli et al., 2021). La sévérité de ces patients semble impliquer différentes dérégulations
immunitaires comme la tempéte cytokinique ou encore un défaut de production d’Interférons (Figure

14) (Jamilloux et al., 2020; Schultze and Aschenbrenner, 2021).
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4 IFN de type |, Il et Ill, ISGs M IFN de type |, Il et Ill, ISGs
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4 Monocytes 4+ Monocytes intermédiaires et non classiques
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Figure 14 : Dérégulation de la réponse immunitaire au cours du COVID-19 sévére
ISGs : Geénes stimulés par les Interférons ; MDSC : Cellules myéloides suppressives
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5.2. La réponse immunitaire au cours des formes séveres de COVID-19

L'infection des cellules par des virus a ARN simple brin active différents PRRs de la famille des TLRs (TLR3,
7 et 8) et des RLRs (RIG-I et MDA-5) (Saito and Gale, 2008). La détection de I’ARN viral par ces PRRs
active les facteurs de transcription NF-kB et IRF3/7 responsables de la production de cytokines pro-
inflammatoires (TNF, IL-6...) et antivirales (Interférons (IFN) de type | et Ill) respectivement. Le SARS-
CoV-2 active ces différentes voies de signalisation (Salvi et al., 2021; Thorne et al., 2021; Yamada et al.,
2021). Il a également été montré que la protéine d’enveloppe (E) du SARS-CoV-2 est détectée par le
TLR2, induisant la production de cytokines pro-inflammatoires telles que I'lIL-6, I'IFNy ou encore I'lL-18
(Zheng et al., 2021). De plus, les Lectines de type C sont activées par la protéine Spike du SARS-CoV-2,

menant également a la synthése de cytokines et chimiokines pro-inflammatoires (Lu et al., 2021).

Trés rapidement, I"aggravation des patients COVID-19 a été associée a une production excessive de
cytokines et chimiokines pro-inflammatoires comme I'lL-6, IL-8, IL-1R, CCL2, ou CXCL8 (Huang et al.,
2020; Lucas et al., 2020; McElvaney et al., 2020; Yang et al., 2020b). L'augmentation des cytokines telles
que I'IL-18, I'lL-18 ou leur antagonistes (IL-1RA, IL-18BPa) semble indiquer I'implication d’un (ou

plusieurs) inflammasome(s).

D’autre part, uneimmunoparalysie (épuisement des lymphocytes T et altération de la réponse antivirale
lie aux IFNs) a également été observée chez les cas séveres (Blanco-Melo et al., 2020; Kaneko et al.,
2020). Ces observations ont amené les cliniciens a considérer la sévérité des cas de COVID-19 comme

étant liée au sepsis viral (Li et al., 2020a).

5.2.1. Cytokines de la famille de I'lL-1 et inflammasomes

L'IL-1R est une cytokine produite précocement et induit la production d’IL-6 par les cellules voisines et
pourrait étre a I'origine de la tempéte cytokinique observée chez les patients COVID-19 sévéres (Sironi
et al., 1989; Tosato and Jones, 1990). Ces patients ont des taux plasmatiques élevés d’IL-18 et d’IL-1RA,
I’antagoniste de I'IL-1R produit en aval de I'activation de ce récepteur comme rétrocontrole négatif de
la voie de I'lL-1 (Zhao et al., 2020b). Certaines études associent également une hausse plasmatique de
I'IL-1R avec la sévérité, tandis que d’autres ne dessellent que des taux faibles — voire absents — d’IL-11
(Del Valle et al., 2020; Lucas et al., 2020; Rodrigues et al., 2021; Theobald et al., 2021; Vora et al., 2021).
Cette disparité peut s’expliquer par la courte demi-vie de cette cytokine dans la circulation et donc par

sa difficulté de détection (Kudo et al., 1990).

Cependant, les études portant sur la réponse immunitaire au niveau voies aériennes basses s’accordent
pour affirmer que les cas séveres de COVID-19 sont caractérisés par une forte production d’IL-18 qui
serait associée aux macrophages dérivés de monocytes (Bost et al., 2020; Liao et al., 2020; Wauters et

al., 2021; Xu et al., 2020). De plus, I’ATP extracellulaire mesuré dans des lavages broncho-alvéolaires est
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plus élevé chez les patients atteints d’'une forme sévére, dont les auteurs supposent que ce dernier est
libéré lors de la mort des cellules épithéliales infectées par le SARS-CoV-2, comme lors d’autres
infections virales pulmonaires (Wauters et al., 2021). L’ATP extracellulaire est un activateur connu de
I'inflammasome NLRP3 (Mariathasan et al., 2006). Des specks contenant l'adaptateur ASC et le
récepteur NLRP3 ont été observés sur des coupes histologiques de poumons de patients COVID-19
décédés, suggérant I'activation de cet inflammasome (Rodrigues et al., 2021; Xian et al., 2021). D’autre
part, la forme clivée (active) de la GSDMD a été détectée sur des coupes histologiques de poumons
(Zzhang et al., 2021). De plus, I'infection de monocytes primaires humains par le SARS-CoV-2 (ex vivo)
induit la sécrétion d’IL-18 et I'analyse de monocytes circulants de patients COVID-19 montre une
activation de la Caspase-1 ainsi que la présence de specks contenant NLRP3 et ASC (Ferreira et al., 2021;
Rodrigues etal., 2021). Il a également été montré que la protéine de la nucléocapside (N) et '’ARN simple
brin du SARS-CoV-2 activent I'inflammasome NLRP3 (Campbell et al.,, 2021; Pan et al.,, 2021). Ces
éléments indiguent qu’un inflammasome est activé au sein de 'appareil respiratoire inférieur ainsi que
dans les monocytes circulants au cours du COVID-19, cependant, ces études ne montrent pas de lien

clair entre la sévérité des patients et I'activation d’un inflammasome.

Il a été montré qu’en activant le TLR2, la protéine Spike (S) du SARS-CoV-2 induit un priming
transcriptionnel de I'inflammasome NLRP3 (Eisfeld et al., 2021; Theobald et al., 2021). De plus, il semble
exister une immunité mémoire dirigée contre cette protéine S. En effet, la stimulation de macrophages
dérivés de monocytes de patients ayant été infectés par le SARS-CoV-2 induit une réponse
transcriptionnelle tandis que ceux issus de patients naif vis-a-vis du SARS-CoV-2 ne sont que trés peu
répondeurs a la protéine S. Cette mémoire immunitaire portée par les monocytes semble subsister

jusqu’a 7 semaines aprées le diagnostic du COVID-19 (Theobald et al., 2021).

Le SARS-CoV-2 a également été montré pour activer I'inflammasome NLRP1 au sein des cellules
épithéliales humaines. En effet, la protéine NSP5 (protéase de type 3CL) clive NLRP1 au niveau du
domaine NACHT ce qui induit la dégradation de NLRP1 par le protéasome et libére le fragment UPA-
CARD qui s’oligomérise (Planes et al., 2021). En plus de cliver le récepteur NLRP1, les auteurs ont montré
gue la protéase NSP5 clive également la GSDMD pour I'inactiver. La protéine N du SARS-CoV-2 qui active

I'inflammasome NLRP3 inhibe également I'activation de la GSDMD (Ma et al., 2021).

5.2.2.Défaut de production et de réponse aux Interférons

Les IFNs jouent un réle primordial pour contenir une infection. En se fixant a leurs récepteurs, les IFNs
de type | (IFN-a/R) et Il (IFNA) induisent I'expression des ISGs (génes stimulés par I'lFN). La principale
différence entre ces deux types d’IFNs réside dans I'expression de leur récepteur. Alors que le récepteur

aux IFN de type | (IFNAR) est exprimé dans toutes les cellules, le récepteur aux IFN de type Il (IFNLR)
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est préférentiellement exprimé par les cellules épithéliales et certaines cellules immunitaires comme
les cellules dendritiques plasmacytoides (Lazear et al., 2019). Cela suggere que les IFN de type Il ont

une activité anti-virale majoritairement au niveau des barrieres épithéliales.

Les cas séveres de COVID-19 se distinguent par une diminution des IFN de type | plasmatiques et de
I'induction des ISGs dans les cellules mononuclées circulantes (PBMCs) (Blanco-Melo et al., 2020;
Combes et al., 2021; Hadjadj et al., 2020). Deux études ont montré que la production des Interférons
de type | et Il n’était en fait pas absente chez les patients présentant une forme sévére mais que celle-

ci était retardée (Galani et al., 2021; Lucas et al., 2020).

Les premiéres études concernant la réponse immunitaire au cours de l'infection au SARS-CoV-2 ont été
menées sur des PBMCs. Cependant, I'étude de la réponse immunitaire au niveau des voies respiratoires

est essentielle puisqu’il s’agit du point d’entrée du SARS-CoV-2.

Chez les patients atteints de COVID-19 modéré, les cellules ciliées situées dans le nasopharynx
produisent des ISGs en grande quantité tandis que cette production est faible chez les patients sévéres
(Sposito et al., 2021; Ziegler et al., 2021). Il a été observé que les patients séveres n’ont pas d’induction
de I'expression des facteurs de transcription impliqués dans la réponse IFN (STAT1, STAT2, IRF1, et IRF9)
dans les cellules ciliées (Ziegler et al., 2021). Il apparalt également une diversité dans le type d’'IFN
produit dans les voies aérienne supérieures des patients COVID-19 modérés et sévéeres. Les patients
modérés ont une production d’'IFN A1 et A3 tandis que les patients sévéres ont une production

d’Interféron A2 et a/R (Sposito et al., 2021).

L'étude des lavages broncho-alvéolaires permet d’étudier la réponse immunitaire au niveau des voies
respiratoires basses. Au contraire des voies aérienne haute, il a été observé une forte production des
IFN de type |, Il et Il ainsi gu’une induction des ISGs dans les lavages broncho-alvéolaires des patients
atteints de COVID-19 séveres (Desai et al., 2020; Sposito et al., 2021; Zhou et al., 2020). La réponse IFN
chez les patients modérés est moins importante. Cela pourrait étre d(i a une plus forte charge virale au
niveau du voies respiratoires basses chez les patients les plus séveres (Chen et al., 2021; Zheng et al,,

2020).

Les voies de signalisation menant a la production d’IFNs sont dérégulées (mutations, auto-anticorps)
chez certains patients atteints de formes séveéres du COVID-19. Des mutations « perte de fonction » sur
les genes TLR3, TLR7 et IRF7 sont enrichies dans le groupe de patients présentant une forme sévéere
(Asano et al., 2021; van der Made et al., 2020; Zhang et al., 2020b). De plus, des anticorps auto-réactifs
dirigés contre I'IFNa; et R ainsi que I'IlFNw ont été spécifiquement retrouvés dans les groupes de
patients COVID-19 sévéres et seraient associés a 20% de la mortalité des patients COVID-19 (Bastard et

al., 2020, 2021; Lopez et al., 2021).
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La réponse immunitaire médiée par les IFNs est donc primordiale pour résoudre I'infection rapidement.
Le SARS-CoV-2 bloque cette réponse immunitaire en inhibant diverses protéines impliquées dans la

réponse IFN (Beyer and Forero, 2021).

5.2.3.Dérégulation des cellules immunitaires

Les cas de COVID-19 séveres ont été rapidement associés a une dérégulation des cellules immunitaires.
La sévérité est en effet associée a une perte des éosinophiles et des lymphocytes T ainsi qu’une
augmentation des monocytes classiques et des neutrophiles immatures. En plus d’une proportion de
cellules déséquilibrée, les leucocytes présentaient également un phénotype altéré chez les patients

séveres.
- Lymphocytes

L'analyse de la formule sanguine des patients COVID-19 a révélé une lymphopénie chez les patients
atteints de formes séveres ou décédés suite a I'infection (Huang et al., 2020; Ruan et al., 2020; Yang et
al., 2020a). Des études plus poussées ont montré que les patients séveres présentent une diminution
des lymphocytes T CD4* et CD8" circulants (Carissimo et al., 2020; Chen et al., 2020; Silvin et al., 2020;
Wang et al.,, 2020). De plus, au cours du COVID-19, les lymphocytes T circulants présentent des
marqueurs de dysfonctionnement mitochondrial et d’apoptose associés a un profil métabolique

dérégulé (Thompson et al., 2021).

Dans les voies aériennes inférieures des patients atteints de COVID-19 modéré, il a été observé une
expansion clonale et une augmentation des fonctions effectrices des lymphocytes T CD8*, et CD4* de
type Th1 et Th17 (Liao et al., 2020; Wauters et al., 2021). Les lymphocytes présents au niveau des voies
aériennes basses des patients sévéres ont un phénotype dérégulé, sont peu différenciés et leur réponse

aux IFN de type | et Il est faible (Liao et al., 2020; Wauters et al., 2021).
- Granulocytes

Les cas séveres de COVID-19 sont caractérisés par une réduction du nombre d’éosinophiles et une
augmentation du nombre de neutrophiles circulants (Lourda et al., 2021). Tandis que les neutrophiles
circulants des patients atteints de COVID-19 modéré sont caractérisés par une réponse de type IFN de
type I/, chez les patients séveres ces cellules ont une signature pro-inflammatoire (production de ROS,
activation de la voie NF-kB et réponse a I'lL-1) et promouvant la coagulation (Facteurs VII, VIII et IX)
(Lourda et al., 2021; Silvin et al., 2020). Cependant, une autre étude a montré que les neutrophiles isolés
de patients COVID-19 séveres ont un défaut de production de ROS en réponse a une infection par E. coli

(Schulte-Schrepping et al., 2020).
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Parmi les neutrophiles, plusieurs études ont observé une expansion des neutrophiles immatures et de
neutrophiles matures de type MDSC (cellules myéloides suppressives) chez les patients séveres
(Carissimo et al., 2020; Combadiére et al., 2021; Lourda et al., 2021; Schulte-Schrepping et al., 2020;
Silvin et al., 2020; Wilk et al., 2020). Les neutrophiles immatures, caractérisés par le marqueur LOX-1
et I'absence d’expression du marqueur CD10, sont décrits pour résulter d’'une hématopoiése d’urgence
au cours du sepsis (Evrard et al., 2018). Les neutrophiles de type MDSC sont caractérisés par I'expression
de PD-L1 et leur émergence a également été observée au cours du sepsis bactérien. Les neutrophiles
de type MDSC inhibent I'activation les lymphocytes T et induisent I'apoptose de ces cellules (Langereis

etal.,, 2017; Qi et al., 2021).

Au cours COVID-19 modéré, les neutrophiles infiltrent les poumons et cette infiltration est exacerbée
chez les patients séveres (Chua et al., 2020; Liao et al., 2020). Il a été observé que les neutrophiles
immatures et MDSC migrent vers les poumons chez les patients séveres (Combadiere et al., 2021; Silvin

et al., 2020).
- Monocytes et cellules dendritiques

Chez les patients atteints de COVID-19 sévere, la proportion des différents types de monocytes
(classiques, intermédiaires et non classiques) au niveau périphérique est déséquilibrée en faveur des
monocytes classiques avec une perte des monocytes non classiques (Sanchez-Cerrillo et al., 2020;
Schulte-Schrepping et al., 2020; Silvin et al., 2020). En plus de ce déséquilibre, les monocytes classiques
ont un phénotype immunosuppresseur. En effet, chez les patients séveres, I'expression de la molécule
HLA-DR du CMH de classe Il est fortement diminuée, illustrant une diminution de la présentation
d’antigénes et indiquant un phénotype MDSC (Carissimo et al., 2020; Schulte-Schrepping et al., 2020;
Silvin et al., 2020; Wilk et al., 2020). Cette diminution a été observée aussi bien chez les monocytes
circulants que chez les macrophages pulmonaires. L'analyse transcriptionnelle des monocytes
exprimant faiblement HLA-DR montre une activation de la voie NF-kB alors que les monocytes ayant
une forte expression de HLA-DR ont une signature correspondant a un programme transcriptionnel

médié par les IFN de type | (Schulte-Schrepping et al., 2020; Silvin et al., 2020).

Au niveau pulmonaire, la proportion de macrophages alvéolaires est diminuée au profit d'une
infiltration de monocytes chez les patients sévéres (Bost et al., 2020; Chua et al., 2020; Silvin et al., 2020;
Wauters et al.,, 2021). Les macrophages dérivés de monocytes expriment des cytokines pro-
inflammatoires (IL-1R8, IL-8, TNF) et des chimiokines (CCL2, 3, 4, 5, 7, 8, et CXCL5) (Chua et al., 2020; Liao
etal., 2020; Wauters et al., 2021). Dans le contexte du syndrome respiratoire aigu, ces chimiokines sont
responsables du recrutement des monocytes et neutrophiles au niveau des poumons (Luster, 2009;

Reutershan and Ley, 2004). Une étude montre que les monocytes intermédiaires et non classiques sont
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les deux sous-type de monocytes qui infiltrent les poumons des patients atteints de COVID-19 sévere

(Sanchez-Cerrillo et al., 2020).

Les cellules dendritiques sont également affectées au cours du COVID-19. Les patients atteints de
COVID-19 présentent une diminution des cellules dendritiques circulante et cette différence est
amplifiée chez les patients atteints de forme grave (Carissimo et al., 2020; Kvedaraite et al., 2021;
Winheim et al., 2021). En plus de cette diminution, les cellules dendritiques circulantes des patients
séveres expriment faiblement la molécule HLA-DR du CMH de classe Il et ont une capacité moindre a
stimuler les lymphocytes CD4* naifs, indiquant un phénotype MDSC (Kvedaraite et al., 2021; Winheim
etal., 2021).

Les cellules dendritiques sont recrutées au niveau des poumons des patients atteints de COVID-19
modéré. Cependant, ce recrutement est moindre chez les patients atteints de formes sévéres (Bost et

al., 2020; Chua et al., 2020; Liao et al., 2020; Sanchez-Cerrillo et al., 2020).
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Résultats

51



1. Détection de 'activité de la toxine CNF1 par 'axe Pak1/2-inflammasome NLRP3

Contexte et objectifs de recherche

La détection quantitative et qualitative des micro-organismes est essentielle pour permettre a I’héte de
mettre en place une réponse immunitaire efficace mais également proportionnée. Les bactéries
pathogénes expriment spécifiquement des facteurs de virulence ciblant les voies de signalisation de
I’'hote et qui leur permettent d’infecter I’hote, de se disséminer ou encore de contourner la réponse
immunitaire. Cependant, au cours de I'évolution hote-pathogéne, I'"hdte a mis en place une réponse

dirigée contre ces facteurs de virulence (Effector-triggered immunity).

La toxine CNF1 des E. coli uropathogenes active constitutivement les Rho-GTPases. Cette toxine
améliore la dissémination des bactéries, notamment dans la circulation sanguine, provoquant une
bactériémie. L'équipe du Dr Laurent Boyer a précédemment montré que la toxine CNF1 induit une
réponse immunitaire menant a I’élimination des bactéries au cours de la bactériémie chez la souris et
I'infection systémique chez la drosophile. La toxine CNF1 induit deux réponses : une premiere réponse
transcriptionnelle via 'activation de la voie NF-kB et la production de cytokines pro-inflammatoires. En
parallele de celle-ci, CNF1 induit également l'activation de la Caspase-1 et la maturation de I'lL-1R.
L'équipe a également montré que I’élimination bactérienne au cours de la bactériémie dépend de la
voie de I'lL-1. Ces données suggerent qu’un inflammasome est activé a la suite de la détection de la
toxine CNF1. Le but de ce travail était de déterminer quel inflammasome est responsable de la détection
de l'activité de cette toxine et de caractériser la voie de signalisation en amont de I'activation de cet

inflammasome.
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Escherichia coli Rho GTPase-activating toxin CNF1
mediates NLRP3 inflammasome activation via
p21-activated kinases-1/2 during bacteraemia

in mice

Océane Dufies®', Anne Doye', Johan Courjon'?, Cédric Torre', Gregory Michel’, Celine Loubatier,
Arnaud Jacquel @1, Paul Chaintreuil', Alissa Majoor!, Rodolphe R. Guinamard', Alexandre Gallerand',
Pedro H. V. Saavedra®3, Els Verhoeyen4, Amaury Rey ®4, Sandrine Marchetti’, Raymond Ruimy'?,
Dorota Czerucka®¢, Mohamed Lamkanfi®©3, Bénédicte F. Py?, Patrick Munro', Orane Visvikis' and
Laurent Boyer ® 16

Inflammasomes are signalling platforms that are assembled in response to infection or sterile inflammation by cytosolic
pattern recognition receptors. The consequent inflammasome-triggered caspase-1 activation is critical for the host defence
against pathogens. During infection, NLRP3, which is a pattern recognition receptor that is also known as cryopyrin, triggers
the assembly of the inflammasome-activating caspase-1through the recruitment of ASC and Nek?7. The activation of the NLRP3
inflammasome is tightly controlled both transcriptionally and post-translationally. Despite the importance of the NLRP3 inflam-
masome regulation in autoinflammatory and infectious diseases, little is known about the mechanism controlling the activation
of NLRP3 and the upstream signalling that regulates the NLRP3 inflammasome assembly. We have previously shown that the
Rho-GTPase-activating toxin from Escherichia coli cytotoxic necrotizing factor-1 (CNF1) activates caspase-1, but the upstream
mechanism is unclear. Here, we provide evidence of the role of the NLRP3 inflammasome in sensing the activity of bacterial
toxins and virulence factors that activate host Rho GTPases. We demonstrate that this activation relies on the monitoring of
the toxin's activity on the Rho GTPase Rac2. We also show that the NLRP3 inflammasome is activated by a signalling cascade
that involves the p21-activated kinases 1 and 2 (Pak1/2) and the Pak1-mediated phosphorylation of Thr 659 of NLRP3, which
is necessary for the NLRP3-Nek7 interaction, inflammasome activation and IL-1p cytokine maturation. Furthermore, inhibition
of the Pak-NLRP3 axis decreases the bacterial clearance of CNF1-expressing UTI89 E. coli during bacteraemia in mice. Taken
together, our results establish that Pak1 and Pak2 are critical regulators of the NLRP3 inflammasome and reveal the role of the
Pak-NLRP3 signalling axis in vivo during bacteraemia in mice.

raemia'. It is therefore fundamental to decipher the mecha-

nisms that determine the fate of this pathogen in the blood.
The innate immune sensing of E. coli is mediated by pattern rec-
ognition receptors (PRRs), mainly by Toll-like receptor-4 (TLR4),
which detects bacterial lipopolysaccharides (LPS). LPS are the prin-
cipal component of the external membrane of both pathogenic and
non-pathogenic E. coli and, therefore, pattern-triggered immunity
does not seem to be sufficient to gauge the pathogenic potential of
microorganisms. As TLR4 is activated by both live and dead bacte-
ria, pattern-triggered immunity is certainly important for monitor-
ing the quantity of bacteria, but is not sufficient to determine their
quality”. One strategy to determine microbial pathogenicity is the
detection of virulence factor activities that are specific to pathogens’.
Virulence factors of uropathogenic E. coli include CNF1, which is
a Rho-GTPase-targeting toxin. The CNF1 toxin bears enzymatic
activity that is responsible for the post-translational deamidation

l | ropathogenic E. coli is the leading causative agent of bacte-

of a specific glutamine residue on a subset of Rho GTPases, namely
Rac, Cdc42 and RhoA**. This modification destroys the intrin-
sic and GTPase-activating-protein- (GAP)-regulated ability of
these Rho GTPases to hydrolyse GTP, conferring dominant posi-
tive mutant characteristics to Rho proteins*®. This modification
increases GTP-bound activated Rho proteins and the activation
of their downstream signalling pathways‘. By modulating the host
cytoskeleton, these virulence factors confer to bacteria invasion
properties and the ability to modulate inflammatory responses’°.
Among the virulence factors, there are more than 30 that target Rho
GTPases. They are either activators or inhibitors of Rho GTPases,
both of which activate caspase-1 (refs. ''%).

Inflammasomes are signalling platforms that are assembled by
cytosolic PRRs that activate caspase-1. NLRP3 oligomerizes on
infection or cellular damage, and recruits ASC, Nek7 and caspase-1
to form the NLRP3 inflammasome. This assembly results in ASC
speck formation, cleavage of pro-caspase-1 into active caspase-1 and
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the maturation of pro-IL-1f into IL-1p. The NLRP3 inflammasome
assembly is controlled by both the priming by TLR ligands and acti-
vation signals. Furthermore, the NLRP3 inflammasome assembly is
regulated by phosphorylation and ubiquitination events'>'". Despite
a variety of identified NLRP3 activators, the upstream signalling
pathways that control NLRP3 post-translational modifications and
activation mechanisms remain unclear'. Interestingly, toxins that
inactivate Rho GTPases activate the Pyrin inflammasome through
the modification of its phosphorylation status by the PKN1/2
kinases. The Pyrin inflammasome has been shown to detect tox-
ins that inhibit Rho GTPases, but information about the sensing of
toxins that activate Rho GTPases through inflammasomes is lack-
ing''. In this Article, we used the CNF1 toxin as a model of the
Rho-GTPase-activating virulence factor to demonstrate the role of
the Pak-NLRP3 axis in sensing CNF1 activity and controlling the
clearance of bacteria during bacteraemia.

Results
CNF1-triggered immunity requires NLRP3. We set up an
assay to monitor the CNF1-triggered activation of caspase-1
using a FAM-YVAD-FMK (FAM-FLICA) probe. Primary
bone-marrow-derived macrophages (BMDMs) isolated from
BALB/c mice were treated with CNF1 and analysed using confocal
microscopy. Cells with dots of FAM-FLICA staining correspond-
ing to ASC specks were counted (Extended Data Fig. la). This
unbiased screen revealed that NLRP3 is the major NLR involved in
CNF1-triggered caspase-1 activation (Fig. 1a). The role of NLRP3
in this pathway was confirmed in BMDM s isolated from C57BL/6]
mice bearing ASC—citrine knockin using flow cytometry (Extended
Data Fig. 1b,c). In this assay, we quantified the percentage of cells
with ASC specks as previously described'”'®. These data revealed
the conserved role of NLRP3 in the response to CNF1 in macro-
phages isolated from both BALB/c and C57BL/6] background.
Next, we investigated the role of NLRP3 in CNF1-triggered immu-
nity. Co-treatment of BMDMs isolated from wild-type (WT) mice
with the CNF1 toxin together with the NLRP3 inhibitor MCC950
was sufficient to block caspase-1 activity, demonstrating that the
CNF1 toxin is an NLRP3 activator (Fig. 1b,c). Importantly, the num-
ber of FAM-FLICA* cells was substantially reduced in BMDMs that
were treated with catalytically inactive mutant CNF1¢%, This result
provided evidence that CNF1 toxin activity is monitored by NLRP3,
rather than the pattern of the toxin®. Furthermore, CNF1-triggered
maturation and secretion of IL-1p and activation of caspase-1 was
impaired in NLRP3-knockout BMDMs (Fig. 1d and Supplementary
Fig. 1). By contrast, CNF1 treatment did not affect the secretion of
IL-6 or TNF-a, two cytokines that are not regulated by inflamma-
somes (Fig. 1d and Supplementary Fig. 1). Activation of the NLRP3
inflammasome is often associated with pyroptosis”. To investigate
whether CNF1 triggered pyroptosis, we measured propidium iodide
incorporation (Extended Data Fig. 2a), lactate dehydrogenase
(LDH) release (Extended Data Fig. 2b) and gasdermin D (GSDMD)
cleavage (Extended Data Fig. 2c). In contrast to nigericin, we did
not observe any of these pyroptosis markers after CNF1 treatment
and we observed a similar level of CNF1-triggered caspase-1 activa-
tion and IL-1p maturation/secretion in WT and GSDMD-knockout
macrophages (Extended Data Fig. 2d,e). We subsequently tested the
role of the NLRP3 inflammasome regulator Nek7 in CNF1-triggered
immunity. Transfection of Nirp3 or Nek7 short interfering RNA
(siRNA) in BMDMs inhibited CNF1-triggered IL-1f maturation
(Extended Data Fig. 3a,b). K* efflux is an upstream event for NLRP3
inflammasome activation and Nek?7 requires K* efflux for NLRP3
inflammasome assembly'**. We observed that KCI treatment was
sufficient to inhibit CNFI1-triggered caspase-1 cleavage (Extended
Data Fig. 3c). Importantly, we confirmed that the KCl treatment
did not inhibit CNF1 toxin activity towards Rho GTPase activation
using a glutathione S-transferase (GST)-Pak-Rac-binding domain

(RBD) pull-down assay (Extended Data Fig. 3d). We next investi-
gated whether other toxins that target Rho GTPases have the ability
to activate the NLRP3 inflammasome. Dermonecrotic toxin (DNT)
from Bordetella has transglutaminase activity towards Rho GTPases
that enables the constitutive activation of Rho GTPases®!’. We
observed that purified recombinant DNT triggered the activation of
caspase-1 in WT macrophages, but not in NLRP3-knockout macro-
phages (Extended Data Fig. 4a). We next tested whether the NLRP3
activation was triggered specifically by virulence factors activat-
ing Rho GTPases using NLRP3 inflammasome reconstitution in
HEK293T cells®. Cells were transfected with plasmids encoding
the DNT toxin or the injected bacterial virulence factors YopE from
Yersinia containing a GAP domain that enables inactivation of the
Rho GTPases’. We observed NLRP3-dependent IL-1f maturation
when cells were transfected with the Rho-GTPase-activating toxin
DNT, but not when cells were transfected with the Rho GTPase
inhibitor YopE (Extended Data Fig. 4b). The expression of the viru-
lence factor SopE from Salmonella containing a guanine nucleotide
exchange factor (GEF) domain activating Rac and Cdc42 (refs. “*?)
or the expression of the GEF domain of the Dbl exchange factor
(Dbl**-826)2* were sufficient to trigger NLRP3-dependent IL-1p
maturation (Extended Data Fig. 4b,c). Taken together, we showed
that the activation of Rho GTPases by toxins and virulence factors
triggered the activation of the NLRP3 inflammasome and that Rac
has a major role in this pathway.

Activation of the NLRP3 inflammasome by CNF1 relies on Rac2
and the Pak serine-threonine kinases. Although the CNF1 toxin
is a Rho GTPases activator and Rac2 is a haematopoietic-specific
Rho GTPase that is involved in the innate immune response to the
CNF1 toxin®, the contribution of Racl and Rac2 in this process is
still unknown. To investigate the role of Rac in the CNF1-triggered
NLRP3 inflammasome activation, we knocked down Racl and/
or Rac2 using siRNA in BMDMs. Interestingly, Racl knock-
down resulted in an increase in the level of CNF1-triggered IL-1p
maturation whereas Rac2 knockdown was sufficient to block it
(Fig. 2a). We tested whether activated GTP-bound Rac2 levels would
increase when Racl was targeted by siRNA. The GST-Pak-RBD
pull-down analysis showed an increase in activated Rac2 when
Racl was knocked-down using siRNA (Fig. 2b). These data demon-
strate the critical role of Rac2 in CNF1-triggered IL-1p maturation
(Fig. 2a,b). To determine the molecular mechanism of the caspase-1
activation, we used a system of NLRP3 inflammasome reconstitu-
tion in HEK293T cells. This analysis showed that CNF1 is sufficient
for the NLRP3 inflammasome activation-triggered caspase-1 cleav-
age and that the co-treatment of CNF1 with MCC950 inhibited this
caspase-1 activation (Fig. 2¢). The transfection of Rac2 GTPase or
activated mutant forms of Rac2 (including Q61E mimicking the
CNF1 modification or Q61L and G12V) were sufficient to activate
caspase-1, in contrast to the inactive mutant Rac2™ (Fig. 2d).
Interestingly, the strength of caspase-1 activation observed using
the activated forms of Rac2 GTPase was correlated with the amount
of Rho GTPases that were bound to GST-Pak-RBD (Fig. 2¢). These
data indicate that NLRP3 senses the activation level of the Rho
GTPase Rac2 proportionally to the strength of activation rather
than by detecting the structural modification made by the toxin as
it would be predicted for a classical PRR.

