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Résumé

Les Interferon Regulatory Factors sont une large famille de facteurs de transcription premièrement identifiés dans la régulation du gène de l'interféron β. Ces facteurs de transcription ont été décrits dans beaucoup de mécanismes de l'immunité, innée comme adaptative. Ils sont grandement impliqués dans la régulation de l'expression ainsi que la réponse aux interférons de type 1. Ils jouent également divers rôles dans la différentiation et la maturation des cellules de l'immunité, qu'elles soient d'origine myéloïde ou lymphoïde. De récentes publications ont mis en valeur le rôle de deux membres de cette famille, IRF1 et IRF2, dans la régulation de gènes associés à l'inflammasome. L'inflammasome est un complexe multiprotéique impliqué dans la reconnaissance de signaux de dangers émis par des agents pathogènes ou des cellules entrain de mourir. L'inflammasome est constitué d'une épine dorsale peu variable constituée d'un senseur, un adaptateur et un effecteur. L'activation de l'inflammasome aboutit donc à l'activation de l'effecteur, membre de la famille des caspases.

La caspase-1 induit la sécrétion de cytokines pro-inflammatoires, IL-1β et IL-18, ainsi qu'une mort cellulaire inflammatoire programmée nommée pyroptose via le clivage d'une protéine : la gasdermin D.

La première partie de ma thèse a constitué en l'identification de partenaires des guanylates binding proteins, protéines impliquées dans la lyse des bactéries cytosoliques, ainsi qu'en la définition de l'état d'ubiquitination de ces protéines lors de la réponse à Francisella.

Cette piste n'aboutissant pas, j'ai réorienté ma thèse sur la suite des travaux publiés par le laboratoire sur la régulation de CASP4 par le facteur de transcription IRF2, identifié par un screen CRISPR/Cas9 à l'échelle du génome. Grâce aux travaux préliminaires de Sacha BENAOUDIA, nous avons pu identifier dans un modèle murin Irf2 -/-développé par nos soins une régulation négative in vitro ainsi qu'in vivo de l'expression de gasdermin D. Nous avons par la suite défini dans un modèle in vitro de macrophages murins dérivés de moëlle osseuse l'impact de cette régulation négative de l'expression de Gsdmd exercée par l'absence d'Irf2 sur le fonctionnement de l'inflammasome. Nous avons pu observer que les conséquences de l'inflammasome, à savoir la mort cellulaire et la sécrétion de cytokines pro-inflammatoires, étaient diminuées dans notre modèle murin Irf2 -/-quand comparé à des cellules d'animaux Wild-Type. Des différences de régulation de CASP4 et GSDMD par IRF2 ayant été mises en évidence par deux équipes dont la nôtre, nous avons ensuite exploré la fixation d'IRF2 sur les séquences promotrices de gènes liés à l'inflammasome que sont CASP1, CASP4 et GSDMD.

Abstract

Interferon Regulatory Factors are a large family of transcription factors firstly identified in the regulation of interferon β gene expression. These transcription factors have been described in many innate and adaptive immunity mechanisms. They are widely involved in regulation of expression and response to type 1 interferons. They are also involved in many steps of differentiation and maturation of immune cells, either myeloid or lymphoid. Recent publications highlighted IRF1 and IRF2 roles, both members of this transcription factor family, in the regulation of inflammasome-related genes. Inflammasome is a multiproteic complex involved in the detection of danger signals provided by either invading pathogens or dying cells.

Inflammasome is made of a rarely variable backbone including a sensor, an adaptor and an effector. Inflammasome activation results in activation of an effector, member of the caspase family. Caspase-1 induces pro-inflammatory cytokines secretion, IL-1β and IL-18, as well as a programmed inflammatory cell death termed pyroptosis by cleaving one specific protein: gasdermin D.

The first part of my thesis concerned the identification of guanylate binding proteins partners, proteins involved in cytosolic bacteria lysis. I also tried to define the ubiquitination state of these proteins in Francisella-infected cells. These leads did not give any promising results so I reoriented my work. I continued previously published work from our lab on CASP4 regulation by transcription factor IRF2, identified thanks to a genome-wide CRISPR/Cas9 screen. Thanks to preliminary work realized by Sacha BENOUDIA, we identified in a newlycreated Irf2 -/-murine model a negative regulation both in vivo and in vitro of Gsdmd expression.

We then defined in vitro in bone marrow derived macrophages how inflammasome functions are impacted by the absence of Gsdmd in Irf2 -/-cells. We observed that the outcomes of inflammasome, cell death and proinflammatory cytokines secretion, were diminished in Irf2 -/- cells when compared to Wild-Type cells. Regulation differences of CASP4 and GSDMD by IRF2 were brought out by two different teams, including ours. We then decided to explore IRF2 binding to inflammasome-related genes promoters: CASP1, CASP4 and GSDMD. We identified four different binding profiles in the four cell types studied. We finally wanted to properly define IRF1 and IRF2 roles in the regulation of the three precedingly cited genes in human cell lines commonly used in the inflammasome field and elucidate cell-type specific binding differences and gene expression.

These few results allowed us to conclude that, in mice, Gsdmd expression is regulated by Irf2. Irf2 deletion in our animals induces a susceptibility to Francisella novicida infection leading to an early death of these animals. In Humans, GSDMD regulation seems to be more complex, with the involvement of both IRF1 and IRF2. Differences in inflammasome-related gene expression at steady state and differences in induction after IFNγ treatment remind the importance of proper tool choice in this field. We did not manage to define the exact role of IRF1 and IRF2 in the regulation of inflammasome-related genes, but the presented results already suggest cell-type dependent regulations. 

Keywords

I. Interferon Regulatory Factors Family: roles in immunity 1. Introduction

In 1988, Miyamoto et al. 1 identified for the first time a nuclear factor that was involved in the transcription of IFNβ gene regulation. They described that a murine nuclear factor specifically binds to the upstream regulatory region of the human IFNβ gene and termed it Interferon Regulatory Factor-1 (=IRF-1). One year later, a homologous transcription factor to IRF-1 is identified by the same laboratory: IRF-2 2 . Nowadays, these two transcription factors are part of a larger family containing 11 members: IRF1, IRF2, IRF3, IRF4 (also known as PIP / LSIRF / ICSAT), IRF5, IRF6, IRF7, IRF8 (aka ICSBP) and IRF9 (aka ISGF3γ / p48), IRF10 and IRF11.

IRF1 to IRF9 are expressed in humans and mice 3-6 . IRF10 has only been described in teleost fish and birds so far 7 and IRF11 (IRF1a) only in teleost fish 8 .

Generalities

The IRF transcription factor family shares some common properties: they possess a DNA binding domain (DBD) in the first 115 N-ter amino acids which allows interaction with DNA. DBD is notably composed of 5 regularly spaced tryptophan residues as described in the c-myc oncoprotein 9,10 . 3 of the tryptophan residues are conserved throughout the IRFs. They are responsible for the contact with DNA, creating a helix-turn-helix motif. Specific sequences recognized (GAAA) were identified in the IRF-Association Domain (IAD) which mediates homodimeric or heterodimeric intramolecular interactions with other IRFs, transcription factors or cofactors. This domain, however, is different in IRF1/2 (IAD2) and IRF3-10 (IAD1) 13 . IRF6 is an exception since it contains no IAD domain at all (Figure 1).

In humans, IRF2 and IRF1 are structurally very similar. The intron-exon structure suggests that IRF1 and IRF2 derive from a common ancestor. Interestingly, the first 3 exons of both proteins contain the exact same number of base pairs (87, 100 and 177). These 3 exons, which contain the DBD, are also highly homologous (73.56% exon 1, 69% exon 2 and 67.23% exon 3 homology).

In line with this high homology, the described consensus motifs recognized by IRF1 and IRF2 are almost identical (Figure 2). 

IRFs main roles in biological processes a. IRFs in type I interferon biology (IRF3, 5, 7, 9)

Type I interferons (type I IFN), which are composed of IFNα, IFNβ, IFNɛ, IFNλ and IFNσ, are cytokines mainly involved in antiviral responses. For instance, IFNAR1 -/-mice are susceptible to infection by numerous viruses including vesicular stomatitis virus, Semliki forest virus, vaccinia virus and lymphocytic choriomeningitis virus 14 . Type I IFN also upregulate the differentiation of B cells into plasmocytes 15 , reduce Treg proliferation 16 or drive T cells differentiation into CD4 + or CD8 + T cells 17 in viral infection contexts.

Ty I IF 's role in bacterial infections is less described and is reported as enigmatic. In some cases, type I IFNs are protecting against bacterial infections: in macrophages, in vitro, type I IFNs restrict Legionella pneumophilia proliferation in a STING-IRF3 dependent manner 18,19 . In other cases, type I IFNs are exacerbating bacterial infections: Francisella tularensis induces type I IFNs production once in the cytosol through a cGAS-and IFI204-STING-IRF3 dependent pathway 20,21 .

Type I IFNs suppress innate antibacterial responses by inhibiting secretion of IL-y γδ T lls.

This cytokine enhances splenic neutrophil recruitment and is correlated with improved bacterial clearance and survival 22 . Type I IFNs are also responsible for the promotion of chronic bacterial i f i s. My a ia's s si y nucleotide-binding oligomerization domain containing (NOD)-2 and cGAS triggers type I IFN production 23,24 a s ially i l v ls f IF α w ich inhibits IL-a IF γ s i . v l m f a i a ial a a iv T l (T ) lls and host survival are thereby drastically reduced 25,26 .

IRFs were first identified as regulators of this pathway. IRF1 was described as a positive enhancer of IFNβ gene transcription while IRF2 was described as a negative regulator of the very same transcription, fixing itself in a competing way to ISRE 1,2 . However, targeted disruption of IRF1 in mice showed that the scheme linking IRFs to type I IFN production is way more complex: IRF1 is required for type I IFN production in case of poly(I:C) stimulus (which mimics dsRNA virus infection) but not when cells are infected by Newcastle Disease Virus (a ssRNA virus from the mononegavirales family) 27 , where IRF7 pathway is critical instead 28 .

IRFs, like other transcription factors, bind DNA through their DBD. In IFNβ promoter, two domains have been identified as critical for the interaction IRF-DNA: PRDI and PRDIII. PRDII and PRDIV are domains enabling interactions with NF-κB and AP-1, respectively. PRDs lead the assembly of a transcription factor complex made of IRFs, NF-κB, AP-1 and the high mobility group I (HMGI) called enhanceosome 29 . This enhanceosome is responsible for both IFNβ induction in case of infection but also of IFNβ inhibition in steady-state conditions 30 .

IRF3, IRF5, IRF7 and IRF8 are described as positive regulators of type I IFN expression, IRF3

and IRF7 being the principal ones. IRF3 is ubiquitously expressed whereas IRF7 is only expressed in pDCs 31 . IRF7 is inducible by type I IFNs, creating a positive feedback loop 32 .

IRF3 and IRF7 are activated in a very similar way: the IRF is activated by phosphorylation of serines in the IAD1 domain realized by kinases (TBK1/IKKɛ) downstream of cytosolic DNA/RNA sensors such as cGAS/STING or RIG-I and TRIF-dependent pathways like TLR3 33 . Once activated, IRF3 dimerizes and is translocated into the nucleus. There, IRF3 interacts with CREBbinding protein (CBP), its co-activator, and binds canonical interferon response element sequences (IRES). IRF7 can either homodimerize or heterodimerize with IRF3 before translocating into the nucleus 34 .

In pDCs, which are huge type I IFN producers in response to ssRNA or DNA viruses (thanks to TLR7/9 and DHX36) 34,35 , IRF7 is activated independently of TBK1 and IKKɛ but relies on Myd88/TRAF6 recruitment resulting in the phosphorylation by IKKα. IRF3 is also able to induce directly the expression of other cytokines such as IL-12p35, CXCL10 or IL23 in response to appropriate stimuli 36-38 .

IRF5 is another important member of the family when it comes to type I IFN production. It is mainly expressed in B cells, monocytes, macrophages and pDCs. IRF5 is activated by phosphorylation of conserved serine in its IAD1 domain by IKKβ 39 . Once activated, IRF5 acts just like IRF3 and 7 and is translocated to the nucleus to interact with CBP. Three different functional variants of IRF-5 have now been identified with defined risk haplotypes for Systemic Lupus Erythromatosis (SLE) 40 , as well as inflammatory bowel disease 41 . IRF5 drives type I IFN expression downstream of various pattern recognition receptors (PRR) such as RIG-I like receptor 42 , NOD2 24 or C-type lectin re ceptors (CLRs) 43 . IRF8 also acts downstream of RIG-I dependent pathways in Newcastle Disease Virus infections cases by inducing a second phase of interferon secretion by dendritic cells and monocytes 44,45 .

IRF3, 5 and 7 are the main coordinators of type I IFN production, but they act and interact in various ways depending on the infection type or disease implicated. For instance, IRF5/IRF7 heterodimers inhibits IFNα1 production while IRF3/IRF5 activates it 46,47 .