The correlation between caspase-1 activation and the amount
of Rac2 bound to GST-Pak-RBD suggested a potential role of Pak
kinases in CNF1-triggered NLRP3 inflammasome activation. We
therefore knocked-down Pakl and/or Pak2 in BMDMs by transfect-
ing siRNA (Pak3 is predominantly expressed in the brain®*°). We
observed a major decrease in caspase-1 cleavage in cells treated with
Pakl siRNA but a moderate impact when using siRNA targeting
Pak2, indicating that Pakl has a main role (Fig. 3a). However,
we could not exclude the possibility that the total inhibition of
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Fig. 1| CNF1-triggered caspase-1 activation and IL-1f maturation requires NLRP3. a, BMDMs isolated from BALB/c mice were transfected with the
indicated siRNA for 72 h before treatment for 6 h with CNF1 (500 ng ml="). Active caspase-1 was detected using the FAM-FLICA probe. Cells harbouring
FAM-FLICA dots were counted as positive using Fiji. The red horizontal line indicates the mean percentage of FAM-FLICA* cells in the untreated control.
Each dot represents 200 cells. n=1,800 cells. Data are mean +s.e.m. b,c, BMDMs extracted from WT or NLRP3-knockout C57BL/6J mice were or

were not pretreated for 45 min with MCC950 (1pM) before treatment for 6 h with CNF1 (500 ng ml~"), or the CNF1 catalytic inactive mutant CNF1¢8665
(500 ng mI™) or nigericin (5pM). b, Cells were analysed using immunofluorescence and confocal imaging. Active caspase-1 (FAM-FLICA) is shown in
green, NLRP3 in red and nuclei in blue. Scale bars, 20 um. ¢, Quantification of FAM-FLICA* cells in WT (blue) or NLRP3-knockout BMDMs (red). Each
dot represents 100 cells. n=600 cells. Data are mean + s.e.m. Statistical analyses were performed using two-tailed unpaired Student's t-tests. d, WT or
NLRP3-knockout BMDMs were treated with CNF1 (500 ng mI=") and/or LPS (100 ng miI~") for 8 h before the supernatants (Sup) and cell lysates (Lys) were
collected and analysed using immunoblotting. Experiments were repeated at least three times, and representative data are shown.

caspase-1 cleavage observed with the PakI siRNA treatment might
be due to a limit in the detection level of cleaved caspase-1, or to
Pakl siRNA that may affect Pak2, suggesting that there is a par-
tial Pakl1/2 redundancy. The treatment with Pakl inhibitors (IPA-3
or FRAX597) was sufficient to block the CNF1-triggered IL-1p
maturation that was observed in macrophages treated with LPS,
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and was also sufficient to block caspase-1 activation (Fig. 3b,c).
The inhibition of the caspase-1 cleavage after IPA-3 treatment was
similarly observed in macrophages treated with DNT (Extended
Data Fig. 4d). Interestingly, IPA-3 was shown to inhibit the
binding of activated forms of Rac and Cdc42 to Pakl, thereby inhib-
iting the autophosphorylation of Thr423, whereas the FRAX597
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Fig. 2 | Rac2 activation triggers NLRP3 inflammasome activation. a, BMDMs extracted from BALB/c mice were transfected with siRNA targeting the
indicated isoform of Rac GTPase for 72 h and treated with CNF1 (500 ng mI~") and LPS (100 ngml~") for 8 h. Supernatants and cell lysates were analysed
using immunoblotting. b, Immortalized BMDMs (iBMDMs) were transfected with the indicated siRNA for 72 h before being treated or not treated with
CNF1 (500 ngml~") for 6 h before analysis using a GST-Pak-RBD pull-down assay. The Rac2 associated with the GST-Pak-RBD beads is indicated as
Rac2-GTP. ¢,d, HEK293T cells were transfected for 16 h with plasmids encoding NLRP3 inflammasome components: Myc-NLRP3, green fluorescent
protein (GFP)-tagged ASC, mouse caspase-1 (mCasp1) and pro-IL-1p-Flag as indicated, before analysing caspase-1 cleavage or pro-IL-1p maturation using
immunoblotting. ¢, Cells were pretreated or not with TpM MCC950 for 45 min before treatment for 6 h with CNF1 (500 ngml="). d, Cells were transfected
with the following haemagglutinin (HA)-tagged mutants of Rac2: the constitutively active mutant mimicking CNF1-induced deamidation Rac2%' (Q61E),
the constitutively active mutants Rac2?°" (Q61L) or Rac2¢™?V (G12V), or the dominant negative mutant Rac2™N (T17N). Supernatants and cell lysates were
analysed using immunoblotting. e, HEK293T cells were transfected for 16 h with HA-tagged active mutants Rac29%'¢, Rac2?¢™ or Rac2%'?V, or the dominant
negative mutant Rac2™N before analysis using a GST-Pak-RBD pull-down assay. HA-Rac2 associated with the GST-Pak-RBD beads is indicated as Rac2-
GTP. Experiments were repeated at least three times, and representative data are shown.

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology


http://www.nature.com/naturemicrobiology

NATURE MICROBIOLOGY ARTICLES

b

3
a 5
2 2 ! o %
Q 5 5 w < s
= siRNA or inhibitor: & o [ o o
[
S S LPS + CNF1: — + + + +
2 £ o N = o <= (kDa)
5 5§ & 3 ¥ s 3 o
siRNA : o (&) = = a Q Q a IL-1B -- L 17
LPS + CNF1 : - + + + + + +
(kDa) Pro-IL-1 | P
(% CaSmpZO' — - Lzo p T — - 31
Pak1 ——— o L ——
CasP1 p45 | T —— — — — —.l» 45
: Pak2 | —— P 61
Pak1 | - —— — f 61
2 » 2| Racz | 3 21
Pak2 |.- —— - 3 f 61
— Nek? |----—}ss
Actin P——dr 42
NLRP3 | -— —-rﬁo
Actin W — — — 42
c d Myc-NLRP3 — + + e
o w0 - P=00017 ASC-GFP + + 4+ GFP-NLRP3 + .
8 P =0.0009 mCaspt + + + Myc—Paki™% — 4
6 1 Pro-IL-1p-Flag + + O+ HA—Rac2®'E 4+ +
= 30 P=0.0009 P=0.0003 Myc-Paki™*® + — . o (kDa)
o 1 o (kDa) GFP (NLRP3) 130
. s
et ~ | Myc (Pak1) — 51
S Flag (pro-IL-1p) [ TR W] 31 a
1 — HA (Rac2
g 10 Fiﬁ . NLRP3 T (Rac2) - - 21
: A P
§ 0 ﬁﬁ e o | GFP(ASC) S——— 55 GFP (NLRP3) [*= s - 130
NS 5 A - - | —
B Myc (Pak1 L 61
OOQ\‘\ 0%“ s & 939 ye (Paki) S | Myc (Pak1) - 61
x [
RS & Caspipss  [wemmmes | 45 HA (Rac2) | e s [ 21
9
f g
WT Pak1 KO 150 - P <0.0001 1,500
. L |
SRNA - CT  CT  CT  Pak P=0.0001 P<0.0001 _E_ E
CNF1 - + + Y s T — — ,:
o L 100 - £ 1,000
@ | Casp1p20 | i I» 20 o 2
= ¥
Caspi p45 | — e — I» 45 L 504 L'é_' 500
®» Pak1 | ——— I» 61 "é—ﬁ
> 0 T T T 0 T T T
<
Pak2 |—-—<— f 61 & O Qq)@ & & Qq}g’
Actin é'—-—f 42 WT  Paki KO WT  Paki KO

Fig. 3 | Rac2-NLRP3 signalling is dependent on Pak1 kinase. a, BMDMs isolated from BALB/c mice were transfected for 72 h with siRNA targeting Nirp3, Nek7,
Pak1 or Pak2 as indicated; non-targeting siRNA was used as a control. Cells were treated with CNF1 (500 ngml~") and LPS (100 ngml~") for 8 h, as indicated.
Supernatants and cell lysates were analysed using immunoblotting. b, BMDMs isolated from BALB/c mice were transfected with Paki- and Pak2-targeting
siRNA or with non-targeting siRNA for 72h, and treated with 5pM IPA-3, 1uM FRAX597 or vehicle for 45 min before treatment with CNF1 (500 ngml~') and
LPS (100 ngml~") for 8 h. Supernatants and cell lysates were analysed using immunoblotting. ¢, BMDMs isolated from BALB/c mice were treated with vehicle
(control), or treated either with TpM MCC950, 5pM IPA-3 or 1TpM FRAX597 for 45 min before treatment with CNF1 (500 ngml=") for 6 h. Active caspase-1
was stained with FAM-FLICA, analysed using microscopy and FAM-FLICA* cells were counted. Each dot represents 100 cells. n=800 cells. Data are

mean +s.e.m. Statistical analyses were performed using two-tailed unpaired Student's t-tests. d, HEK293T cells were transfected as indicated with plasmids
encoding components of the NLRP3 inflammasome (Myc-NLRP3, ASC-GFP, mouse caspase-1) and pro-IL-13-Flag together with Myc-Pak1™#¢, and pro-IL-1p-
Flag cleavage was analysed using immunoblotting. e, HEK293T cells were transfected with plasmids encoding GFP-NLRP3, Myc-Pak1™2 and HA-Rac2%*,
Cell lysates were processed for anti-Myc immunoprecipitation (IP). f, BMDMs isolated from WT or Pakl-knockout C57BL/6J mice were transfected 72 h with
non-targeting or Pak2-targeting siRNA before treatment with CNF1 (500 ngml~") for 8 h. Supernatants and cell lysates were analysed using immunoblotting.
CT, control. g, BMDMs isolated from WT or Pakl-knockout C57BL/6J mice were transfected for 72 h with non-targeting or Pak2-targeting siRNA before
treatment with CNF1 (500 ngml=") and LPS (100 ngml=") for 8 h. Supernatants were analysed using enzyme-linked immunosorbent assay (ELISA) for IL-18
(n=4 biologically independent samples) and TNF-a (n=3 biologically independent samples). Data are mean +s.e.m. Statistical analyses were performed
using two-tailed unpaired Student's t-tests. Experiments were repeated at least three times, and representative data are shown.
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is an ATP-competitive inhibitor”. In the inflammasome recon-
stitution system in HEK293T, we expressed the activated form of
Pakl (T423E) together with caspase-1, ASC and pro-IL-1p, and
we observed no IL-1f maturation. By contrast, when NLRP3 was
transfected together with ASC and caspase-1, the expression of the
activated form of Pakl was sufficient to trigger maturation of IL-1p
(Fig. 3d). Furthermore, phosphorylated forms of Pak colocalized in
dot-like structures with NLRP3 and active caspase-1 (Supplementary
Fig. 2). We next investigated whether Rac2, Pakl and NLRP3 pro-
teins formed a complex. We found NLRP3 interacting with acti-
vated Rac2 when activated Pakl was expressed (Fig. 3¢). We next
investigated whether Pakl was involved in the nigericin-triggered
activation of the NLRP3 inflammasome and observed that IPA-3
treatment was sufficient to inhibit both caspase-1 cleavage and the
release of LDH (Extended Data Fig. 5a,b). Furthermore, siRNA tar-
geting of Pakl was found to decrease nigericin-triggered caspase-1
maturation (Extended Data Fig. 5c).

To genetically prove the involvement of Pakl in NLRP3
inflammasome activation, we used Pakl-knockout mice. We
observed a reduction in caspase-1 cleavage triggered by CNF1 in
Pakl-knockout macrophages and a reduction in IL-1p secretion
(Fig. 3f,g). By contrast, the secretion of TNF-a was unaffected
(Fig. 3g). Both caspase-1 cleavage and IL-1f secretion triggered by
CNF1 were substantially reduced when the Pakl-knockout macro-
phages were treated with the Pak2 siRNA, suggesting that there is
a partial compensation in Pakl-knockout macrophages (Fig. 3f,g).

Pakl phosphorylates NLRP3 and triggers inflammasome activa-
tion. To further investigate whether NLRP3 is a substrate for the
Pakl serine-threonine kinase, we set-up an in vitro kinase assay.
When both Pakl and NLRP3 proteins were incubated with ATPy**,
we observed a band at the size of NLRP3, indicating that NLRP3
is directly phosphorylated by Pakl in vitro (Fig. 4a). The in vitro
kinase assay was then used to identify the phosphorylated sites
of NLRP3 by analysing the band corresponding to NLRP3 using
mass spectrometry. The analysis revealed that Pakl phosphory-
lates NLRP3 at three independent positions that correspond to
Ser 163, Ser 198 and Thr 659 in the human NLRP3 (Extended Data
Fig. 6a,c and Supplementary Table 1). Interestingly, the Ser 163 and
Ser 198 residues were previously reported to be phosphorylated,
and Ser 198 was reported to be important for NLRP3 priming*.
NLRP3 Thr 659 was not reported to be phosphorylated and, inter-
estingly, the identified peptide appears to be conserved between
humans and mice (Extended Data Fig. 6d). Reinforcing the poten-
tial conservation of the Pak—-NLRP3 axis, CNF1-triggered caspase-1
activation was observed in primary human macrophages and was
inhibited by treatment with NLRP3 inhibitor or Pakl inhibitor
(Extended Data Fig. 7a,b). In the inflammasome reconstitution
system, we next expressed the activated Pak1™** and compared
the effect of the expression of NLRP3 WT with the triple-mutant
NLRP3SIGASIBATSOA o gingle mutants NLRP3%1A, NLRP381%84 and

NLRP3"* in which the phosphorylated residues were replaced
with alanine residues, which are not sensitive to phosphorylation.
The results show that the triple-mutant NLRP3SI63ASIS8AT6®A gqpnd
the single mutant NLRP3"™%4 js impaired in IL-1p maturation trig-
gered by the activated Pak1™*%, indicating that the NLRP3 Thr 659
residue has an important role in Pakl-triggered NLRP3 inflam-
masome activation (Fig. 4b). Furthermore, we generated a T659D
phosphomimetic NLRP3 mutant and observed that, compared with
NLRP3"%4, the NLRP3™**" mutant had an increased ability to trig-
ger pro-IL-1p maturation (Fig. 4c). Importantly, similar results were
obtained when the Rho-GTPase-activating virulence factor SopE
was transfected to activate the pathway, highlighting the involve-
ment of this NLRP3 post-translational regulation for the sensing
of other virulence factors activating Rho GTPases (Extended Data
Fig. 8a). We next stably reconstituted immortalized macrophages
knocked-out for NLRP3 with plasmids encoding either NLRP3
or NLRP3™%4  Confirming our results, we observed impaired
CNF1-triggered IL-1f maturation/secretion in macrophages
expressing NLRP3™%* compared with macrophages expressing
WT NLRP3 (Fig. 4d,e). By contrast, TNF-a was similarly secreted
by macrophages expressing either NLRP3 or NLRP3"*4 (Fig. 4e).
After treatment with the DNT toxin, we also observed an impair-
ment in CNF1-triggered IL-1p maturation in macrophages express-
ing the NLRP3"**4 mutant compared with macrophages expressing
WT NLRP3 (Extended Data Fig. 8b). Reinforcing the importance
of this NLRP3 phosphorylation site in the inflammasome activa-
tion process, nigericin-triggered IL-1p maturation and secretion
were reduced in macrophages expressing the NLRP3™**4 compared
with the macrophages expressing NLRP3, whereas TNF-a secretion
was unaffected (Extended Data Fig. 9). Taken together, these results
show that phosphorylation of NLRP3 at Thr659 has a functional
role, and that Pakl is a regulator of the NLRP3 inflammasome.
Structural analysis of the NLRP3-Nek7 interaction revealed a puta-
tive interaction domain at the level of the Thr 659 of NLRP3 (ref. »).
Using co-immunoprecipitation experiments, we tested whether the
NLRP3SIGASIBATEOA triple mutant or NLRP3$!9%4, NLRP3%1*** and
NLRP3"** single mutants affected the interaction with endogenous
Nek7. The interaction between NLRP3 and Nek7 was impaired in
the NLRP3SI6ASI9S8ATOOA triple mutant and in the NLRP3™*4 mutant,
indicating that Thr659 is a critical site for NLRP3-Nek?7 interac-
tion and suggesting that the phosphorylation of NLRP3 at Thr 659 is
important for the NLRP3-Nek?7 interaction (Fig. 4f). This observa-
tion was confirmed using anti-Nek7 immunoprecipitation in mac-
rophages in which we found a decrease in NLRP3™*4 binding to
Nek7 compared with WT NLRP3 (Fig. 4g).

Clearance of CNFl-expressing E. coli during bacteraemia
requires the Pak-NLRP3 signalling axis. We next addressed the
relevance of the CNF1-triggered Pak-NLRP3 signalling axis during
infection. We observed an increase in caspase-1 maturation when
macrophages were infected with CNF1-expressing E. coli compared
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>

Fig. 4 | Pak1 phosphorylates NLRP3 to promote inflammasome activation. a, In vitro [y-32P]JATP kinase assay using human recombinant NLRP3
(arrows) and human recombinant Pak1 (arrowheads) analysed using autoradiography and Coomassie brilliant blue (CBB) staining. b, HEK293T cells
were transfected with plasmids encoding components of the NLRP3 inflammasome (ASC-GFP, mouse caspase-1), pro-IL-1p—Flag, Myc-Pak1™%¢, with
Myc-NLRP3, Myc-NLRP3%¢%, Myc-NLRP3%%8A, Myc-NLRP376%94 or Myc-NLRP3S163AS198AT69A and |L-13 maturation was analysed using immunoblotting.
¢, HEK293T cells were transfected with plasmids encoding components of the NLRP3 inflammasome (ASC-GFP, mouse caspase-1) and Myc-Pak1m2%,
with Myc-NLRP3, Myc-NLRP3™5°4 or Myc-NLRP3™>°, and IL-18 maturation was analysed using immunoblotting. d,e, NLRP3-knockout iBMDMs that
were reconstituted with either NLRP3 or NLRP37%%4 were treated with vehicle or LPS (100 ngml=") and CNF1 (500 ng ml~") for 8 h. d, Supernatants and
cell lysates were analysed using immunoblotting. e, Supernatants were analysed using ELISA for IL-1B (n=4 biologically independent samples) and
TNF-a (n=3 biologically independent samples). Data are mean +s.e.m. Statistical analyses were performed using two-tailed unpaired Student'’s t-tests.
f, HEK293T cells were transfected with plasmids encoding Myc-NLRP3, Myc-NLRP3%63A, Myc-NLRP3%"%8# Myc-NLRP376A or Myc-NLRP35163ASI98ATE59A,
Cell lysates were processed for anti-Myc immunoprecipitation and endogenous Nek7 was revealed using anti-Nek7 antibodies. g, NLRP3-knockout
iBMDMs that were reconstituted with either NLRP3 or NLRP37%>°A were treated with CNF1 (500 ngml™") for 6 h. Cell lysates were analysed using
immunoprecipitation with anti-Nek7 antibodies or isotypic IgG. Experiments were repeated at least three times, and representative data are shown.
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with the isogenic E. coli CNF1-knockout strain, and treatment with  bacteria were added to NLRP3-knockout macrophages (Fig. 5b).
NLRP3 or Pakl inhibitors decreased the caspase-1 cleavage trig-  Furthermore, the secretion of IL-1p triggered by CNF1-expressing
gered by the E. coli expressing CNF1 (Fig. 5a). Furthermore, IL-18  E. coli in macrophages complemented with the NLRP3™%** mutant
secretion triggered by the CNF1-expressing E. coliwasreduced when ~ was decreased compared with control macrophages expressing
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NLRP3 (Fig. 5¢). TNF-a secretion measured during infection with
CNF1-expressing E. coli was not affected in macrophages that were
isolated from NLRP3-knockout mice or macrophages expressing the
NLRP3"*4 mutant (Fig. 5b,c). We previously demonstrated that the
CNF1 toxin expressed by E. coli triggered both an immune response
in vivo and bacterial clearance during bacteraemia'’. To investigate
the role of Pakl during CNF1-expressing E. coli bacteraemia, we
used the Pak1 inhibitor AZ13711265, which blocks CNF1-triggered
IL-1p maturation (Supplementary Fig. 3) and is associated with
good in vivo pharmacokinetic properties”. We monitored the bac-
terial burden during bacteraemia in control mice or mice injected
with AZ13711265. Mice bacteraemia was measured for each mouse
at 4h, 24h and 48h after infection (Fig. 5d). The bacterial clearance
of CNF1-expressing E. coli was observed; no bacteria were detect-
able at 48h in all of the control animals (Fig. 5d). We measured a
statistically significant higher bacterial load at 48h and 77% of the
animals were found to be positive for bacteraemia in the mice that
were injected with the Pakl inhibitor, indicating that in vivo the
inhibition of Pakl is sufficient to inhibit the CNFI-expressing E.
coli clearance (Fig. 5d). We next used an NLRP3 inhibitor, MCC950,
which has been shown to be efficient in vivo*. We monitored bacte-
raemia in mice injected with MCC950 compared with the controls.
The bacterial clearance of CNF1-expressing E. coli in mice injected
with the NLRP3 inhibitor was significantly higher at 48 h, and 70%
of the animals were found to be positive for bacteraemia (Fig. 5d).
Consistent with our model, we observed no significant effect of
both AZ13711265 and MCC950 towards the bacterial clearance
when we infected mice with the isogenic E. coli CNF1-knockout
strain (Extended Data Fig. 10a). To genetically prove this point, we
infected WT mice, NLRP3-knockout mice or Pakl-knockout mice,
and compared the CNF1-expressing E. coli burden. Consistent with
the results obtained with the NLRP3 and Pak1 inhibitors, we did not
detect any bacteria in the blood of infected WT mice at 48 h, whereas
we measured a mean of 1.5x10* and 2.5%10? bacteria per mouse
in the blood of NLRP3-knockout and Pakl-knockout mice, respec-
tively (Fig. 5e,f). The smaller effect observed in Pakl-knockout
mice compared with NLRP3-knockout mice could be explained
by the redundancy observed between Pakl and Pak2 at the cellu-
lar level. The difference in the clearance of CNF1-expressing E. coli
measured at 48 h between W'T and NLRP3-knockout mice was still
observable at later time points and was not observed when mice were
infected with the isogenic E. coli CNF1-knockout strain, indicating
the specificity of the CNF1 response towards the NLRP3 pathway
in vivo (Extended Data Fig. 10b,c). Furthermore, we measured a
similar trend in the clearance of the CNF1-expressing E. coli strain
in WT and GSDMD-knockout mice (Extended Data Fig. 10d). We
next monitored the bacterial burden in mice that were infected with
CNF1-expressing E. coli and treated with AZ13711265, MCC950 or
both. We observed no differences in the bacterial clearance between
the three groups (Fig. 5d). NLRP3-knockout mice that were injected
with vehicle or with AZ13711265 demonstrated no differences in
bacterial clearance, suggesting that Pakl and NLRP3 act within the

same signalling pathway during bacteraemia (Fig. 5g). Together,
these results unravel the critical role of Pakl and NLRP3 in the
clearance of CNF1-expressing bacteria and their importance in the
innate immune response during bacteraemia.

Discussion

Our results shed light on a regulatory mechanism for NLRP3 after
the activation of Rac2 by the bacterial toxin CNF1. The level of
NLRP3 inflammasome activation is correlated with the strength of
the interaction between activated Rac2 and Pakl-RBD, indicating
that the innate immune system can adapt its response to the level
of Rac2 activity. This seems to be an elegant strategy to deliver a
commensurate response to the level of CNF1 toxin activity. Notably,
the phosphorylated peptide containing Thr659 of human NLRP3
isolated by mass spectrometry is highly conserved between species,
and the Pak-NLRP?3 axis is conserved in human macrophages and
is involved in the nigericin-triggered NLRP3 inflammasome acti-
vation. Complementary studies will be necessary to determine the
precise molecular mechanism in other species or in other contexts
as well as to determine whether the phosphorylation of NLRP3 at
Thr659 is a consensus site used by other kinases. Nevertheless, our
results show that phosphorylation of NLRP3 at Thr 659 is important
for NLRP3 inflammasome activation and suggest that it is impli-
cated in NLRP3-related inflammatory disorders or susceptibility
to infection.

Our results suggest that there is redundancy between Pakl and
Pak2, as shown by a partial compensation by Pak2 in Pak1-knockout
macrophages and mice. Further studies are required to clarify the
importance of each of the group-1 Pak proteins in the activation
of the NLRP3 inflammasome. Unfortunately, the Pak2-knockout
mutations in mice are embryonically lethal (at embryonic day 8.0)
and these studies would require the generation of conditional trans-
genic mice’’.

We unravelled a CNF1-triggered secretion of IL-1p that is not
linked to an increase in cell death and is independent of GSDMD.
Studies of NLRP3 inflammasome canonical triggers have demon-
strated different IL-1p secretion scenarios. In the conventional sce-
nario, caspase-1 cleaves the inflammasome-related cytokines and
GSDMD to generate active N-GSDMD***. N-GSDMD relocates in
the plasma membrane to form pores, enabling IL-1p secretion’*.
GSDMD pores are associated with pyroptosis in the case of classical
inflammasome activation or are controlled during inflammasome
hyperactivation, leading to secretion without pyroptosis*~°. The
CNF1-triggered IL-1p secretion seems to fall into another category,
independent of both GSDMD cleavage and cell death, that may
share similarities with the unconventional IL-1f secretion®. This
unconventional secretion relies on the affinity of IL-1 to the plasma
membrane ruffles that are characteristic of the CNF1-triggered
Rac GTPase activation. The mechanism explaining how CNF1
triggered caspase-1 activation without GSDMD cleavage remains to
be elucidated and may be unique to toxins activating Rho GTPases.
One hypothesis is that the activation of Rac2, in parallel to the
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Fig. 5 | Pak1 and NLRP3 control the burden of CNF1-expressing E. coli during bacteraemia. a, BMDMs isolated from C57BL/6 mice were pretreated for
45 min with TpM MCC950 or 5 pM IPA-3 and were infected or not (multiplicity of infection (m.o.i.) =5) with either E. coliN* or isogenic CNF1-deleted
mutant E. coli®F'-. Supernatants and cell lysates were analysed using immunoblotting. b,c, BMDMs isolated from C57BL/6 or C57BL/6 NLRP3-knockout
mice (b) or IBMDMs expressing NLRP3 or NLRP376>°A (¢) were infected (m.o.i.=5) with E. coli®N™*, The supernatants were analysed using ELISA.n=4
biologically independent samples per group. Data are mean +s.e.m. Statistical analyses were performed using two-tailed unpaired Student'’s t-tests.

d-g, Mice were intravenously infected with 107 colony-forming units (c.f.u.) of E. coliN™*, before collecting peripheral blood at 4 h, 24 h and 48 h for

the measurement of bacteraemia. d, C57BL/6J mice were injected intraperitoneally with vehicle, or with 50 mgkg™" MCC950 (n=10 mice), 10 mgkg™'
AZ13711265 (n=10 mice) or both once a day (n=9 mice). **P < 0.01 (each individual inhibitor-treated group compared with the group injected with
vehicle). e, WT (n=7 mice) or NLRP3-knockout C57BL/6J mice (n=6 mice) were analysed. ***P < 0.001. f, WT (n=4 mice) or Pakl-knockout C57BL/6)J
mice were analysed (n=4 mice). *P<0.05. g, NLRP3-knockout C57BL/6J mice were injected intraperitoneally with 10 mgkg~' AZ13711265 (n=7 mice) or
vehicle (n=9 mice) once each day. Experiments were repeated at least two times, and representative data are shown. Data are the geometric mean +95%
confidence interval. Statistical analyses were performed using two-tailed nonparametric Mann-Whitney U-tests. *P < 0.05, **P< 0.01, ***P<0.001.
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Pak1-NLRP3 pathway activation, inhibits the cleavage of GSDMD.
Similar to Toxoplasma gondii, the NF-kB activation triggered by
Rac2 might be another mechanism explaining the IL-1f secretion
independent of cell death and GSDMD™*. Rac2 signalling may also
regulate a potassium channel explaining the inhibition by KCI of
the CNF1-triggered IL-1f secretion. Favouring this hypothesis,
Rac GTPases have been found to modulate Kir2.1, a Kir-family
potassium channel™.

ARTICLES

Our study shows that NLRP3 is a major sensor of toxins that acti-
vate Rho GTPases, whereas previous research has shown the sensing
of Rho-GTPase-inactivating toxins by Pyrin'’. These studies high-
light that the mammalian innate immune system has evolved strate-
gies that share similarities with the effector-triggered immunity to
detect abnormal activation of Rho GTPases****'. Interestingly, both
inactivation of RhoA and activation of Rac2 by bacterial toxins
are monitored by Pyrin and NLRP3, respectively. More precisely,
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here we show that Rac GTPases that activate bacterial factors are
sensed by NLRP3 independently of the type of modification made.
Similarly, bacterial factors that inactivate RhoA activate Pyrin inde-
pendently of the type of modifications'>*>*. These results suggest
that the host guarding of Rho GTPase signalling integrity relies
on two sensors that monitor the abnormal Rho GTPase cycling
rather than toxin-triggered post-translational modifications of
host proteins or virulence factor enzymatic activities. Interestingly,
both Pyrin and NLRP3 require regulation by the serine-threonine
kinases PKN1/2 and Pak1/2, respectively. The fact that two different
inflammasomes have been evolutionarily selected to detect bacterial
toxins that modify Rho GTPases highlights the importance of Rho
GTPases in innate immunity.

Further studies are necessary to determine the in vivo conser-
vation of the Pak-NLRP3 axis and whether the sensing of other
Rho-GTPase-activating virulence factors by the NLRP3 inflamma-
some impacts the bacterial burden during infection. Similarly, we
expect that further studies will determine the importance of other
inflammasomes in detecting bacterial virulence factors that are
endowed with enzymatic activities.

Our results reveal the importance of Pakl and NLRP3 in con-
trolling the bacterial burden during bacteraemia in mice. Even
though further studies will be required to determine the role of the
Pak-NLRP3 signalling axis in patients with bacteraemia, our results
showing an increase in bacterial burden in MCC950-treated mice
suggest that caution will be necessary for the use of NLRP3 inhibi-
tors in the clinical setting. This is consistent with clinical data show-
ing that there is an increased risk of infections associated with IL-1
signalling inhibition***. One option would be to consider com-
bining inflammasome inhibitors with antibiotherapies or with an
enhanced surveillance for a potential for bacteraemia risk.