Once type I IFN are produced, signaling occurs after interaction with specific receptors: Interferon alpha receptors (IFNARs). IFNARs are made of 2 transmembrane subunits, IFNAR1 and IFNAR2 48 . This interaction triggers the recruitment of 2 cytoplasmic kinases named JAK1 and TYK2 which phosphorylate the transcription factors STAT1 (Y701) and STAT2 (Y690) 49 . Once activated, STAT1 and STAT2 heterodimerize and recruit IRF9 (previously called ISGF3gamma)

to form the Interferon-Stimulated Gene Factor 3 (ISGF3) complex 50 . STAT1 and STAT2

phosphorylation requirement for interaction with IRF9 has been questioned as unphosphorylated STAT1 and STAT2 interact with IRF9 and induce antiviral responses 51 . The ISGF3 complex binds to ISRE mainly located in ISGs promoters and activates transcription. IRF9 binds DNA through its DBD while STAT1 helps stabilizing this interaction and STAT2 enhances RNA pol II expression by providing a transactivation domain 52 (Figure 3). germinal center program gene expression to that of a plasma cell 56,57 . Irf2 -/-mice exhibit bone marrow suppression of hematopoiesis and B lymphopoiesis 27 . IRF2, as well as IRF1, are positive regulators of BAFF, a critical cytokine for B cells development and selection while IRF4 and IRF8

are negative regulators of this cytokine expression 58 .

T cells differentiate in many subtypes such as CD4 + and CD8 + T cells which are vital to the cellular-modulated adaptive response.

Irf1 -/-mice display a reduced number of CD8 + T cells in the thymus and peripheral lymphoid organs. IRF1 regulates the expression of the genes responsible for lineage commitment and selection of CD8 + T cells in the thymus 27,59 . Inversely, Irf2 -/-mice display hyperresponsive CD8 + T cells because of an uncontrolled interferon signaling 60 . In an Irf4 -/-model, CD8 T helper type I (Th1) differentiation of TCD4 + lls is mai ly iv y IF γ and IL-12.

Absence of IRF1 leads to Th1 response suppression by creating a defect in IL15 production. IL15 decreased levels prevent the maintenance of ma K lls, w i a s f IF γ 63 .

IRF1 is inducible y IF γ and activates IL12 receptor beta 1 (IL12RB1), which is critical for IF γ-IL12 signaling axis 64 and is also mandatory for IL12p35 and IL12p40 expression in macrophages and DCs 65 .

Similarly, Irf2 -/-mice show a defect in both Th1 and NK cells responses. However, NK cells development is not impaired because of an IL15 deficiency 66 . Peripheral NK cells in these mice exhibited very immature surface phenotypes with highly compromised NK receptor expression which was not the case for NK cells in the bone marrow 67 . IRF2 is believed to be dispensable to obtain mature NK cells in bone marrow but to be needed to prevent early NK cells apoptosis and to efficiently export these cells to the periphery but the exact mechanism underlying is not known yet.

IRF8 activates the expression of IL-12 in macrophages and supports the development of CD8 + DCs, which also produce IL-12. A deficit in IRF8 also leads to a T cell-extrinsic defect in Th1 response 68-70 .

IRF4 plays different and even opposing roles according to their level of expression and the differentiation stage of the cell. IRF4 inhibits Th2 cytokine production in naïve TCD4 + , whereas it promotes Th2 cytokine production in effector/memory TCD4 + 71 . IRF4 is also critical for the generation of interleukin 17-producing T helper cells (Th17 cells). Irf4 -/-mice display a loss of Th17 cells, that is due to a loss of expression of the main transcription factor involved in their iff ia i , RORγ , a a v ssi f regulatory T cells (Treg) transcription factor Foxp3 72 . IRF4 is indispensable to Treg 73 and IL9-producing CD4 + T cells 74 developments and functions.(Figure 4). In hematopoietic cells, we also find another large group of cells which development is monitored by IRFs: myeloid cells.

c. IRFs in myeloid cell development and differentiation (IRF2/4/8)

Myeloid cells come from hematopoietic lineage. They all derive from a common progenitor, the Common Myeloid Progenitor (CMP) that differentiates into different kinds of cells such as dendritic cells or monocytes. This differentiation is regulated by IRFs.

Indeed, IRF8 is needed for Langerhans cells development and trafficking but also for maturation of CD8α + DCs, known as conventional dendritic cells (cDC1) which produce IL-12 and IFNγ 75,76 while IRF4 regulates cDC2 subset (CD11b high ) that enhances TCD4 + effector function and expansion. Irf8 -/-mice are characterized by an overproduction of granulocytes which suggests that it may also be needed for differentiation or maintenance of early myeloid progenitors 77 . IRF8

favors the differentiation of myeloid progenitors into monocyte/macrophages and inhibits neutrophils development 78 . IRF4 promotes macrophage differentiation and impairs granulocyte differentiation. This was only observed in the absence of Irf8, and no effect was observed when

Irf4 only was deleted, pointing to a supporting role of Irf4 to Irf8 in this case 79 .

Irf1 -/-mice show an increase in pDCs combined to a loss of CD8 + DCs 80 .

Non-CD8α + lineages (CD4 + , CD4 -CD8 -DCs and Monocyte-derived DCs) destiny is relying on IRF2 and IRF4. Indeed, the absence of Irf2 and Irf4 in mice lead to a selective depletion of CD8α - dendritic cells intrinsic to the bone marrow and leading to excessive interferon signaling 81-84 . Irf2 also regulates basophils expansion but not their cytokine secretion 85 (Figure 4).

Figure 4: Overview of IRFs roles in myeloid and lymphoid cells development

IRFs control the early stages of myeloid cells differentiation but also later ones such as macrophages polarization.

d. M1/M2 macrophages polarization (IRF1/IRF4/IRF5)

Macrophages are divided into 2 main subsets: inflammatory M1 macrophages and antiinflammatory M2 macrophages 86,87 . M1 macrophage polarization is driven by Granulocytemacrophage colony-stimulating factor (GM-CSF), li lysa a i (LPS) IF γ f i s a .

M1 macrophages s i l v ls f T m sis Fa (T F), IF γ, IL a IL 3. T y display microbiocidal properties and drive Th1/Th17 responses 88 . M2 macrophage polarization is iv y IL 3, IL 0, T m G w Fa β (TGFβ), IL a M-CSF for instance 89,90 . M2 macrophages can be further divided into M2a, M2b, M2c and M2d subsets depending on their functions. M2a and M2c subsets are generally immunosuppressive and secrete IL10 a TGFβ while M2b are implicated in autoinflammatory diseases such as SLE by secreting IL1, IL12 and IL10 91,92 . M2d have only been described in mice so far and are implicated in tissue remodeling and repair. They derive from M1 macrophages previously exposed to ATP 93,94 .

IRF5 is the main transcription factor regulating M1 polarization. Stimuli proper to this polarization do induce IRF5 expression which is required for IRF5 to drive M1 markers expression and also to inhibit M2 phenotypic markers. IRF5 also directs the adaptive response towards Th1/Th17 differentiation pathways 95 Regarding M2 polarization, IRF4 is the main transcription factor involved. Firstly, IRF4 and IRF5 bind competitively to MyD88 to induce TLR-dependent macrophages polarization, which makes IRF4 a suppressor of M1 polarization 98 . IRF4 role has only been described for immunosuppressive M2a and M2c macrophages for now. IRF4 mainly interacts with JMJD3, a histone deacetylase strongly induced by proinflammatory stimuli in response to parasites and cell-wall component chitine 99 . JMJD3 regulates the trimethylation at H3K27 of IRF4. IL4-induced STAT6 is required for proper JMJD3 expression, highlighting an important signaling axis STAT6-JMJD3-IRF4 to induce M2 macrophage polarization 100 . IL4 also induces IRF4 expression which in turn upregulates IL4 and IL10 and inhibits proinflammatory cytokines such as TNF and IL6 101-103 (Figure 4).

Apart from their role in inflammation, one particular IRF is involved in early development of the skin and palate: IRF6.

e. IRFs in early development stages (IRF6)

IRF6 is the least well described member of the IRFs expressed in human. Oppositely, IRF3 is binding to PPARγ, w i is a a iv la of smooth muscle cells proliferation after an injury, and facilitates its transactivation 121 . Irf8 -/-mice exhibit a loss of smooth muscle cells proliferation while Irf3 -/-mice present accelerated proliferation of smooth muscle cells.

Abnormal enlargement or thickening of the heart muscle is termed cardiac hypertrophy and is usually a marker of cardiomyopathies. This condition can be mimicked in mice by constricting the aorta. In IRFs knockout models, mice with aortic banding-induced cardiac hypertrophy presented interesting phenotypes.

IRF1 expression levels in failing human hearts and hypertrophic mice is particularly altered.

Irf1 -/-mice exhibit a resorption of the hypertrophic phenotype while mice overexpressing IRF1

show an aggravated phenotype. This aggravating property of IRF1 in this case is relying on the 

II. Inflammasome: a central platform for innate immunity 1. Introduction

Inflammasomes have been well studied and extensively reviewed these past few years so I will l i a i flamma y is as s s as a s l sis, l im 's is as , ia s, a cancer. I will not describe all inflammasomes, but I will rather focus on canonical NRLP3/AIM2/NLRC4 inflammasomes and non-canonical NLRP3 inflammasome, their sensing, activation, and outcome.

NLRP3 inflammasome a. Canonical activation

Inflammasomes are multiproteic complexes, an assembly of 3 different types of proteins: a sensor, an adaptor, and an effector. NLRP3 belongs to the sensor type, it is a protein constituted of 3 main domains which are an amino-terminal PYD domain, a central NACHT domain and a carboxyterminal leucine-rich repeat domain (LRR). The NACHT domain has been found to be binding ATP, but not CTP, GTP or UTP and to exhibit ATPase activity primordial to proper inflammasome activation 134 .

The LRR domain was thought to be exerting an autoinhibitory effect on NLRP3 but this hypothesis was recently disproved 135 , l avi LRR mai 's l l a .

The adaptor protein that is shared among many inflammasomes is called ASC (=PYCARD). It 

c. NLRP3's involvement in auto-immune syndromes

NLRP3 inflammasome activation protects against various pathogens and damages but an uncontrolled activation can result in consequent auto-inflammatory syndromes and metabolic diseases progression.

For instance, during progression of various metabolic diseases such as gout 161-163 or diabetes 164- 166 , the accumulation of abnormal metabolic products, respectively monosodium urate crystals or hyperglycemia/free fatty acids, triggers NLRP3 inflammasome activation, strengthening the s i is as . Simila s va i s w ali i l im 's is as 167 and inducedobesity models 168 . G i a la i f a LRP3 ss m i i i f κB ki as sil (IKBKE) enhances atherosclerosis and other inflammatory diseases through upregulation of LRP3 a ivi y a IL β/IL i 169 .

NLRP3 activity is also linked to the initiation of cerebral and myocardial diseases. Inhibition of LRP3 a ivi y i i i i f B 's y si ki as (BTK) s ws i fa volumes and neurological damages in murine models of cerebral ischemia 170 . In a murine model of ischemia-reperfusion, NLRP3 inflammasome components were found upregulated following infarction 171 , NLRP3 inhibition leading to a diminution of myocardial injury 172 .

Autoimmune syndromes are also related to dysfunctional NLRP3 activity. The progression and

s v i y f m l i l s l sis is li k l va s m l v ls f IL β, IL a as as
in human patients and EAE murine models 173-175 . Inhibitory compounds tested in murine colitis models revealed NLRP3 as an aggravating factor for bowel disease 176,177 . Cryopyrin-associated periodic fever syndrome (CAPS) is one the most studied NLRP3-induced disease. It is caused by rare hereditary gain-of-function mutations in NLRP3 causing constitutive activation of NLRP3

i flammas m a l va l v ls f IL β a IL , s si l f sys mi i flamma i 178-180 . 

NLRC4 inflammasome a. NLRC4 activation

b. NLRC4's involvement in auto-immune syndromes

In the same way as in CAPS disease with NLRP3, gain-of-function mutations have been reported

for NLRC4 that induce a constitutive active state. Many different mutations have been reported in patients 196-199 that disrupt NLRC4 ability to stay in an auto-inhibitory state. This autoinflammatory syndrome was termed syndrome of enterocolitis and auto-inflammation associated with mutation in NLRC4 (SCAN4) 197 or NLRC4 macrophage activation syndrome (NLRC4-MAS) 199 .

AIM2 Inflammasome a. AIM2 activation

AIM2 is part of the PYHIN family along with 2 other proteins, interferon inducible protein IFI16 in human and p204 in mouse. This family is characterized by a N-terminal PYD domain and one or 2 hematopoietic, interferon inducible and nuclear (HIN) domains in C-ter. AIM2 is activated upon recognition and direct binding to cytosolic double-stranded DNA (dsDNA) through its HIN domain. This interaction frees the N-ter PYD domain to trigger inflammasome assembly through ASC and procaspase 1 recruitment 201-204 . Thanks to crystal structures of HIN domains, it was determined that binding of dsDNA interrupts AIM2 autoinhibitory state and allows its oligomerization 205 . Presence of many AIM2 proteins on dsDNA favors the recruitment of ASC and the polymerization of ASC filaments 206,207 . Those filaments cluster the CARD domains of ASC proteins leading CARD filaments of caspase-1 nucleation. This triggers the precedingly described caspase-1 proximity activation 146,208 and leads to cytokine secretion and pyroptosis.

AIM2 is constituvely expressed in many compartments such as the spleen or peripheral blood 209 .