Methods

Ethics statement. This study was carried out in strict accordance with the
guidelines of the Council of the European Union (Directive 86/609/EEC) regarding
the protection of animals used for experimental and other scientific purposes. The
protocol was approved by the Institutional Animal Care and Use Committee on the
Ethics of Animal Experiments of Nice, France (APAFIS#18322-20181218099427035
v2 and APAFIS#24906-2020031614223228 v2).

Bacterial strains and toxins. The E. coli UTI89 clinical isolate was originally
obtained from a patient with cystitis* and the isogenic UTI89 CNF1* (E. coli~f'+)
or UTI89 CNF1- (E. coli“N*') streptomycin-resistant strain generation and culture
conditions were previously described'’. For the infections, a 1/100 dilution of an
overnight culture was inoculated and grown up to an optical density at 600 nm

of 1.2 using a Luria-Bertani (LB) medium supplemented with streptomycin

(200 pgml™). Bacteria were collected by centrifugation and washed twice in

PBS before dilution in PBS to obtain the desired bacterial concentrations for

the mouse infection experiments. Recombinant WT CNF1 and its catalytically
inactive form (CNF1°%¢) were produced and purified as previously reported*’**.
The recombinant DNT toxin was purified from pQEDNTwt using the same
protocol®. The recombinant proteins were passed through a polymyxin B column
(Affinity Detoxi-Gel, Pierce). The removal of endotoxin was verified using a
colorimetric limulus amebocyte lysate (LAL) assay (LAL QCL-1000, Cambrex).
Each stock of the CNF1 preparation (2 mgml~') was shown to contain less than 0.5
endotoxin units per ml. Plasmid expressing the virulence factor pPCMV-SopE-HA
was previously reported”” and SopE expression was stabilized by adding MG132
(10 pM) to the cells to block its proteasomal degradation as previously described™.
Plasmids expressing the pRK5-Myc-DNT were obtained by PCR amplification

of pQEDNTwt, and pCMV-HA-YopE was obtained by PCR amplification and
subcloning from pACY184-YopE-GSK (gift from I. Brodsky). All of the plasmids
were verified by sequencing (Eurofins).

Cell culture, transfection and inhibitors. HEK293T cells were obtained from
ATCC (CRL-3216) and maintained according to the ATCC instructions. BMDMs
were extracted from the femurs of BALB/c, C57BL/6], C57BL/6] knockin or
C57BL/6] knockout mice (aged 6-10 weeks) as indicated in the legends and

were cultured in RPMI GlutaMax medium (Life Technologies) supplemented
with 100 ngml~' M-CSF (premium grade, Miltenyi Biotec), 10% heat-inactivated
FBS (Biowest) and 50 pgml™' gentamycin (Life Technologies) at 37°C in an
atmosphere containing 5% CO,. The cells were seeded at a concentration of 10°
cells per well in a six-well plate. After 6d of differentiation, BMDMs were used for

experiments. HEK293T cells were transfected with plasmids using Lipofectamine
2000 (Life Technologies) according to the manufacturer’s instructions. siRNAs
were transfected in BMDMs for 72 h using Lipofectamine RNAIMAX Reagent
(Thermo Fisher Scientific) according to the manufacturer’s instructions. Cells
were transfected as indicated in the figure legends with siRNAs (Dharmacon)
targeting Nlrp3 (L-053455-00), Racl (L-041170-00), Rac2 (L-041171-01), Nek7
(J-063266-09), Pak1 (L-048101-00), Pak2 (L-040615-00) or non-targeting control
siRNA (D-001810-10). For the siRNA screen, the BMDMs were transfected with
siRNA (Dharmacon) targeting Nod1 (L-055182-00), Nod2 (L-052735-00), Nlrc3
(L-052823-01), Nlrc4 (L-055000-00), Nirc5 (L-067620-01), NlrxI (L-057712-01),
Ciita (L-043166-02), Naip1 (L-047682-00), Naip2 (L-044151-01), Naip5 (L-044142-
01), Naip6 (L-044145-01), Naip7 (L-065757-00), Nlrpla (L-066229-00), NirpIb
(L-161107-01), Nirp2 (L-053528-01), Nirp3 (L-053455-01), Nirp4a (L-052395-01),
Nirpdb (L-058181-01), Nlrp4c (L-049416-01), Nlrp4d (L-067051-01), Nirpde (L-
068064-01), Nlrp4f (L-052668-01), Nirpdg (L-066364-01), Nirp5 (L-045315-01),
Nirp6 (L-066157-01), Nirp9a (L-058269-01), Nlrp9b (L-066417-01), Nirp9c (L-
057344-01), Nlrp10 (L-056559-01), Nlrp12 (L-060234-01), Nirp14 (L-066093-01),
Pycard (L-051439-01), Mefv (L-048693-01) and Aim2 (L-044968-01). BMDMs
were pretreated with the following inhibitors for 45 min: 1 pM CP-456773 or
MCC950 (Sigma-Aldrich), 5 pM IPA-3 (Tocris), 1 pM FRAX597 (Tocris) or the
indicated concentration of AZ13711265 (AGV Discovery) in 2% FBS containing
RPMI followed by the addition of CNF1 500 ngml~" and/or ultrapure LPS
100ngml™" (Invivogen) as indicated in the figure legends. Cells treated with
nigericin 5uM (Invivogen) or ATP 5mM (Invivogen) for 30 min were used as
positive control for NLRP3 inflammasome activation. For K*-efflux-preventing
experiments, BMDMs were treated with 10 mM, 20 mM or 40 mM KCI. Primary
macrophages were infected with E. coli¥'* or the isogenic E. coli™''~ (m.o.i.=5)
for 16 h. Immortalized NLRP3-knockout BMDMs were stably complemented with
pINDUCER21 plasmids encoding human NLPR3 WT or NLRP3™** under a
doxycycline-inducible promoter as previously described’'. NLRP3 expression was
induced by adding 2 pgml~' doxycycline for 16 h (Takara Bio). All of the cell lines
were authenticated using PCR assays with species-specific primers. Mycoplasma
testing was negative.

Mouse model of infection. Female C57BL/6] mice (aged 7 weeks; Charles River
Laboratory) were injected intraperitoneally with MCC950 (Sigma-Aldrich) at
50mgkg every 24h or AZ13711265 (AGV Discovery) at 10mgkg™" every 24h

or both. NLRP3-knockout mice were provided by V. Petrilli and were described
previously”. The Pakl-knockout, GSDMD-knockout and ASC-citrine-knockin
mice used in this study were reported previously'”*>**. Female NLRP3-knockout or
Pakl-knockout and female congenic WT C57BL/6] littermate mice were injected
intravenously with 107 colony-forming units of E. coli and the determination of
bacteraemia was monitored as previously described''. Mice were housed with
their littermates and kept under a regular 12h-12h light-dark cycle at room
temperature (20-25°C) and a relative humidity of 50-70%. Food and water were
available ad libitum. Experiments were performed under pathogen-free conditions
with randomly chosen animals (same sex, matched by age and body weight).
Investigators were blinded for in vivo experiments. Sample size was determined on
the basis of our previous research'' and using G*Power software.

Reconstituted NLRP3 inflammasome in HEK293T cells. HEK293T cells were
transfected with plasmids encoding the NLRP3 inflammasome components as
previously described”-**. HEK293T cells were transfected with plasmids encoding
Myc-NLRP3 or NLRP3 mutants, ASC-GFP, mpro-caspasel and pro-IL-1p-Flag.
Where indicated in the legend, cells were cotransfected with HA-Rac2, the
constitutively active mutant of Rac2 mimicking CNF1-induced deamidation
Rac2¥®'E, Rac2?, Rac29'?Y or Rac2™"™, a dominant negative mutant of Rac2

for 16 h. The monitoring of caspase-1 or IL-1p cleavage was performed using
supernatant immunoblotting.

Immunoprecipitation. HEK293T cells were transfected with plasmids encoding
Myc-NLRP3, Myc-NLRP3SI6ASIA 6590 My NLRP39'6% and Myc-NLRP3'6%,
GFP-NLRP3, Myc-Pak1™#E and HA-Rac2%'E, or NLRP3 expression was induced
by adding 2 pgml~" doxycycline for 16h to iBMDMs stably expressing NLPR3 or
NLRP3™4, Cells were lysed and processed for immunoprecipitation using 2 pug
of anti-Myc or 3 pg of anti-Nek?7 antibodies according to previously described
conditions™. The expression of NLRP3 and endogenous levels of Nek7 were
monitored in the cell lysate as well as in the immunoprecipitated fraction.

LDH release. The supernatant of stimulated macrophages was collected and
centrifuged at 300g for 5min to remove cellular debris. LDH measurement was
performed using the LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions, in samples diluted 1:5 in PBS. Data
were plotted as the percentage of LDH release considering a Triton X-100 treated
well as 100%.

Cell permeabilization kinetics. BMDMs were plated and stimulated in a

96-well plate in medium containing propidium iodide (0.1 ugml~') and data
were acquired with a X10 objective using the IncuCyte Zoom system v.6.2.9200.0
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(Essen BioScience) under a CO,- and temperature-controlled environment.
Each condition was run in quadruplicate. The number of fluorescent objects was
counted using Incucyte Zoom (Essen BioScience).

In vitro kinase assay. Recombinant purified Pakl (500 ng) was incubated with 1pg of
recombinant human NLRP3 protein (Abcam, ab165022), and with 50 pM ATP and
4pCi of [y 32P]ATP in kinase buffer (50 mM HEPES pH 7.3, 50 mM NaCl, 0.05%
Triton X-100, 10mM f-glycerophosphate, 5mM NaF, 10mM MgCl, and 0.2mM
MnCl,) at 30°C for 30 min in a final volume of 39 pl. The reaction was stopped by
adding 15 pl of LDS (Thermo Fisher Scientific) and 6 pl of dithiothreitol 500 mM.
Samples were analysed by electrophoresis using Bolt 4-12% Bis-Tris Plus gels
(Thermo Fisher Scientific) followed by Coomassie blue staining and autoradiography.

Immunofluorescence staining, antibodies and ELISA assays. Caspase-1 activation
was detected using the fluorescent probe FAM-FLICA (ImmunoChemistry
Technologies) after 6h of treatment, according to the manufacturer’s instructions.
After labelling, cells were fixed in 4% paraformaldehyde for 15 min, PFA was
neutralized with 50 mM NH,Cl for 15 min, cells were permeabilized with 0.5%
Triton X-100 for 5min and blocked with 2% TBS-BSA. Cells were incubated

with mouse anti-NLRP3 (clone Cryo-2, Adipogen) and/or rabbit anti-ASC
(AG-25B-0006, Adipogen) or rabbit anti-phosphorylated-Pak (ab40795, Abcam)
antibodies for 1h followed by incubation with the secondary antibodies TexasRed
anti-mouse IgG (T1-2000, Vector Laboratories) or Cy5 anti-mouse IgG (715-175-151,
Jackson Immunoresearch) and/or TexasRed anti-rabbit IgG (711-075-152, Jackson
Immunoresearch) and/or phalloidin Alexa Fluor 647 (ab176759, Abcam) and
Hoechst 33342 (H1399, Thermo Fisher Scientific) for 30 min. Cells were imaged
using a Nikon A1R confocal microscope. The following antibodies were used

in this study: rabbit anti-IL-1p (GTX74034, Genetex), mouse anti-caspase-1

(clone Casper-1, Adipogen), mouse anti-Rac (clone 102/Racl, BD Biosciences),
goat anti-Rac2 (ab2244, Abcam), mouse anti-NLRP3 (clone Cryo-2, Adipogen),
rabbit anti-Nek7 (ab133514, Abcam), rabbit anti-Pak1 (2602, CST), rabbit anti-Pak2
(2608, CST), rabbit monoclonal anti-GSDMD (ab209845), mouse anti-p-actin
(AC-74, Sigma-Aldrich), mouse anti-Myc (9E10, Roche), mouse anti-HA (16B12,
Covance), mouse anti-Flag (clone M2, Sigma-Aldrich), mouse anti-GFP (clone
7.1,13.1, Roche). Cytokine secretion was determined by ELISA using the mouse
Quantikine ELISA kits for mouse IL-6, IL-18, TNF-a and IL-1p (R&D Systems)
according to the manufacturer’s instructions.

Flow cytometry analysis. BMDMs isolated from C57BL/6] mice constitutively
expressing ASC—citrine fusion protein (R26-CAG-ASC-citrine) were treated

with LPS (100ngml™) for 16 h before 6 h of treatment with vehicle or CNF1

(500 ng ml™') or 30 min with nigericin (5uM). Cells were collected and analysed by
flow cytometry using a BD FACSCanto II cytometer (BD Biosciences). Cytometry
data were analysed using Flow]Jo v.10.6.2. Doublets were excluded using a side
scatter (SSC)-A (area) and SSC-H (height) plot; cells with a high expression of
ASC-citrine were gated and then analysed for ASC-citrine signal area (ASC—
citrine-A) and ASC—citrine signal height (ASC—citrine-H). Cells with ASC specks
were defined with a higher ASC-H:ASC-A ratio.

Statistical analyses. Statistical analyses were performed using GraphPad

Prism v.8.2.1. Comparisons of the bacterial load of mice were performed using
nonparametric Mann-Whitney U-tests. Statistical analyses of FAM-FLICA* cells,
cytokine secretion and LDH release were performed using unpaired two-tailed
Student’s t-tests.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the Article and
its Supplementary Information or from the corresponding author on reasonable
request. Source data are provided with this paper.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| CNF1 triggers Caspase-1 activation and ASC specks formation. a, BMDMs isolated from BALB/c mice were either treated with
vehicle (control) or CNF1 (500 ngml™), inactive catalytic mutant CNF1 C866S (500 ng/mL) for 6 h, or Nigericin (5 pM) for 30 min. Active Caspase-1was
revealed with FAM-FLICA (green), ASC was stained using an anti-ASC antibody (Texas Red), nuclei and actin filament were stained with Hoechst and
phalloidin-Alexa 647 respectively. Cells were analyzed by confocal microscopy. Arrows indicates FAM-FLICA dots that colocalize with the ASC staining.
Scale bar: 10pm. b, BMDM isolated from C57BL/6 J mice constitutively expressing ASC-citrine fusion protein (R26-CAG-ASC-citrine) were transfected
with the indicated siRNA for 72 h prior to 6 h of CNF1 treatment (500 ng/mL) or treated with vehicle (control). Percent of cells with ASC specks. Data
are expressed as the mean + SEM. Each dot represents 10° cells (n =2 biologically independent samples). ¢, BMDM isolated from C57BL/6 J mice
constitutively expressing ASC-citrine fusion protein (R26-CAG-ASC-citrine) were treated 6 h with CNF1 (500 ng/mL) or Nigericin (5 M) for 30 min or
vehicle (control). Cells were analyzed for ASC speck formation by flow cytometry as indicated, doublets were excluded using SSC-A and SSC-H plot, cells
with a high expression of ASC-citrine were gated and then analyzed for ASC-citrine area (ASC-citrine-A) and ASC-citrine height (ASC-citrine-H). Cells
with ASC specks are defined with a higher ASC-H:ASC-A ratio. Experiments were repeated at least three times, and representative data are shown.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | NLRP3 inflammasome activation by CNF1 does not induce pyroptosis. a, BMDMs isolated from C57BL/6 J mice were treated
with vehicle (control), Nigericin (5 pM) or CNF1 (500 ng/mL or 5 pg/mL) with or without LPS (100 ng/mL). Propidium iodide (P1) uptake was monitored
over time (red object count) by real time imaging. Data are expressed as mean + SD. 10* cells were analyzed for each replicate (n=4 independent
wells). b, BMDMs isolated from C57BL/6 J mice were treated with vehicle (control, n=6 independent experiments), LPS (100 ng/mL, n=4 independent
experiments), LPS and CNF1 (500 ng/mL, n=6 independent experiments) or LPS and Nigericin (5uM, n=4 independent experiments), and LDH

release was assessed. Data are expressed as the mean + SEM. Statistical analyses were performed using a two-tailed nonparametric Mann Whitney test.
¢, BMDMs isolated from C57BL/6 J mice were treated either with Nigericin (5 uM) for 30 min or CNF1 (0.5, 1 or 5 pg/mL) for 8 h and GSDMD cleavage

in cell lysates is shown. d, BMDMs isolated from C57BL/6 J wild-type or CASP1, CASP11, PYCARD (coding for ASC) or GSDMD knock-out mice were
untreated or treated with CNF1 (500 ng/mL) for 6 h and were analyzed for Caspase-1 activation using the FAM-FLICA probe. Data are expressed as the
mean + SEM. Statistical analyses were performed using a two-tailed unpaired Student'’s t-test. Each dot represents 100 cells (n=700 cells). e, BMDMs
isolated from wild-type or GSDMD knock-out mice were treated with CNF1 (500 ng/mL) and LPS (100 ng/mL) for 8 h as indicated. Supernatants and cell
lysates were analyzed by immunoblot. The numbers on the side of the immunoblots indicate molecular weight (kDa). Experiments were repeated at least
three times, and representative data are shown.
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Extended Data Fig. 3 | CNF1-triggered inflammasome activation depends on NLRP3, Nek7 and K+ efflux. a,b, BMDMs isolated from C57BL/6 J mice were
transfected with siRNA-targeting NLRP3 (a), siRNA-targeting Nek7 (b), or control non-targeting siRNA for 72 h before treatment with CNF1 (500 ng/mL)
and/or LPS (100 ng/mL) for 8 h. Supernatants and cell lysates were analyzed by immunoblot. ¢,d, BMDM:s isolated from C57BL/6 J mice (c¢) or iBMDMs
(d) were treated with the indicated KCI concentration and CNF1 (500 ng/mL) for 8 h. ¢, Supernatants and cell lysates were analyzed by immunoblot, or (d)
cell lysates were analyzed using a GST-Pak-RBD pull-down assay. The Rac associated with the GST-Pak-RBD beads is indicated as Rac-GTP. The numbers
on the side of the immunoblots indicate molecular weight (kDa). Experiments were repeated at least three times, and representative data are shown.
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Extended Data Fig. 4 | Toxins mediated Rho GTPases activation but not inhibition trigger the NLRP3 inflammasome. a, BMDM:s isolated from

wild-type or NLRP3 knock out C57BL/6 J mice were treated with DNT (Tug/mL) for 8 h. Supernatants and cell lysates were analyzed by immunoblot.

b-c, HEK293T cells were transfected as indicated with plasmids encoding NLRP3 inflammasome components (myc-NLRP3, ASC-GFP, mCaspase-1) and
pro-IL-1B-Flag together with (b) myc-DNT, HA-YopE or myc-Dbl**>%% or (¢) transfected with SopE-HA and treated with MG132 to block SopE degradation
(10 pM). Supernatants and cell lysates were analyzed by immunoblot. d, BMDMs isolated from C57BL/6 J mice were treated with IPA-3 (5puM) or
MCC950 (1pM) for 45 min prior to 8 h of DNT treatment (1ug/mL). Supernatants and cell lysates were analyzed by immunoblot. The numbers on the side
of the immunoblots indicate molecular weight (kDa). Experiments were repeated at least three times, and representative data are shown.
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Extended Data Fig. 5 | Inhibition of Pak1 diminishes NLRP3 activation by Nigericin. a,b, BMDMs isolated from C57BL/6 J mice were treated with
MCC950 (1uM) or IPA-3 (5 uM) for 45 min prior to Nigericin (5 pM) treatment for 30 min. Supernatants and cell lysates were analyzed by (a)
immunoblot and (b) supernatants were analyzed for LDH release (n=3 biologically independent experiments). Statistical analyses were performed using
a two-tailed nonparametric Mann Whitney test. n=3 biologically independent samples were analyzed. ¢, BMDM:s isolated from C57BL/6 J mice were
treated for 72 h with non-targeting (CT) or Pakl-targeting siRNA before treatment with Nigericin (5puM) for 30 min. Supernatants and cell lysates were
analyzed by immunoblot. The numbers on the side of the immunoblots indicate molecular weight (kDa). Experiments were repeated at least three times,
and representative data are shown. Data are expressed as the mean + SEM.
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Extended Data Fig. 6 | Mass spectrometry analysis of Pak1 triggered NLRP3 phosphorylation. a-c, Fragmentation spectra of human NLRP3 peptides
showing phosphorylation of Ser-163, Ser-198 and Thr-659. d, Representation of NLRP3 domain structure and sequence alignment of NLRP3 ortholog
peptides surrounding phosphorylated residues identified by mass spectrometry. The phosphorylated residues are in bold red.

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology


http://www.nature.com/naturemicrobiology

NATURE MICROBIOLOGY ARTICLES

Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Conservation of the Pak-NLRP3 axis in Human monocyte-derived macrophages. a-b, Human monocyte-derived macrophages
(hMDMs) were pretreated with vehicle, MCC950 (1pM) or IPA-3 (5pM) for 45 min before CNF1 (500 ng/mL) treatment for 6 h. Active Caspase-1

was stained with FAM-FLICA (green), NLRP3 (red) and nuclei (blue) were stained for immunofluorescence and confocal microscopy imaging. Arrows
indicates FAM-FLICA dots that colocalize with NLRP3. Scale bar: 20 pm. b, quantification of FAM-FLICA positive cells. Data are expressed as the mean +

SEM. Statistical analyses were performed using a two-tailed unpaired Student'’s t-test. Each dot represents 100 cells (n=1800 cells). Experiments were
repeated at least three times, and representative data are shown.
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Extended Data Fig. 8 | The NLRP3 T659A mutant inhibit the IL-1p maturation triggered by SopE and DNT. a, HEK293T cells were transfected with
plasmids encoding NLRP3 inflammasome components (ASC-GFP, mCaspase-1) and pro-IL-1B-Flag and either myc-NLRP3 (WT) or myc-NLRP3 T659A
together with SopE-HA and treated with MG132 (10 pM) to block SopE degradation. Supernatants and cell lysates were analyzed by immunoblot.

b, NLRP3 knock-out iBMDMs reconstituted either with NLRP3 or NLRP3 T659A were treated with vehicle or LPS (100 ng/mL) and DNT (1pg/mL) for 8 h.
The numbers on the side of the immunoblots indicate molecular weight (kDa). Experiments were repeated at least three times, and representative data
are shown.
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Extended Data Fig. 9 | Macrophages expressing the NLRP3 T659A mutant have an impaired Nigericin- triggered IL-1f maturation. a-b, iBMDMs stably
expressing either NLRP3 or NLRP3 T659A were treated with Nigericin (5 pM) for 30 min. Supernatants and cell lysates were analyzed by immunoblot and
by ELISA for IL-1B (n=4 biologically independent samples) and TNF-a (n=3 biologically independent samples). Data are expressed as the mean + SEM.
Statistical analyses were performed using a two-tailed unpaired Student'’s t-test. The numbers on the side of the immunoblots indicate molecular weight
(kDa). Experiments were repeated at least three times, and representative data are shown.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | E. coli °N*'- clearing is not affected by Pak1 or NLRP3 inhibition and E. coli “\*'+ clearing does not rely on GSDMD. a-d, Wild-type
or knock-out mice were infected intravenously with isogenic CNF1-deleted E. coli (E. coli “N'=) or CNF1 expressing E. coli (E. coli “N'*). a, Wild-type mice
were injected intraperitoneally with 10 mg/kg AZ13711265 or 50 mg/kg MCC950 or vehicle once a day and were infected intravenously with isogenic
CNF1-deleted E. coli (E. coli “NF-) prior to the collection of peripheral blood at 4 h, 24 h and 48 h for measurement of bacteraemia (n=>5 mice per group).

b, Wild-type or NLRP3 knock-out C57BL/6 J mice were infected intravenously with CNF1 expressing E. coli (E. coli NF'+) prior to the collection of peripheral
blood at 4 h, 24 h, 48h, 72h and 96 h for measurement of bacteraemia (n=6 per group). ¢, Wild-type (n=6 mice) or NLRP3 knock-out C57BL/6 J mice
(n=4 mice) were infected intravenously with isogenic CNF1-deleted E. coli (E. coli “NF'-) prior to the collection of peripheral blood at 4 h, 24 h and 48 h for
measurement of bacteraemia (n=6 per group). d, Wild-type (n=6 mice) or GSDMD knock-out C57BL/6J mice (n=6 mice) were infected intravenously
with E. coli NF* prior to the collection of peripheral blood at 4 h, 24 h and 48 h for measurement of bacteraemia. Experiments were repeated two times and
representative data are shown. Data are expressed as the geometric mean + 95 Cl.
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Supplementary figure 1: CNF1-triggered IL-1pB secretion depends on NLRP3. BMDMs
isolated from wild type or NLRP3 knock-out C57BL/6J mice were treated with LPS (100 ng/mL)
and with CNF1 (500 ng/mL) for 8 h. Supernatants were analyzed for cytokine secretion by ELISA
for IL-18, IL-18 (n=4 biologically independent samples) and IL-6 and TNF-a (n=6 biologically
independent samples). Data are expressed as the mean £ SEM. Statistical analyses were performed
using a two-tailed unpaired Student’s t-test. Experiments were repeated at least four times, and

representative data are shown.
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Supplementary figure 2: NLRP3 and active Caspase-1 colocalize with phosphorylated Pak.
BMDMs isolated from BALB/c mice were treated or not with CNF1 (500 ng/mL) for 6 h. Active
Caspase-1 was stained with FAM-FLICA (green), NLRP3 (purple) and phospho-Pak (red) were
stained for immunofluorescence microscopy analysis. Scale bar: 10pm. Experiments were repeated at

least three times, and representative data are shown.
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Supplementary figure 3: CNF1-triggered IL-13 maturation is inhibited by the Pakl inhibitor
AZ13711265. BMDMs isolated from BALB/c mice were treated or not with AZ13711265 (1 or 5 uM as
indicated) for 45 min before treatment with CNF1 (500 ng/mL) and LPS (100 ng/mL) for 8 h. Supernatants
and cell lysates were analyzed by immunoblot. The numbers on the side of the immunoblots indicate

molecular weight (kDa). Experiments were repeated at least three times, and representative data are shown.



Peptide sequence Position Modscore A Modscore B

R.LGESVS#LNK.R 163 48,9 60,9
K.TKTCES#PVSPIK.M 198 51 7,8
K.IEINLST#R.M 659 24,4 30,5

Supplementary Table 1: Phosphorylated peptide sequence, assigned position and Modscore A and
B values for each phosphorylation site assignment. Phosphorylation site is considered confidently
assigned to a residue when both Modscore A and B are above 19 (red). In peptide sequence, dots

indicate the trypsin cleavage sites and the hashtag follows the phosphorylation sites of human NLRP3.



2. Activation de lI'inflammasome NLRP3 au cours du COVID-19 et évolution des patients

Contexte et objectifs de recherche

Les premiers cas de COVID-19 sont détectés début décembre 2019 a Wuhan (Chine) et le 11 mars 2020,
I’'OMS considére le COVID-19 comme une pandémie. Si une grande partie des sujets infectés par le
SARS-CoV-2 présentent un syndrome pseudo-grippal ou sont asymptomatiques, environ 10%
développent une forme sévere caractérisée par une atteinte pulmonaire et un syndrome respiratoire
aigu sévere (SRAS). Tres rapidement, des études font un lien entre la sévérité des patients et des taux
plasmatiques élevés de cytokines pro-inflammatoires. Parmi ces cytokines figurent I'lL-1R, I'lL-18 ainsi
gue I'lL-1RA. Ces cytokines semblent indiquer qu’un inflammasome pourrait jouer un role dans la
tempéte cytokinique associée aux formes séveres de COVID-19. Nous avons utilisé I'expertise que nous
avons au laboratoire dans le suivi de I"activation de la Caspase-1 (grace a la détection de I"activation de
cette derniere par la sonde fluorescente FAM-YVAD-fmk) au cours de la bactériémie chez la souris et
I"homme pour évaluer I'état d’activation des inflammasomes dans les cellules myéloides circulantes des
patients COVID-19. De plus, nous avons utilisé nos observations pour mettre au point le score basé sur
la détection d’activation de la Caspase-1 (C1B) permettant de prédire I'amélioration ou la détérioration

de I'état clinique des patients atteints COVID-19 dans les 48 heures suivant le test.
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Heterogeneous NLRP3 inflammasome signature in circulating myeloid
cells as a biomarker of COVID-19 severity
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m Dysregulated immune response is the key factor leading to unfavorable coronavirus disease
2019 (COVID-19) outcome. Depending on the pathogen-associated molecular pattern, the
* Measurement of NLRP3 inflammasome can play a crucial role during innate immunity activation. To date,
, play g y
NLRP{B |nfllammasome studies describing the NLRP3 response during severe acute respiratory syndrome
activation in the blood . . . . . . .
. coronavirus 2 infection in patients are lacking. We prospectively monitored caspase-1
of patients reveals an o ) . . . . .
impaired immature activation levels in peripheral myeloid cells from healthy donors and patients with mild to
P . . critical COVID-19. The caspase-1 activation potential in response to NLRP3 inflammasome
neutrophil response in ) i ; N dim
severe COVID-19. stimulation was opposed between nonclassical monocytes and CD66b"CD16 ‘
granulocytes in severe and critical COVID-19 patients. Unexpectedly, the CD66b*CD16%4™
granulocytes had decreased nigericin-triggered caspase-1 activation potential associated
with an increased percentage of NLRP3 inflammasome impaired immature neutrophils and
a loss of eosinophils in the blood. In patients who recovered from COVID-19, nigericin-

* Inflammasome signa-
ture analysis in circulat-
ing myeloid cells allows
COVID-19 patients to
be stratified and pre-
dicts evolution.

triggered caspase-1 activation potential in CD66b"CD16%™ cells was restored and the
proportion of immature neutrophils was similar to control. Here, we reveal that NLRP3
inflammasome activation potential differs among myeloid cells and could be used as

a biomarker of a COVID-19 patient’s evolution. This assay could be a useful tool to predict
patient outcome. This trial was registered at www.clinicaltrials.gov as #NCT04385017.

Introduction

Severe acute respiratory syndrome (SARS) coronavirus 2 (SARS-CoV-2) is a novel human coronavirus
that emerged in December 2019 in Wuhan, China." The virus is responsible for a contagious respiratory
illness named coronavirus disease 2019 (COVID-19), which can evolve into life-threatening SARS in
some cases.? However, some patients infected by SARS-CoV-2 suffer from mild COVID-19 conditions,
reporting only slight cough and low-grade fever, and cases of even asymptomatic carriers have been
reported.? As for most viral infections, it is very likely that the outcome of the infection is mainly governed
by the interplay between virus and host antiviral immunity.®* Innate immunity is the first line of defense
against pathogen invasion in naive patients. It plays an essential role in restricting viral replication and
activating adaptive immunity during the first stages of infection. Innate immune defects have been
involved in susceptibility to infection whereas activating mutations can cause autoinflammatory
diseases.® Both innate and adaptive immunity work as a continuum that starts by an efficient detection of
the pathogen by the innate immune system.® The innate immune detection system of viruses relies on

Submitted 30 November 2020; accepted 3 February 2021; published online 8 March Requests for data may be e-mailed to the corresponding author, Laurent Boyer, at
2021. DOI 10.1182/bloodadvances.2020003918. laurent.boyer@univ-cotedazur.fr.