However, in mouse, its expression has been shown as highly inducible by type 1 interferons in multiple studies, in vitro and in vivo 210-213 thus defining type 1 interferon as the priming signal required for AIM2 activation. AIM2 recognition of dsDNA is not sequence specific as poly(dA:dT) activates it. But it has been determined that 80 bases sequences are required for optimal inflammasome activation 205 . dsDNA may derive from invading pathogens such as bacteria or viruses but also from damaged cells.

Many intracellular bacteria have been found to activate AIM2 inflammasome such as Francisella 

b. AIM2's involvement in auto-immune syndromes

In patients afflicted with bowel disease and liver inflammation, AIM2 levels are found upregulated 224,225 As presented, inflammasomes are central to many immune reactions against a wide range of pathogens but dysregulations of these inflammasomes can turn a protective mechanism into a harmful one. Inflammasome components are tightly regulated at many levels, we will now see how, at the transcriptional level, these protein expressions are controlled.

Introduction

A common theme in inflammatory signaling pathways is their tight control. The timely detection of pathogen and an appropriate magnitude of response are often dependent on the up-regulation of specific sensors and/or their downstream adaptors/effectors. Yet, maintaining high expression of pattern recognition receptors or inflammatory mediators, in addition to being energetically costly, might trigger detection of endogenous molecules, spontaneous inflammation and cause autoinflammatory syndromes [1]. Two main categories of regulation act synergistically and in an intertwined manner to ensure appropriate responses, the first one at the transcriptional level and the second one at the post-transcriptional level (which includes post-transcriptional sensus-stricto, translational and post-translational levels). In this review, we will focus on the first line of the regulation of inflammasomes: the transcriptional regulation. Post-transcriptional regulation of inflammasome components has been reviewed recently [2][3][4][5][6]. After a brief introduction on inflammasomes and transcription regulation, we will focus on the transcription regulation of specific inflammasome genes illustrating whenever possible both the mechanisms and the functional consequences. Inflammasome regulation differs between humans and mice, we will thus present the regulation in these two species. Of note, all uppercase letters are used for human GENES symbols and, capitalized words for murine Genes symbols.

Overview of Inflammasome complexes:

Inflammasomes are multimolecular protein complexes assembled in the cytosol in response to pathogen-associated molecular patterns (PAMPs), damage-associated molecular signals (DAMPs) or homeostasis-altering molecular processes (HAMPs) [7] (Fig. 1) . Formation of these complexes leads to activation of inflammatory caspases. Canonical inflammasomes and non-canonical inflammasomes activate caspase-1 and, caspase-4, caspase-5 in humans, whereas they activate caspase-1 and caspase-11 in mice. The adaptor, ASC (Apoptosis-associated speck-like protein containing a CARD), is the central piece of canonical inflammasomes and connects inflammasome sensors with caspase-1.

Inflammasome sensors include members of the NLR (nucleotide-binding domain and leucine-rich repeat containing) family (e.g. NLRP3), AIM2 (Absent in Melanoma 2) and pyrin. The nature of the sensor defines the name of the inflammasome complex (e.g. the NLRP3 inflammasome).

In non-canonical inflammasomes, caspase-4 or its murine homologue caspase-11 act directly both as sensor of cytosolic lipopolysaccharide (LPS) and as the effector caspase [8]. The physiological role of caspase-5 remains unclear although caspase-5, which also senses cytosolic LPS, has been implicated in sensing Pseudomonas aeruginosa (P. aeruginosa) outer membrane vesicles [9]. Upon activation within inflammasomes, caspase-1 triggers two main events: a fast, inflammatory cell death, termed pyroptosis and the cleavage of the proform of two cytokines (IL-1β and IL-18), leading to the secretion of their active forms. Pyroptosis is due to the caspase-1-mediated cleavage of a single protein, termed gasdermin D (GSDMD). The cleaved N-terminal fragments of GSDMD oligomerizes into the plasma membrane to form a pore [10,11]. Structural work on GSDMA3, another GSDM family member, indicates that the mature GSDM pore is formed by 27 GSDM monomers creating a 180 Å diameter channel permitting the transport of IL-1 cytokines and of numerous ions, leading in most cases to an osmotic cell death [12]. In non-canonical inflammasomes, caspase-4 and -11 cleave GSDMD and thus directly trigger pyroptosis [13].

Inflammasomes are implicated in the antimicrobial response to numerous pathogens including Salmonella enterica, Legionella pneumophila, Francisella tularensis, vaccinia virus [14]. Yet, inflammasome activation can also be deleterious as demonstrated in murine models of septic shock or Alzheimer's disease [15] and in patients suffering from autoinflammatory syndromes due to gain of function mutations in inflammasome sensor genes [16]. Inflammasomes are thus tightly regulated with numerous positive and negative regulations ensuring, in most situations, a proper balance between immune defenses against infection and the lack of chronic sterile inflammation.

Here, we will review the first level of inflammasome components regulation, namely the transcriptional regulation. Importantly, transcriptional regulation affects most if not all inflammasome molecules from sensors to downstream inflammasome products (adaptor, effectors such as caspase, proinflammatory cytokines, GSDMD) and has a profound impact on the inflammasome responses [17][18][19][20][21][22]. Before developing the specific transcriptional regulation of inflammasome genes, we will give a brief overview of transcription regulation.

Overview of transcription regulation

Transcription is the generation of a RNA molecule from a DNA template. Protein-encoding genes are transcribed by the RNA polymerase II (Pol II), which activity is controlled at the recruitment phase, at the initiation of elongation (that requires to overcome Pol II pausing) and, at its processivity level.

One key aspect of transcriptional regulation is mediated by regulating DNA access to Pol II and transcription factors (TFs). DNA accessibility is highly controlled and limited in most of the genome due to high chromatin compaction. Nucleosome (i.e. a ≈150pb-long DNA piece wrapped around a histone octamer) represents the first level of chromatin organization. Nucleosomes can be located at the transcription start site (TSS), on the TATA box or on specific transcription factor binding sites, and can therefore block transcription. Chromatin remodeling allows TFs to access their target genes and control transcription. This process involves two families of enzymes: the ATP-dependent nucleosome remodeling complexes (e.g. from the switch/sucrose non-fermenting -SWI/SNF-family) and the histone modifying enzymes (e.g. the p300/CBP histone acetyl transferase-HAT).

The histone modifying enzymes add methyl or acetyl groups to histone tails. These covalent modifications change the affinity of histones for DNA and modify their ability to bind transcription co-activators or co-repressors. As an example of epigenetic modification, histone H3 lysine 27 trimethylation-( H3K27me3) is a repressive epigenetic modification. In contrast, H3K4me3 and H3K9ac are activating modifications and H3K27ac is a mark of transcriptional activity. H3K4me1 is an enhancer-specific mark. TFs binding sites are located in DNA sequences called promoter, located in the vicinity of the TSS and promoting Pol II recruitment. TF binding sites can also be located megabases away from the TSS in regions called enhancers or silencers. These regions, ofen far away when considering the linear distance along the genome, can interact through DNA loops and be in close proximity when considering the three dimensional chromatin structure. Transcription regulation thus integrates signals from both promoter and enhancer/silencer regions.

The cell type-specific and the signal-dependent transcriptional regulations are controlled by the hierarchical and coordinated binding of a unique combination of transcription factors.

TFs can be classified in two categories: the pioneer TFs (e.g PU.1) and the signal-dependent TFs (e.g. nuclear factor κB, NF-κB). Pioneer TFs bind to their specific recognition motifs, most often in enhancers, even in the context of compacted chromatin. Pol II recruitment can follow HAT recruitment and activation through direct interaction with TFs. The ensuing histone acetylation marks the chromatin for assembly of the pre-initiation complex that includes Pol II bound to DNA close to the TSS. Transcription elongation is also mediated by TFs, which recruit the positive elongation factors bromodomain-containing protein 4 (Brd4) and P-TEFb (positive transcription elongation factor b). P-TEFb phosphorylates the RNA pol II to promote productive elongation. Transcription regulation is thus a complex process resulting from the hierarchical and collaborative actions of multiple lineage-determining TFs and signal-dependent TFs. These TFs acts by modifying, in multiple stable or dynamic ways, chromatin structure to ensure Pol II recruitment and productive elongation in a timely controlled manner. Due to the high complexity of this process and the multitude of TF binding sites affecting the transcription of a particular gene, almost each gene has its own particular spatio-temporal expression although common themes can be observed. We will thus present here the main factors regulating inflammasome genes at the transcriptional level.

Transcriptional regulation of inflammasome sensors:

NLRP1 NLR Family Pyrin Domain Containing 1 (NLRP1) is an inflammasome sensor sensing cytosolic proteolytic activity. Anthrax lethal factor, a toxin with endoprotease activity and IpaH7.8, a Shigella flexneri effector with ubiquitin ligase activity trigger NLRP1B degradation and activation [24,25]. Human NLRP1, the three murine paralogues NLRP1A,B and C, each one with different isoforms in different mouse strains, detect different stimuli [25].

In mice, Nlrp1a expression is restricted to the hematopoietic compartment and is expressed in hematopoietic stem cells, progenitors cells of both myeloid and lymphoid origins and in terminally differentiated cells such as macrophages [26]. Expression of Nlrp1a and Nlrp1c are positively regulated by SREBP-1A (Sterol regulatory element binding protein-1a), a basic helix-loop-helix leucine zipper (bHLH-LZ) TF [27]. SREBP-1A binds directly onto a canonical SREBP-1 binding site in the Nlrp1a proximal promoter [27]. Srebp-1a expression is itself under the direct control of NF-κB, in synergy with the monocyte/macrophage specific TF PU.1 (an Erythroblast Transformation Specific (ETS) family TF). NF-κB thus indirectly controls Nlrp1a expression in macrophages (Fig. 1A) [27]. SREBP-1A also controls LPS-triggered lipogenesis in macrophages, an anabolic pathway required for optimal inflammasome responses. SREBP-1A regulation thus directly couples lipogenesis and control of the NLRP1A inflammasome [27]. SREBP TFs being key signaling nodes responding to metabolic clues, the control of Nlrp1a expression might thus participate to the control of metabolic inflammation. Interestingly, mice lacking the three murine Nlrp1 alleles (or IL18) develop metabolic syndrome and spontaneous obesity strengthening the functional link between metabolism and Nlrp1 sensors [28].

In humans, NLRP1 is broadly expressed but at particularly high levels in keratinocytes, a feature that is not observed in mice [29]. The molecular basis of the differential expression of NLRP1 between humans and mice remains unknown. It is controlled at the transcriptional level since inflammasome transcripts are very low in murine keratinocytes [30]. Endoplasmic Reticulum (ER) stress strongly induces NLRP1 expression in THP-1 monocytes and in various human cell lines. This induction is dependent on two effectors of the unfolded protein response (UPR), PKR-like ER protein kinase (PERK) and Inositol-requiring enzyme 1 (IRE1). While the mechanisms downstream of IRE1 remain unsolved, PERK activation leads to Activating Transcription Factor 4 (ATF4) expression. ATF4 is a TF from the ATF/ cAMP Response Element-binding protein (CREB) family. ATF4 binds to the promoter of human NLRP1 to induce its expression (Fig. 2A) [31]. It is thus tempting to speculate that ER stress could prime the NLRP1 inflammasome to increase its ability to detect HAMPs and PAMPs.

NLRP3:

NLRP3 is an inflammasome sensor detecting multiple cellular homeostasis perturbations such as membrane damage, mitochondrial defects, perturbations of ionic concentrations. NLRP3 inflammasome activation is a two-step process and requires a signal 1 (priming signal-e.g. LPS) and a signal 2 (activation signal-e.g. nigericin). Priming is triggered by pro-inflammatory signals such as Toll-like receptor 4 (TLR4) engagement and has long been associated with transcriptional up-regulation of NLRP3 [32,33]. It is now clear that NLRP3 priming is mediated by post-translational modification independently of transcription (Fig. 2B) [34][35][36]. Yet, Nlrp3 up-regulation accelerates the kinetics and the level of caspase-1 activation following signal 2 addition [34]. The importance of this up-regulation is likely enhanced by the low level of expression of Nlrp3 at steady state. NLRP3 up-regulation occurs within 2 hours of LPS addition but can also be triggered by other TLR ligands, by the nucleotide-binding oligomerization domain 2 (Nod2) ligand (muramyl dipeptide), or by proinflammatory cytokines (Tumor necrosis factor (TNF), Interleukin (IL)-1α, IL-1β), in the absence of PAMPs [32,33]. This up-regulation is dependent on NF-κB as first demonstrated using the BAY 11-7082 inhibitor. Two NF-κB binding sites are present in the NLRP3 promoter. Upon LPS treatment, the NF-κB subunit RelA/p65 binds the NLRP3 promoter. LPS-induced NLRP3 upregulation is lost upon mutation of these two binding sites indicating that these two sites control in a redundant manner the increase in NLRP3 promoter activity [37]. Up-regulation of Nlrp3 (and Il1b) following NF-κB activation is partially dependent on an atypical IκBs (inhibitor of κB), a coactivator of NF-κB in bone marrow-derived macrophages (BMDMs) [38]. IκBζ binds to another NF-κB subunit, p50, in the Nlrp3 promoter. The NF-κB heterodimer RelA/p50 may thus be responsible for LPS-induced Nlrp3 expression. IκBζ recruitment increases H3K4me3, a mark of active transcription [39] suggesting that this co-activator promotes Nlrp3 induction through epigenetic modifications. Interestingly, the parasite Leishmania amazonensis subverts this process by targeting the epigenetic control of NF-κB-related pro-inflammatory genes. During infection, the promoters of these genes display hypoacetylation of the histone H3K9/14 and hypo-trimethylation of histone H3K4. These inhibitory epigenetic modifications dampen Nlrp3 (but also Aim2, Nlrc4, Pycard, Il1b and Il18) expression and promotes survival of the parasite within the host [40].