The full-text version of this article contains a data supplement.
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pattern recognition receptors (PRRs). PRRs are conserved proteins
able to sense pathogen-associated molecular patterns specific to
microbes.” Viral nucleic acids as well as viral proteins have been
shown to interplay with PRRs.2 Among the PRRs, inflammasomes
control the maturation of interleukin-13 (IL-1B) and IL-18 cyto-
kines.? The NLRP3 inflammasome is the most extensively studied
and is activated by either pathogen-associated molecular patterns
or damage-associated molecular patterns. Among these triggers,
nigericin is a bacterial pore—forming toxin widely used as a specific
activator of the NLRP3 inflammasome. The stimulation of NLRP3 by
nigericin results in assembly of the inflammasome through re-
cruitment of the adaptor protein apoptosis-associated speck-like
protein containing a C-terminal caspase recruitment domain (ASC)
and the recruitment and activation of caspase-1, which has
proteolytic activity and allows the maturation of pro-IL-18 into
active IL-18.

Recent studies suggest that the death of COVID-19 patients with
no medical history can be attributed to a cytokine storm that is
similar to what is observed during sepsis with excessive plasma IL-6
and IL-1B levels."®"? Recent reports have suggested a potential
role of NLRP3 inflammasome during the COVID-19 cytokine storm,
and clinical evidence of NLRP3 inflammasome involvement during
COVID-19 is emerging.'®2° Furthermore, clinical trials have been
designed to dampen either the NLRP3 inflammasome or IL-13
cytokine-dependent inflammation, but the knowledge concerning
NLRP3 inflammasome activation in COVID-19 patients is still
limited.

To address this point, we designed an assay to monitor NLRP3-
triggered caspase-1 activation in the whole blood of COVID-19
patients. Here, we used this assay to determine the innate immune
status of patients by identifying myeloid cell activation profiles and
propose these biomarkers as a tool to predict COVID-19 severity.

Methods
Study design and ethics

This prospective study was performed in the Emergency De-
partment, Infectious Diseases Department, and intensive care unit
(ICU) of the University Hospital of Nice (Nice, France) as well as in
the ICU of Cannes Hospital (Cannes, France) between May and
October 2020. A French ethics committee (Comité de Pro-
tection des Personnes NORD OUEST-1) approved the study
(national registration number 2020-00959-30). The study design
is summarized next.

All adult patients managed for COVID-19 in either institution were
eligible. COVID-19 diagnosis was confirmed by positive SARS-
CoV-2 reverse transcription—polymerase chain reaction on naso-
pharyngeal swab specimen. The exclusion criteria included
pregnancy, breastfeeding, bone marrow aplasia, or HIV infection
with a CD4 T-cell count <200/p.L. Eligible participants provided
written informed consent. When required during ICU management,
written informed consent was provided by the surrogate decision-
maker and confirmed later by patients themselves. The following
characteristics of patients were collected: sex, age, and comorbid-
ities; acquired, drug-induced, or congenital immunosuppression;
oxygen supply or mechanical ventilation; COVID-19 symptoms;
and complete blood cell count for hospitalized patients. COVID-
19 disease severity was classified according to World Health
Organization (WHO) guidelines.?' As daily arterial blood gas is not
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performed outside of the ICU, we used the pulse oximetric
saturation in oxygen (Spoy)/fraction of inspired oxygen (Fio,) ratio
(Spog/Fio,) to monitor respiratory dysfunction on the day of
inclusion and 48 hours later. When Fio, could not be measured,
it was calculated as follows: (oxygen flows in liters per minute) X
0.03 + 0.21.%2 Unfavorable outcome was defined as death, ICU
transfer, or requirement of mechanical ventilation for patients
directedly admitted to the ICU. Blood samples from healthy donors
were used for comparison and characterization purposes. The
recovered COVID-19 patients analyzed were clinically cured and
were reanalyzed at a minimum of 29 days after inclusion (mean, 39
days). Blood samples from recovered patients followed the same
protocol. Informed consent was provided according to the Declara-
tion of Helsinki following the recommendations of an independent
scientific review board. The project has been validated by the
Etablissement Frangais du Sang, the French National Agency for
Blood Collection (13-PP-11/CCTIRS no. 14.266).

Statistical analysis

Statistical analysis of flow cytometry data was performed with a Mann-
Whitney nonparametric U test. Patient characteristics were analyzed
using the Fisher's exact test, the X2 test, the unpaired Student ¢ test,
or 1-way analysis of variance where appropriate. Single correlations
among Spo,/Fio, ratio and flow cytometry data were evaluated with
the Spearman coefficient of correlation. The relationship between
Spoo/Fio, ratio and flow cytometry data were checked by visual
inspection of scatterplots and outliers were controlled before the
analyses.

ELISAs

Plasma from healthy donors or COVID-19 patients was obtained
from the sodium citrate collection tubes used for flow cytometry
analysis and stored at —80°C so that all samples could be analyzed
simultaneously. The cytokine levels in the plasma were determined
by enzyme-linked immunosorbent assay (ELISA) using human
Quantikine ELISA kits for IL-1B, IL-1RA, IL-18, and IL-18BPa
(R&D Systems) according to the manufacturer’s instructions.

Ex vivo stimulation of whole blood and flow cytometry

Whole-blood samples were obtained using sodium citrate collec-
tion tubes and analyzed 24 hours later. Peripheral blood was diluted
1/1 with RPMI 1640 medium and treated with 5 pM nigericin
(Invivogen) or vehicle for 30 minutes at 37°C under agitation
(500 rpm on Eppendorf ThermoMixer). Caspase-1 activation was
detected using the FAM-FLICA Caspase-1 Assay kit (Immuno-
Chemistry Technologies) according to the manufacturer's instruc-
tions. Briefly, cells were incubated with the FAM-FLICA probe for
30 minutes at 37°C before being washed: 1 mL of RPMI 1640 was
added to dilute the nonbounded probe. Cell-surface markers were
stained for 10 minutes in the dark at room temperature using
the following recombinant antibodies (1/100; Miltenyi Biotec):
CD45-VioGreen (clone REA747), CD14-allophycocyanin (APC)-
Vio770 (clone REA599), CD66b-phycoerythrin (PE)-Vio770
(clone REA306), CD16-PE (clone REA423), CD15-APC (clone
VIMCS6), CD10 APC-Vio770 (clone REA877), and Siglec-8 PE-
Vio615 (clone REA1045). Red blood cells were lysed using BD
Pharm Lyse buffer (BD Biosciences) according to the manufac-
turer’s instructions. Cells were fixed with 4% paraformaldehyde for
10 minutes. A minimum of 10° leukocytes (CD45™) were recorded
per condition. Cells were analyzed using a MACSQuant 10 flow
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cytometer from Miltenyi Biotec. Data were analyzed with FlowJo and
GraphPad Prism software. After single cells were gated and debris
excluded, peripheral blood mononuclear cells were identified as
CD45" cells. Monocytes and granulocytes were then gated as
CD14" and CD66b™ cells, respectively. The gating strategy used
in this study is represented in supplemental Figures 1 and 2.

Results

Patient recruitment

Sixty-six COVID-19 patients and 24 healthy donors were included
during the study period; their main clinical characteristics are
presented in supplemental Table 1. COVID-19 patients were
recruited upon SARS-CoV-2" reverse transcription—polymerase
chain reaction; healthy donors were negative for SARS-CoV-2
serological assays. Patients were classified into 4 groups (mild,
moderate, severe, and critical) in accordance with WHO
guidelines.?’ None had any acquired, baseline drug-induced,
or congenital immunosuppression. Blood from 24 healthy donors
with a mean age of 62 years underwent the same assay at the same
time, parallel to COVID-19 patients. Eight patients were included
during their ICU stay whereas 4 patients included during their
management in our Infectious Diseases Ward were subsequently
admitted in ICU.

Steady-state caspase-1 activity in circulating
myeloid cells

The FAM-FLICA probe (FAM-YVAD-FMK) was previously shown to
be a powerful tool for monitoring inflammatory caspase-1 activation
in monocytes during bacterial infection.?® To determine caspase-1
activation levels in multiple blood myeloid cells of COVID-19
patients, we used the FAM-FLICA probe together with specific
extracellular immune cell markers (CD45, CD14, CD66b, and
CD16) in the blood of patients; analyses were performed by flow
cytometry (Figure 1; supplemental Figure 1).

Peripheral blood cells of healthy donors or COVID-19 patients
were analyzed for the expression of monocyte and granulocyte
surface markers and FAM-FLICA. To monitor caspase-1 activity
in monocytes from healthy donors or COVID-19 patients, we
first gated the CD45*CD14" monocyte population, which
was subsequently subdivided into 3 subpopulations: classi-
cal monocytes (CD457CD14Me"CD167), intermediate mono-
cytes (CD45"CD14"9"CD16"), and nonclassical monocytes
(CD45*CD149™CD16") (Figure 1A; supplemental Figure 1).
At steady state, we did not observe a statistical difference in the
level of caspase-1 activation in any of these monocyte subsets in
COVID-19 patients compared with healthy donors (Figure 1B-D).

We next focused our analysis on 2 subpopulations of granulocytes:
CD66b"CD16"" and CD66b*CD16%™ (Figure 1E). CD66b™
CD16"" cells of mild to moderate COVID-19 patients as well
as severe to critical COVID-19 patients showed decreased
caspase-1 activation compared with healthy controls (Figure 1F).
We measured lower caspase-1 activation in CD66b*CD16%™
granulocytes in the severe and critical forms of COVID-19 that
was not observed in mild cases (Figure 1G). CD66b*CD16™
granulocytes of critical patients showed a twofold decrease in
basal caspase-1 activation relative to healthy controls (Figure 1G).
Consistent with previous reports and validating our cohort,'%?*
we measured an increase of inflammasome-related cytokines IL-1,
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IL-1RA, IL-18, and IL-18BPa in the serum of COVID-19 patients,
which correlated with the severity (supplemental Figure 3). Thus,
our assay revealed specific regulations of caspase-1 activation in
different myeloid cell populations depending on the clinical
severity of COVID-19 patients.

Nigericin-triggered caspase-1 activation in circulating
myeloid cells

NLRP3 priming is critical for the activation of the inflammasome.?®
To investigate whether myeloid cells could be primed to respond to
the SARS-CoV2 infection, we evaluated the activation potential of
the NLRP3 inflammasome in COVID-19 patients. To this aim, we
incubated 100 pL of blood samples with the NLRP3 trigger
nigericin without lipopolysaccharide, and caspase-1 activation was
monitored in myeloid innate immune cells of healthy donors and
COVID-19 patients. Monocytes are known to be important innate
immune effectors and thought to be key players during COVID-
19."® We first investigated whether we could monitor the
monocyte-priming state by analyzing nigericin-triggered NLRP3
activation in monocytes (Figure 2). We observed increased
activation specifically in CD14%™CD16" nonclassical monocytes
isolated from severe to critical COVID-19 patients (Figure 2A-B).
Interestingly, this effect was inversely correlated with the decreased
number of these cells in severe to critical COVID-19 patients
(Figure 2C). In contrast, the nigericin-triggered NLRP3 activation
in intermediate and classical monocytes was found to be similar to
healthy donors and their number remained unchanged (Figure 2D-
I). These data reveal differences in the NLRP3 inflammasome-—
priming state not only between healthy controls vs COVID-19
patients but also depending on the subpopulation and the
severity of COVID-19. Next, we investigated nigericin-triggered
NLRP3 activation in granulocytes (Figure 3). In contrast to
CD66b"CD16M" granulocytes in which we observed in-
creased caspase-1 activation, we measured impaired response
to the NLRP3 inflammasome trigger in CD66b " CD16%™ cells,
which is associated with the severity of symptoms (Figure 3A-E).
The proportion of CD66b™CD16™9" granulocytes was found to be
increased in correlation with the severity whereas the number of
CD66b*CD16%™ granulocytes stayed similar in COVID-19
patients and in heathy donors. Importantly, CD66b*CD1 69M cells
were found to exhibit a higher response to nigericin treatment in
both healthy donors and mild COVID-19 patients (Figure 3B,D,E).
Interestingly, CD66b*CD16%™ granulocytes from healthy donors
displayed a fourfold increase in nigericin-triggered caspase-1
activation compared with those who were untreated (Figure 3D).
In contrast, we observed that the CD66b*CD16™ cell response to
nigericin was lost in severe and critical COVID-19 patients
(Figure 3B,D,E). We here identified different priming levels or
tolerance states of the NLRP3 inflammasome in myeloid cell
subpopulations that were specific to severe COVID-19 forms,
suggesting that this priming is a consequence of the viral infection.
The NLRP3 signature of CD66b*CD16%™ was noteworthy due to
its potential value as a biomarker to stratify patients.

Caspase-1 activation in CD66b*CD16%™ cells
after recovery

Next, we wondered whether the impaired response to nigericin in
CD66b " CD16%™ cells was due to a preexisting susceptibility that
could be the cause of the symptom'’s severity or rather a consequence
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Figure 1. Caspase-1 activation level in myeloid cells in the blood of COVID-19 patients. Whole peripheral blood cells of healthy donors or COVID-19 patients with

mild to critical symptoms were stained for active caspase-1 (detected using the FAM-FLICA probe) and for CD45, CD14, CD16, and CD66b markers. Cells were immunophe-

notyped by flow cytometry. Leukocytes were defined as CD45™ and were analyzed for monocyte and granulocyte surface markers. (A-D) Monocytes were defined as CD14™"

and subpopulations were gated as indicated in panel A using CD14 and CD16 markers. The indicated monocyte subsets were analyzed for the mean fluorescence intensity

(MFI) of FAM-FLICA corresponding to the activation of caspase-1 (B-D). (E-G) Granulocytes were defined as CD66b™" and the different subsets were gated as indicated using
CD66b and CD16 markers (E). (F-G) The indicated granulocyte subsets were analyzed for the FAM-FLICA MFI. **P = .01.

of the infection. To address this question, after recovery, we
reanalyzed the blood of patients after a mean time of 39 days
following inclusion using the same settings (Figure 4). Our data
revealed that the CD66b ™ CD16%™ cells of recovered patients had
a restored nigericin-triggered caspase-1 activation potential (Figure
4A-B). Although 1 patient (number 12) still presented low nigericin-
triggered caspase-1 activation (Figure 4B), both severe and critical
patients tested had recovered the capacity to respond to nigericin
treatment (Figure 4A-B). In addition, nonclassical CD14%™CD16"
monocytes isolated from recovered severe to critical COVID-19
patients showed a capacity to respond to nigericin treatment that
was similar to controls (Figure 4C). The reversibility of nigericin-
triggered caspase-1 activation in CD66b*CD169™ granulocytes
and CD14%™CD16™" monocytes of recovered patients reinforced our
interest of this value as a biomarker of COVID-19 severity.

Identification of immature neutrophils as a severity
marker of COVID-19 patients

We further attempted to characterize the CD66b*CD16%™ cells
impaired in the NLRP3 inflammasome response in the most severe

1526 COURJON et al

forms of COVID-19. We observed that these cells showed
differential CD45-expression levels, suggesting the presence of 2
different populations with a respective proportion depending on the
severity of COVID-19 (Figure 5A). Indeed, we found that CD45 is
highly expressed in the CD66b*CD16%™ cells of healthy donors
and patients with mild cases of COVID-19 whereas, in patients with
severe and critical COVID-19, we observed low CD45 expression
(Figure 5A). CD66b*CD16%™ cells could be either eosinophils or
immature neutrophils depending on their CD45-expression pattern.
To discriminate between these populations, we introduced the
CD15, Siglec-8, and CD10 markers in our immunophenotyping panel
(supplemental Figures 1 and 2). Siglec-8 was used to identify
eosinophils, and CD15 and CD10 were used as markers of mature
neutrophils.?® In accordance with the CD66b ™ CD16“™CD45"9" cell
profile, we observed that the majority of Siglec-8—expressing
cells in healthy donors and their proportion decreased in severe
forms of COVID-19 (Figure 5B). In the same severe patients, we
observed an increased number of CD66b"CD16%™CD15"CD10~
immature neutrophils in accordance with the CD66b ¥ CD16°™CD45%™
profile that we found increased in the severe forms (Figure 5C).
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Figure 2. Nonclassical monocyte disappearance and increased nigericin-triggered caspase-1 activation in nonclassical monocytes are associated with
COVID-19 severity. Whole peripheral blood cells of healthy donors or COVID-19 patients were analyzed by flow cytometry using CD45, CD14, and CD16 markers. Whole
peripheral blood was treated with vehicle (control) or nigericin (5 wM) for 30 minutes and monocyte subsets were analyzed for FAM-FLICA MFI (caspase-1 activation) (A,D,G)

and nigericin-induced fold of FAM-FLICA MFI compared with control (B,E,H). Leukocytes were defined as CD45™ (C,F,l) and the frequency of monocyte subsets among
leukocytes was analyzed: CD149™CD16™ nonclassical monocytes (C) CD14"9"CD16™ classical monocytes (F) and CD1 4""CD16" intermediate monocytes (l). **P =< .01;

P < .001.
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Figure 3. CD66b* CD16"9" granulocytes display increased nigericin-triggered caspase-1 activation in severe COVID-19 whereas CD66b™ CD16%™
granulocytes of severe COVID-19 lost their capacity to respond to the NLRP3 stimulation. Whole peripheral blood cells of healthy donors or COVID-19 patients were
analyzed by flow cytometry using CD45, CD66b, and CD16 markers. (A-E) Whole peripheral blood was treated with vehicle (control) or nigericin (5 wM) for 30 minutes and
granulocyte subsets were analyzed for FAM-FLICA MFI (caspase-1 activation) (A-B) and nigericin-induced fold of FAM-FLICA MFI compared with control (C-D). (E) Histogram
of FAM-FLICA signal in CD66b*CD16%™ cells. Light colors, FAM-FLICA in the control condition; dark colors, FAM-FLICA in the nigericin-treated condition. The dotted line
represents the gate used to determine the percentage of FAM-FLICA™ cells. (F-G) Leukocytes were defined as CD45" and the frequency of granulocyte subsets among
leukocytes was analyzed. *P = .05; **P = .01; ***P < .0001.

Importantly, both eosinophils and immature neutrophils were from COVID-19 showed a restored CD45 profile with a marked
found to have impaired inflammasome activation in severe and disappearance of CD66b"CD169mMCD45%™ cells (Figure 5H).
critical forms (Figure 5D-G). Critical patients who recovered Interestingly, patient 12, found to have a low recovery rate in the
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Figure 4. Myeloid cell response to NLRP3 inflammasome stimulation in recovered COVID-19 patients. Peripheral blood cells of recovered COVID-19 patients were

collected 30 to 50 days after the first analysis. Whole peripheral blood cells of recovered COVID-19 patients were analyzed by flow cytometry using CD45, CD16, and CD66b

markers. (A) Whole peripheral blood was treated with vehicle (control) or nigericin (5 wM) for 30 minutes and CD66b " CD1

69™ granulocytes were analyzed for FAM-FLICA

MFI (caspase-1 activation). (B) Histogram of FAM-FLICA signal in CD66b*CD1 69™ cells. Light colors, FAM-FLICA in the control condition; dark colors, FAM-FLICA in the
nigericin-treated condition. The dotted line represents the gate used to determine the percentage of FAM-FLICA™ cells. (C) Whole peripheral blood was treated with vehicle
(control) or nigericin (5 wM) for 30 minutes and CD14°™CD16™ were analyzed for FAM-FLICA MFI (caspase-1 activation).

nigericin-triggered caspase-1 response, still had a profile with
numerous CD66b*CD169™CD45%™ cells (Figure 5H).

Inflammasome myeloid cell response as a biomarker
of COVID-19 evolution

We here identified biological parameters significantly associated
with the level of disease severity at inclusion. The severity
biomarkers we identified as statistically robust were the decreased
number of nonclassical monocytes and the decreased nigericin-
triggered caspase-1 activation in CD66b*CD16%™ granulocytes
(Figures 2C and 3B). We next evaluated whether these parameters
can be used as biomarkers to predict both the evolution of the
patient during the 2 days following inclusion and the final outcome.
The immediate evolution of the disease was evaluated by the
patient’s oxygen requirement, calculated by the Spo,/Fio, ratio on
the day of inclusion (day 1) (Figure 6A-C) and 48 hours later (day 3)

€ blood advances o marcH 2021 - voLuME 5, NUMBER 5

(Figure 6D-F). For this purpose, only hospitalized patients were
included in this analysis. Both the decreased number of non-
classical monocytes (Figure 6A,D) and the nigericin-triggered
caspase-1 activation in CD66b*CD16%™ granulocytes (Figure 6B,E)
correlate with the Spo./Fio, ratio at day 1 and day 3 after inclusion.
However, the correlation with the Spo,/Fio, ratio was stronger
with our caspase-1-based score (C1B score) defined as: (the
percentage of CD149™CD16" monocytes) X (fold FAM-FLICA
in CD66b*CD16%™ granulocytes) (Figure 6C,F).

We thus investigated whether the biological values obtained at day
1 of inclusion could predict the final outcome. Unfavorable outcome
was defined as patient death, ICU transfer, or requirement of
mechanical ventilation for patients directly admitted to the ICU.
Taken alone, the decreased number of nonclassical monocytes was
significantly associated with the final outcome of the patients
(Figure 6G) and this association was statistically reinforced when

INFLAMMASOME SIGNATURE IN SEVERE COVID-19 1529

1202 YoIeN 81 U0 Jasn 1 S| OSIA WHISNI Aq Jpd*8L6£00020ZAPESSOUBADPE/Q|L0Z081/€CS L/S/S/APd-8]oilE/SBoUBAPEPOO|q/B10 suoRedlqndyse//:d)y woly papeojumoq



CD66b*CD16%™ cells CD66b*CD164™ CD66b*CD164™
T Siglec-8* cells CD15" CD10" cells
.
5 ' 4 —_— 2.0 -
S ! + +
: : Bad - 1 :
= 1 o ° o .
8 1 22 ° 210 4
T 1 = o * =
o
| s 'i{‘ . = 05
: L o= i 23
. 0 T f . 0.0 e——t—
1 $ @ & 3 ¢ .
. b°°° . & b°°o . &
1 ) o o S © o°
1 N <& P N <& s
| RSEIRS A E &
| @ o
. -
I COovID-19 covID-19
I
I
I
I
° ' CD66b*CD16%m CD66b*CD16%m
iy ! Siglec-8* cells Siglec-8* cells
> ! x
e} ! 20 15 '
o ! = -7 =
—
8 1 =215 s
k=] 1 o - Control E 10 .
g : = 10 — Nigericin = Tt
[y = .
- I —_— = 5 % e .
o 1 L 5 - .
o 1 = E KX i
[ 1 ° 282
2 dim I high 0 T T T 0 T T T
,
L B B E | & <@ > & +@ >
10" 10° 10" 10% 10° RN & &
& < ) N & )
CD45 & & & o
) & N 23
COVID-19 COVID-19
CD66b*CD164™ CD66b*CD169m CD66b* CD169™ cells
CD157CD10" cells CD157CD10" cells Patient N° Diseased/Recovered
*k 1
* 1 D
15 —— Control - 25 8 : R
§ —— Nigericin = : D
= 10 = ° ! R
= = !
= £ 10 | P
o— b = . R
= =
= ' D
o 11 . R
& @ > — 1
s ¢ & $ I .
S 06 & = o 12 1
N & <0 5o 1 R
& s @ O~
. © =] !
Ry © o= D
Q f = 13 '
- - - - Ne) ! R
COovID-19 COVID-19 20 ' b
O
I
n 14 ! R
T T TrreT L | T
10" 10° 10' 10° 10°
CD45

Figure 5. Severe COVID-19 is associated with eosinophil disappearance and accumulation of immature neutrophils with impaired nigericin-triggered
caspase-1 activation. Whole peripheral blood cells of healthy donors or COVID-19 patients were analyzed by flow cytometry using CD45, CD66b, CD16, and Siglec-8 or
CD45, CD66b, CD16, CD10, and CD15 markers. (A) CD66b*CD16%™ cells were analyzed for CD45 expression. (B) CD66b*CD16%™ cells were analyzed for CD66b and
Siglec-8 (eosinophil marker) and the frequency of CD66b* CD169™Siglec8™ eosinophils among leukocytes was determined. (C) CD66b* CD16%™ cells were analyzed for
CD10 (marker of mature neutrophil) and CD15 (neutrophil marker) and the frequency of CD66b*CD169™CD15"CD10~ immature neutrophils among leukocytes was de-
termined. (D-G) Whole peripheral blood was treated with vehicle (control) or nigericin (5 M) for 30 minutes and eosinophils or immature neutrophils were analyzed for FAM-
FLICA MFI (caspase-1 activation) (D,F) and nigericin-induced fold of FAM-FLICA MFI compared with control (E,G). (H) Peripheral blood cells of recovered COVID-19 patients
were collected 30 to 50 days after the first analysis. Whole peripheral blood cells of recovered COVID-19 patients were analyzed by flow cytometry using CD45, CD16, and
CD66b markers. CD66b*CD169™ cells were analyzed for CD45 expression. *P =< .05; **P < .01; ****P < .001. D, diseased; R, recovered.
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Figure 6. C1B score is associated with the final outcome of the patient and predicts patients’ evolution. (A-F) Correlation between (A,D) the percentage of
CD14%™CD16™ nonclassical monocytes of live CD45™ cells, (B,E) the nigericin-triggered fold of FAM-FLICA in CD66b*C1 69M cells compared with control, (C,F) the C1B
score (defined as the percentage of CD149™CD16™ X fold FAM-FLICA in CD66b*CD169™ cells) and the Spoo/Fio, ratio at (A-C) day 1 and (D-F) day 3 of inclusion. The
line represents the linear regression. Each dot represents a COVID-19 patient and the color its condition at the day of inclusion (blue, moderate; orange, severe; and red,
critical). (G-l) Nigericin-triggered fold of FAM-FLICA in CD66b*C16“™ cells compared with control (H), percentage of CD14%™CD16™ nonclassical monocytes of live CD45*
cells (G) and C1B score (I) as previously defined, observed in healthy donors or COVID-19 patients with favorable or unfavorable outcome. *P < .05; **P < .01; **P < .001;

**+P < .0001. r, Spearman coefficient.
the nigericin-triggered caspase-1 activation in CD66b* CD16%™
granulocytes was used in the C1B score (Figure 6H-).

In conclusion, we here described an assay that allows either the
monitoring of basal caspase-1 activation or the activation of the
NLRP3 inflammasome triggered by nigericin in blood myeloid cells
obtained from healthy donors and COVID-19 patients. This assay
allowed us to determine nonclassical monocytes as major NLRP3-
responsive myeloid cells specifically in severe forms of COVID-19.
Our results showed that the CD66b"CD16%™ cells of COVID-19
patients were decreased both in the basal level of caspase-1
activation as well as in nigericin-triggered caspase-1 activation in
severe to critical patients. We show that patients who recovered

€ blood advances o marcH 2021 - voLuME 5, NUMBER 5

from COVID-19 had restored nigericin-triggered caspase-1 activa-
tion potential in CD66b"CD16%™ cells. Finally, we specifically
identify the emergence of immature neutrophils that display a strong
defect of NLRP3 inflammasome activation in response to nigericin
in these patients. Importantly, we provide proof of concept that
caspase-1 and NLRP3 inflammasome monitoring in circulating
myeloid cells could be used to stratify COVID-19 patients and
predict their evolution.

Discussion

The involvement of inflammasomes controlling IL-1@ maturation during
the COVID-19 cytokine storm is under extensive investigation, and
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drugs inhibiting inflammasomes are expected to dampen this
detrimental inflammation. Strategies directly targeting the inflam-
masome components or the IL-1B3-signaling pathways are
currently being evaluated in clinical trials.> Among them, the use
of IL-1R antagonist anakinra in COVID-19 patients has been
reported to reduce both mortality and ICU admission, providing
first evidence of the importance of this pathway during the COVID-
19 cytokine storm.2” Here, by using a probe that labels active
caspase-1, we investigated whether myeloid cells in the blood of
COVID-19 patients had modulated caspase-1 activation, a hall-
mark of inflammation, and whether this response is related to the
severity of COVID-19 symptoms.

Recent studies have shown increased NLRP3 inflammasome
activation in patients with severe COVID-19 by measuring
either the increased caspase-1 activity or pyroptotic cell death
in peripheral blood mononuclear cells.'®2° Here, we extended
this finding and precisely defined nonclassical monocytes of
COVID-19 patients as the NLRP3 inflammasome most re-
sponsive to myeloid cells. Indeed, our study revealed that both
basal and triggered inflammasome activation differ among
myeloid cell populations. We identified nonclassical mono-
cytes as a myeloid population with a COVID-19 severity
signature. Indeed, the nigericin-triggered NLRP3 inflamma-
some activation of nonclassical monocytes was increased in
severe forms. Our data indicated nonclassical monocytes as
the major NLRP3 inflammasome-responsive/primed cells in
COVID-19 patients and suggest that their decreased pro-
portion in severe forms may be a consequence of pyroptotic
cell death occurring downstream of caspase-1 activation. In
contrast, we measured lower basal caspase-1 activation in
granulocytes of COVID-19 patients. As a major result of our
study, we observed that the nigericin-triggered caspase-1
activation of CD66b*CD16%™ granulocytes inversely corre-
lated with the severity of the symptoms of COVID-19 patients.
Here, our data indicated that, in severe and critical patients,
CD66b*CD16%™ granulocytes are not able to respond to the
NLRP3 inflammasome stimulation. This result suggests that
CD66b*CD16%™ granulocyte cells could be either exhausted
or paralyzed. Interestingly, paralysis of the NLRP3 inflamma-
some was previously observed in patients during sepsis.?®
Another possibility to explain this absence of responsiveness
is that severe or critical COVID-19 patients exhibited a more
immature subset of neutrophils associated with an altered
response. Such a situation was previously observed during
sepsis: CD66b"CD169™ neutrophils are released from the
bone marrow and display less immune functionality.?® In-
terestingly, in severe and critical COVID-19 patients, we
identified the emergence of CD66b*CD169™CD15"CD10~
immature neutrophils favoring this hypothesis, reinforcing the
parallel between the cytokine storm observed in the severe
forms of COVID-19 and that seen during sepsis. Recent
reports have indicated the increased number of immature
neutrophils in severe forms of COVID-19.29®" Complement-
ing these studies, we here provide evidence for impaired
function of these cells in correlation with the severity of
COVID-19.

Strikingly, in patients who recovered from COVID-19, we found
that CD66b"CD16%™ granulocytes had restored a normal re-
sponse to nigericin treatment. These data show that the tested
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COVID-19 patients did not constitutively exhibit an NLRP3
inflammasome impairment; rather, this reduced response is
a consequence of SARS-CoV-2 infection. This observation is in
agreement with the occurrence of the NLRP3 inflammasome
transient paralysis observed during sepsis.?® Additionally, these
data suggest that bone marrow stem cells, responsible for
neutrophil generation, are not altered in recovered COVID-19
patients.

An interesting hypothesis that might explain the heterogeneous cell
response of the NLRP3 inflammasome is differential expression of
NLRP3 in COVID-19 patients. Supporting this hypothesis, single-
cell RNA-sequencing data comparing healthy donors to COVID-19
patients showed increased NLRP3 expression in monocytes,?>33
Further studies will be necessary to precisely investigate the
transcriptional regulation of inflammasome components with regard
to the different myeloid cell population and the severity of the
disease.

We here identified the C1B score by combining the parameters our
test determined as the most correlated with COVID-19 severity. The
analysis of these parameters allowed us to identify the C1B score.
For patients included in our cohort, we found that the C1B
score predicted the worsening of a patient’s clinical status in
the next 2 days as well as their final outcome, using a rapid flow
cytometry—based test requiring only 100 pL of blood. We
believe that the test should be validated in various conditions
and geographic areas for the strength of its prognosis value in
various contexts.

By monitoring caspase-1 activation directly in the myeloid
cells of COVID-19 patients, we provide first evidence of the
involvement of myeloid cells, caspase-1, and the NLRP3
inflammasome complex during COVID-19 disease. We believe
that our results will serve as a springboard for future de-
velopment of a clinical test to be used for personalized medicine
or to analyze biomarkers to predict COVID-19 severity. Such
a test would have an important impact on the management of
COVID-19 patient flow at hospitals during the pandemic period
and would be helpful in therapeutic decisions involving
immunomodulatory drugs.
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Discussion
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1. Détection de I'activité des facteurs de virulence ciblant les Rho-GTPases

La détection des microbes et plus particulierement la détermination de leur pouvoir pathogene par le
systeme immunitaire inné est essentielle pour la mise en place d’une réponse immunitaire adaptée. En
effet, une trop faible activation du systéeme immunitaire ne permettrait pas I"élimination des

pathogénes alors gu’une réponse inflammatoire trop importante menerait a des dommages de I’hbte.

La théorie des PRRs permet au systeme immunitaire d’estimer la quantité de microbes. Cependant, ce
parametre ne permet pas d’établir si le microbe est virulent ou non. Plusieurs modeéles sont venus
compléter ce lui des PRRs chez les métazoaires. Il a été proposé la notion de la détection de pattern de
pathogénicité (Vance et al., 2009), la notion de la reconnaissance des DAMPs (Matzinger, 2002b) ou
plus récemment de la détection de I'activité des facteurs de virulence (Fischer et al., 2020; Stuart et al,,
2013). Chez la plante, en parallele de I'immunité induite par les PRRs nommée « pattern-triggered
immunity », il existe un systeme capable de détecter I'activité des facteurs de virulence et ainsi de
déterminer la virulence du microbe et y répondre de maniére proportionnée. Cette théorie nommeée
« effector-triggered immunity » fait intervenir des génes de résistance codant pour des protéines de
type NB-LRR (nucleotide-binding, leucine-rich repeat) qui partagent une similarité de structure
frappante avec les récepteurs formant des inflammasomes chez les métazoaires (Jones et al., 2016). ||
existe une autre similarité, ces protéines forment également un complexe, nommé résistosome,
capable de s’ancrer dans la membrane plasmique pour induire une mort cellulaire protectrice (Wang et
al., 2019). Il semblerait donc que ce mécanisme de défense pendant I'infection soit conservé au cours

de |"évolution.

L'étude de la détection des toxines activant les Rho-GTPases, et plus particulierement la toxine CNF1
des E. coli uropathogenes, nous a permis de mieux comprendre comment le systéme immunitaire
distingue les bactéries pathogenes des non-pathogenes. Nous avons pu montrer qu’en activant la
GTPase Rac2, CNF1 induit I'activation de la kinase Pakl qui phosphoryle le récepteur NLRP3 sur la
Thre59 afin de permettre son activation et son oligomérisation en un inflammasome. La Thr659 est
hautement conservée au cours de I’évolution et nous avons pu montrer I'importance de ce résidu dans

I'activation de I'inflammasome NLRP3 par CNF1 dans des macrophages primaires humains.

Linflammasome NLRP3 est régulé par de nombreuses modifications post-traductionelles
(ubiquitination, SUMOQylation, phosphorylation...). Ces modifications interviennent au cours du priming,
de I'activation ou apres I’activation comme signal de rétrocontrole négatif et semblent étre régulées de
facon spatiotemporelle. Il serait intéressant d’étudier la cinétique et la localisation subcellulaire de la
phosphorylation de la Thr659 de NLRP3 par la kinase Pakl. La phosphorylation de ce résidu semble se

produire en amont du recrutement de la protéine régulatrice Nek7 puisque la mutation Thr659Ala
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empéche ce recrutement. La Thr659 est située dans un domaine nommé « LRR de transition » (652-
742) en amont des LRR classiques (Hochheiser et al., 2021). Cependant la fonction de ce domaine n’est
pas encore connue. La mutation Thr659Ala pourrait dénaturer la structure de NLRP3. Cependant cela
est peu probable puisque le mutant Thr659Asp (phospho-mimétique) est actif et la mutation Ser658Ala

(résidu voisin de la Thr659, non publié) n’affecte pas I'activité de NLRP3.

Contrairement a de nombreux activateurs de I'inflammasome NLRP3, nous n’avons pas observé avec la
toxine CNF1 d’activation de la GSDMD ni de mort par pyroptose. De plus, la sécrétion d’IL-1% en aval de
I’activation de NLRP3 par CNF1 est indépendante de la GSDMD. Nous avons également montré que la
clairance bactérienne au cours de la bactériémie est dépendante de I'lL-1R (Diabate et al., 2015) mais
indépendante de la GSDMD. Cela pose deux questions: comment I'lL-1R est-il sécrété lors de la

stimulation par CNF1 et pourquoi Caspase-1 activée par CNF1 ne clive pas la GSDMD ?
- CommentI'lL-1f3 est-il sécrété ?

La toxine CNF1 n’est pas le premier exemple d’activateur d’inflammasome n’induisant pas de pyroptose.
"activation non canonique de I'inflammasome NLRP3 par des phospholipides oxydés (oxPAPC) ou par
la N-acetylglucosamine (dérivée du peptidoglycane) induit une sécrétion d’IL-1% dépendante de la
GSDMD mais n’induisant pas de pyroptose des cellules (Evavold et al., 2018; Wolf et al., 2016; Zanoni
et al., 2016). Les auteurs ont nommé cet état « hyperactivation » (Evavold et al., 2018; Zanoni et al,,
2016). Cependant, dans le cas de CNF1, la sécrétion d’'IL-1R ne semble pas impliquer ce mécanisme
puisque les macrophages invalidés pour la GSDMD sont toujours capables de sécréter I'lL-1R. Nous
n’observons pas d’entrée d’iodure de propidium (Pl) dans les macrophages traités par CNF1 cependant,
cela ne signifie pas qu’une autre GSDM ne puisse pas étre a I'origine de la sécrétion d’IL-1R8. En effet,
dans I'étude de Wolf et al., les auteurs n’ont pas observé d’entrée de Pl alors qu’il a été ensuite montré
qgue la GSDMD était impliquée dans la sécrétion d’IL-1R en aval de la détection de N-acetylglucosamine

sans pyroptose (Evavold et al., 2018; Wolf et al., 2016).

D’autres mécanismes, indépendants d'un pore de GSDM, pourraient étre impliqués dans la sécrétion
d’'IL-18 comme la fusion de lysosomes ou de vésicules d’autophagie avec la membrane plasmique, la
libération d’exosomes, ou encore la libération de microvésicules (Figure 15). Il a notamment été montré
que I'IL-18 mature (chargée positivement) est relocalisée a la membrane plasmique dans des
ondulations membranaires riches en PIP2 (phosphatidylinositol-4,5-bisphosphate). Ce mécanisme
serait impliqué dans la sécrétion lente de I'lL-1R de facon GSDMD-indépendante (Monteleone et al.,
2018). En activant la Rho-GTPase Rac, la toxine CNF1 induit des ondulations membranaires qui

pourraient favoriser ce phénomene (Ridley et al., 1992). De plus, les Rho-GTPases Cdc42 et Rac2,
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activées par CNF1, ont été montrées pour jouer un role dans |'exocytose de granules chez les

mastocytes, neutrophiles et éosinophiles (Brown et al., 1998; Mitchell et al., 2008; Shamri et al., 2019).

Figure 15 : Mécanismes de sécrétion potentiels de I'lL-1/3

Schéma adapté de (Monteleone et al., 2015)

- Pourquoi la Caspase-1 active ne clive pas la GSDMD ?

Contrairement a d’autres stimuli menant a la pyroptose ou a I’hyperactivation, nous n’avons pas détecté
de clivage de la GSDMD dans les macrophages traités avec la toxine CNF1. L'absence de détection de
ce clivage peut d’une part étre di au fait que le signal en western-blot soit en dessous du seuil de
détection de I'anticorps et d’autre part que la GSDMD n’est en réalité pas clivée. L'activation de la
Caspase-1 induite en aval de la détection de la toxine CNF1 que nous avons observé est faible quand
elle est comparée a d’autres activateurs comme I’ATP ou la Nigéricine. Cela pourrait expliquer pourquoi
le pool de Caspase-1 active est suffisant pour cliver la pro-IL-1R mais insuffisant pour induire un clivage
de la GSDMD. Pour cela, il faudrait que la Caspase-1 ait une meilleure affinité pour la pro-IL-1R que pour
la GSDMD. Une autre hypothése serait que CNF1 induise 'activation de voies de signalisation anti-
pyroptotique, cependant le pré-traitement des macrophages avec la toxine CNF1 puis 'ajout de

Nigéricine ne réduit pas la pyroptose induite par la Nigéricine.
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D’un point de vue évolutif...

Les récepteurs formant des inflammasomes de type NLRP, NLRC, Pyrin ou AIM2 sont classifiés comme
des récepteurs de motifs microbiens (PRR). Cependant, tous les récepteurs formant un inflammasome
ne semblent pas correspondre a cette classification. En effet, alors que NLRP6, AIM2, et NLRC4
détectent des motifs microbiens par liaison directe (Figure 16A), d’autres récepteurs comme NLRP3,
Pyrin et NLRP1/1b détectent I'activité des facteurs de virulence microbiens et ne semblent pas
correspondre a la définition d’'un PRR mais plutot a celle d’une protéine de résistance comme celles

trouvées chez les plantes.

A B C D
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Figure 16 : Immunité médiée par les effecteurs (ETI) : des plantes aux métazoaires
Schéma adapté de (Stuart et al., 2013). Les exemples de récepteurs concernent les mammiferes.
Chez les plantes, les protéines de type NB-LRR sont classifiées en fonction de leur mécanisme de
détection du danger (Figure 16) (Khan et al., 2016). La compréhension du mécanisme de détection de
la virulence microbienne par les inflammasomes indique que ces modes de détection des facteurs de
virulence semblent étre conservés (Figure 16). Plus particulierement, la détection des facteurs de
virulence ciblant les Rho-GTPases implique deux mécanismes distincts mais permettant de surveiller
I"activation anormale des Rho-GTPases. Premierement, la détection de I'inhibition microbienne de RhoA
semble correspondre au deuxieme modeéle de garde (Figure 16C). En effet, a I'état basal, Pyrin est

maintenu inactif grace a I'activation de RhoA qui active ces effecteurs PKN1/2 qui phosphorylent Pyrin,
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permettant son interaction avec les protéines chaperonnes 14-3-3 qui maintiennent le récepteur inactif
(Jamilloux et al., 2018). L'inactivation de RhoA par des facteurs de virulence libere Pyrin qui peut alors
s’activer (Figure 17). Deuxiemement, nous avons pu montrer que I’activation de la Rho-GTPase Rac2 par
des toxines bactériennes meéne a I'activation des kinases effectrices Pak1/2 qui phosphorylent NLRP3
pour I"activer (Dufies et al., 2021). Cette détection semble correspondre au premier modeéle de garde
(Figure 16B). Il est intéressant de noter que la détection des toxines ciblant les Rho-GTPases fait

intervenir des phosphorylations qui dans un cas sont inhibitrices et dans I'autre activatrices (Figure 17).
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Figure 17 : Détection de la modification des Rho-GTPases par les inflammasomes Pyrin et NLRP3
Schéma adapté de (Dufies and Boyer, 2021).

Il semble y avoir une co-évolution entre I’'héte et les Escherichia coli uropathogenes correspondant au
modele en zig-zag initialement décrit chez les plantes (Jones and Dangl, 2006). Le modeéle en zig-zag
dérive de I'hypothése de « la reine rouge » mentionnant que la co-évolution peut paraitre comme une
course a I'armement dont la forte pression de sélection maintient une co-évolution étroite. Le modeéle
en zig-zag stipule que face a I'infection par un microbe, I'h6te a mis en place le systéeme de détection
des MAMPs par les PRRs (PTI), puis le pathogéne a cherché a inhiber la réponse immunitaire induite en

modulant I'activité des protéines de I’'h6te avec des effecteurs, rendant I’héte susceptible. L'évolution
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aurait sélectionné chez I’h6te un systeme de détection de ces effecteurs, correspondant a la théorie de

I"ETI.

Nous pouvons retrouver ce modele en zig-zag dans la relation hote — Escherichia coli (Figure 18A). En
effet, les MAMPs associés a E. coli sont détectés par les PRRs, rendant I’'h6te résistant. Cependant
I'activation des Rho-GTPases Rac, Cdc42 et Rho par la toxine CNF1 inhibe la phagocytose des bactéries
par les phagocytes professionnels (Hofman et al., 2000). Avec I'évolution, un systeme de détection de
I’activation anormale des Rho-GTPases impliquant I'inflammasome NLRP3 aurait été sélectionné en
permettant a I'héte de devenir résistant. Le géne codant pour CNF1 est localisé dans un opéron
(hlyCABD) codant également pour I’hémolysine a. (HIyA). Il a été montré que I’hémolysine a inhibe la
réponse anti-virulence induite par la toxine CNF1 (Diabate et al., 2015). Il est important de noter que
chez les souches d’E. coli uropathogenes retrouvées en clinique, la toxine CNF1 est systématiquement
co-exprimée avec I'hémolysine a, conférant un avantage a la bactérie mais rendant I’"hote susceptible

(Landraud et al., 2003).

Certaines bactéries comme Salmonella ou Yersinia possedent a la fois des facteurs de virulence qui
inhibent les RhoGTPases et d’autres qui les activent. Certains mécanismes d’inhibition/activation sont
réversibles (GEF, GAP, GDI bactériennes) alors que d’autres sont irréversibles (ADP-ribosylation,
transglutamination, déamidation, clivage du motif CAAX...). D’'un point de vue évolutif ces différences
pourrait s’expliquer par une adaptation mutuelle entre I’h6te et le pathogene. D’une part le pathogene
modulerait I'activation des RhoGTPases pour se disséminer, puis le pathogéne pourrait contrecarrer
cette activation/inhibition des Rho-GTPases afin d’éviter I'activation d’un inflammasome. Enfin, I’h6te

s’adapterait pour détecter cette stratégie de contournement de la réponse immunitaire (Figure 18).

L'étude de la cinétique de la sécrétion des toxines et de I'injection des effecteurs concomitante avec

I’étude de I'activation des inflammasomes Pyrin et NLRP3 permettrait d’étudier ce phénomene.

Il a été montré que les toxines Sptp (GAP) et SopE (GEF) de Salmonella sont injectées dans la cellule
cible simultanément, cependant SopE est plus rapidement dégradé par le protéasome (Kubori and
Galdn, 2003). En activant les Rho-GTPases Rho, Rac et Cdc42, SopE induit des ondulations membranaires
nécessaires a la phagocytose des Salmonelles par les cellules épithéliales. Cependant nous avons
montré que |'activation de Rac2 induit I'activation de I'inflammasome NLRP3. SopE est alors dégradé et
Sptp, ayant une demi-vie plus longue, inhibe les Rho-GTPases Rac et Cdc42. Il est intéressant de noter

gue Sptp n’inhibe pas RhoA et donc ne devrait pas activer I'inflammasome Pyrin (Figure 18B).

Yersinia est I'exemple le plus frappant d’une potentielle co-évolution hote-pathogéne. En effet, ce
bacille possede 4 facteurs de virulence ciblant les Rho-GTPases, chacun employant un mécanisme

différent pour moduler I'activité des Rho-GTPases. Concernant Yersinia, mon hypothése est que dans
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un premier temps les GAP et GDI bactériennes YopE et YopO inhiberait Rho, Rac et Cdc42 afin de
d’augmenter la perméabilité de la barriére épithéliale intestinale et ainsi de permettre la dissémination
bactérienne (Figure 18C). Cependant, I'inhibition de RhoA menerait a I'activation de I'inflammasome
Pyrin. Yersinia pourrait alors injecter CNFY, une déamidase homologue a CNF1, qui activerait
constitutivement les GTPases Rho, Rac et Cdc42. Cependant, cette modification activerait cette fois

I'inflammasome NLRP3.
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Figure 18 : Modele en zig-zag de I’évolution héte-pathogene impliquant les Rho-GTPases

Schéma inspiré de (Stuart et al., 2013).
Modeles en zig-zag concernant (A) les E. coli uropathogenes, (B) Salmonella et (C) Yersinia.
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La déamidation étant une modification irréversible, seul un clivage du motif CAAX permettant aux Rho-
GTPases de s’ancrer a la membrane plasmique afin d’interagir avec leurs effecteurs permettrait de
contrecarrer I'action de CNFY. Ce serait le réle de la protéase YopT qui inhiberait Rac mais également
RhoA donc activerait I'inflammasome Pyrin. Cependant, Yersinia possede I'effecteur YopM qui active
directement PKN1/2 et RSK1/2/3 pour inhiber Pyrin alors méme que RhoA est inactivé (Chung et al.,
2016; Park et al., 2020; Ratner et al., 2016).

Au cours de I'évolution, des mutations de genes impliqués dans I'ETI et ayant conféré un avantage a
I"hote ont été sélectionnées. Cependant, certaines de ces mutations sont aujourd’hui associées a des
pathologies auto-inflammatoires. C’est notamment le cas de mutations du géne mefv codant pour Pyrin.
En effet, des mutations du domaine B30.2 de Pyrin conférant une résistance a Yersinia auraient été
sélectionnées au cours d’épidémies de peste bubonigue dans le bassin méditerranéen. Aujourd’hui, ces

mutations sont associées a des cas de fievre méditerranéenne familiale (FMF) (Park et al., 2020).

Des mutations associées aux Rho-GTPases sont également a I'origine pathologies affectant le systeme
immunitaire (EI Masri and Delon, 2021; Hashim and Ahmad Mokhtar, 2021). Ces mutations n’ont pas

été associées a une co-évolution héte-pathogene, mais il est intéressant de considérer cette possibilité.

Les Rho-GTPases sont situées au carrefour de grandes voies de signalisation cellulaire et représentent
donc une cible idéale pour les bactéries pathogenes. L'étude de la détection de I'activité des facteurs
de virulence ciblant les Rho-GTPases indique qu’il existe chez les mammiferes une ETI responsable de

la surveillance du cycle activation/inhibition anormal des Rho-GTPases.

L'activation de I'inflammasome NLRP3 induite par la toxine CNF1 au cours de la bactériémie joue un
réle bénéfique pour I'héte en permettant I'élimination bactérienne. Cependant, |'activation des
inflammasomes n’est pas systématiquement associée a un bénéfice pour I'h6te et peut parfois étre a
I'origine d’une inflammation délétere comme dans les pathologies auto-inflammatoires ou encore au

cours du sepsis.

2. Activation de l'inflammasome NLRP3 au cours du COVID-19

Les premieres études de la réponse immunitaire au cours du COVID-19 ont établi une élévation
plasmatique de cytokines liées aux inflammasomes telles que I'lL-1R8, I'IL-18 ou encore I'lL-1RA chez les
patients présentant une forme sévére (Del Valle et al., 2020; Lucas et al., 2020; Rodrigues et al., 2021,

Theobald et al., 2021; Vora et al., 2021).

A I'aide de la sonde FAM-FLICA-fmk nous avons analysé |'activation de la Caspase-1 au sein des cellules
myéloides circulantes. Nous n’avons pas observé de différence d’activation de la Caspase-1 au sein des

monocytes circulants, que ce soit en fonction de l'infection des patients par le SARS-CoV-2 ou de la
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sévérité de la maladie. D’autres études réalisées sur la méme période ont néanmoins détecté une
activation de la Caspase-1 et la formation de speck contenant I'adaptateur ASC et le récepteur NLRP3
dans les cellules mononuclées circulantes (PBMC) des patients infectés par le SARS-CoV-2 (Rodrigues et
al.,, 2021). Il existe une différence majeure entre ces deux études pouvant étre a |'origine de leur
divergence en termes d’activation d’un inflammasome. En effet, au cours de notre étude, nous avons
analysé I'activation de la Caspase-1 en incubant la sonde FAM-FLICA-fmk directement en sang total puis
analysé |'activation de la Caspase-1 dans les différentes populations cellulaires par cytométrie en flux
tandis que dans I'étude montrant une activation de la Caspase-1, les auteurs isolent les PBMCs par
gradient de centrifugation (Ficoll) avant d’incuber les cellules avec la sonde FAM-FLICA-fmk. D’une part,
la fraction contenant les PBMC regroupe plusieurs types cellulaires (monocytes, cellules dendritiques,
lymphocytes B et T, cellules NK) et sa composition varie en fonction de I’état physiologique du patient.
En effet, les granulocytes sont normalement absents de cette fraction mais lors d’états inflammatoires,
il a été décrit que des neutrophiles de basse densité sont retrouvés dans la fraction « PBMC » (Silvestre-
Roig et al., 2019). D’autre part, l'isolation des PMBC par gradient de centrifugation n’est pas neutre vis-
a-vis des cellules. Il est donc difficile de comparer les résultats que nous avons obtenus avec ceux

obtenus au cours de I'étude menée par Rodrigues et al.

D’autre part, nous avons pu montrer que les monocytes non classiques, en plus d’étre meilleurs
répondeurs a la Nigéricine chez les patients séveres, étaient fortement diminués dans la circulation. La
proportion diminuée de ces cellules au niveau sanguin pourrait avoir plusieurs explications : la mortalité
de ces cellules ou encore une infiltration tissulaire. En effet, ces cellules pourraient mourir par pyroptose
apres une activation facilitée de l'inflammasome NLRP3. De plus, une infiltration de monocytes
intermédiaires et non classiques dans les voies respiratoires basses a été observée chez les patients
atteints d’une forme sévere de COVID-19 (Sanchez-Cerrillo et al., 2020). Du fait de I'activation facilitée
de I'inflammasome NLRP3, ces cellules pourraient étre a I'origine de I'activation de cet inflammasome

observé dans les poumons des patients atteints de forme sévéres (Rodrigues et al., 2021).

Concernant les granulocytes, nous avons observé, en accord avec d’autres études, une diminution de la
proportion des éosinophiles et une forte augmentation de la proportion de neutrophiles et plus
particulierement de neutrophiles immatures chez les patients COVID-19 séveres (Carissimo et al., 2020;
Combadiere et al., 2021; Lourda et al., 2021; Schulte-Schrepping et al., 2020; Silvin et al., 2020; Wilk et
al., 2020). Cela est également observé au cours du sepsis bactérien et est di a une granulopoiése
d’urgence (Boettcher and Manz, 2017; Yvan-Charvet and Ng, 2019). Des études ont observé une
augmentation de la NETose intravasculaire et pulmonaire au cours du COVID-19 sévére (Middleton et
al., 2020; Radermecker et al., 2020; Veras et al., 2020). La granulopoiese d’urgence observée pourrait

venir combler le pool de neutrophiles morts par NETose. Plusieurs signaux décrits pour étre a 'origine
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de I'induction de la granulopoiese d’urgence au cours du sepsis comme le G-CSF, GM-CSF ou encore

I'IL-6 et I'lL-1B sont augmentés au cours du COVID-19 (Cabaro et al., 2021; Sinha et al., 2021).

Il a été décrit qu’au cours du sepsis bactérien, les neutrophiles immatures présentent des fonctions
altérées comme une diminution de la production de ROS et une élimination bactérienne altérée
(Hotchkiss et al., 2013). Chez les patients sévéres, les neutrophiles immatures présentaient une perte
d’activation de I'inflammasome NLRP3 induite par la Nigéricine alors que ces cellules répondaient a la
Nigéricine chez les sujets sains et les patients atteints d’une forme modérée de COVID-19. Cela semble
indiquer que ce n’est pas seulement I'immaturité de ces cellules qui est responsable de leur anergie
face a la stimulation par la Nigéricine. L'anergie des neutrophiles immatures spécifiqguement chez les
patients atteints de COVID-19 sévere pourrait s’expliquer par un défaut intrinséque du patient ou bien
pourrait étre provoquée par I'infection. Nous avons pu montrer que les patients guéris d’'un COVID-19
sévere récupéerent leur capacité d’activation de I'inflammasome NLRP3. Il semblerait donc que cette
incapacité d’activation de I'inflammasome NLRP3 au sein des neutrophiles immatures pourrait étre due
a linfection. Cela pourrait s’inscrire dans lI'immunosuppression observée dans un second temps au

cours du sepsis (Hotchkiss et al., 2013).

Nous avons utilisé les principaux parametres caractérisant les formes sévéres de COVID-19 pour établir
le score basé sur la mesure de I'activation de la Caspase-1 (C1B). Ce score est significativement plus
faible chez les patients ayant une issue défavorable (admission en réanimation ou décés). Il serait
nécessaire de valider |'utilisation de ce score au cours d’une étude clinique multicentrique. Cependant,

son utilisation pourrait permettre une prise en charge personnalisée des patients.

Une limitation de notre étude est qu’une forte proportion de patients atteints de COVID-19 séveére
étaient traités par dexaméthasone, traitement devenu la référence chez les patients COVID-19
hospitalisés atteints d’'une pneumonie (The RECOVERY Collaborative Group, 2021). Cependant, lorsque
nous analysons les principaux parameétres des patients séveres comme la proportion de monocytes non
classiques et de neutrophiles immatures, ou encore I'activation de lI'inflammasome NLRP3 par la
Nigéricine chez les neutrophiles immatures, la corticothérapie ne semble pas affecter ces paramétres

au sein des patients séveres.

Cibler I'lL-1f3 au cours du COVID-19

[l a été décrit que les patients souffrant d’une forme sévere de COVID-19 présentaient un retard de la
production d’IFNs de type | et de I'induction des ISGs. Cela pourrait étre en lien avec la production d’IL-
18 observée au cours du COVID-19. En effet, ces cytokines semblent jouer un réle antagoniste I'une

envers l'autre (Mayer-Barber and Yan, 2017). Cette régulation pourrait jouer un roéle dans
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I’établissement soit d’une immunité antivirale effective observée chez les patients atteints d’'une forme
modéré ou bien d’une inflammation excessive retrouvée chez les patients atteints d’une forme sévere.
Il serait intéressant de connaltre la cinétique des événements menant a une forme sévére. Est-ce le
retard de production d’IFNs de type | qui induit une production d’IL-18 puis d’autres cytokines pro-
inflammatoires ou est-ce la présence excessive d’IL-1R qui empéche la production d’'IFN de type | et |a

mise en place d’une immunité antivirale adaptée ?

La réponse a cette question permettrait d’administrer des IFNs de type | ou des thérapies ciblant I'lL-11
au bon moment. Une étude semble indigquer que I"'administration d’Anakinra (IL-1RA recombinant) de
facon précoce (suite a I'admission du patient) permettrait de réduire la sévérité 7 jours plus tard en
comparaison avec le groupe « placebo » (Kyriazopoulou et al., 2021). Cette étude utilise également les
taux circulants de suPAR (soluble urokinase plasminogen activator receptor), dont des taux élevés ont
été associés a une sévérité accrue, afin de stratifier les patients et d’administrer ou non I’Anakinra.
Cependant, certaines études ciblant I'lL-18 (Anakinra ou anticorps dirigés contre I'lL-18 — Canakinumab)
au cours du COVID-19 n’ont pas démontré d’efficacité du traitement sur I'aggravation de I'état des
patients ou sur la mortalité (Caricchio et al., 2021; CORIMUNO-19 Collaborative group, 2021). Ces
résultats mitigés pourraient s’expliquer par le moment choisit pour I'administration et semblent
renforcer la nécessité de prendre en compte la cinétique de la maladie pour choisir le traitement

adapté.
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Conclusion

Au cours d’une infection il est crucial pour I'h6te de mettre en place une réponse immunitaire innée
efficace. Cependant cette réponse doit étre adaptée au stimuli et contrélée pour résoudre

I'inflammation et éviter les dommages liés a une réponse immunitaire aberrante.

Les Rho-GTPases sont des interrupteurs moléculaires situés au carrefour de grandes voies de
signalisations. Pour cette raison, elles sont la cible d’un grand nombre de bactéries pathogénes. La
détection des facteurs de virulence ciblant les Rho-GTPases par les inflammasome Pyrin et NLRP3
constitue un nouvel exemple de la capacité des mammiferes a déclencher une immunité en réponse a
la manipulation des voies de signalisations cellulaires par les bactéries pathogenes. Au cours de
I’évolution, deux mécanismes de détection de la dérégulation des Rho-GTPases ont été sélectionnés. I|
est saisissant de constater que ces mécanismes surveillent a la fois I'activation et I'inactivation des Rho-
GTPases et font intervenir tous deux des inflammasomes dont la régulation semble diamétralement
opposée. En effet, la détection de I'inactivation de la GTPase RhoA repose sur 'inhibition de ses kinases
effectrices PKN1 et 2 et I'absence de phosphorylation du récepteur Pyrin. A I'inverse, la détection de
I'activation de la GTPase Rac2 fait intervenir I'activation de ses kinases effectrices Pakl et 2 et la
phosphorylation du récepteur NLRP3. La découverte de cette ETI surveillant I’état d’activation des Rho-
GTPases démontre I'importance d’une régulation controlée de ces protéines. Cependant, la sélection
de mutations de ces voies au cours de la co-évolution hote — pathogene s’avere impliquée dans des
pathologies auto-inflammatoires comme la fiévre familiale méditerranéenne dans le cas de
I'inflammasome Pyrin. Cela démontre que I'activation des inflammasomes n’est pas toujours bénéfique

pour I'hote et qu’il est nécessaire que ceux-ci sont étroitement régulés.