In addition to its control by proinflammatory signals, Nlrp3 expression is controlled by the circadian clock and presents a peak of expression during the night [41,42]. The circadian rhythm in Nlrp3 transcript level is dependent on a master regulator of the clock, the transcription factor NR1D1 (nuclear receptor subfamily 1 group D member 1, also known as Rev-erbα). Circadian oscillations of Nlrp3 and Nr1d1 expressions are in anti-phase. Accordingly, NR1D1 binds directly to a Rev-response element (RevRE) in the Nlrp3 promoter to repress its expression (Fig. 2B). Interestingly, an agonist of NR1D1 attenuates both Dextran Sodium Sulfate (DSS)-induced colitis and D-galactosamine-induced fulminant hepatitis suggesting that NR1D1-mediated circadian control of Nlrp3 expression controls inflammation in vivo [41,42].

Besides NF-κB and NR1D1, discussed above, direct binding of several TFs on the NLRP3 promoter have been reported with either negative or positive impact on NLRP3 expression.

Down-regulation of NLRP3 expression is controlled by the aryl hydrocarbon receptor (AhR) [43] and by B cell lymphoma 6 (BCL6), a transcriptional repressor that antagonizes NF-κB-mediated gene transcription [44]. AhR is a ligand-activated TF binding numerous environmental contaminants (e.g. dioxin) and endogenous ligands (e.g. the tryptophan derivative, kynurenine). AhR binds two XRE (Xenobiotic Responsive Element) sequences in the Nrlp3 promoter and its binding is increased in a ligand-dependent manner. The two XRE sites surround the two NF-κB sites in the Nlrp3 promoter suggesting that AhR may interfere with NF-κB recruitement either directly or indirectly by modifying the local chromatin architecture. AhR and its ligands also negatively controls Il1b expression indicating that environmental pollutants (and the anti-inflammatory tryptophan catabolites) dampen inflammasome responses (Fig. 2B) [43].

Growth Factor Independence 1 (GFI1), a protein induced by NF-κB, binds the Nlrp3 promoter to inhibit Nlrp3 expression in a negative feedback loop [45]. In contrast, direct binding of Nuclear factor of activated T cells 5 (NFAT5-a transcription factor induced in response to high salt, hypoxia and mechanical stress), on an osmotic response element (ORE) in the promoter of Nlrp3 positively regulates Nlrp3 expression [46]. Overall, regulation of Nlrp3 expression emerges as a complex network primarily driven by pro-inflammatory signals but integrating environmental and intrinsic signals.

Nlrp3 expression has been mostly studied in macrophages and displays a cell-type specific regulation in dendritic cells (DCs). Of note, the DC-specific gene regulation affects not only Nlrp3 but also other inflammasome genes as detailed below. Indeed, plasmacytoid dendritic cells (pDC) express neither Nlrp3 nor Il1b and are resistant to inflammasome activation [47]. Conventional DC (cDC) have a limited ability to respond to inflammasome stimuli [17,47]. Interferon Regulatory Factor (IRF) is a family of TFs, , which includes 9 members in human and mice. pDC express high level of IRF8, while cDC1 and cDC2 express high level of IRF8 and IRF4, respectively. IRF4 and IRF8 bind the promoter regions of Nlrp3, Il1b and Aim2 and intronic regions of Pycard and Nlrc4, which correlate with the low expression of these genes in cDC1 and cDC2. Haploinsufficiency in Irf8 increases Nlrc4, Pycard and Il1b expression in cDC1 and increases the inflammasome response to the NLRC4-engaging pathogen, Salmonella Typhimurium (S. Typhimurium). In contrast, ectopic expression of Irf8 in macrophages decreases Nlrp3, Nlrc4 and il1b expression, while ectopic expression of Irf4 decreases Nlrc4, Il1b and Pycard expression [17]. Importantly, the low inflammasome activity in cDC limits their pyroptosis in response to bacterial pathogens and favors antigen presentation and T cell priming.

NAIP and NLRC4

The Neuronal apoptosis inhibitory protein (NAIP)/NLRC4 inflammasome is atypical since NLRC4 is not a direct sensor but requires a NAIP protein to sense PAMPs. A single NAIP protein is encoded in the human genome and binds bacterial type III secretion system (T3SS) needle proteins [48] and flagellin [49]. Several NAIP paralogs are present in mice and bind T3SS needle proteins (NAIP1), T3SS inner rod proteins (NAIP2) or flagellin (NAIP5/6) [50,51].

Irf8 was identified in mice as a positive regulator of Naip2, 5, 6 and Nlrc4. Irf8 binds in the promoter regions of Naip2, 5, 6 and in an intronic region of Nlrc4. Irf8 has a very low intrinsic DNA-binding activity and at steady state binds with PU.1 at Ets-IRF composite elements (EICE) (Fig. 2C) [52]. Naip/NLRC4 inflammasomes are the major inflammasomes allowing mice to control S. Typhimurium infection. Accordingly, Irf8 KO mice are highly susceptible to S. Typhimurium [21]. Interestingly, while the effect of IRF8 were demonstrated at steady state, Irf8 is induced upon Legionella infection and could participate in the Naip-NLRC4-dependent response against this flagellin-expressing pathogen [53]. Surprisingly, overexpression of Irf8 in bone-marrow derived macrophages decreases Nlrc4 expression. Furthermore, as presented above, in cDC1, Irf8 inhibits Nlrc4 expression (Fig. 2C) [17]. IRF8 concentration modulates its ability to cooperate with other TFs and engage different binding sites [54] possibly explaining its reported opposed role on Nlrc4 at steady state and upon overexpression.

AIM2:

AIM2 is a receptor of cytosolic DNA [55,56]. Since, in healthy cells, DNA is restricted to the nucleus, the presence of cytosolic DNA is either indicative of an infection or of a cellular stress associated with the loss of nuclear membrane integrity [57].

AIM2 is an IFN-inducible gene. In murine BMDMs, Aim2 is expressed at steady state and its expression is slightly induced by IFN, poly(dA:dT) treatment or infections [56]. In mice, Aim2 levels at steady state are sufficient to promote its inflammasome functions and the Aim2 inflammasome does not require a priming step [58,59]. Its role in myeloid human cells is less clear than in the murine context. Indeed, a cGAS-STING-lysosomal-NLRP3 pathway triggers cell death in response to cytosolic DNA in human myeloid cells [60] while in the presence of IFN-γ, AIM2 is involved in T. gondii responses. These results suggest that AIM2 functionality in human cells is variable depending on the context [61].

In contrast to murine macrophages, AIM2 levels are very low at steady state in human macrophages but are strongly induced by LPS [62] or IFN-γ [61]. The up-regulation of AIM2 transcript in inflammatory conditions is likely relevant in human diseases since AIM2 expression level is increased in keratinocytes from psoriatic lesions compared to healthy skin [63].

In human cells, AIM2 expression is dynamically controlled by B lymphocyte-induced maturation protein-1 (BLIMP1 also known as PR domain zinc finger protein 1-PRDM1), IRF1/2 and Signal Transducer And Activator Of Transcription 1 (STAT1), a transcription factor activated by interferons [64,65]. BLIMP1 binding site overlaps with IRF1/2 binding site and these transcription factors compete to repress or activate AIM2 expression, respectively. Indeed, BLIMP1 knock-down increases IRF1/2 binding on the AIM2 promoter and AIM2 expression (Fig. 1D) [64]. To our knowledge, it is unknown whether BLIMP1 modulation may be involved in licensing AIM2 function in certain human cell types. In addition, two tandem Gamma-activated site (GAS) sequences are present 220 nt upstream of AIM2 TSS. These GAS belong to the long terminal repeat (LTR) sequence of an endogenous retrovirus termed MER41. Treatment with IFN-γ triggers an increase in H3K27ac (an active enhancer epigenetic mark) and STAT1 binding at the MER41.AIM2 site. Accordingly, MER41 sequence is required for AIM2 up-regulation in HeLa cells exposed to IFN-γ. The conservation of the MER41.AIM2 site across anthropoid primates (but not in mice) suggest that this retrovirus sequence was co-opted for AIM2 regulation in an ancestor of anthropoid primates [65] and illustrate how past infections have shaped the species-specific regulation of inflammasome genes. Interestingly, a MER41 sequence displaying IRF1 and STAT1 binding in monocytes, is also found in proximity of GSDMD suggesting that the regulation of several inflammasome genes may result from retrovirus integration.

Pyrin

Pyrin is a sensor detecting Rho GTPase inhibition. Rho GTPases are altered by numerous bacterial toxins and bacterial effectors and Pyrin thus acts as a guard of this important cytoskeleton regulator [66]. Gain of function mutations in MEFV, the gene encoding Pyrin, cause several inflammatory syndromes, including Familial Mediterranean Fever (FMF) [67].

Pyrin is constitutively expressed in human neutrophils, monocytes and M-CSF-differentiated monocyte-derived macrophages [68]. In monocytes, MEFV expression is positively regulated by IFN-α, IFN-γ, TNF while IL-4 and IL-10 repress it [69,70]. TNF-dependent up-regulation of MEFV expression is due to the binding of CCAAT/enhancer binding protein β (C/EBPβ) in the MEFV promoter, which acts in synergy with NF-κB p65/RelA subunit. Indeed, NF-κB p65/RelA binds the MEFV promoter both through a canonical NF-κB binding site and indirectly through its binding to C/EBPβ (Fig. 2E) [71]. The mechanism underlying IFN-mediated up-regulation is unclear although IFN stimulated response element (ISRE) and GAS consensus sequences have been identified in silico in the MEFV promoter [69].

In mice, Mefv expression is induced by TLR ligands and inflammatory cytokine (IFN-β + TNF). TNF signaling contribution to inflammation in a murine model of FMF strongly suggests that transcriptional regulation of inflammasome sensors is important not only for the detection of pathogens but also for the deleterious inflammatory reactions [72].

Transcriptional regulation of ASC:

The transcriptional regulation of ASC and its gene PYCARD was evidenced upon its discovery. Indeed, PYCARD was identified as a gene which expression was lost in human breast cancer cells due to methylation of a CpG island in its promoter (in normal cells, CpG islands, in contrast to sparsely distributed CpG dinucleotides, remain unmethylated).

Similarly, AIM2 was identified as a gene which expression was lost in a melanoma cell line [73]. PYCARD was then baptized TMS1, for "target of methylation-induced silencing" [74]. Overexpression of DNMT1 (DNA (cytosine-5)-methyltransferase leads to aberrant hyper methylation of CpG islands in the 5' untranslated region of PYCARD resulting in PYCARD silencing and recapitulating the transcriptional shutdown observed in numerous primary breast tumors. The pro-and anti-tumoral roles of inflammasomes are well established.

Transcriptional silencing of inflammasome genes could thus promote tumor escape from immune surveillance While PYCARD expression in non-tumor cells is largely constitutive and insensitive to pro-inflammatory signals, invalidation of ifi205, a murine-specific gene from the IFN-inducible PYHIN (Pyrin and HIN domain) family leads to the loss of Pycard expression [75]. In addition, NF-κB p65/RelA and C/EBPβ have putative binding sites in the Pycard promoter and ectopic expression of these transcription factors in a HEK293-reporter system increases Pycard promoter activity. Interestingly, IFI205 interacts with C/EBPβ and synergizes with p65/RelA to promote Pycard promoter activity [75].

Ifi205 has no direct orthologues in humans [76]. Whether other members of the Pyhin/AIM2-like Receptor (ALR) family could regulate ASC in human cells remains unknown.

Transcriptional regulation of inflammatory caspases:

Caspase-1:

Caspase-1 is the effector caspase of canonical inflammasomes. Its expression is largely constitutive but a loss of balance in CASP1 expression may be relevant in pathological situations. For instance, CASP1 expression is upregulated in the brain of Multiple Sclerosis patients compared to controls and may participate in MS lesions [77]. Conversely, CASP1 is downregulated in PBMCs from septic patients, a feature which could contribute to the severe immunodepression observed in these patients [78]. CASP1 promoter possesses an ISRE immediately upstream of its TSS participating in the control of CASP1 expression at steady state and in the presence of IFN. Indeed, IRF2 binds CASP1 promoter in primary human monocytes and IRF2-deficient U937 monocytes present a strong decrease in CASP1 level at steady state (Fig. 2A) [18,79]. IFN-γ, which strongly induces IRF1, upregulates CASP1 expression [80]. In mice, a similar ISRE site is found in the promoter of Casp1 and Irf1 -/-splenocytes are deficient in Casp1 induction following concanavalin-A stimulation [81]. In contrast, Irf2 -/-mice and murine macrophages do not present a major defect in Casp1 level [19,82] suggesting differences in the basal regulation of CASP1 in mice and humans. Another member of the IRFs family, IRF8, also controls CASP1 expression as exemplified by its role during Epstein-Barr virus (EBV) infection [83]. Invalidation of IRF8 in several EBV + lymphoblastoid cell lines fully abolishes CASP1 expression. IRF8 binds the consensus ISRE sequence in the proximal promoter of CASP1 and its ability to transactivate CASP1 expression was validated using a luciferase reporter/minimal promoter assay. In this assay, IRF8 synergizes with IRF1 to control CASP1 promoter activity suggesting that IRF8 binds DNA in a ternary complex with IRF1 [52]. Interestingly, this IRF8/CASP1 cascade facilitates EBV lytic replication likely through the cleavage of host factors involved in the maintenance of EBV latency (Fig. 3A) [83].