L'hyperinflammation constatée au cours des formes séveres de COVID-19 témoigne de I'importance
d’une réponse immunitaire adaptée au cours de lI'infection. Au cours des deux dernieres années, des
études ont suggéré que l'activation des inflammasomes pourraient étre, pour partie, a I'origine d’une
réponse inflammatoire délétere. Notre étude semble indiquer que la capacité d’activation de
I'inflammasome NLRP3 varie en fonction de la sévérité des patients mais également du type cellulaire.
Il est aussi probable que cet inflammasome soit activé différemment en fonction de la localisation
(compartiment sanguin, voies respiratoires hautes et basses) mais également en fonction de la cinétique
de la maladie. La meilleure compréhension de cette régulation spatio-temporelle permettrait de cibler
I'inflammasome NLRP3 ou I'lL-1R/IL-18 de facon localisée et a un moment précis de I'histoire de la

maladie.
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Les résultats obtenus au cours de ma thése ont permis une meilleure compréhension de la régulation
de la réponse immunitaire innée au cours de l'infection et ouvre la voie vers de nouvelles cibles
thérapeutiques. En effet, I'inflammasome NLRP3 est impliqué dans de nombreuses pathologies
inflammatoires et infectieuses. La modulation de I'activité de cet inflammasome pourrait permettre
dans un cas, de I'inhiber au cours des pathologies ou I’hyperinflammation est délétére et dans l'autre
cas l'activer afin de stimuler la réponse immunitaire protectrice au cours d’infections. Le sepsis
bactérien et viral démontre cependant que lintensité de cette stimulation devra étre finement

contrélée et la fenétre d’action devra étre ciblée spécifiguement dans le temps.
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Annexes

1. Rho-GTPases et inflammasomes : gardiens de I'ETI

2. Articles en collaboration :

- Propriété anti-inflammatoire des acides gras polyinsaturés m au niveau du tissu adipeux
- Roéle des adipocytes bruns et blancs dans la réponse inflammatoire au LPS
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Abstract

Pathogens have evolved smart strategies to invade hosts and hijack theirimmune
responses. One such strategy is the targeting of the host RhoGTPases by toxins or viru-
lence factors to hijack the cytoskeleton dynamic and immune processes. In response to this
microbial attack, the host has evolved an elegant strategy to monitor the function of viru-
lence factors and toxins by sensing the abnormal activity of RhoGTPases. This innate
immune strategy of sensing bacterial effector targeting RhoGTPase appears to be a bona
fide example of effector-triggered immunity (ETI). Here, we review recently discovered
mechanisms by which the host can sense the activity of these toxins through NOD and
NOD-like receptors (NLRs).

Introduction

The detection of microbes by the innate immune system is central to host immunity. Recent stud-
ies have highlighted the role of the innate immune monitoring of RhoGTPases activity to sense
virulence factors targeting RhoGTPases. This is in contrast to the detection of microbial-associated
molecular patterns (MAMPs) via pattern recognition receptors (PRRs) which monitors the struc-
tural motifs of microbes [1]. The sensing of virulence factors targeting RhoGTPases is based on
the detection of the abnormal activity of the host RhoGTPases. This feature is related to effector-
triggered immunity (ETI) that initially emerged from phytopathology studies [2,3]. Both systems
play critical roles: While the sensing of microbial structural motifs expressed by most microbes
would enable to sense all kinds of microbes, the detection of microbial virulence factors expressed
by pathogens would enable an increased immune response specifically against pathogens.

ETI was proposed to monitor the function of microbial virulence factors (i.e., effectors and
toxins) by sensing their activity [3-7]. Over the last 10 years, a major contribution to the iden-
tification of ETT in animals came from the study of virulence factors targeting RhoGTPases
and their interplay with innate immune sensors such as NOD and NOD-like receptor (NLR)
family members.

More than 30 virulence factors target RhoGTPases [8,9]. The mammalian RhoGTPase fam-
ily consists of about 20 members, and the best characterized subfamilies are Rho, Rac, and
Cdc42 [10]. Rho proteins are molecular switches that control a wide range of cellular processes
including inflammation, cell death as well as tissue homeostasis [11]. Mutations of RhoGT-
Pases or dysregulation of their activities have been linked to immune deficiencies, neurological
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disorders, or cancers [12-14]. The targeting of RhoGTPases by virulence factors was firstly
shown to confer to pathogens a selective advantage by counteracting the innate immune
responses. This encompasses the inhibition of phagocytosis and migration as well as modula-
tion of innate immune pathways [15]. Pathogens have evolved multiple strategies to manipu-
late the RhoGTPase cycle. These can be divided in 2 groups: the RhoGTPase-activating toxins
and the toxins inactivating RhoGTPases. Here, we review the molecular mechanism by which
the host immune system senses the virulence factors that target RhoGTPases and discuss the
implications of these sensing mechanisms.

RhoGTPase-targeting toxins and virulence factors: Hijacking
cellular signaling

RhoGTPases are one of the preferential targets of virulence factors, probably because of their
critical role in innate immune responses. RhoGTPases have been shown to be critical regula-
tors of the innate immune response via their contribution to phagocytosis and migration as
well as the production of reactive oxygen species via NADPH oxidase [16]. RhoGTPases cycle
between an active GTP-bound and an inactive GDP-bound stage which is regulated by the
GTPase-activating protein (GAP), guanine nucleotide exchange factor (GEF), and guanosine
nucleotide dissociation inhibitor (GDI) [17].

Bacteria use 2 types of strategies to manipulate the host RhoGTPases: (1) they use virulence
factors mimicking the RhoGTPases regulators (GAP, GEF, or GDI); and (2) they utilize viru-
lence factors endowed with enzymatic activities modifying host RhoGTPases [18]. These mod-
ifications result in either activation or inhibition of RhoGTPases, both of which affect the actin
cytoskeleton and the bacterial uptake by phagocytic or non-phagocytic cells. The advantages of
manipulating RhoGTPases for pathogens have been extensively studied [19-21]. Here, going
through the looking glass, we will describe how these manipulations of RhoGTPases are sensed
by the innate immune system.

Sensing RhoGTPase activation to trigger a transcriptional
antimicrobial response

Microbial activation of RhoGTPases induces the transcription of pro-inflammatory cytokine-
and chemokine-coding genes. Interestingly, the Salmonella virulence factor SopE, a GEF for
Rac and Cdc42, has been found to activate different signaling pathways converging on gene
transcription. Firstly, Salmonella expressing SopE and SopE2 activates JNK, p38, and Erk
MAPK, leading to NF-«B activation [22]. Interestingly, by activating Racl and Cdc42, SopE
was shown to trigger the activation of NOD1 and Rip2 which drives cytokine production [23].
More recently, SopE has been found to activate a Cdc42-Pak1 axis leading to TAK1- and
TRAF6-dependent NF-«B activation [24]. Further studies would be required to determine
whether these 3 pathways are interlinked or occur separately during infection. An interesting
example of an antimicrobial response triggered by RhoGTPases activation is the CNF1 toxin.
The CNF1 toxin of uropathogenic Escherichia coli is a deamidase that was shown to trigger a
protective antimicrobial response by activating the Rac2GTPase, which, in turn, activates the
IMD-Relish and Rip1/2 kinases-NF-«B signaling pathways in Drosophila and mammalian
cells, respectively [4,25].

Sensing the inactivation of RhoGTPases by the Pyrin inflammasome

The mefv gene (coding for the Pyrin protein) was discovered through its involvement in auto-
inflammatory syndromes such as familial Mediterranean fever (FMF) [26,27]. Recent studies
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have shown a host protective function for the Pyrin inflammasome by monitoring the activity
of virulence factors that inactivate RhoGTPases. The immune detection of bacterial toxins that
modify the host RhoGTPases is of major importance to restrain bacterial infection. This detec-
tion system was first suggested by studies showing that TcdA and TcdB toxins from Clostrid-
ium difficile were able to induce Caspase-1 activation and interleukin (IL)-18 maturation [28].
The Pyrin inflammasome was later shown by Shao and colleagues to be the sensor for RhoGT-
Pase-inhibiting toxins. They revealed that not only TcdA and TcdB toxins but also VopS (from
Vibrio parahaemolyticus), IbpA (from Histophilus somni), TecA (from Burkholderia cenocepa-
cia) are detected by the Pyrin inflammasome. It is noteworthy that these toxins inactivate the
RhoGTPases via 4 different mechanisms: glycosylation, ADP ribosylation, AMPylation, and
deamidation [29-32]. Shao and colleagues reported that the catalytically inactive mutant of
TcdB failed to activate the inflammasome, indicating the importance of sensing activity rather
than conserved structural motifs. Interestingly, the toxin TcsL (from Clostridium sordellii) that
inactivates Rac and Cdc42 but not RhoA failed to activate the Pyrin inflammasome, suggesting
that Pyrin monitors the activation status of RhoA specifically [30]. It is now accepted that the
Pyrin inflammasome senses the activity of RhoGTPase-inactivating virulence factors via a sig-
naling cascade involving Ser/Thr kinases and modifications of microtubule stability. At steady
state, Pyrin interacts with 14-3-3 proteins which maintain the receptor in an inactive form.
RhoA inhibition by toxins results in 14-3-3 dissociation from Pyrin in a Pyrin phosphorylation
status-dependent manner [31]. Park and colleagues revealed that the RhoA-interacting
kinases, protein kinase N1 (PKN1) and N2 (PKN2), phosphorylate human Pyrin on Ser208
and Ser242 (Ser205 and Ser241 on murine Pyrin) and trigger 14-3-3-Pyrin interaction to
maintain the inactive status of the Pyrin inflammasome [32]. Inactivation of RhoA by bacterial
toxins abolishes the Pyrin phosphorylation on Ser205/Ser241 by PKN1/2 and the subsequent
14-3-3 interaction and, as a consequence, activates the Pyrin inflammasome and triggers IL-1{3
secretion [31,32] (Fig 1). Interestingly, macrophage infection by C. difficile, expressing TcdA
and TcdB, triggers pyroptotic cell death in a GSDMD-dependent manner [33]. Other virulence
factors inactivating RhoGTPases have been shown to be sensed by the Pyrin inflammasome
(Table 1). Murine macrophages infected with Yersinia pseudotuberculosis expressing YopE
and YopT, 2 virulence factors inhibiting RhoA, trigger Ser205 dephosphorylation of Pyrin and
IL-113 secretion [34]. Yersinia provides a striking example of the virulence factor interplay that
probably resulted from host-pathogen coevolution. Indeed, Yersinia injects the effector YopM
that binds and activates PKN1/2 and RSK kinases to trigger Pyrin phosphorylation, thus pre-
venting Pyrin inflammasome activation and thereby counteracting the Pyrin sensing of
RhoGTPase-inactivating toxins [35-37]. Interestingly, the YopO virulence factor (YpkA in
Yersinia pestis) has a RhoGDI domain that inhibits RhoA as well as Rac [38,39]. Further stud-
ies would determine whether it could participate to this interplay by triggering the activation
of Pyrin. Another step in this host-pathogen coevolution process is the selection of human
Pyrin mutations. These mutations render Pyrin insensitive to YopM and may have been evolu-
tionarily selected to resist infection by Y. pestis, the causative agent of the plague [36]. In indi-
viduals carrying activating Pyrin mutations, the increased activity might have conferred a
selective advantage against pathogens [40]. However, these mutations are also responsible for
Pyrin-dependent autoinflammatory disorders [32]. The microtubule dynamics also play a role
in the Pyrin inflammasome activation. Microtubules act downstream of Pyrin dephosphoryla-
tion and dissociation from 14-3-3 proteins [31,41]. Despite the clinical importance of drug tar-
geting microtubules (such as colchicine) in Pyrin-dependent autoinflammatory disorders, the
mechanisms involved in microtubule regulation of the Pyrin inflammasome are not fully
understood.
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Fig 1. Sensing of RhoGTPase-modifying toxins by Pyrin and NLRP3 inflammasomes. (Left) The Pyrin inflammasome is activated in response to RhoA inhibition by
several bacterial toxins. At steady state, active RhoA induces the activation of PKN1/2 that phosphorylates (P) Pyrin (on Ser205 and Ser241) and triggers 14-3-3—Pyrin
interaction to maintain Pyrin inactive. Inhibition of RhoA by virulence factors disrupts this interaction leading to Pyrin inflammasome activation and subsequent IL-13
maturation and GSDMD cleavage into GSDMD-N. GSDMD-N anchors to the plasma membrane and triggers IL-113 secretion and pyroptotic cell death. The
involvement of ESCRT-mediated membrane repair during Pyrin-dependent pyroptosis is not yet defined. (Right) The NLRP3 inflammasome senses Rac2 activation by
bacterial virulence factors. Downstream of Rac2 activation, the Pak1/2 kinases phosphorylate (P) NLRP3 on Thr659 allowing the inflammasome assembly, and
subsequent IL-1f8 maturation. Is this context, IL-18 secretion is GSDMD independent and does not trigger cell death but may involve another GSDM and/or an ESCRT-
dependent membrane repair mechanism. GSDM, gasdermin; GSDMD, gasdermin D; IL, interleukin.

https://doi.org/10.1371/journal.ppat.1009504.g001

Sensing of RhoGTPase activation through the NLRP3
inflammasome

In 2004, Tschopp and colleagues established that NLRP3 is able to assemble into an
NLRP3-ASC-Caspase-1 inflammasome that is responsible for autoinflammatory disorders
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Table 1. Inflammasome sensing of RhoGTPase-targeting by bacterial toxins.

Toxin Pathogen Host target Modification Reference
Pyrin inflammasome RhoGTPase-inactivating toxins
C3 Clostridium botulinum Rho ADP ribosylation Xu et al. (2014) [30]

Clostridium limosum
Bacillus cereus
Bacillus thuringiensis

TcdA C. difficile Rho, Rac, Cdc42 Glucosylation Gao et al. (2016) [31]
TcdB C. difficile Rho, Rac, Cdc42 Glucosylation Xu et al. (2014) [30]
VopS V. parahaemolyticus Rho, Rac, Cdc42 AMPylation Xu et al. (2014) [30]
IbpA H. somni Rho, Rac, Cdc42 AMPylation Xu et al. 2014 [30]
TecA B. cenocepacia Rho, Rac, Cdc42 Deamidation Aubert et al. (2016) [29]
YopT Y. pestis Rho, Rac, Cdc42 CAAX cleavage Medici et al. (2019) [34]

Y. pseudotuberculosis
Yersinia enterocolitica

YopE Y. pestis Rho, Rac, Cdc42 GAP Medici et al. (2019) [34]
Y. pseudotuberculosis
Y. enterocolitica

NLRP3 inflammasome RhoGTPase-activating toxins
CNF1 E. coli Rho, Rac, Cdc42 Deamidation Dufies et al. (2021) [47]
DNT Bordetella pertussis Rho, Rac, Cdc42 Transglutamination Dufies et al. (2021) [47]

Bordetella parapertussis
Bordetella bronchiseptica

SopE Salmonella spp. Rac, Cdc42 GEF Dufies et al. (2021) [47]

GAP, RhoGTPase-activating protein; GEF, guanine nucleotide exchange factor.

https://doi.org/10.1371/journal.ppat.1009504.t001

[42]. Further studies reveal that NLRP3 inflammasome plays a role in metabolic diseases such
as diabetes, atherosclerosis, and gouty arthritis [43-46]. It is thought that the main physiologi-
cal function of NLRP3 inflammasome is to sense pathogen- and metabolic-triggered danger
signals. The contribution of the NLRP3 inflammasome in protecting the host against infec-
tious agents has recently emerged. The NLRP3 inflammasome is activated by several triggers
such as pore-forming toxins, extracellular ATP, crystalline structures, and mitochondrial dam-
age, but its role in ETI only recently emerged from study of RhoGTPase-activating toxins
[45,47-50]. NLRP3 is regulated by phosphorylation and ubiquitination, which control its sta-
bility and subcellular localization, conformational changes, and its interaction with inflamma-
some-related proteins such as the adaptor protein ASC and the regulator protein Nek7 [51].
Nek7 interacts with the carboxyl terminus leucin-rich repeat (LRR) of NLRP3 and triggers a
conformational change that is essential for NLRP3 oligomerization and inflammasome assem-
bly [52-54].

The CNF1 toxin is a bona fide RhoGTPase-activating toxin encoded by uropathogenic E.
coli. Interestingly, CNF1 has been shown to trigger an inflammatory immune response in vivo
and in cellulo using multiple models including Drosophila, mouse, and human [4,25,55,56].
This CNF1-triggered protective immunity and induced bacterial clearance was observed dur-
ing both Drosophila systemic infections and during mice bacteremia. While the CNF1-im-
mune response in Drosophila was restricted to the transcriptional antimicrobial peptide
expression, the CNF1-expressing E. coli triggered response in mice depended on Caspase-1
and IL-1 signaling [4,25]. Both CNF1 toxin and SopE virulence factor activating RhoGTPases
have been reported to trigger Caspase-1 activation and IL-1{3 maturation and secretion, but
the inflammasome involved was only recently identified. The NLRP3 inflammasome has been
found to be the sensor of RhoGTPase activation induced by CNF1, SopE, and DNT toxins [47]

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009504  April 29, 2021 5/9


https://doi.org/10.1371/journal.ppat.1009504.t001
https://doi.org/10.1371/journal.ppat.1009504

PLOS PATHOGENS

(Table 1). The NLRP3 inflammasome specifically senses the activation of Rac2. Downstream
of Rac2 activation, the p21-activated kinase (Pak) 1, and Pak2 are necessary for NLRP3 inflam-
masome sensing of CNF1, SopE, and DNT activities. The kinases Pak1/2 regulation of NLRP3
inflammasome activation was dependent on K" efflux and occurred through NLRP3 phos-
phorylation on Thr659 which enables the recruitment of Nek?7 and inflammasome assembly
and activation. During mice infections, both NLRP3 and Pak1 chemical inhibition or gene
knock-out prevented CNF1-induced bacterial clearance during bacteremia. In contrast to
other NLRP3 inflammasome activators, CNF1-triggered IL-1{3 secretion was GSDMD inde-
pendent and did not induce pyroptotic cell death (Fig 1). Further studies will be necessary to
determine the mechanisms involved in IL-18 secretion downstream of toxin-induced RhoGT-
Pase activation. An exciting possibility would be the involvement of other GSDM in the
CNF1-triggered IL-113 secretion coupled with a cell death inhibition mechanism to control the
balance between cell death and inflammation as described for GSDMD and ESCRT machinery
that controls membrane repair [57,58]. In human monocyte-derived macrophages, the sensing
of the CNF1 toxin via the Pak/NLRP3 axis is conserved. However, further studies are needed
to determine the role of Pak and NLRP3 during infection in humans and whether Pak/NLRP3
signaling axis deficiencies are associated with increased susceptibility to infection. The NLRP3
sensing of virulence factors activating RacGTPases could better explain the coexistence within
the same bacteria of virulence factors with antagonistic activities toward RacGTPases such as
in Salmonella with SopE and SptP, respectively, GEF and GAP for RacGTPases [59].

Concluding remarks

Pyrin and NLRP3 inflammasome guarding of RhoGTPases share striking molecular similari-
ties such as the involvement of Ser/Thr kinases and precise phosphorylation sites to control
inflammasome activation. Interestingly, PKN phosphorylation inhibits the inflammasome,
while Pak phosphorylation activates the inflammasome. The fine-tuning of these Rho-regu-
lated innate immune sensing mechanisms is probably essential for the host in order to cope
with microbial infection and inflammation. The reason why the host innate immune system
uses 2 different inflammasomes to monitor RhoGTPase activity remains an open question.
The only easy answer is that the guarding of RhoGTPases is critical for host survival during
infection.
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Abstract: Oxylipins are metabolized from dietary w3 and w6 polyunsaturated fatty acids and are
involved in an inflammatory response. Adipose tissue inflammatory background is a key factor
of metabolic disorders and it is accepted that dietary fatty acids, in terms of quality and quantity,
modulate oxylipin synthesis in this tissue. Moreover, it has been reported that diet supplementation
in w3 polyunsaturated fatty acids resolves some inflammatory situations. Thus, it is crucial to assess
the influence of dietary polyunsaturated fatty acids on oxylipin synthesis and their impact on adipose
tissue inflammation. To this end, mice fed an w6- or w3-enriched standard diet (w6/w3 ratio of
30 and 3.75, respectively) were analyzed for inflammatory phenotype and adipose tissue oxylipin
content. Diet enrichment with an w3 polyunsaturated fatty acid induced an increase in the oxylipins
derived from w6 linoleic acid, w3 eicosapentaenoic, and w3 docosahexaenoic acids in brown and
white adipose tissues. Among these, the level of pro-resolving mediator intermediates, as well as
anti-inflammatory metabolites, were augmented. Concomitantly, expressions of M2 macrophage
markers were increased without affecting inflammatory cytokine contents. In vitro, these metabolites
did not activate macrophages but participated in macrophage polarization by inflammatory stimuli.
In conclusion, we demonstrated that an w3-enriched diet, in non-obesogenic non-inflammatory
conditions, induced synthesis of oxylipins which were involved in an anti-inflammatory response as
well as enhancement of the M2 macrophage molecular signature, without affecting inflammatory
cytokine secretion.

Keywords: oxylipins; brown adipose tissue; white adipose tissue; macrophages; inflammation

1. Introduction

w6 linoleic acid (LA), a precursor of dihomo-y-linolenic acid (DGLA) and arachidonic acid
(ARA), and w3 «a-linolenic acid, a precursor of eicosapentaenoic (EPA) and docosahexaenoic (DHA)
acids are essential polyunsaturated fatty acids (PUFAs) only supplied by food. These PUFAs are
required for healthy development from embryonic steps to adult life and are involved in a variety
of biological processes, especially, in adipose tissue [1,2]. It is now well accepted that insufficient
intakes of w3 PUFAs, as well as an excess of w6 PUFAs, correlate with various diseases; especially,
metabolic diseases [3-5]. For example, ARA intake correlates positively with being overweight/obese,
inflammatory diseases, and associated metabolic syndrome [6-10]. Indeed, w6 oxylipins (oxygenated
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derivatives of PUFAs) are known to favor inflammatory responses [11], as well as to promote energy
storage [12] and to inhibit energy expenditure [13,14]. The dietary w6/w3 PUFAs ratio is more
important than the total amount of PUFA intake as it determines the level of synthesized w6-derived
oxylipins. Indeed, w3 PUFAs modulate w6-derived oxylipins synthesis [15]. Mechanistically this is
characterized by (i) the capacity of w6 and w3 PUFAs to compete at the level of lipoxygenase (LOX)
and cyclooxygenase (COX), their two major metabolization pathways and ii) the capacity of various
w3 PUFAs to inhibit these pathways.

The increase in the number of overweight or obese people has reached an epidemic stage in the
21st century. More than 2 billion adults are overweight (body mass index (BMI) > 25 kg/m?) and
at least 600 million are clinically obese (BMI > 30 kg/m?). Obesity and being overweight are the
consequences of a positive energy balance that leads to an increase in the mass of subcutaneous and
visceral white adipose tissue. White adipocytes are storing energy under the form of triglycerides
whereas brown adipocytes dissipate energy from triglycerides by producing heat (=thermogenesis).
In addition, white and brown adipocytes are able to secrete molecules acting on their environment, and
especially, on immune cells [16]. For example, white adipocytes secrete adipokines (e.g., adiponectin)
and pro-inflammatory factors (e.g., PAI-1, MCP-1, or IL-6) which are able to recruit and activate
macrophages [17]. Furthermore, it has also been shown that the white adipose tissue of obese subjects
is characterized by low-grade inflammation that can lead to metabolic disorders such as insulin
resistance [18]. This inflammation, characterized by an increase in inflammatory markers such as
TNFa, PAI-1, or interleukins 1 and 6 (IL-1, IL-6), promotes the macrophage infiltration of adipose
tissue and the polarization of macrophages of the alternative M2 type in classic pro-inflammatory M1
type [19].

The macrophages respond to environmental cues by acquiring specific functional phenotypes.
Pro-inflammatory M1 macrophages are involved in the fight against many infections. They are
activated by Toll-like receptor (TLR) ligands such as lipopolysaccharide and saturated fatty acids,
but also by IFNy and TNF«. They participate in the inflammatory environment by secreting many
cytokines such as IL-1, IL-6, IL-12, IL-23, and TNF«, and by participating in the chemo-attraction of
other immune cells [20]. M2 macrophages are more heterogeneous at functional and secretory levels.
Considered as anti-inflammatory or inactive, they normally reside in tissues and are involved in tissue
homeostasis by participating in the remodeling, repair, and activation of certain metabolic functions.
They can be activated by cytokines such as IL-4, IL-10, and IL-13, but also by more specific signals
from the tissue environment [21].

The accumulation of immune cells, especially that of macrophages, as well as their inflammatory
phenotype, affect adipose tissue homeostasis and, more specifically, the recruitment and function of
adipocytes in white and brown adipose tissues [16]. It has been shown that TNF« secreted by M1
macrophages inhibited adipocyte differentiation [22] and that IL-1§3 blocked insulin signaling [23],
thus favoring insulin-resistance. Recently, it has also been shown that IL-1f3 and TNF«x can affect the
thermogenic function of brown adipocyte [24-26]. These inflammatory cytokines thus participate
in the deregulation of tissue homeostasis by limiting its ability to dissipate an excessive supply of
substrate in the form of heat. On the contrary, it was shown that M2 macrophages, via the secretion of
factors such as IL-4 or IL-13 favored the formation of brown adipocytes and their activation [27,28].
In addition, immune cells can modulate insulin sensitivity and local secretion of catecholamines [29].
This secretion, that represents the preferential inducer of lipolysis and thermogenesis through the
activation of the (3-adrenergic pathway, appears to be crucial during prolonged exposure to cold or
aging [28,30].

Similarly to adipokines, the oxygenated derivatives of w6 PUFAs such as the n-2 series
prostaglandins or the n-4 series leukotrienes, which are synthesized and secreted by adipocytes,
participate in the inflammatory state of the tissue [31,32]. Furthermore, adipocytes are able to
metabolize w3 PUFAs, in the same way as w6, to produce oxygenated anti-inflammatory derivatives
such as n-3 series prostaglandins (PG), n-5 series leukotrienes (LT), as well as resolvins (Rv) and
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protectins (PD) [32]. For example, the administration of w3 PUFAs to obese mice as well as resolvin D1
(RvD1), an oxygenated derivative of DHA, limits macrophage infiltration, favors their polarization
toward the M2 phenotype, and rescues adipocyte metabolic dysfunction [33,34]. Thus, w6- and
w3-derived oxylipins are able to modulate the inflammatory phenotype of immune cells, especially
macrophages [11,35]. As dietary w6 and w3 PUFAs directly affect the quality and the quantity of
oxylipins synthesized and secreted by the adipocytes, it is of high interest to characterize the impact of
w3 PUFA diet supplementation on the inflammatory state of adipose tissue.

2. Materials and Methods

2.1. Reagents

Culture media and buffer solutions were purchased from Lonza (Ozyme, St-Quentin en Yvelines,
France), fetal bovine serum (FBS) from Eurobio (Courtaboeuf, France), insulin and trypsin from
InVitrogen (Cergy Pontoise, France). Oxylipins and inhibitors were purchased from Cayman
(BertinPharma, Montigny le Bretonneux, France). Other culture reagents were from Sigma-Aldrich
Chimie (Saint-Quentin Fallavier, France).

2.2. Animals and Diets

The experiments were conducted in accordance with the French and European regulations
(Directive 2010/63/EU) for the care and use of research animals and were approved by national
experimentation committees (MESR 01947.03). Ten-week-old C57BL/6] male mice from Janvier
Laboratory (France) were maintained at thermoneutrality (28 & 2 °C) and 12:12-h light-dark cycles,
with ad libitum access to food and water to not hide any behavioral modification. Mice were fed for
12 weeks with isocaloric isoenergetic (3.2 kCal/g-13.5 kJ /g) w6- or w3-enriched diets (12% energy
content as lipids). The diets were prepared by Harlan (WI, USA) from standard chow diets (reference
number 2016) by the addition of specific fatty acid ethyl-esters from NuChekPrep (Elysian, MIN, USA).
Detailed compositions are displayed in Table 1. Blood, interscapular brown adipose tissue (iBAT),
epididymal (eWAT), and inguinal subcutaneous (scWAT) white adipose tissues were sampled and
used for different analyses.

Table 1. Diet compositions.

w6-Enriched Diet w3-Enriched Diet
Protein [% by weight] 16
Carbohydrate [% by weight] 52
Fat [% by weight] 5
Saturated fatty acids (FAs) [% of total FAs] 12
Monounsaturated FAs [% of total FAs] 26 14
Polyunsaturated FAs [% of total FAs] 62 74
Linoleic acid [% by weight] 3
a-linolenic acid [% by weight] 0.1 0.64
EPA [% by weight] - 0.08
DHA [% by weight] - 0.08
w6/w3 PUFA ratio 30 3.75

2.3. Cell Culture

THP-1, a human pro-monocytic cell line, was cultured in RPMI GlutaMax medium, supplemented
with 10% FBS and 10 mM sodium pyruvate, at 37 °C and 5% CO,. Differentiation in macrophages-like
cells was induced by treatment with 20 nmol/L phorbol 12-myristate 13-acetate (PMA) for 72 h.
Then, media were replaced and polarization was induced for 48 h either with lipopolysaccharides
(LPS, 100 ng/mL) for M1 like-phenotype or with IL-4/IL-10 (10 ng/mL each) for M2 like-phenotype
acquisition. Treatments with a LOX inhibitor (=carnosic acid (CA), 10 uM), and/or with 9-HODE and
13-HODE (50 nmol/L + 50 nmol /L), were performed during the 48 h polarization step.
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2.4. Oxylipin Quantification

For quantification of unesterified oxylipins, tissues were snap-frozen with liquid nitrogen
immediately after retrieval and stored at —80 °C. Extraction and analysis by mass spectrometry
were performed at METATOUL platform (MetaboHUB, INSERM UMR 1048, I2MC, Toulouse, France)
as previously described [13,36].

2.5. Cytokine Quantification

For blood analysis, plasmas were diluted twice and analysis following manufacturer’s instructions
using the mouse V-PLEX Proinflammatory Panel 1 Kit (Meso Scale Discovery, # K15048D) on a
QuickPlex SQ 120 apparatus (Meso Scale Discovery).

For tissue analysis, proteins were extracted from frozen organs using an ULTRA TURRAX T25
(Ika, Germany) and lysis buffer (25 mM Tris-Cl (pH 7.4), 100 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.5% Nonidet P40 and protease inhibitors (Roche Diagnostics, Meylan, France)). Protein concentration
was evaluated by BCA assay (Sigma-Aldrich Chimie, Saint-Quentin Fallavier, France). 10 ug proteins
were used to evaluate cytokine concentration using the same kit and apparatus as those used for blood
cytokine analysis.

2.6. Histology

Freshly sampled tissues were fixed in 4% paraformaldehyde overnight at RT and then
paraffin-embedded. Embedded tissues were cut into 5-um sections and dried overnight at 37 °C.
For immunohistochemistry, sections were then deparaffinized in xylene, rehydrated using alcohol,
and washed in phosphate-buffered saline (PBS).

For histology analysis, sections were stained with hematoxylin-eosin and mounted in Mowiol.

For immunohistochemistry analysis, antigen unmasking was performed in boiling citrate buffer
(10 mM, pH 6.0) for 6 minutes. Sections were then permeabilized in PBS with 0.2% Triton X-100
at room temperature for 20 minutes and blocked in the same buffer containing 3% BSA for 30 min.
Sections were co-incubated with rat anti-F4 /80 antibody (Biorad, clone Cl:A3-1, dilution 1:100) and
rabbit anti-Arginase-1 (ThermoFisher Scientific, #PA5-29645, dilution 1:100) overnight at 4 °C.

Following a 30-min incubation with biotinylated anti-rat and TRITC-coupled anti-rabbit
secondary antibodies, the sections were incubated for another 30 min at room temperature with
avidin-biotin complex (Vector Lab, VECTASTAIN ABC Kit, PK-4000), and were then labeled with
3,3'-diaminobenzidine solution (Vector Lab, DAB, SK-4100). Nuclear staining was performed with
DAPI and sections were mounted in Mowiol.

Visualization was performed with an Axiovert microscope. Pictures were captured using
AxioVision software (Carl Zeiss, Jena, Germany).

2.7. Isolation and Analysis of RNA

Procedures follow MIQE recommendations [37]. Total RNA was extracted using a TRI-Reagent
kit (Euromedex, Souffelweyersheim, France) according to the manufacturer’s instructions. For RNA
isolation from organs, tissues were homogenized in TRI-Reagent using a dispersing instrument
(ULTRA TURRAX T25). A reverse transcription-polymerase chain reaction (RT-PCR) was performed
using M-MLV-RT (Promega). SYBR qPCR premix Ex Taqll from Takara (Ozyme, France) was used
for quantitative PCR (qPCR), and assays were run on a StepOne Plus ABI real-time PCR machine
(PerkinElmer Life and Analytical Sciences, Boston). The expression of selected genes was normalized
to that of the TATA-box binding protein (TBP) and 36B4 housekeeping genes and then quantified using
the comparative-ACt method. Primer sequences are available upon request.
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2.8. Statistical Analysis

Data were expressed as mean values + standard error of the mean (SEM). Data were analyzed
using InStat software (GraphPad Software) by one-way ANOVA followed by a Mann-Whitney
(for in vivo experiments) or a Student-Newman-Keuls (for in vitro experiments) post-test to assess
statistical differences between experimental groups. Differences were considered statistically
significant with p < 0.01.

3. Results
3.1. Impact of w3 PUFA Supplementation on General Parameters of Mice

3.1.1. General Metabolic Parameters

Ten-week-old male mice were fed for 12 weeks with an isocaloric isoenergetic standard diet
enriched in w6 PUFAs (w6-enriched diet, w6/w3 = 30), or supplemented with w3 PUFAs (w3-enriched
diet, w6/w3 = 3.7), see Table 1. Mice were housed at 28 °C, near thermoneutrality, in order to
limit energy expenditure due to thermogenic metabolism and to avoid any effect of this activity
on inflammatory response, as demonstrated previously [38].

Mice body weight, see Figure 1a, as well as food intake (w6-enriched diet, 4.49 g/day; w3-enriched
diet, 4.46 g/day per mouse) were similar between the two groups. Epididymal white adipose tissue
mean weight, see Figure 1b, and fed glycaemia, see Figure 1c, were not different after 12 weeks of
the diets. Altogether, these results indicated that the w6/w3 ratio of a standard diet, equilibrated in
carbohydrate, protein, and fat quantities (respectively, 20.1%, 65.4%, and 14.5% of energy supply), did
not modify general metabolic parameters of mice.
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Figure 1. Mice general metabolic parameters. (a) Mouse body weight, (b) epididymal white adipose
tissue weight, and (c) blood glycaemia evaluated after 12 weeks of w6- or w3-enriched diet. Results are
displayed as independent mouse values (dots) and mean £ SEM (histograms). n = 12.

3.1.2. Plasmatic Inflammatory Phenotype

To characterize the systemic inflammatory effect of a PUFA-enriched diet, we evaluated the blood
circulating level of a panel of cytokines, see Figure 2.
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Figure 2. Analysis of blood cytokines. Results are displayed as independent mouse values (dots) and
mean + SEM (histograms). n = 8. *, p < 0.01.

As expected, the level of most of the pro-inflammatory and anti-inflammatory cytokines was
unchanged between the two groups of mice. Only TNF« (pro-inflammatory cytokine) and IL-4
(anti-inflammatory cytokine) levels slightly but significantly decreased in mice fed an w3-enriched diet.

3.1.3. Impact of w3 PUFA Supplementation on Adipose Tissue Oxylipin Content

To investigate the modification induced by the two different diets within adipose tissues, we
quantified the levels of 33 PUFA-metabolites within iBAT, see Figure 3, and scWAT, see Figure 4, of
mice. These oxylipins were analyzed by groups following their PUFA origin, see Figures 3a and 4a, or
separately, see Figures 3b and 4b. In the iBAT, w3 PUFA supplementation led to a significant increase
of the oxylipins deriving from w3 PUFAs EPA (PGE3, LTB5, 18-HEPE) and DHA (RvD2, RvD1, MaR1,
PDx, 17-HDoHE, 14-HDoHE), but did not affect wé6-derived metabolites (6kPGF1la, TxB2, 11B-PGF2a,
PGF2a, PGE2, PGD2, 8isoPGA2, 15dPGJ2, LxB4, LxA4, LTB4, 5,6-DiHETE, 15-HETE, 8-HETE, 12-HETE,
5-HETE, 50xoETE, 14,15-EET, 11,12-EET, 8,9-EET, 5,6-EET derived from ARA; 13-HODE, 9-HODE
derived from LA), see Figure 3a.

In scWAT, while similar results were found for w3 PUFA-derived and ARA-derived oxylipins,
LA-derived metabolites were highly increased, as shown in Figure 4a.

LA and w3-PUFA derived oxylipins are considered as anti-inflammatory and pro-resolving
mediators, especially through the modulation of macrophage function. Along with these oxylipins, we
have found that 14- and 17-HDoHEs and 18-HEPE levels were increased in iBAT and scWAT of mice
fed the w3-enriched diet, and 9- and 13-HODESs were increased only in scWAT, see Figures 3b and 4b.
14- and 17-HDoHE are metabolized in pro-resolving mediators as RvD1, RvD2, Mar1, PDx, and PD1,
while 18-HEPE leads to RvE1 synthesis. It is interesting to note that these final metabolites were barely
(PDx) or not detected within the tissue, see Figures 3b and 4b.
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Figure 3. Quantities of oxylipins derived from dietary polyunsaturated fatty acids (PUFAs) in
interscapular brown adipose tissue (iBAT). (a) Quantities of oxylipins derived from arachidonic acid
(ARA) and linoleic acid (LA) w6 PUFAS or eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) w3 PUFAs. (b) Quantities of oxylipins considered as anti-inflammatory or pro-resolving
mediator intermediates. Results are displayed as independent mouse values (dots) and mean + SEM
(histograms). n = 8. *, p < 0.01.
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Figure 4. Quantities of oxylipins derived from dietary PUFAs in inguinal subcutaneous white
adipose tissues (scWAT). (a) Quantities of oxylipins derived from ARA and LA w6 PUFAS or EPA
and DHA w3 PUFAs. (b) Quantities of oxylipins considered as anti-inflammatory or pro-resolving
mediator intermediates. Results are displayed as independent mouse values (dots) and mean + SEM
(histograms). n = 8. *, p < 0.01.
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3.2. Effect on Inflammatory Phenotype of Adipose Tissue

3.2.1. Histology and Cytokine Content

The histological analysis of iBAT and scWAT, see Figure 5a, revealed neither cell infiltration nor
crown structure that were typical of an adipose tissue inflammatory response in both groups of mice.
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Figure 5. Inflammatory profile of iBAT and scWAT of mice submitted to w6- or w3-enriched diet.
(a) Hematoxylin and eosin staining of tissue sections. (b) Analysis of adipose tissue cytokine levels.
Results are displayed as independent mouse values (dots) and mean £ SEM (histograms). n = 6.
*, p<0.01.



Nutrients 2019, 11, 438

9o0f17

In the same way, analysis of the iBAT and scWAT cytokine contents showed similar levels of both
pro- and anti-inflammatory cytokines in the two groups of mice, as shown in Figure 5b.

3.2.2. Expression of Inflammatory Markers

As we did not find any modulation of cytokine levels, we analyzed marker expression of
specialized macrophages to evaluate the inflammatory background of the tissue, see Figure 6.
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Figure 6. Macrophage marker expression in adipose tissue of mice submitted to w6- or w3-enriched

diet. mRNA level analysis of general (CD11¢, CD11b), M1 (TNF«, IL-1B3, IFNY, IL-6) and M2 (IL-1RA,

IL-10, MRC1, FIZZ1, MGL2, ARG1, YM1) macrophage markers in (a) iBAT and (b) scWAT. Histograms

display mean + SEM. n =12. *, p < 0.01.

The analysis of macrophage markers in iBAT derived from the w3-enriched diet group, see
Figure 6a, revealed an increase in CD11b (or ITGAM, integrin «M) and CD11c (or ITGAX, integrin «X)
mRNA expression, concomitantly to an increase in major M2 macrophage markers, namely MRC1
(mannose receptor 1), FIZZ1 (found in inflammatory zone 1 or RELM«), and MGL2 (macrophage
galactose N-acetyl-galactosamine specific lectin 2). No change was found for other M2 macrophage
markers or for M1 macrophage markers. To note, ARG1 (arginase 1) and Ym1 (chitinase 3-like 3) were

either barely detected or undetected in this tissue.

The analysis of the scWAT, see Figure 6b, from w3-supplemented mice, showed an increased the
expression of the M2 macrophage markers MRC1 and FIZZ1 (not MGL2), but no increase of CD11c
(CD11b was undetected). In contrast to iBAT, our data revealed an increase of ARG1 mRNA expression
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and the induction of YM1 mRNA expression. Finally, as for iBAT, no change was found for mRNA
expression of M1 macrophage markers.

Altogether, these results demonstrated that an w3-enriched diet led to a general increase in M2
anti-inflammatory macrophage marker expression without modification in M1 pro-inflammatory
markers. This was correlated and perhaps due to the increased amount of substrates for pro-resolving
mediator synthesis, as well as an increased quantity of M2 polarizing oxylipins.

3.3. Effect of Potential Anti-Inflammatory Oxylipins Modified in an w3-Enriched Diet on THP1
Monocyte Cells

The oxylipins 9- and 13-HODEs (LA-derived oxylipins metabolized by LOX) are not known
to be precursors of pro-resolving mediators but display high contents in iBAT, see Figure 3b, and
scWAT, see Figure 4b, and are strongly increased in scWAT after the implementation of an w3-enriched
diet. In order to investigate the role of 9- and 13-HODEs on macrophage polarization, we used
THP-1 macrophage cell lines activated in pro-inflammatory M1 (LPS 100 ng/mL, Figure 7a) or
anti-inflammatory M2-like phenotype (IL4 + IL-10 10 ng/mL each, Figure 7b). THP-1 cells were
treated with 9- and 13-HODE:s (9/13-HODEs, 50 nmol/L each) or with carnosic acid (CA, 10 uM), a
lipoxygenase inhibitor [39], or a combination of both.
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Figure 7. Macrophage marker expression in THP-1 cells under 9- and 13-HODE treatment. mRNA
level analysis by RT-qPCR of M1 (TNF«, IL-1p) and M2 (MRC1, TGM2) macrophage markers in control,
lipopolysaccharides (LPS) (upper panel) or IL-4/IL-10 (lower panel) treated THP-1 macrophages. Cells
were co-treated for 48 h with carnosic acid (CA, 10 uM) and or 9- and 13-HODEs. (a) CA treatment
induced opposite effects in M1- and M2-like macrophages as it increased inflammatory markers in
THP-1 M1-like macrophages, and (b) decreased M2-like macrophages’ markers. Histograms display
mean £+ SEM. n =3. % p <0.01 vs. ctrl and $, p < 0.01 vs. CA.
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None of the treatments modulated non-polarized THP-1, see Figure 7. Treatment with
9/13-HODEs alone showed no effect on macrophages” M1-like phenotype but increased TGM2
expression on M2-like macrophages. Remarkably, CA treatment induced opposite effects in M1-
and M2-like macrophages as it increased inflammatory markers in THP-1 M1-like macrophages, see
Figure 7a, and decreased M2-like macrophages’ markers, see Figure 7b. Interestingly, 9/13-HODEs
supplementation reversed CA effects, see Figure 7.

4. Discussion

Dietary fats are the source of essential PUFAs that are required for fetal and newborn development
and trigger a variety of biological responses in adults, especially, in adipose tissue. New dietary
recommendations warn against the insufficient intake of w3 PUFAs and the excess of w6 PUFAs which
correlate with various disease developments [3,4]. In the first year of life, a high dietary w6/w3 ratio is
positively associated with adiposity of infants [40—42]. In the same way, in adults, a high w6/w3 ratio
can correlate to an increase of fat mass and the development of metabolic complications [6-10].

Conversely, it has been described that a low w6/w3 ratio seems to be correlated with metabolic
disorder protection in different populations [43]. On a metabolic point of view, diets exhibiting a high
wb/w3 ratio allow a higher ARA bioavailability for the synthesis of w6-derived eicosanoids due to an
insufficient compensatory effect of EPA and DHA [15]. Indeed, both w6 and w3 PUFAs are metabolized
using the same enzymatic pathways. First, LA and LNA are modified by common A-desaturases
and elongases [44]; then, their metabolites, i.e., ARA, DGLA, EPA, and DHA, are metabolized in
oxygenated derivatives also using common pathways involving cyclooxygenases, lipoxygenases, and
CYP450 enzymatic reactions. Here, we provided evidence that, compared to a high wé/w3 PUFA ratio,
an equilibrated ratio of four allows the synthesis of LA and EPA/DHA oxylipins instead of ARA
oxylipins. As LA and LNA use a common pathway (A-desaturase) to be transformed, respectively, into
DGLA/ARA and EPA/DHA, we hypothesize that LNA supplementation could limit LA desaturation
and thus increase LA bioavailability and metabolization in oxylipins through the LOX pathways. Thus,
these competitive phenomena, in addition to dietary intake, determine PUFA availability in oxylipins
synthesis and, in turn, their various metabolic effects, especially for inflammatory responses [45].

It has already been described in rodents that an increase of white adipose tissue mass can be
related to an w6 PUFA-enriched high-fat diet and can be prevented by w3 PUFA supplementation [12,
46]. It is suggested that this could only be due to a specific subset of w3 PUFA such as EPA [47].
Moreover, eicosanoids derived from w6 PUFA inhibit adipocyte thermogenic activity both in vitro
and in vivo [11,13,48]. We and others demonstrated previously, using the same nutritional approach
as in the present work, that an w3 PUFA diet supplementation improved the thermogenic adipocyte
function by promoting a more oxidative phenotype in response to 3-adrenergic stimulation [14,49].
In the present study, w3 PUFA supplementation does not induce any change in body mass, glycaemia,
or white and brown adipose tissue morphologies since the mice were fed diets with normal fat content
and did not receive any (3-adrenergic challenge.

Most studies concerning w3 PUFA supplementations were carried out in a context of
obesity (high-fat diet) or infection (LPS treatment) and demonstrate a positive effect of w3 PUFA
supplementation on the analyzed parameters [35]. Nevertheless, other studies demonstrate the
inability of w3 PUFAs to modulate inflammation after LPS treatment [50] or in obese mice [51,52].
These discrepancies are essentially due to the differences in the experimental approaches (diet
composition, mouse strain, challenge ... .) and in the analyzed parameters (cytokine concentration,
mRNA expression, histology ... ). In humans, several experimental approaches have tried to link
an w3 PUFA intake to inflammatory response, again with inconsistent conclusions. For example, a
one-year dietary supplementation in w3 PUFA does not modify the circulating cytokine levels in
healthy volunteers [53]. Conversely, other studies show a decrease of blood inflammatory markers
after w3 PUFA supplementation [54,55]. It is important to note that a plasma inflammatory mediator
profile seems to be less representative compared to the one of adipose tissue [56]. The same discrepancy
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is found for studies analyzing adipose tissue inflammation. Although one human trial (4g w3
PUFAs/day; 12 weeks) on insulin-resistant adults demonstrates a decrease in the crown-like structure
number [57], corresponding to phagocytic activity of macrophage on adipocyte, another trial on
the same type of patients (4.2g w3 PUFAs/day; 6 months) demonstrates no effect of w3 PUFA
supplementation on the same parameter [58]. Moreover, a recent paper establishes that the oxylipin
profile in rat adipose tissue after dietary w3 PUFA supplementation (ratio w6/w3 of 0.6) is dependent
of (i) the kind of w3 PUFA used, (ii) the kind of adipose tissue analyzed, and (iii) the sex [59].

In view of these heterogeneities, we decided to analyze the effect of PUFA intake in normal
physiological conditions (thermoneutrality, no 3-adrenergic challenge) using an isocaloric, isoenergetic
standard diet supplemented with ethyl esters of fatty acids (instead of classic oil supplementation)
and various technical approaches to characterize the inflammatory profile. With this strategy, we
characterize fatty acid metabolism within subcutaneous and brown adipose tissues and the related
inflammatory phenotype. Our results linking w3 PUFA supplementation and M2 macrophage are
in line with other studies, such as a recent one demonstrating that (i) treatment of human adipose
tissue explants with w3 PUFAs lead to an anti-inflammatory phenotype characterized by a decrease
of M1 marker expression, and (ii) treatment of THP-1 cells increased expression of M2 markers [60].
In the same way, DHA supplementation in a high-fat diet context promotes mRNA expression of
M2 markers within white adipose tissue without affecting the total macrophage number [61]. In this
study, the authors describe the same effect for RvD1, DHA metabolites, and conclude that DHA leads
to an anti-inflammatory phenotype via RvD1 synthesis. Unfortunately, they never quantify RvD1
production in vivo and thus do not link DHA supplementation to RvD1 synthesis [61]. In our study,
we have not been able to detect resolvins but only their substrates. We assume that without a specific
inflammatory signal, intermediates of pro-resolving mediators are synthesized but not metabolized.
Indeed, these mediators are involved in the resolution of inflammation and appeared late in the process
as they are not required before, differently to prostaglandins and leukotrienes which appear early [62].

In our study, we measure a defined set of oxylipins. Even if this panel includes oxylipins
deriving from all pathways and PUFAs, we cannot exclude that unmeasured oxylipins triggered the
anti-inflammatory effect of w3 PUFA supplementation found in our model. In this way, epoxide
and diol metabolites derived from CYP epoxygenase/soluble epoxide hydrolase activity [63], as well
as endocannabinoids, are known and interesting potential mediators of the inflammatory effect of
PUFA [64]. In addition, the esterification of oxylipins, especially of eicosanoids, was described as
an active and major mechanism in various cell biological responses including inflammation [65].
These esterified oxylipins can represent the majority of cell oxylipins and can be hydrolyzed from
the membrane under specific stimuli [66]. In this way, it could be interesting to quantify all oxylipins
(unesterified and esterified) in adipose tissue under w3 PUFA diet supplementation and to evaluate
their hydrolysis under inflammatory conditions. Nevertheless, our unexhaustive analysis allowed a
correlation between the synthesis of several oxylipins and the expression of M2 macrophage markers.
We propose that 9- and 13-HODESs could drive this effect. In our in vitro results on the THP-1 cell
line, we demonstrate that 9- and 13-HODEs are not enough to directly drive the polarization of THP-1
macrophage but are required to maintain the phenotype. Indeed, their supplementation restores control
level expression of M1-like and M2-like markers after CA treatment. Moreover, 9- and 13-HODEs seem
to play a role in the anti-inflammatory effects since they are able to increase M2 markers such as TGM2.
These results are consistent with some studies describing 9- and 13-HODESs as known mediators of
macrophage polarization [67] in a PPARy-dependent manner [68]. Of course, other oxylipins could be
involved in the anti-inflammatory environment found in our mice. For example, the study of Fat-1
mouse, which is able to synthesize w3 PUFAs itself, displays a lowered inflammatory environment
induced by obesity, correlatively to 17-HDoHE synthesis [69]. In addition to oxylipins involvement,
we cannot exclude a direct action of w3 PUFAs on the membrane receptor. Indeed, it is shown that
DHA is able to directly activate, via GPR120, an anti-inflammatory response driven by macrophage
within adipose tissue [33]. This activity could be linked to the recent characterization of the DHA
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inhibitory effect on NLRP3 inflammasome activity, an effect triggered by GPR40/GPR120 pathways
and leading to a decreased production of mature IL-13 [70]. As NLRP3 is activated essentially in
response to an infectious environment, we do not correlate w3 PUFA supplementation with a decrease
in IL-13 production in our physiological context.

It is interesting to note that the w3 PUFA intake finely drives the kind of oxylipins synthesized.
A recent study analyzed the effect of an w3 PUFA dietary supplementation of an already equilibrated
diet (ratio w6/w3 = 6.7) to reach an w6/w3 ratio of 0.8. Thus, differently to our situation, LA and
LNA are already desaturated equivalently, and the increase in w3 PUFA intake leads to a decrease
of LA-derived oxylipins (9/13-HODEs) in favor of EPA and DHA derived oxylipins in the brain.
Moreover, this “over”-supplementation ameliorates against an inflammatory response [71].

5. Conclusions

Previous studies have demonstrated the positive effect of w3 PUFA intake to counteract the
adverse consequences of a high-fat diet or inflammatory situation. Herein, our study was conducted
in non-obesogenic non-inflammatory conditions and also showed a beneficial influence of w3 PUFA
dietary supplementation on the adipose tissue inflammatory phenotype. Moreover, while w3 PUFA
metabolites have been involved in this effect, we additionally highlighted the unsuspected role of
LA-derived metabolites. Finally, this already assumed beneficial outcome of w3 PUFA supplementation
is in line with a human situation where a high w6/w3 ratio is correlated with the development of
inflammatory diseases in metabolic tissue.
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Numerous studies have shown that the recruitment and activation
of thermogenic adipocytes, which are brown and beige/brite, reduce
the mass of adipose tissue and normalize abnormal glycemia and
lipidemia. However, the impact of these adipocytes on the inflam-
matory state of adipose tissue is still not well understood, especially
in response to endotoxemia, which is a major aspect of obesity and
metabolic diseases. First, we analyzed the phenotype and metabolic
function of white and brite primary adipocytes in response to lipopoly-
saccharide (LPS) treatment in vitro. Then, 8-wk-old male BALB/c
mice were treated for 1 wk with a B3-adrenergic receptor agonist
(CL316,243, 1 mg/kg/day) to induce recruitment and activation of
brown and brite adipocytes and were subsequently injected with LPS
(Escherichia coli lipopolysaccharide, 100 pg/mouse ip) to generate
acute endotoxemia. The metabolic and inflammatory parameters of
the mice were analyzed 6 h later. Our results showed that in
response to LPS, thermogenic activity promoted a local anti-inflam-
matory environment with high secretion of IL-1 receptor antagonist
(IL-1RA) without affecting other anti- or proinflammatory cytokines.
Interestingly, activation of brite adipocytes reduced the LPS-induced
secretion of leptin. However, thermogenic activity and adipocyte
function were not altered by LPS treatment in vitro or by acute endo-
toxemia in vivo. In conclusion, these results suggest an IL-1RA-
mediated immunomodulatory activity of thermogenic adipocytes spe-
cifically in response to endotoxemia. This encourages potential ther-
apy involving brown and brite adipocytes for the treatment of
obesity and associated metabolic diseases.

NEW & NOTEWORTHY Recruitment and activation of brown
and brite adipocytes in the adipose tissue of mice lead to a local
low-grade anti-inflammatory phenotype in response to acute endo-
toxemia without alteration of adipocyte phenotype and function.

brown adipose tissue; catecholamines; cytokines; inflammation;
white adipose tissue
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INTRODUCTION

White adipocytes are specialized for the storage and release
of energy (carbohydrates and lipids), whereas brown adipocytes
dissipate this energy in the form of heat (thermogenesis) through
the activity of uncoupling protein-1 (UCP1) (10). Brown adipo-
cytes constitute brown adipose tissue (BAT) but can also be
found within white adipose tissue (WAT). They are then called
beige or brite adipocytes (“brown in white”) and have a high
thermogenesis capacity in response to conditions such as pro-
longed cold exposure (11).

Overweight (body mass index, BMI > 25 kg/m?) and obesity
(BMI > 30 kg/m?) are the consequences of a positive energy bal-
ance (energetic substrate storage > expenditure) that leads to an
increase in the mass of subcutaneous and visceral white adipose
tissue. Obesity is a major risk factor for type 2 diabetes develop-
ment, as 90% of patients suffering from type 2 diabetes are over-
weight or obese (16). It has also been shown that metabolic
organs of obese subjects, especially WAT, are characterized by
low-grade inflammation that can lead to metabolic disorders
such as insulin resistance (20). Inflammation is characterized in
WAT by an increase in inflammatory cytokines such as tumor
necrosis factor alpha (TNF-ot), plasminogen activator inhibitor-1
(PAI-1), or interleukin-1p and interleukin-6 (IL-1B and IL-6).
This promotes immune cell infiltration of adipose tissue, particu-
larly infiltration of inflammatory macrophages (29, 30). Immune
cell accumulation and secretion of inflammatory cytokines affect
adipose tissue homeostasis and, more specifically, the recruit-
ment and function of adipocytes in WAT and BAT (32).
Previous studies have shown that TNF-o inhibits adipocyte dif-
ferentiation (21) and that IL-1pB blocks insulin signaling, thus
favoring insulin resistance (22). Recently, it has also been shown
that IL-1p and TNF-a affect the thermogenic function of brown
adipocytes (18, 34, 39). Altogether, these studies showed that
inflammatory cytokines participate in the development of an
inflammatory environment, leading to the deregulation of adi-
pose tissue homeostasis. However, the origin of low-grade meta-
bolic inflammation is still under debate. Growing evidence
indicates that the gut microbiota are a major player in metabolic
inflammation. The gut of obese patients is characterized by an
alteration in the microbiota (dysbiosis) and a disruption of the
intestinal barrier, increasing its permeability to microbiota
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metabolites and degradation products. Consequently, systemic
endotoxin levels increase (endotoxemia), including the levels of
lipopolysaccharides (LPS) (46). It has been demonstrated using
germ-free rodent models that this endotoxemia is directly linked
to adipose tissue inflammation (6, 7, 49). In this pathophysiolog-
ical condition, LPS directly activates Toll-like receptor 4 (TLR-
4), which is displayed by tissue macrophages and adipocytes
(42). In response, white and brown/beige adipocytes exhibit an
altered function (33, 34) and secrete inflammatory cytokines
(TNF-ot and IL-1f), which alter tissue homeostasis. Recently, it
has been shown that brown and white adipocytes respond differ-
ently to in vitro LPS stimulation and mediate different inflam-
matory responses (13).

One of the strategies for treating type 2 diabetes associated
with obesity is to increase energy expenditure by stimulating the
recruitment and activity of brown and/or beige adipocytes (27).
Although little is known about the impact of this strategy on the
balance and functionality of the immune system, it is a key ele-
ment in the pathology of metabolic syndrome, especially in
low-grade inflammation and inherent insulin resistance. In this
work, we investigated the response of white and brown/brite
adipocytes to LPS treatment with regard to their impact on the
inflammatory environment induced by LPS. Using ex vivo and
in vivo approaches in mice, we demonstrated that recruitment/
activation of brown/brite adipocytes by B-adrenergic receptor
agonists was not affected by LPS treatment and led to a reduced
inflammatory response to LPS, especially by the overexpression
of an IL-1 receptor antagonist (IL-1RA), coded by /I-1rn gene,
that is known to inhibit the action of IL-1.

MATERIALS AND METHODS

Reagents. Culture media and buffer solutions were purchased from
Lonza (Ozyme, St-Quentin en Yvelines, France), fetal bovine serum
(FBS) was purchased from Eurobio (Courtaboeuf, France), and insulin
was purchased from Invitrogen (Cergy Pontoise, France). LPS (LPS-
EK Ultrapure isolated from Escherichia coli K12 strain) was obtained
from InvivoGen (Toulouse, France). Other reagents were obtained
from Sigma-Aldrich (Saint-Quentin Fallavier, France).

Animals. The experiments were conducted in accordance with the
French and European regulations (2010/63/EU directive) for the care
and use of research animals and were approved by national experimen-
tation committees (MESR No.: APAFIS#18322-2018121809427035
v2). Eight-week-old male BALB/c mice from Janvier Laboratory
(France) were maintained at housing temperature (22°C) on a 12:12-h
light/dark cycle, with ad libitum access to food and water.

The mice were treated daily with the B3-adrenergic receptor agonist
CL316,243 (1 mg/kg in saline solution, ip, n = 12) (Sigma-Aldrich) or
with vehicle only (saline solution, n = 12). To induce endotoxemia, six
mice from each group were injected at day 7 with LPS (100 pg/mouse
in PBS, ip) or vehicle only and were euthanized 6 h later alternating
one mouse from each group. At the end of the experiment, blood, inter-
scapular brown adipose tissue (iBAT), epididymal white adipose tissue
(eWAT), and inguinal subcutaneous white adipose tissue (scWAT)
were sampled and used for different analyses. No mice were excluded.

Cytokine and metabolic parameter quantification. For blood analy-
sis, freshly prepared plasma was diluted twice before analysis. For tis-
sue analysis, freshly sampled WAT and BAT were washed in PBS,
weighed, and incubated in free Dulbecco’s modified Eagle’s medium
for 2 h at 37°C. The media were preserved for the analysis of various
secreted proteins.

Leptin was assayed using a mouse leptin kit (Meso Scale Discovery,
Cat No. K152BYC), and cytokines were measured using a mouse V-
PLEX proinflammatory panel 1 kit (# K15048D) according to the
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manufacturer’s instructions using a QuickPlex SQ 120 apparatus (Meso
Scale Discovery, Rockville, MD). IL-1RA levels were assayed using a
mouse IL-1RA ELISA kit (Cat. No. EMIL1RN) from Thermo Fisher
Scientific (Courtaboeuf, France). Glycerol and triglyceride determina-
tions were performed using a dedicated kit (free glycerol reagent and
triglyceride reagent, Sigma-Aldrich).

Histology. Freshly sampled tissues were fixed in 4% paraformalde-
hyde overnight at room temperature (RT) and then paraffin embedded.
Embedded tissues were cut into 5-um sections and dried overnight at
37°C.

For histological analysis, the sections were stained with hematoxy-
lin-eosin and mounted in VectaMount (Vector Laboratories).

For immunohistochemical analysis, antigen retrieval was performed
using a low-pH buffer in a decloaking chamber (Dako, Cat. No.
S2367). The sections were then permeabilized in PBS with 0.2% Triton
X-100 at room temperature for 10 min and blocked in the same buffer
containing 3% BSA for 1 h. The sections were incubated with rat anti-
F4/80 antibody (Bio-Rad, clone Cl:A3-1, dilution 1:100) overnight at
4°C. Following a 1 h incubation with A568-coupled antirabbit second-
ary antibodies, nuclear staining was performed with DAPI, and the sec-
tions were mounted in PermaFluor mounting medium (Thermo Fisher).

Visualization was performed with an Axiovert microscope. Images
were captured using AxioVision software (Carl Zeiss, Jena, Germany).