Caspase-4:

Caspase-4 is an inflammatory protease, which binds intracellular LPS. Caspase-4 cleaves GSDMD, directly triggering pyroptosis and indirectly activating the canonical NLRP3 inflammasome.

IRF2 is a key regulator of CASP4 as identified through a genome-wide CRISPR-Cas9 screen performed in the premonocytic U937 cells [18]. IRF2 -/-U937 are resistant to cytosolic LPS-induced pyroptosis and ectopic expression of CASP4 in IRF2 -/-cell fully restores and even accelerates pyroptosis in response to cytosolic LPS delivery. The regulatory role of IRF2 on CASP4 level was confirmed in induced pluripotent stem cells (iPSCs)-derived macrophages at both mRNA and protein levels. IRF-2 binds CASP4 promoter in primary human monocytes. Interestingly, in the presence of IFN-γ, IRF1 can complement the absence of IRF2 to regulate CASP4 levels (Fig. 2B). This regulation of CASP4 by IRF2 is not observed at the protein level in the cell line, EA.hy926 (an hybrid of A549 and human umbilical vein endothelial cells) suggesting that the CASP1 expression dependency on IRFs might differ between different human cell types [19,84].

In addition to IRF1/2, the NF-κB subunit RelA up-regulates CASP4 expression via its binding on a NF-κB binding site located ≈1000 pb upstream of CASP4 TSS [85].

Caspase-11:

Caspase-11 is the murine homolog of human Caspase-4/5. As caspase-4, caspase-11 directly binds intracytosolic LPS and cleaves GSDMD to trigger pyroptosis. Naive mice present undetectable levels of Casp-11 expression in tissues. Casp-11 expression is induced in response to pro-inflammatory stimuli (e.g. LPS) or IFN [86,87]. Schauvliege et al. validated the presence of a NF-κB binding site in the Casp-11 promoter required for Casp-11 induction in response to LPS. cRel and likely other NF-κB subunits bind this site upon LPS stimulation. In the presence of IFN-γ, STAT1, binds a GAS motif in the Casp-11 promoter. Mutation of this motif invalidates both IFN-γ-and LPS-induced Casp-11 expression. Yet, since a putative NF-κB binding site overlaps with the GAS site, it is unclear whether STAT1 is required for both LPS and IFN-γ-mediated Casp-11 induction (Fig. 2C) [86]. C/EBP homologous protein (CHOP) is a TF from the C/EBP transcription factor family, which expression is induced by ER stress. CHOP is required for Casp11 induction both in the lung of LPS-treated mice and in vitro in LPS-treated peritoneal macrophages. ER stress inducers (e.g. Thapsigargin) induce Casp11 expression in a CHOP-dependent manner in the absence of LPS [88]. Intratracheal LPS delivery induces ER stress in the lung and Chop -/-mice display attenuated LPS-induced lung inflammation. While it is unclear whether CHOP acts directly on the Casp11 promoter, CHOP may connect ER stress and the non-canonical inflammasome as described above for ATF4 and NLRP1. Poly(ADP-ribose) polymerase 1 (PARP-1) is one of the most abundant nuclear protein.

PARP-1 is a multifunctional enzyme acting at numerous levels to regulate transcription [89]. Interestingly, Yoo et al. identified that PARP-1 is necessary for LPS-induced, but not IFNγ-induced Casp11 expression. PARP-1 interacts with cRel and RelA and regulates NF-κB-dependent genes independently of its enzymatic activity [90]. PARP-1, as a NF-κB-co-activator may thus regulate specifically NF-κB-mediated Casp11 induction [91]. Interestingly, Casp11 expression can also be induced in a p53-dependent manner following DNA damage [92]. Two p53 binding sites are present in the first intron of Casp11 and p53 binding on Casp11 promoter is observed by ChipSeq following gamma irradiation of thymocytes or etoposide treatment of mouse embryonic fibroblasts. NF-κB is required for p53 binding to Casp11 promoter [92]. CASP1 and NLRC4 promoters display a similar p53 binding site and a similar up-regulation in response to DNA damaging agents (e.g. etoposide) [93,94] suggesting that p53 (or p53 family members) and NF-κB function cooperatively to ensure an appropriate inflammasome response to sterile and infectious stresses.

The importance of Casp11 induction was demonstrated in murine models of septic shock.

In contrast to humans, who largely express CASP4 constitutively, mice are highly resistant to LPS injection (lethal dose about 40 mg/kg). Yet, if mice are primed with a low dose of LPS (400 ug/kg) or with poly(I:C), a potent IFN inducer, they become highly sensitive to low doses of LPS (10-100ng/kg) [95,96]. Similarly, a transgenic mouse expressing human CASP4 under its native promoter displays a constitutive CASP4 expression in the spleen and in the intestine and was highly susceptible to LPS injection [97]. These experiments thus suggest that induction of Casp-11 decreases the threshold of LPS detection. While this induction is detrimental in a septic shock model, it contributes to the immune defenses against Gram-negative bacteria [20].

Caspase-5:

Caspase-5 is an inflammatory caspase directly binding cytosolic LPS and triggering pyroptosis [8].

CASP5 is expressed at low level in various organs with a more predominant expression in the spleen and the colon [98]. Its expression is highly induced in vitro following LPS treatment or IFN treatment [98][99][100]. Induction of CASP5 is delayed in comparison to IL1B induction and is sensitive to the protein synthesis inhibitor cycloheximide indicating that it is a secondary-response gene. Three putative binding sites for NF-κB are present in the CASP5 promoter but their functionality remains to be experimentally tested [101]. The relevance of CASP5 induction in diseases is still unclear although a strong increase in CASP5 level (20-fold increase) was observed in lesional psoriatic skin [101].

Transcriptional regulation of downstream targets:

GSDMD:

GSDMD is the pyroptosis executioner [10,13]. N-terminal fragments generated following inflammatory caspase cleavage oligomerize in the plasma membrane to form a transmembrane pore.

As a core component of inflammasomes, GSDMD is constitutively expressed in numerous tissues. Irf2 was identified in a forward genetic screen with the chemical mutagen, N-ethyl-N-nitrosourea (ENU), as a gene required for IL-1β release in response to Pam3CSK4 and ATP stimulation [19]. Similarly to the regulation of CASP4 described above, IRF2 regulates the expression of GSDMD at steady state [19]. IRF2 binds an ISRE sequence in the GSDMD promoter immediately upstream of the TSS. Irf2 knock-out mice do not express Gsdmd and Irf2 KO BMDMs display a profound inflammasome defect. In human cells, IRF2 knock-out in EA.hy926 cells confirmed the key role of IRF2 in controlling GSDMD expression [19]. We did not observe a major impact in the monocytic U937 cell line in the absence of IRF2 [18] suggesting that IRF2 regulates GSDMD in a cell-type specific manner [84]. IRF1 and IRF2 have the same binding specificity for the ISRE sequence. Accordingly, and as described above for CASP4 regulation, in the absence of IRF2, IRF1 plays a compensatory role and partially controls GSDMD expression (Fig. 3A) [19]. 

GSDMD

IL-1b and IL-1RA:

IL18 and IL1b display different regulation. Indeed, IL1b is not expressed at steady state but is strongly inducible following microbial (e.g. LPS) or sterile (e.g. TNF) pro-inflammatory signals.

IL1b transcription is regulated by three main regions: a proximal promoter, a distal one and an enhancer site located ≈3kb upstream of the TSS. Lineage-specific TFs control the cell specific IL1b transcription and cooperate with signal-dependent TFs to trigger fast responses to proinflammatory signals. IL1b expression is most prominent in monocytes/macrophages, we will first present the regulation in these cells before presenting the atypical regulation that can occur in other cell types.

Role of the lineage-specific/pionner TFs PU.1 and C/EBPβ

IL1b is primarily expressed in monocytes and macrophages and this cell specificity is linked to the requirement for the hematopoietic-specific transcription factor PU. 1 [112].

The binding of PU.1 on several PU-boxes in the proximal IL1b promoter and in the enhancer is largely responsible for the cell specific expression of IL1B. Indeed, ectopic expression of PU.1 in HeLa cells is sufficient to drive IL1B expression. PU.1 is a pioneer TF and recruits the SWI/SNF family chromatin remodeling complex [113]. Similarly, C/EBPβ initiates chromatin opening through its ability to bind the histone acetyl transferase, p300/CBP and the SWI/SNF complex (Fig. 4C) [114]. As PU. [115]. This "poised" chromatin structure is likely responsible for the ability of IL1b promoter to be rapidly turned-on following pro-inflammatory signals [116]. c-Jun also binds constitutively on AP-1 (activator protein 1) sites in the proximal enhancer and likely acts in concert with PU.1 and C/EBPβ to remodel chromatin at this site [116]. IL1b is an immediate early gene, its expression is up-regulated immediately post pro-inflammatory signals independently of protein neo-synthesis.

Signal-dependent TFs (NF-κB)

These pioneer TF act in synergy with multiple other TF that are either bound constitutively or in a signal-dependent manner in the enhancer, the promoter or the intronic sequences of IL1b. In addition to PU.1, C/EBPβ, and cJun, NF-κB, AP-1 (cJun/cFos heterodimer), STAT proteins, IRF4/8 bind IL1b regulatory regions [17,[116][117][118]. IRF4 and IRF8 participate in the dynamic transcription of IL1B following LPS treatment in human monocytes [116]. The relevance of these two TFs remains unclear since Irf8-deficient macrophage do not present any obvious Il1b defect [21] and since ectopic expression of Irf4 or Irf8 in murine macrophages inhibits Il1b expression [17]. 

Metabolic regulation of IL1b

In addition to the direct NF-κB-mediated effect, LPS stimulation triggers IL1b induction through metabolic rewiring. Indeed, LPS treatment is associated with a macrophage metabolism shift from mitochondrial oxidative phosphorylation to aerobic glycolysis. 

Negative regulation of IL1b

Il1b expression is negatively regulated by IL-10 in a STAT3-dependent manner. Type I IFNs, which induces IL-10, also negatively regulate IL1b transcription in murine BMDMs and in human primary monocytes [22]. 

IL1b regulation in T cells

Several studies [131][132][133] have demonstrated a production of IL-1β in CD4 + T cells using elegant cell-type specific gene ablation and bone-marrow transfer experiments [132,133]. IL-1β produced by T cells contributes to chronic inflammatory diseases such as experimental autoimmune encephalomyelitis [132]. IL1B expression in CD4 + T cells (and particularly the CCR5 + subset) is up-regulated following TCR engagement with different co-stimulation signals. CD4 + T cells do not present detectable PU.1 protein [134] even after TCR engagement. Accordingly, IL1B promoter in resting T cells is not accessible and does not present the poised architecture observed in monocytes [115]. In agreement with this difference, Il1b expression is much lower in activated T cells than in activated monocytes (≈1000-fold at the transcript level). The mechanism leading to TCR-mediated, PU.1-independent, induction of Il1b in CD4 + T cells remains unclear but is associated with an increase in the activating epigenetic histone modifications (H3K4me3 and H3K9ac), a corresponding decrease in the inhibiting modification (H3K27me3) at the Il1b promoter site and Pol II enrichment throughout Il1b gene upon T cell activation. In contrast to housekeeping genes transcribed at high level, inhibitory H3K27me3 marks persist on the Il1b promoter resulting in a bivalent H3K4me3 + /H3K27me3 + low-activity promoter [134].

IL1b regulation in DC

As discussed above, conventional DC are largely deficient in inflammasome responses due to IRF4/IRF8-mediated negative regulation of inflammasome genes transcription [17,47]. . IL-10 also induces IL1RN expression in a STAT3-dependent manner to dampen inflammation. IL-10 triggers recruitment of STAT3 to the IL1RN promoter and synergizes with LPS to promote the recruitment of NF-κB p50/p65 and Pol II. The increased NF-κB recruitment following IL-10 addition correlates with histone H4 acetylation suggesting that STAT3 recruitment at the IL1RN promoter modifies chromatin structure and accessibility to NF-κB binding sites.

IL

Conclusions

While there is no doubt that post-transcriptional regulations of inflammasomes are intimately linked to their activation, these regulations take place in a transcriptional landscape that shapes the output responses (Fig. 5). At steady state, the transcriptional regulation of inflammasome genes is the result of a complex cascade of events taking place during lineage differentiation in a species-specific manner. As observed in cDC, these regulations have a profound impact on the biological responses by limiting pyroptosis and favoring T cell priming and adaptive immune responses [17]. Furthermore, during inflammatory conditions, the up-regulation of inflammasome genes (as exemplified by Casp11 and the sensitivity to LPS [95]) strongly modifies the ability of the host to detect and respond to PAMPs. Importantly, signal induced transcriptional regulations can be partly fixed in time due to epigenetic reprogramming/immunological imprinting. These long term changes are responsible for the trained immunity (also called innate immune memory). They affect inflammasome genes [141] and contribute to the protective effect of trained immunity against pathogens [142] or possibly to chronic inflammation [143].