Stromal vascular fraction cell isolation and culture. Subcutaneous
WAT (scWAT, inguinal) and interscapular BAT (iBAT) deposits were
sampled from 8-wk-old BALB/c male mice, washed in PBS, and
minced. Adipose tissue samples were digested for 45 min at 37°C in
DMEM containing 2 mg/mL collagenase A (Roche Diagnostics,
Meylan, France) and 20 mg/mL bovine serum albumin (Sigma-Aldrich
Chimie, Saint-Quentin Fallavier, France). The samples were succes-
sively filtered through 250-, 100-, and 27-pum nylon sheets and centri-
fuged for 5 min at 500 g. The pellet containing stromal vascular
fraction (SVF) cells was subjected to red blood cell lysis.

SVF cells were plated and maintained in DMEM containing 10% fe-
tal calf serum until confluence. Differentiation was induced in the same
medium supplemented with 1 M dexamethasone, 0.5 mM isobutyl-
methylxanthine, and 860 nM insulin for 2 days. Then, the cells were
maintained for 7 days in the presence of 860 nM insulin for white adi-
pogenesis and 860 nM insulin, 1 pM rosiglitazone, and 2 nM triiodo-
thyronine for brite and brown adipogenesis, as previously published
(36). Media were changed every other day. On the final day, the differ-
entiated preadipocytes were stimulated with or without 1 uM isoproter-
enol for 6 h.

Isolation and analysis of RNA. Procedures were performed accord-
ing to MIQE (Minimum Information for Publication of Quantitative
Real-Time PCR Experiment) recommendations (5). Total RNA was
extracted using a TRI-Reagent kit (Euromedex, Souffelweyersheim,
France), according to the manufacturer’s instructions. For RNA isola-
tion from organs, tissues were homogenized in TRI-Reagent using a
dispersing instrument (ULTRA TURRAX T25). Reverse transcription-
polymerase chain reaction (RT-PCR) was performed using M-MLV-
RT (Promega). SYBR qPCR premix Ex Taq II from Takara (Ozyme,
France) was used for quantitative PCR (qPCR), and assays were run on
a StepOne Plus ABI real-time PCR instrument (PerkinElmer Life and
Analytical Sciences, Boston). The expression of selected genes was
normalized to that of the TATA-box binding protein (TBP) and 36B4
housekeeping genes and then quantified using the comparative-ACt
method. Primer sequences are available upon request.

Oxygen consumption analysis. The oxygen consumption rate
(OCR) and the extracellular acidification rate (ECAR) of 10-day-old
differentiated SVF cells were determined using an XF24 Extracellular
Flux Analyzer (Seahorse Bioscience, Agilent Technologies France,
Courtaboeuf, France). Isoproterenol (1 pM) and/or LPS (100 ng/mL)
were used to characterize inducible respiration. Uncoupled OCR and
maximal OCR were determined using oligomycin (1.2 pM) and car-
bonyl-cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP, 1 uM).
Rotenone and antimycin-A (2 pM each) were used to inhibit
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mitochondrial respiration. All parameters were calculated as described
previously (4).

Statistical analysis. Animal cohort size was determined using
G*Power (14), and animals were allocated to experimental groups by
randomization. The data were analyzed using GraphPad Prism 6 soft-
ware and evaluated by ordinary one-way ANOVA followed by
Tukey’s multiple-comparison posttest to assess significant differences
between experimental groups. Differences were considered statistically
significant with P < 0.05. The data are displayed as scatter plots of in-
dependent values and group means = SD.

RESULTS

In vitro phenotypic and functional metabolic response of
white, brown, and brite differentiated preadipocytes to LPS
treatment. White and brite adipocytes were obtained after dif-
ferentiation of preadipocytes that were isolated from the stromal
vascular fraction of mouse subcutaneous white adipose tissue,
and brown adipocytes were obtained from the stromal vascular
fraction of mouse brown adipose tissue, as previously published
(36). On the last day of differentiation, the differentiated preadi-
pocytes were treated for 6 h with 1 pM isoproterenol (a nonspe-
cific B-adrenergic receptor agonist that activates lipolysis and/or
UCP1 activity) and/or 100 ng/mL LPS and were then used for
mRNA expression (Fig. 1) or treated acutely with the same
compounds for functional metabolism modification analysis
(Fig. 2).

LPS treatment did not alter perilipin 1, adiponectin, and
Glut4 mRNA expressions in all kinds of adipocytes. Leptin
mRNA was scarcely detected in all adipocytes, limiting our
interpretation about the strong inhibition found in white adipo-
cytes under LPS and isoproterenol treatments (Fig. 1). White
adipocytes barely expressed Ucpl and perilipin 5 mRNA, and
LPS and isoproterenol did not alter these expression levels. In
brite adipocytes, perilipin 5 was slightly inhibited by LPS treat-
ment independent of isoproterenol. Interestingly, LPS alone did
not alter Ucpl expression in brite adipocytes but blunted the
increase in Ucpl mRNA expression due to acute isoproterenol
treatment (Fig. 1). In brown adipocytes, perilipin 5 and Ucpl
mRNA levels were increased by isoproterenol but were unaf-
fected by LPS. Interestingly, in all kinds of adipocytes, Ppar-y
(peroxisome proliferator-activated receptor y) mRNA levels
were inhibited by LPS and by isoproterenol treatment (Fig. 1).

Analysis of Tnf-o0 and II-6 mRNA levels showed that they
were overexpressed after acute LPS treatment. Interestingly,
isoproterenol completely inhibited Tnf-o. overexpression in the
three kinds of adipocytes. A more complex situation was found
for I1-6 mRNA, which was positively affected by the combina-
tion of isoproterenol and LPS treatment in white adipocytes but
inhibited by the same cotreatment in brite and brown adipocytes
(Fig. 1). Analysis of II-1p mRNA expression showed an
increase after LPS treatment of adipocytes. Isoproterenol did
not alter this expression, except when white adipocytes were
treated with both isoproterenol and LPS. As II-1 mRNA enco-
des the proform of the protein before its maturation and secre-
tion, these results need to be analyzed with caution. mRNA
expression of II-1rn, which codes for the IL-1RA protein that
counteracts the effect of IL-1, was increased after LPS treat-
ment, similar to that of Il-1 mRNA. Interestingly, brite adipo-
cytes expressed more Il-1rn than white and brown adipocytes.
This expression in brite adipocytes was increased by LPS
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treatment and, more importantly, by isoproterenol with or with-
out LPS (Fig. 1).

At the metabolic level, isoproterenol treatment induced glyc-
erol release (a reflection of lipolysis) in the three types of adipo-
cytes, but cotreatment with LPS had no effect (Fig. 2A).
Interestingly, LPS slightly but significantly increased glycerol
release in white, brite, and brown adipocytes. The extracellular
acidification rate (ECAR) (Fig. 2B) and oxygen consumption
rate (OCR) (Fig. 2C) were analyzed concomitantly and were
increased by acute isoproterenol treatment in brite and brown
adipocytes, whereas only the OCR was increased in white adi-
pocytes. Uncoupling mitochondrial oxygen consumption (the
OCR due to proton leakage) was increased in brite and brown
adipocytes after isoproterenol stimulation, which is a reflection
of Ucpl activity (Fig. 2C). Neither ECAR nor OCR was
affected by LPS treatment (Fig. 2, B and C).

Taken together, these in vitro adipocyte experiments suggest
that activation of adipocyte B-adrenergic receptors decreased
the inflammatory phenotype and that LPS treatment did not
clearly affect the thermogenic phenotype.

In vivo effects of acute LPS treatment on browning and BAT
activation induced by the [3-adrenergic receptor agonist
(CL316,243). Eight-week-old male BALB/c mice were treated
daily with a B3-adrenergic receptor agonist (CL316,243, 1 mg/
kg) that activates brown and brite adipocyte thermogenesis and
adipocyte lipolysis and were finally treated with 100 pg of LPS
for 6 h. Body weight was unaffected by treatment with
CL316,243 or LPS (Fig. 3A). Different weights of epididymal
WAT showed that fat mass was decreased after CL316,243
treatment but was unaffected by LPS treatment (Fig. 3A).
Although the plasma glycerol level did not change, we found a
decrease in plasma triglyceride levels, probably due to the high
use of this substrate by activated brown and brite adipocytes
(Fig. 3B). Interestingly, LPS treatment also decreased triglycer-
ide levels, but no additive effect was found in the cotreated
mouse group (Fig. 3B). Leptin plasma levels increased in LPS-
treated mice, and the effect was blunted when the mice were
pretreated with CL316,243 (Fig. 3C). Similar results were found
for secreted leptin using sScWAT explants sampled from these
mice (Fig. 3C). Thus, in our experiment, leptin levels did not
follow the fat mass of the animals and corresponded to an adi-
pose tissue inflammatory response to LPS.

To assess the effects of acute LPS treatment on brown and
brite adipocyte recruitment and activation, we performed histo-
logical and molecular analyses of WAT and BAT from mice in
each group. As shown in Fig. 3D, CL316,243 decreased the
quantity of lipid droplets in brown adipose tissue and slightly
increased Ucpl and Cptlm (carnitine O-palmitoyltransferase
IM) mRNA expression, which is characteristic of activated
BAT, without affecting perilipin 1 and 5 expressions as well as
adiponectin, Glut4 (glucose transporter 4), and Ppar-y mRNA
expressions (Supplemental Fig. S1A; all Supplemental material
is available at https://doi.org/10.6084/m9.figshare.12739874).
scWAT histological sections from CL316,243-treated groups
displayed massive recruitment of multiloculated adipocytes
(Fig. 3D), which is a characteristic morphology of brite adipo-
cytes. This was confirmed by the overexpression of Ucpl and
perilipin 5 mRNA (Supplemental Fig. S1B).

Perilipin 1, adiponectin, and leptin mRNA expression in
scWAT did not change with LPS and/or CL316,243 treatment.
This discrepancy between leptin secretory levels and mRNA
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Fig. 1. Effect of LPS on white, brite, and brown differentiated preadipocytes in vitro. White and brite adipocytes were obtained after differentiation of stromal vascu-
lar fraction cells isolated from mouse scWAT, and brown adipocytes were obtained from the stromal vascular fraction of iBAT. mRNA expression analysis by quan-
titative PCR of white (leptin, perilipin 1, Ppar-y, Glut4, and adiponectin), brite/brown (Ucpl and perilipin 5), and inflammatory markers (Tnf-o, 11-6, Il-1f, and Il-
1m) after 6 h of treatment with isoproterenol (1 M) and/or LPS (100 ng/mL). The results are displayed as means = SE. n = 6 (2 replicates of 3 independent cultures).
*P < 0.05 vs. control; $P < 0.05 vs. LPS; §P < 0.05 vs. isoproterenol; £P < 0.05 vs. white adipocytes. iBAT, interscapular brown adipose tissue; sScWAT, subcuta-

neous white adipose tissue.

expression supports an acute response independent of fat mass
change (Supplemental Fig. S1B). Different to Glut4 mRNA,
which was increased after isoproterenol treatment and less
affected by LPS treatment, Ppar-y mRNA levels were strongly
inhibited by LPS independent of isoproterenol exposition
(Supplemental Fig. S1B). Interestingly, we did not detect cell
infiltration or crown structure after LPS treatment by histologi-
cal analysis (Fig. 3D), which was confirmed by negative stain-
ing for the macrophagic marker F4/80 (data not shown).
Certainly, the time was too short between LPS treatment and
analysis to allow infiltration of adipose tissue by immune cells.
Acute LPS treatment induces an inflammatory response
and secretion of anti-inflammatory cytokines. Inflammation is
mainly triggered by inflammatory cytokine secretion, followed
by a resolution step that is characterized by the secretion of anti-
inflammatory cytokines. This effect was observed in mice that
were treated with LPS. Terminal LPS treatment induced an

increase in the plasma level of IL-1p, as well as IL-1p secre-
tion in BAT and scWAT explants, and CL316,243 did not al-
ter this effect (Fig. 44). IL-1RA plasma levels equivalently
increased after administration of LPS to untreated and
CL316,243-treated mice (Fig. 4B). In contrast, in sScWAT and
BAT, while LPS treatment increased IL-1RA secretion,
CL316,243 also increased IL-1RA secretion, and this effect
was additive in the presence of LPS (Fig. 4B).

In addition to IL-1B/IL-1RA, other cytokine levels were
affected. TNF-o and IL-12 plasma levels were increased af-
ter LPS treatment independent of CL316,243 treatment, and
the same trend was found for IL-6 (Supplemental Fig. S2).
KC/GRO (CXCL-1) was detected in the plasma of mice but
was not affected by the different treatments. Interestingly,
LPS-induced IFN-y and IL-2 plasma level increases were
abrogated when the mice were treated with CL316,243
(Supplemental Fig. S2).
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Fig. 2. Effect of LPS on white, brite, and brown differentiated preadipocytes in vitro. White and brite adipocytes were obtained after differentiation of stromal vascu-
lar fraction cells isolated from mouse scWAT, and brown adipocytes were obtained from the stromal vascular fraction of iBAT. A: glycerol levels were assayed in
the supernatants of white and brite adipocytes that were treated for 2 h with LPS and/or isoproterenol. B and C: adipocytes were analyzed for oxygen consumption
and extracellular acidification following sequential injection of isoproterenol and/or LPS, oligomycin A (1.2 uM), and rotenone/antimycin A (2 + 2 pM). B: ECAR in
response to LPS and/or isoproterenol is displayed as % of basal ECAR. C: plots show mitochondrial OCR and the indicated injections. Histograms display mitochon-
drial OCR in response to LPS and/or isoproterenol (induced/basal mitochondrial OCR) and uncoupling mitochondrial respiration. The results are displayed as
means + SE. n = 6 (2 replicates of 3 independent cultures). *P < 0.05 vs. control; $P < 0.05 vs. LPS; §P < 0.05 vs. isoproterenol; £P < 0.05 vs. white adipocytes.
ECAR, extracellular acidification rate; LPS, lipopolysaccharide; iBAT, interscapular brown adipose tissue; OCR, oxygen consumption rate; scWAT, subcutaneous

white adipose tissue.

A different profile of secreted cytokines was found in the adi-
pose tissue explant media. IFN-y was undetected, and IL-2 and
IL-12 were barely detected (Fig. 5), with a slight increase only
in the iBAT of LPS-treated mice (Fig. 5A). Secreted IL-6
increased in the iBAT of LPS-treated mice independent of
CL316,243 treatment and only in LPS plus CL316,243 in
scWAT (Fig. 5). In contrast, KC/GRO and TNF-a increased in
all groups of LPS-treated mice independent of CL316,243 treat-
ment and had the same trend (Fig. 5).

Although the anti-inflammatory cytokine IL-4 was barely
detected in plasma and undetected in explants of adipose tis-
sues, the plasma level of IL-10 was increased in response to

LPS (Supplemental Fig. S3). None of these was altered by
CL316,243. In contrast, local secretion of IL-10 by adipose
tissue was not stimulated by LPS alone, but an increasing
trend was observed after CL316,243 treatment, especially in
BAT that was cotreated with LPS (Supplemental Fig. S3).

DISCUSSION

Metabolic endotoxemia, found for example in obese patients
and sepsis, appears after gut epithelium disturbance, which
allows LPS from Gram-negative gut bacteria to enter the sys-
temic circulation (8, 24). This leads to systemic and local
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Fig. 3. Effect of CL316,243 and LPS on general mouse metabolic parameters. Mice were analyzed after 1 wk of treatment with CL316,243 daily (1 mg/kg/day) or ve-
hicle only (NaCl) and with or without LPS treatment (1 mg/kg) during the final 6 h. Mouse body weights and epididymal white adipose tissue (eWAT) weights (A),
triglycerides and glycerol plasma levels (B), and secreted leptin levels in plasma and subcutaneous white adipose tissue (scWAT) (C). D: hematoxylin-eosin staining
of interscapular brown adipose tissue (iBAT), scWAT, and eWAT sections. The results are displayed as independent values (dots) and means £ SE. n = 6 (mice and
plasma) or 8 (explant). *P < 0.05. LPS, lipopolysaccharide .
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Fig. 4. Effect of CL316,243 and LPS on IL-1p/IL-
IRA. IL-1P (A) and IL-1RA (B) protein levels were
assessed in plasma (fop) and in the media of iBAT
(middle) and scWAT (bottom) explants from mice
that were treated for 1 wk with CL316,243 daily (1
mg/kg/day) or vehicle only (NaCl) and with or with-
out LPS treatment (1 mg/kg) for the final 6 h. The
results are displayed as independent values (dots) and
means £ SE. n = 6 (plasma) or 8 (explant). *P < 0.05.
iBAT, interscapular brown adipose tissue; scWAT,
subcutaneous white adipose tissue.

inflammation, which is, among others, a central feature of meta-
bolic syndrome development (6). Several studies have shown
the action of LPS on white and brown adipocyte differentiation
and function. LPS modulates adipocyte functions directly via
TLR-4 activation or indirectly, especially through macrophage
activation, which in turn secrete cytokines that modulate adipo-
cyte functions. In WAT, LPS directly induces lipolysis (51) and
cytokine secretion by adipocytes and indirectly (mainly by mac-
rophage-derived cytokines) inhibits differentiation and pro-
motes insulin resistance (41, 50). In BAT, LPS has been
suspected to be an activator of brown adipocyte thermogenesis
(9), but recent studies demonstrated that acute (in vitro) and
chronic (in vivo) exposure to LPS inhibits UCP1 expression and
function in these adipocytes (1, 33). However, little is known
about the influence of white and brite or brown adipocytes on
local and systemic inflammation due to LPS exposure, espe-
cially the secretion of inflammatory mediators such as cyto-
kines and adipokines. Herein, we analyzed the impact of
brown and brite adipocyte recruitment and activation on
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systemic and local (adipose tissue) responses to acute LPS
treatment, which mimics endotoxemia.

Leptin is a well-known modulator of pyrexia in response to
LPS (15, 37, 38). As expected, we found an increase in plasma
leptin level that correlated with the sScWAT leptin level, a chief
origin of this adipokine with others in adipose tissues (25), in
mice that were stimulated with acute LPS treatment. This posi-
tive effect was not found at the mRNA level in the scWAT of
these mice or in primary white adipocytes that were exposed to
LPS. These results suggested that the modulation in leptin levels
was not due to change in adipose tissue mass but that LPS
stimulated adipocyte leptin secretion without affecting its
mRNA expression. Interestingly, these increased leptin levels
were completely abolished when the mice were pretreated with
CL316,243, which induces brown/brite adipocyte recruitment
and activation and thus thermogenesis. As leptin induces fever
independent of thermogenesis (15), we suspect negative feed-
back that prevents hyperthermia due to the addition of thermo-
genesis and pyrexia. Unfortunately, leptin levels cannot be
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Fig. 5. Local inflammatory response to LPS. IFN-y, TNF-o, IL-6, IL-12-p70, KC/GRO (CXCL-1), and IL-2 levels were assessed in the media of iBAT (A) and
scWAT (B) explants from mice that were treated for 1 wk with CL316,243 daily (1 mg/kg/day) or vehicle only (NaCl) and with or without LPS treatment (1 mg/kg)
for the final 6 h. The results are displayed as explant values (dots) and means + SE. n = 8. *P < 0.05. iBAT, interscapular brown adipose tissue; sScWAT, subcutaneous

white adipose tissue.

related to fever, as body temperature was not available in our
work. Inconsistently, numerous studies have shown an inhibi-
tory effect of chronic LPS treatment on Ucpl expression and
function in vivo and thus on thermogenesis (33). In our work,
we showed that LPS did not modify Ucpl expression or the his-
tology of BAT and scWAT after CL316,243 treatment, strongly
suggesting that LPS does not affect thermogenesis. The differ-
ence between our results and those of Okla and colleagues (33)
is probably due to the duration of LPS treatment (6 h vs. 2 wk).
This was confirmed by an in vitro experiment on brite adipo-
cytes showing that LPS slightly inhibited Ucpl mRNA expres-
sion due to isoproterenol treatment but did not modify Ucpl

function, as demonstrated by oxygen consumption analysis. It is
possible that a difference exists between brite and brown adipo-
cytes, as LPS inhibits Ucpl function in brown adipocytes in
vitro (1).

As mentioned previously, LPS is a known inducer of lipoly-
sis, which is confirmed in our in vitro experiment (51). In the
same way, thermogenic activity induced by CL316,243 treat-
ment involved a sustained lipolysis supplying fatty acids as the
energy substrate to brown and brite adipocytes and releasing
glycerol in circulation (47). In vivo, we did not detect any
increase in glycerol plasma level after both LPS and CL316,243
treatment. Although the short treatment time with LPS can
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explain this, it is not the case for chronic CL316,243 treat-
ment. We hypothesized that, in this mouse strain, a higher
uptake of glycerol by the liver or an active glycerol recycling
by adipocytes could limit the level of circulating glycerol in
the blood (3, 35).

Dowal and colleagues (13) used a coculture of human adipo-
cytes and macrophage cell lines to show that brown adipocytes
reduced macrophage IL-6 secretion in response to LPS com-
pared with that of white adipocytes. Under similar conditions,
mRNA expression of other inflammatory markers, including II-
10, in macrophages was inhibited by brown adipocytes. These
results suggest that brown adipocytes and perhaps brite adipo-
cytes display general immunomodulatory properties of interest.
Our ex vivo analysis showed the same results, with decreased
mRNA expression of I1-6 in brite adipocytes compared with that
in white adipocytes and to a lesser extent for Tnf-o. We
hypothesized that the inhibition of inflammatory cytokine
expression in brown adipocytes participates in its immunomo-
dulatory activity on macrophages. Unfortunately, this inhibition
of proinflammatory and anti-inflammatory cytokine levels was
not confirmed in vivo. Control mice and mice that were pre-
treated with CL316,243 displayed an equivalent increase in the
secretion of TNF-o and IL-6 after LPS treatment. The same
results were obtained for other pro- and anti-inflammatory cyto-
kines in plasma and adipose tissue, except for IFN-y and IL-2
plasma levels, which were strongly decreased in the CL316,243
group after LPS treatment. As no IFN-y and very low quantities
of IL-2 were found in BAT and scWAT, we can exclude the
involvement of these tissues in this immunomodulatory effect.
Moreover, the discrepancies between plasma and adipose tissue
cytokine levels demonstrated that the local production of cyto-
kines found in the adipose tissue had a limited impact on sys-
temic inflammatory response to LPS. Nevertheless, in addition
to cytokines, oxygenated derivatives of m6 polyunsaturated fatty
acids (n-2 series prostaglandins and n-4 series leukotrienes) and
of ®3 polyunsaturated fatty acids (n-3 series prostaglandins, n-5
series leukotrienes, resolvins, and protectins) are highly synthe-
sized and secreted by adipocytes and participate in the inflam-
matory and resolutive states of immune response (19, 31). As
we have demonstrated previously that recruitment and activa-
tion of brown and brite adipocytes modulate these syntheses
(12, 17), we can hypothesize that these metabolites could partic-
ipate in the local, and even systemic, inflammatory response to
LPS of the adipose tissue.

Along with proinflammatory cytokines, IL-1B has a central
role in the immune response to LPS and in adipose tissue home-
ostasis (45). More specifically, IL-1f secretion induced by LPS
treatment disrupts insulin signaling in WAT (2, 22, 26) and
inhibits UCP1 function in BAT both in vitro and in vivo (9, 18).
As expected, we found that LPS treatment induced IL-1 pro-
duction in all conditions assayed, as shown by mRNA expres-
sion in white and brite adipocytes in vitro and secretion of the
mature form of IL-1f in BAT and scWAT in vivo. In addition,
we showed that recruitment and activation of brown and brite
adipocytes did not modulate IL-1f levels and thus did not
seem to prevent the inflammatory action of this cytokine. IL-
1B is mainly regulated at the expression, maturation, and
secretion levels, especially by modulation of the nuclear fac-
tor kB (NF-kB) transcription factor and activation of inflam-
masomes. Another pathway exists to modulate IL-1 activity,
which is the production and secretion of IL-1RA. This
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cytokine antagonizes the biological effects of IL-1f3 by com-
peting for binding to the IL-1 receptor without inducing a cel-
lular response (43). Moreover, IL-1RA is highly produced by
the adipose tissue (23). Interestingly, we demonstrated that
II-1rn mRNA was more highly expressed in brite adipocytes
in vitro than in white adipocytes and that this difference was
amplified when the cells were treated with a B-adrenergic re-
ceptor agonist. Importantly, these observations were con-
firmed in vivo, where CL316,243 treatment increased IL-
1RA levels in WAT and BAT, with or without LPS treatment.
In contrast, the plasma levels of IL-1RA increased only in the
presence of LPS and independent of CL316,243 treatment.
Taken together, these results clearly demonstrate that brite
and brown adipocytes express and/or secrete more IL-1RA
than white adipocytes, especially in response to acute LPS
treatment and certainly via direct activation of TLR4 path-
way. In addition to a potential anti-inflammatory role of IL-
IRA, we hypothesize that the simultaneous secretion of IL-
IRA and IL-1B corresponds to a protective mechanism to
preserve adipocyte function in an inflammatory context.

Increased IL-1f or decreased IL-1RA levels are linked to the
development of obesity and diabetes, and among therapeutic
strategies developed to normalize these levels, some studies
have focused on the use of exogenous IL-1RA (44, 45). In
rodents, chronic IL-1RA treatment of mice that were fed a high-
fat/high-sucrose diet prevented glucose metabolism alteration
and normalized the metabolic parameters linked to obesity with-
out affecting fat mass (40). In addition, using IL-1RA-overex-
pressing mice, we detected a normalization of inflammatory
marker mRNA in the WAT of mice that were fed a high-fat diet
(40). In humans, several clinical trials using anakinra (recombi-
nant human IL-1RA) have been developed with obese and dia-
betic patients and have shown, among others, better pancreatic
function and decreased systemic inflammation after treatment
(28, 48). As we demonstrated that IL-1RA adipose levels are
increased after B-adrenergic receptor agonist treatment, we sug-
gest that increasing brown/brite adipocyte recruitment and activ-
ity in humans, in addition to decreasing fat mass, protects the
adipose tissue from the adverse effects of IL-1f.

Our study was performed in lean BALB/c mice at ambient
temperature. Thus, /) we cannot exclude that the results displayed
herein were inherent to the model chosen; ii) we have a basal
thermogenic activity due to ambient temperature, which could
limit the difference between CL316,243 treated and untreated
mice, and it will be interesting to reproduce this work at thermo-
neutrality to match the human situation more; and iii) as we have
decided to develop our study on lean mice to exclude any addi-
tional effect of an obesogenic environment, it will be of interest
to transpose now this study in an obese mouse model mimicking
the human situation, where endotoxemia is mainly found.

Finally, we have demonstrated that recruitment and acti-
vation of brown and brite adipocytes in the adipose tissue of
mice led to a local anti-inflammatory phenotype character-
ized by an increased IL-1RA level and decreased leptin
secretion in response to endotoxemia without modulation of
systemic inflammation.
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Implication de I'inflammasome NLRP3 dans la détection des toxines bactériennes

et dans I'évolution du COVID-19

Lors d’une infection, la détection des microorganismes pathogenes est indispensable a la réponse
immunitaire innée et a l'initiation de I'immunité adaptative. Une réponse immunitaire physiologique
est définie comme une réponse proportionnelle et adaptée a la stimulation microbienne et doit
conduire a une résolution de linflammation. Pour cela, I’'hdte doit étre capable de détecter
guantitativement et qualitativement les micro-organismes. Du point de vue quantitatif, I'h6te détecte
des motifs structuraux conservés au sein d’une classe de micro-organismes. D’autre part, la détection
de I'activité des facteurs de virulence — spécifiques aux pathogenes — permet une détection qualitative.

La découverte des PRR et plus précisément des inflammasomes a permis une avancée majeure dans la
compréhension des mécanismes de détection des pathogénes et des signaux de danger liés aux
dommages cellulaires produits lors de I'infections. Les inflammasomes sont des complexes responsables
de 'activation de la Caspase-1 et de la maturation de I'lL-1R et IL-18. Initialement découverts pour leur
implication dans des maladies auto-inflammatoires, les inflammasomes sont également impliqués dans
la détection de I'activité des facteurs de virulence notamment ceux ciblant les Rho-GTPases.

Les Rho-GTPases sont situées au carrefour de grandes voies de signalisation cellulaire ; en régulant la
migration cellulaire, la phagocytose ou encore la transcription des génes, ceux sont des acteurs majeurs
de I'immunité. Cela en fait des cibles préférentielles pour les bactéries pathogénes. En effet, plus de 30
facteurs de virulence bactériens manipulent les Rho GTPases en utilisant diverses stratégies menant a
leur inhibition ou leur activation.

La bactérie E. coli uropathogéne est la premiére cause de cystites, pyélonéphrites et dans les cas les
plus graves de bactériémies. Plus de 30% des E. coli uropathogenes possedent la toxine CNF1, une dé-
amidase activant les Rho-GTPases.

Avant mon arrivée au laboratoire, I’équipe du Dr Laurent Boyer a montré que la toxine CNF1 induit une
réponse immunitaire. En effet, au cours de la bactériémie chez la souris ou de l'infection systémique
chez la drosophile, la détection de la toxine CNF1 induit la clairance bactérienne. Au niveau cellulaire,
I'activation des Rho-GTPases par CNF1 est responsable de la production de cytokines pro-
inflammatoires. En paralléle de cette réponse transcriptionnelle, la toxine CNF1 provoque la maturation
de I'lL-1R de fagon dépendante de la Caspase-1, suggérant I'implication d’un inflammasome.

Mon projet de thése était d’identifier I'inflammasome impliqué dans la détection de la toxine CNF1 et
de caractériser la voie de signalisation menant a cette activation.

Nous avons identifié I'inflammasome NLRP3 comme étant responsable de la détection de |'activation
de la GTPase Rac2 par la toxine CNF1. Nous avons ensuite étudié le réle de la kinase Pakl, effecteur de
Rac2, dans cette voie de signalisation et nous avons pu montrer que Pakl joue un réle crucial dans
I'activation de I'inflammasome NLRP3 par CNF1. Pakl phosphoryle la Thr659 du récepteur NLRP3 et
cette phosphorylation est déterminante pour le recrutement de la protéine régulatrice Nek7 et
I'activation de lI'inflammasome NLRP3. Finalement, nous avons pu montrer le réle majeur de la voie
Pak1-NLRP3 dans la mise en place d’une réponse immunitaire anti-virulence au cours de la bactériémie.

De plus, nous avons utilisé notre expertise pour étudier 'activation de I'inflammasome NLRP3 chez les
patients infectés par le SARS-CoV-2. Cette étude nous a permis d’établir la signature de la réponse
NLRP3 dans les cellules myéloides circulantes des patients COVID-19 et d’utiliser ces parameétres pour
définir un score permettant de prédire I"évolution des patients.

Mon travail sur I'implication de I'inflammasome NLRP3 dans la détection de la virulence a permis une
meilleure compréhension des mécanismes impliqués lors d’une réponse immunitaire anti-infectieuse.
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