While specific inflammasome genes have specific regulation, there are also common regulations that globally affect the inflammasome responses either positively (e.g. NF-κB activation) or negatively (IRF4/8 in cDC). The specific inflammasome gene regulations likely shape the biological inflammasome response (balance between IL-1β and IL-18, balance between cytokine release and pyroptosis, balance between apoptosis and pyroptosis). Similarly, the clinical phenotypes resulting from gain of function mutations in inflammasome genes differ based on the mutated sensor. The prevalence of organ-specific phenotypes (e.g. cutaneous phenotypes in NLRP1-associated syndromes [144,145]) or the cytokine mainly driving the disease (IL-18 in NLRC4-associated syndromes [146] compared to IL-1 in NLRP3/Cryopyrin-Associated periodic Syndromes [147]) may be largely due to differential transcriptional regulations. In addition to monogenic diseases, the fine understanding of the networks of DNA motifs, chromatin structure and transcription factors that regulate inflammasome genes may help us understanding how single nucleotide polymorphisms (SNPs) could impact inflammasome regulation [148] and predispose human beings to various inflammatory diseases. Selective inhibitors of histone modifiers have been developed [149] with an impact on the pro-inflammatory response of human macrophages and developing specific therapeutic intervention targeting transcription regulation is a fascinating challenge for the field.
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Figure legends

Figure 1: Canonical and non-canonical inflammasomes

The schematic structure of the canonical NLRP3 and non-canonical caspase-4 inflammasoms are displayed. Mature self-cleaved caspase-1 and caspase-4 cleave GSDMD leading to oligomerization of the N-terminal fragment in the membrane. The GSDMD pore promotes IL-1β and IL-18 secretion and K + efflux. The latter activates the NLRP3 inflammasome. Furthermore, induction of the histone acetyl transferases, KAT2B and KAT3B, in an IFNAR/IRF3/7-dependent manner correlates with an increase in H3K27ac epigenetic mark at the Gsdmd promoter and an increase in transcription. (B) IL18 is expressed at steady state and its promoter demonstrates PU.1 binding. LPS treatment leads to activation of STAT1 and STAT2 downstream of IFNAR, to the formation of the ISGF3 complex, containing IRF9, PhosphoSTAT1 and Phospho-STAT2, and its binding at the Il18 promoter. (C) IL1b is not expressed at steady state although PU.1 and C/EBPβ cooperate in monocyte to recruit the SWI/SNF complex and HAT to render the enhancer in a "poised" state. LPS treatment triggers C/EBPβ and c-Jun recruitment at the distal enhancer, the formation of a long-distance loop allowing the TF to cooperate to increase H3K9 ac, recruit p-TEFb and activate RNA Pol II. 84| P a g e

METHODS

Mice: All animals were housed in a dedicated animal house (Plateau de Biologie Expérimentale de la Souris, Lyon, France) and experiments were approved by a local ethical committee (CECCAPP, ENS_2017_002). Irf2 -/-mice were generated and bred by the animal house PBES, using CRISPR-cas9 technique. C57BL6/J mice were purchased at the desired sex and age from Charles Rivers (Charles Rivers Laboratories, Saint-Germain-Nuelles, France).

Animal infection:

In accordance with our validated protocol, we infected age and sex-matched animals (8-12 weeks old) subcutaneously with either 1.10 3 or 4.10 5 CFU wild-type Francisella novicida strain U112 in 100uL PBS. Mice were killed when reaching the beforehand defined limit or when the desired time point was reached.

Cell culture and infection: BMDMs were collected from mice femurs, cultured for 6 days in DMEM-GlutaMAX (61965-026, Thermo Fisher) supplemented with 10% v /v FBS, 10% v /v M-CSF and 1% v /v Penicillin Streptomycin Amphotericin (A5955, Sigma) and then collected for immediate use. Cells were seeded at 1.10 Cytokine release measurement: mIL-18 and mIFNγ release were measured in vivo using enzyme-linked immunosorbent assays on mice sera. Blood was collected at either 16-hour post infection or 48-hour post infection and centrifuged to obtain serum. To measure mIL18, we used Mouse IL-18 Platinum ELISA kit (BMS618, eBiosciences) and for mIFNγ, we used Mouse IFNγ DuoSet ELISA (DY485, R&D). mIL-1β and mTNF were measured in vitro using enzyme-linked immunosorbent assays on BMDM supernatants. To measure mIL-1β, we used Mouse IL-1β DuoSet ELISA (DY401, R&D) and for mTNF, we used Mouse TNF DuoSet ELISA (DY410, R&D).

Real-Time quantitative PCR: Primers used for mRNA quantification in both human and mouse are available in Table X. Experiments were performed using an iCycler (Bio-rad) and SYBR green (Applied Biosystems) with standard protocols Bacterial proliferation assay: Lungs, spleen and liver were collected 48-hour post infection. Organs were grinded using a Precellys evolution tissue homogenizer (Bertin technologies) in PBS. Crushed organs were then spread on TSA + Cysteine 0.1% + Ampicillin 100μg/mL using easySpiral Dilute (Intersciences) automated sower and stored at 37°C, 5% CO2 for 48 hours. CFU were determined thanks to Scan-1200 automated colony counter and its associated software (Intersciences).

RESULTS

For the purpose of this study, we generated three different Irf2 -/-mice lines using CRISPR/Cas9 engineering technique. We selected one specific mice line that displays a deletion of 98 nucleotides that encompasses exon 1 and a part of the first intron (Supplemental Figure 14).

We confirmed the absence of Irf2 expression in these animals by Western Blot.

Irf2 -/-mice are highly susceptible to Francisella novicida infection Co-housed littermate Wild-Type (WT) and Irf2 -/-mice were infected with Francisella novicida, a Gram-negative bacteria avirulent in humans but very infectious in mice. Mice were infected subcutaneously with 630 colony forming unit (CFU) to model tularemia development. Their survival (Figure 9.A) and weight loss were monitored twice a day. WT animals survived better than Irf2 -/-animals. Indeed, Irf2 -/-mice died at day 4.5 post infection, while 45% of WT mice survived until the end of the experiment at day 8 post infection. To observe cytokine production differences at early time points, we switched to another model of tularemia that is more lethal and allows to better monitor bacterial counts and systemic cytokine levels. Mice were infected by 5.10 4 CFU subcutaneously. We focused on liver, lungs and spleen which are the main targets of Francisella. Significatively higher CFU were observed in the organs from Irf2 -/-compared to those of WT mice. Indeed, the bacterial burden in the liver of Irf2 -/-mice is more than a 100fold greater than the bacterial burden observed in WT mice (Figure 9.B). Irf2 -/-spleens and lungs present a 10-fold greater bacterial burden than WT animals. Higher bacterial burden in Francisella-targeted organs correlate with Irf2 -/-mice susceptibility. Surprisingly, we did not observe any difference in circulating IL-18 and IFNγ levels in the blood at 16 hours postinfection (Figure 9.C). At 48h post infection, Irf2 -/-animals demonstrated a profound deficit in IFNγ production compared to WT (Figure 9.D). In line with elevated bacterial burdens observed in Irf2 -/-organs, Irf2 -/-mice exhibit higher levels of circulating IL-18.

To assess whether inflammasome genes levels were affected by Irf2 during F. novicida infection, we performed qRT-PCR in different organs at 48 h PI. Casp1, Casp11 and Irf1 mRNA levels are unchanged between observed WT and Irf2 -/-organs. Gsdmd transcript levels are greatly reduced in Irf2 -/-animals (Figure 9.E). This regulation was previously described (ref). We confirmed this transcription inhibition at the protein level by Western Blot (Figure 9.F). 

Irf2 is a key regulator of inflammasomes in Bone Marrow Derived Macrophages

A previous paper identified IRF2 as critical in the human non-canonical inflammasome driven by CASP4. Considering Gsdmd regulation observed in vivo, we decided to define the impact of this regulation on different inflammasomes. We generated BMDMs, stimulated them and monitored IL1β secretion and cell death. BMDMs were infected with either Escherichia coli J53 strain for 24 hours, Francisella novicida U112 strain for 9 hours or Salmonella enterica serovar Typhimurium 12023 strain for 30 minutes. E. coli is recognized and activates the noncanonical caspase-11 inflammasome, F. novicida is sensed in mice by the AIM2 inflammasome while S. Typhimurium activates the NLRC4 inflammasome. We observed that these various infection stimuli provided a common outcome when comparing WT BMDMs to Irf2 -/-BMDMs:

Irf2 -/-BMDMs displayed a significant reduction in cell death and in IL-1β secretion compared with WT BMDMs (Figure 10.A-C). We also used sterile inflammation to trigger the NLRP3 inflammasome (LPS+ATP) or the AIM2 inflammasome (poly (dA:dT)) and observed the same results: there is more cell death and IL-1β secretion in WT BMDMs than in Irf2 -/-BMDMs (Figure 10.D-E). . Overall, these in vitro experiments demonstrate that Irf2 is as an essential regulator of inflammasome functions through its direct effect on Gsdmd transcription. IFNγ differentially regulate inflammasome genes in epithelial and myeloid cell lines.

Inflammasome components regulations by IRF1 and IRF2

Following the observation realized using the ChipSeq datasets, we checked in an induced pluripotent stem cells (iPS)-derived macrophage model the impact of IRF2 deletion on transcription and expression of inflammasome genes. A regulation of CASP4 was already published in this iPS-derived macrophages model. No effect was observed on CASP1.

Experimentally, a diminution of GSDMD expression, at both RNA and protein levels was seen (Fig. 12 A-D). This iPS-derived macrophage model presents another profile that those observed in ChipSeq. In primary monocytes, it looks like there is no IRF2 binding but in iPS-derived macrophages GSDMD is strongly regulated by IRF2. We then determined the basal and IFNγ-induced expression of inflammasome genes in several cell lines used in the inflammasome field. We gathered A549 (lung, epithelial), H522 (lung, epithelial), HT29 (colon, epithelial), HeLa (cervix, epithelial), EA.hy926 ( a cell line, often used as an endothelial cell model, resulting from the fusion of A549 and primary human umbilical vein cells), K562 (bone marrow, erythroleukemia), THP1 (peripheral blood, monocyte) and U937 (pleural effusion, monocyte).

Cells were treated with IFNγ for 16h. As expected, IRF1 is strongly induced in all cell types studied indicating that they are all responsive to this cytokine (Figure 13). IRF1 steady state levels are homogenous but are, interestingly, at the same level of expression as CASP4 or IRF2 which does not match with what we see at the protein level.

CASP1 basal mRNA levels are low in all cell types except for monocytic cell lines and EA.hy926. CASP1 transcription is strongly induced, by multiple log10, in non-monocytic cell lines by IFNγ treatment and weakly in monocytic cell lines.

CASP4 basal mRNA levels are homogenous except for EA.hy926 that express it around 2 log10 more than other cell lines. We observe a tendency to an upregulation in presence of IFNγ but rarely significant (only in HT29 and K562), strengthening the fact that murine Casp11 and human CASP4 are differentially regulated.

GSDMD transcription is elevated in all but one cell lines: HeLa cells. IFNγ significantly upregulates GSDMD transcription in non-monocytic cell lines only.

IL18 transcription at steady state is homogenous but surprisingly, in monocytic cells, it is significantly reduced as well as in HeLa cells by IFNγ treatment.

Finally, IRF2 basal transcription is homogenous as well and is upregulated by IFNγ in all cell lines but U937.

From these observations, we can already establish a difference at both basal state and post-IFNγ treatment between monocytic and non-monocytic cell lines in the expression profile of inflammasome components. IFNγ induces IRF1 transcription as shown, it would thus be interesting to determine the precise roles of IRF1 and IRF2 in the regulation of these inflammasome-related genes, especially if IRF1 induces CASP1 transcription in presence of IFNγ. 

DISCUSSION

Impact of Gsdmd downregulation in vivo

First, we described an in vivo regulation of Gsdmd expression in Irf2 -/-mice at both steady state and during infection in multiple organs. This regulation was previously described 235 but how it affects inflammasome activation in vivo is still unclear. Irf2 -/-mice are susceptible to F. novicida infection, similarly to the susceptibility of Gsdmd -/-mice previously described to the same pathogen 236 . Elevated counts of bacteria are associated to this susceptibility in Irf2 -/-mice organs targeted by Francisella compared with WT ones: liver, lungs, and spleen.

In vitro, reduction of Gsdmd expression leads to reduced pyroptosis as previously showed in BMDMs 147 . Pyroptosis, which relies on Gsdmd N-terminal fragment, favors uptake and killing of intracellular bacteria 237 . Even though Francisella can infect non phagocytic cell types such as lung epithelial cells 238 or hepatocytes 239 , its primary targets are monocytes and macrophages. After escaping phago-lysosomal fusion, Francisella replicates in the host cell cytoplasm. An absence of cell death could thus provide a longer time in its niche for Francisella to replicate. During Francisella infection, bacterial counts and mice susceptibility are also associated with reduced IL-1β and IL-18 secretion as shown in Casp1 -/-and ASC -/-mice 217 , induced by the lack of Gsdmd cleavage and thus pores in the cell membrane. However, in Irf2 -/-mice, we did not detect any differences in IL-18 levels at 16 hours post infection with Francisella novicida when compared to WT mice. At 48 hours post infection, IL-18 levels are way higher in Irf2 -/-mice serum than in WT mice, which could be a direct consequence of undying cells that keep producing pro-inflammatory cytokines. The significant difference in bacterial load observed between WT and Irf2 -/-organs could also explain the elevated levels of IL-18 observed in Irf2 -/-animals. I will discuss about IL-18 in details later in this discussion.

Additionally, GSDMD N terminal fragment restricts E. coli and S. aureus replications in cell-free in vitro assays 236 . This fragment binds cardiolipin, a lipid present in bacterial membranes 240 and mitochondrial membrane 241 . This could suggest a bactericidal activity in vivo for GSDMD N terminal fragment, only demonstrated in vitro and in case of overexpression 149 . Off note, N ter GSDMD also binds phosphatidylinositol phosphates and phosphatidylserine which are only present in the inner leaflet of cell membranes. Therefore, released N-ter Gsdmd does not trigger pyroptosis in adjacent healthy cells. We could hypothesize that absence of Gsdmd facilitates Francisella replication by preventing cell death and by reducing bactericidal activity from GSDMD N-ter fragment. While we have demonstrated the reduced Gsdmd transcript levels in vivo in Irf2 -/-mice during infection, it remains to be tested whether we visualized GSDMD levels and cleavage in the spleen of infected animals by Western blot analysis.

Consequences of the absence of circulating IFNγ in vivo

Irf2 -/-mice also have almost no circulating IFNγ after 48 hours of subcutaneous infection with F. novicida. Protective role of IFNγ was demonstrated in various models of infection: in vivo intravenous infection with Francisella Live Vaccine Strain (LVS) 242 , in vivo subcutaneous infection with Francisella novicida 243 , in vivo aerial pulmonary infection with LVS 244 and in macrophages infected with the highly virulent F. tularensis subspecies tularensis strain, Schu S4 245 . In macrophages, which are the main cellular targets of Francisella, IFNγ impairs cytosolic replication of the bacteria in an autophagy-independent, Reactive Oxygen Species (ROS)independent, Reactive Nitrogen Species (RNS)-independent, iron sequestration-independent and indoleamine 2,3-dioxygenase (IDO)-independent manner for Schu S4 and in an induced nitric oxide synthase (iNOS)-dependent manner for LVS 245,246 . IFNγ induces, among other genes, the expression of guanylate binding proteins (GBPs). IRF1 induction by interferons leads to type I interferon secretion, responsible for GBPs upregulation 222,247 . These proteins are believed to bind production by these first cells could thus impact the whole IFNγ response and be responsible for the phenotype observed in Irf2 -/-mice during F. novicida infection.

Irf2 modulates Gsdmd expression and inflammasome activity

Substantial reduction of Gsdmd expression in Irf2 -/-mice was confirmed by qRT-PCR and Western-Blot. We observed the same downregulation in BMDMs with a substantial impact on inflammasomes functions. Both IL-1β secretion and cell death are lower in Irf2 -/-BMDMs compared with WT BMDMs. IL-1β secretion relies on pores formed by GSDMD in the cell membrane, these pores allowing passing secretion in a lysis-independent and size-dependent manner 274 . Recent studies demonstrate potential IL-1β secretion independently of pores in the cell membrane. In primary human monocytes, Toxoplasma gondii induces a Syk -CARD9/MALT-1 -NF-κB pathway resulting in IL-1β secretion in a GSDMDand cell death-independent manner 275 .

In neutrophils, IL-1β is secreted through an autophagy-dependent mechanism 276 . In our inflammasome models, IL-1β secretion is not completely abolished which is probably due to the lack of complete suppression of Gsdmd expression but could also be due to precedingly cited active secretion mechanisms. Suppression of Gsdmd expression induces a loss of pyroptosis but we still observed cell death and IL1β release. Another hypothesis is that in absence of pyroptosis, another cell death mechanism is triggered. Francisella-infected Casp1-deficient macrophages die by caspase-3-mediated apoptosis. Caspase-8 and -9 are activated by Aim2/ASC complex resulting in caspase-3 cleavage and activation leading to apoptosis 277,278 . In absence of pyroptosis, caspase-1 is also capable of inducing caspase-3-dependent apoptosis, presenting redundant pathways leading to cell death 278,279 . Activation of Casp8/Casp9/Casp3 axis can be followed by secondary activation of GSDME by caspase-3, causing a still poorly defined cell death at the interface between pyroptosis and necrosis 279-281 

Cell-type dependent IRF2 binding of inflammasome genes promoters

IRF2 binds a motif consistent with its described consensus binding site close to Gsdmd transcription start site (TSS) and induces its transcription. Interestingly, in a human hybrid cell line EA.hy926 (fusion of A549 cell line, epithelial x primary umbilical veins cells, endothelial), GSDMD transcription is also under the control of IRF2. Single-and double-knockouts for IRF1 and IRF2 show a major role for IRF2 with a small complementary role for IRF1. However, in U937, GSDMD expression is not modified by the absence of IRF2 283 . Conversely, CASP4 transcription is diminished in U937 but not in EA.hy926 in the absence of IRF2. These two papers highlight differential gene regulations between cell types in humans, which drove us to first check IRF2 binding in various ChipSeq datasets. The four datasets show four different IRF2 binding profiles to GSDMD, CASP4 and CASP1 promoters. Experiments studied are sometimes lacking sequencing reads depth and the absence of signal could be a consequence of this experimental issue. Though we cannot exclude potential false negative for IRF2 binding, controls presented in Supplemental figures S2-S5 show that experiments are well conducted. However, these data only give us information regarding IRF2 binding but nothing regarding the outcome of this binding. It would thus be interesting to perform qRT-PCR on cells to assess basal levels of our genes of interest in these four cell types and the impact of IRF2 invalidation. We showed in Figure 4 that in iPSC-derived macrophages, GSDMD transcript level is downregulated which does not match the binding profile observed in primary monocytes. This could be due to the differences between primary cells and iPSC-derived cells or to the differences between macrophages and monocytes.

But it mainly illustrates the lack of depth of experiments and underlines the possibility of false negative for the 3 genes observed. In iPSC-derived macrophages, we observed downregulation of CASP4 in the absence of IRF2 and no effect on CASP1 transcription.

We could use iPSC to derive endothelial cells and use mitotically-inactivated murine fibroblastsfed human primary keratinocytes 284 to match exploited datasets. Both allow genetic manipulation and are the closest model to primary cells. It would thus be interesting to assess the transcriptional state of our genes of interest in the absence of IRF1, IRF2 and both IRF1/IRF2 and compare the results with ChipSeq results.

Motif competition between transcription factors

Multiple factors could explain those differences of binding between cell types. First, IRF1 and IRF2 share a common consensus binding site. These two transcription factors can cooperate or antagonize each other. Historically, IRF2 is IRF1 functional antagonist, since IRF2 negatively regulates interferon β production while IRF1 activates it 1,2 . In another field, IRF1 is described as a tumor suppressor while IRF2 acts as an oncogene 285 . At steady state, IRF1 protein is not detectable but IRF1 mRNA levels are as high as IRF2, suggesting important post transcriptional regulations. IRF1 is very unstable with an half-life of about 30 minutes while IRF2's half-life is about 8 hours 286 . Interestingly, IRF1 protein levels seem to be mainly regulated by the proteasome.

In HeLa cells, specific inhibitors of proteasome MG115 (inhibits 20S proteasome) and MG132

(inhibits 26S proteasome complex) allowed visualization of IRF1 in Western-blot, which is not the case at steady state otherwise 287 . The last 39 amino acids of C-terminal IRF1 domain function as a signal for protein degradation. Truncated IRF1 (1-290, Δ39) display complete resistance to degradation. The C terminal region of IRF1 exhibits hydrophobic properties, which mark IRF1 as a target for the ubiquitin-degradation machinery.

IFNγ induces a strong increase in IRF1 transcription but also an induction of three homologues of 26S proteasome subunits: iβ1, iβ2, iβ5, components of immunoproteasomes. These subunits have altered cleavage specificities 288 . Degradation of IRF1 at steady state cancels potential competition between IRF1 and IRF2. Although IRFs are not the only transcription factors sharing a common binding site. Indeed, in vitro BLIMP1 (=PR domain zinc finger protein 1 PRDM1) binds a DNA motif partially overlapping with IRF1 and IRF2 ones built around the GAAA motif 289-291 . BLIMP1 is a transcriptional repressor essential in adaptive immune system development, with a central role in terminal differentiation of B cells 292-294 . BLIMP1 binds promoters containing overlapping motifs (such as AIM2) but there is also a subset fixed proper to BLIMP1. In the same way, there is a subset of IRF-bound promoter that is not recognized by BLIMP1. These results indicate that there are more regulations involved that the basic recognition of the motif. BLIMP1 DNA-binding for instance is relying on CpG content, indicating a dependance on DNA methylation.

Epigenetic regulations influence transcription factor binding and activity

DNA methylation is part of epigenetic regulations, like chromatin availability. Eukaryotic chromatin is packaged into octamers of histones wrapped around 147 base pairs of DNA and separated by DNA linkers 295 . Histone proteins can be post-translationally altered by covalent modifications or replaced by variants. These parameters combined have a significant regulatory function by modifying binding sites availability to corresponding transcription factors 296,297 .

Epigenetic regulation could be a factor explaining differences observed in cell-type specific IRF2 binding.

In fulminant type I diabetes (FT1D) patients, Foxp3 promoter is hypermethylated. Mice deficient for T regulatory cells, characterized by expression of Foxp3, develop FT1D. IRF7 binds Foxp3

promoter and upregulates its expression. In FT1D patients' case, hypermethylation of the promoter significantly diminishes IRF7 binding to the Foxp3 promoter 298 . Cell-type differences in DNA methylation exist, resulting in various gene expression profiles 299,300 . Some events can also modify the DNA methylation landscape such as monocyte to macrophage differentiation or macrophage activation by inflammation stimuli that result in inflammasome-related genes demethylation 301 .

Even if there are no molecular evidence of IRF2-targeted promoter methylation, we could hypothesize that our genes of interest, CASP1, GSDMD and CASP4 could be targeted in a celltype specific manner by methylations, triggered by early progenitor development stages or late differentiation. DNA methylations of gene promoters usually mean gene silencing, but the precise mechanism is still pretty unclear. DNA methylations regularly correlate with chromatin availability but it is hard to decipher which comes first. ATAC-seq datas in studied cell types could provide information regarding potential differences in chromatin availability. Some datas for HepG2, K562 and primary monocytes/keratinocytes are available on GEO accession viewer and could thus provide insights in chromatin availability. In non-small-cell lung cancer (NSCLC), CASP1 promoter activity is silenced by G9A, a histone methyltransferase responsible for an increase in di-methylation of the region surrounding CASP1 promoter 302 . This di-methylation could be responsible for preventing IRF binding to CASP1 promoter.

We could assess the methylation state of our targets in the studied cell lines by using sodium bisulfite-modified genomic DNA converted with a CpGenome DNA modification kit. Finally, non-coding RNAs play a critical role in posttranscriptional regulation of gene expression by competing with RNAs without affecting chromatin structure. These microRNAs can be tissue specific like miR-140 which is cartilage-specific 306 . Some microRNAs are regulating IRFs expression in specific contexts 307,308 . Epigenetic modifications could be the reason we observe differences in gene expression regarding cell type, with potentially different chromatin availability, TF co activator expression, DNA methylation or specific miRNA pools.

Differences of inflammasome-related genes regulation by IFNγ

We tested 8 different cell lines basal mRNA levels and post-IFNγ treatment mRNA levels. It seems that there is a difference between monocytic cells (THP1 and U937) and epithelial cells in inflammasome-related genes mRNA expression profiles. CASP1 is strongly expressed and its We could hypothesize that differences between steady state transcription and post-IFNγ stimulation are observed because of IRF1 induction. To assess the precise roles of IRF1 and IRF2 in our models, CRISPR knock-out of one or both transcription factors would precise their role in inflammasome-related genes transcription. Off note, EA.hy926 exhibit basal transcription levels for CASP1 and CASP4 much higher than other epithelial cell lines. It would be interesting to test mRNA levels in HUVECs to check if this observation can be made in common endothelial cells. Adult normal human epidermal keratinocyte progenitor cells (aHPEKs) were knocked-out for IRF2 using CRISPR/Cas9 and then transfected with doxycycline-inducible 3xHA-IRF2. As controls, chromatin immunoprecipitation was realized without a specific antibody for IRF2, without doxycycline induction or both. aHPEKs were treated with 1 μg.ml -1 doxycycline for 3 days plus 2 days with 2 μg.ml - 1 doxycycline to induce the HA tagged-IRF2 overexpression. Number of hits is indicated between [] and promoter region is indicated in red. 
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  type I and III promoters12 and is present in many different genes, involved in various mechanisms that I will describe later. IRFs also share a common

Figure 2 :

 2 Figure 2: IRF1/IRF2 homology and binding sites

Figure 3 :

 3 Figure 3: IRFs involvement in type-I interferon pathway

  focus on giving essential information about them. Inflammasomes are multiproteic complexes crucial to inflammation development. They are generally composed of a sensor, an adaptor and an effector that is usually cleaved to become active. Inflammasomes are assembled in response to recognition of Danger-Associated Molecular Pattern (DAMPs) or PAMPs by the sensing component of the inflammasome. Inflammasome activation usually results in proinflammatory cytokines secretion and pyroptosis, an inflammatory cell death, thus favorizing an inflammatory environment. Several inflammasomes have been identified, each composed of different sensors and effectors, producing specific responses to a wide range of signals. Inflammasomes also play a

possesses 2

 2 principal domains, an amino-terminal PYD domain and a carboxyeffector belongs to the family of proinflammatory proteases called caspases and is termed caspase-1. Caspase-1 is composed of a central catalytic domain (p20) and carboxy-terminal catalytic subunit (p10).NLRP3 inflammasome activation and assembly is triggered by a wide panel of activators: small molecules (such as ATP 136 ), bacteria 137 , fungi 138 , viruses 139 , components of dying cells 140 and crystal particles 141 . NLRP3 activation is a two-step process that requires a first signal to prime NLRP3 transcription and a second one to trigger inflammasome assembly. NLRP3 activation process is tightly regulated but not fully understood. The priming step has been observed in response to different kind of signals: extra/intracellular interactions PAMP/DAMP -PRR, such as TLRs or NOD2, or secreted cytokines like TNF 142 or IL-1β 143 . Priming induces a transcriptional upregulation of inflammasome components (NLRP3, caspase-1 and proIL-1B) 143,144 and posttranslational modifications (PTMs) of NLRP3 that maintain the protein in a signal-sensitive inactive form. Multiple kinds of PTMs have been described 145 : ubiquitination, sumoylation, phosphorylation but I will not discuss them any further. NLRP3 activation is attributed to cellular stress recognition but the pathways involved are still to be fully uncovered. Many leads are still explored such as ionic flux, organelle malfunctions or metabolic changes. I will address NLRP3 activation in case of LPS + ATP stimulation commonly used in papers and used in our experiments.Upon stimulation, NLRP3 oligomerizes through interactions between NACHT domains.Oligomerized NLRP3 recruits ASC through PYD-PYD domains interactions. ASC recruits other ASC proteins to form filaments through the same PYD-PYD interaction. ASC filaments then recruit a full-length inactive Caspase-1 through CARD-CARD domains interaction. Caspase-1 recruitment enables its self-cleavage between p20 and p10 and results in its activation 146 .Proteolytically active caspase-1 then cleaves proinflammatory procytokines proIL-β a IL-18 into their active, secreted form. The outcome of NLRP3 activation also include an inflammatory form of cell death termed pyroptosis. The mediator of pyroptosis is Gasdermin D 147 . Active caspase-1 cleaves full length Gasdermin D, stopping its autoinhibitory process inflicted by its C terminus. Released and active GSDMD N-ter binds to phospholipids in the cell membrane and forms pores responsible for cell death but also for cytokine secretion in a non-conventional way148,149 .

Figure 5 :

 5 Figure 5: Canonical NLRP3 inflammasome activation, from Swanson et al. 150 . Dotted lines represent leads in NLRP3 activation currently discussed.

Figure 6 :

 6 Figure 6: Non canonical inflammasome activation from Yi et al. 160 .

  NLRC4 belongs to the same family of sensors as NLRP3: NOD-Like Receptors (NLRs). NLR proteins are highly conserved and act as intracellular immunosurveillance sensors. NLR family as CAPS syndrome. NLRs share common structural properties: they are tripartite proteins composed of a central NACHT domain, a N-terminal effector domain (PYD/CARD/BIR) and a C-terminal receptor domain (LRR). NLRC4 possesses a N-terminal CARD domain, a central NACHT domain with primordial ATPase activity 181 and LRRs. NLRC4 activation is tightly regulated mainly at post-transcriptional level through ligand binding and phosphorylation 182,183 , possibly ubiquitination 184 .In mice, NAIP genes were shown to be central in the recognition of bacterial ligands. NAIP5/6, NAIP1 and NAIP2 form complexes including NLRC4 and flagellin, type 3 secretion system (T3SS) needle protein PrgI or T3SS rod protein PrgJ from S. typhymurium respectively185-188 . In humans, there is only one NAIP gene and it was shown to interact with flagellin and PrgJ to induce NLRC4 inflammasome189,190 . NLRC4 exhibit heterotypic interactions with other NLRs like NOD2, NLRP3, NAIP through their NACHT domain 191 . The structure of ligand-bound NAIP is modified in a way that allows interactions with NLRC4 thus triggering its oligomerization. This association changes the conformation of NLRC4 monomer and opens its NACHT domain to interaction with an acidic LRR region of another NLRC4 monomer. Only one NAIP can be associated to this complex that can hold

Figure 7 :

 7 Figure 7: NLRC4 inflammasome activation from Si Ming Man et al. 200 , "?" indicates that unknown molecules may contribute to the signaling pathway.

  tularensis, Listeria monocytogenes, Streptococcus pneumoniae or Legionella pneumophilia.Francisella is the only bacteria known to activate exclusively AIM2 in murine macrophages and DCs214-216 . To activate AIM2 inflammasome, Francisella needs to escape the vacuole in the host cell cytoplasm217,218 . Francisella possesses virulence factors regrouped under the Francisella pathogenicity island (FPI) and are secreted through a specific type 6 secretion system 219 . AIM2 response to Francisella infection is mainly driven through type I IFN production 220 . Type I interferons are produced in response to small DNA amounts detected in the cytosol by the cGAS/STING pathway21,215 . Type 1 interferons are then secreted and act in an autocrine way to induce, through interaction with IFN receptor (IFNR), ISGF3, a transcription complex composed of heterodimers of STAT1/STAT2 and IRF9. ISGF3 is responsible for the induction of Interferon Stimulated Genes (ISGs) among which are found IRF1 and guanylate-binding proteins, both demonstrated as necessary to fully engage AIM2 inflammasome221-223 .

Figure 8 :

 8 Figure 8: AIM2 inflammasome activation from Si Ming Man et al. 200 , "?" d that unknown molecules may contribute to the signaling pathway.

  are cytokines belonging to the IL-10 family, produced by myeloid and epithelial cells and signaling through the type I IL-20 receptor (IL-20R). These cytokines negatively regulates Il1b transcription in murine keratinocytes exposed to Staphylococcus aureus. IL20R signaling leads to a decrease in STAT3 and in C/EBPβ active isoform. Meanwhile, C/EBPβ displays increasing inhibitory sumoylation. The shift in the balance between C/EBPβ active and inactive isoforms correlates with a decrease in C/EBPβ binding at the Il1b promoter [130].
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 2 Figure 2: Transcriptional regulation of inflammasome sensors
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 3 Figure 3: Transcriptional regulation of inflammasomatory caspases
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 4 Figure 4: Transcriptional regulation of inflammasome substrates
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 5 Figure 5: Overview of the transcriptional regulation of inflammasome genes

  Fig.1

Figure 1 :

 1 Figure 1: Irf2 regulates Gsdmd expression and is critical for host defense during F. novicida infection (A) Mice were injected subcutaneously with 630 CFU of F.novicida. Survival was assessed through predetermined limit points and weight was monitored 2 times a day. Mantel-Cox test was performed, p<0.0001. One experiment is shown with 6 Irf2 -/-, and 7 WT littermate controls mice. (B) Number of CFU per organ was determined in the indicated organs, at 48 h post infection with 1.10 3 bacteria subcutaneously. Data were analyzed by ANOVA test, **p<0.01 ***p<0.001 N=5. (C-D) Cytokines were measured in the blood at 0, 16 h and 48 h post infection. (E) mRNA levels of Gsdmd in the indicated organs were assessed via qRT-PCR. Data were analyzed by ANOVA test, *p<0.05 **p<0.01 N=5. (F) Gasdermin D expression in BMDMs from the indicated mice is shown by Western-blot. (B-E) Each dot represents the value for one mouse, the bar represents the mean +/-S.D.

Figure 3 :

 3 Figure 3: IRF2 binding to inflammasome gene promoters is cell type-specific IRF2 ChipSeq data from the indicated cell line were analyzed at the promoter of CASP1, CASP4 and GSDMD. Each experiment presents a representative sample compared to a control; number of reads is indicated between []. The binding region is indicated in red and the potential binding site sequence is indicated.

Figure 4 :

 4 Figure 4: IRF2 regulates CASP4 and GSDMD levels but not CASP1 levels in induced pluripotent stem cells-derived macrophages (A-C) mRNA levels were determined by qRT-PCR, datas were analyzed by ANOVA, ***p<0.001 ****p<0.0001, N=3. (D) Protein levels of IRF2, CASP1, CASP4 and GSDMD are analyzed by Westernblot.

Figure 5 :

 5 Figure 5: Basal and IFN-γ-induced levels of inflammasome transcripts is different between epithelial and myeloid cell lines. mRNA levels were determined by qRT-PCR with or without IFNγ overnight stimulation at 1000U.mL - 1 , datas were analyzed by t test, *p<0.05 **p<0.01 ***p<0.001, N=3.

Francisella' s

 s membrane to lyse it and release bacterial DNA to trigger AIM2 inflammasome223 thus causing pyroptosis and recruitment of other inflammation actors through cytokine secretion.Bacterial membrane association of GBPs was shown for Salmonella infection model 248 . Another minor role described for IFNγ is its role in neutrophils functions249 . Neutrophils are recruited to the lung very early after F. tularensis challenge and are targeted by the bacteria 250 . Neutrophils are described as primordial to host survival in case of Francisella infection251-253 . It is still unclear how neutrophils contribute to Francisella resistance, but it could be by clearing bacteria trapped in residues of cells which underwent pyroptosis, a process named Pore-induced Intracellular Traps (PITs)254 . Importantly, Francisella subverts apoptosis pathways to prevent neutrophils cell death255 and NETosis induce lung damages without bactericidal effect 256 . Moreover, IFNγ inhibits pathogenic neutrophil accumulation in mice lungs and impairs neutrophils survival 257 . Accumulation of neutrophils is deleterious as suggested by damages induced by NETosis. This would fit in our model as we could hypothesize that a loss of IFNγ expression induces accumulation of neutrophils in Irf2 -/-infected lungs. It would thus be interesting to determine by flow cytometry the cell populations in WT and Irf2 -/-lungs to assess neutrophils role in Gsdmd and IFNγ certainly play a role in our model, but where do these regulations come from?Possible factors responsible for the observed circulating IFNγ absence in vivoI will first focus on IFNγ: It is principally produced by CD8 + T cells, Th1 CD4 + cells, NK and NKT cells. At early stages, phagocytes such as macrophages or dendritic cells produce in response to Francisella infection, critical pro inflammatory cytokines such as IL-18258 and IL-12259 . These cytokines promote NK260,261 and NKT 262 cells proliferation and activation. Notably, we did not observe any variation in IL18 production between WT animals and Irf2 -/-animals at 16 hours post infection. However, IL-12 levels are reduced in Irf2 -/-macrophages in vitro263,264 . IL12 protects against Francisella challenge in vivo by inducing a strong IFNγ response244,253 . IRF1 binds IL-12p35 promoter to induce its transcription and Irf1 -/-mice, like Irf2 -/-mice, exhibit a loss of NK cell population, indicating potential complementary roles for IRF1 and IRF2 in the induction of the axis IL12/IFNγ 265 . More precisely, in Irf2 -/-mice, mature NK cells are depleted, but maturation is not stopped, and cytotoxicity is efficient. These immature cells are less capable of producing IFNγ and could bind circulating IL18, thus blocking further development of IFNγ-producing cells 266 . Irf2 -/-mice also possess severely impaired levels of NKT cells 267 . Depletion of NK cells prior to Francisella challenge reduces drastically IFNγ levels in the lung without impacting bacterial burden 268 . At later stages, Th1 CD4 + and CD8 + T cells are the main producers of IFNγ.IRF2 is primordial in the development of Th1 responses. Absence of Irf2 in vivo leads to severely compromised development of Th1 response in case of Leishmania major infection 264 . This is partly explained by the fact that Irf2 controls basophil expansion, which are converting IL-3 into Th2inducing IL-4. Therefore, Irf2 -/-mice develop spontaneous Th2 polarization of their T cell subsets 269 . Moreover, IFNγ inhibits Th2 polarization 270 . Thus, we could hypothesize that the absence of early productions by NK and NKT cells could lead to a defect in Th1/Th2 balance, suppressing IFNγ secretions. We are looking at early stages of infection, so this does not explain our phenotype but remains interesting to consider. Interestingly, De Pascalis et al. 271 identified dendritic cells as producers of IFNγ at early stages in case of stimulation by Francisella LVS. Conventional dendritic cells subpopulations do produce IFNγ in the spleen 272 . Irf2 -/-mice present a selective loss of conventional dendritic cells CD8α -compared to WT mice 273 . This deficit is linked to the disbalance in type I interferon production created by the absence of their negative regulator Irf2. Indeed, addition of recombinant type I interferon to bone marrow cells prevents development of conventional myeloid dendritic cells. Early producers of IFNγ seem to be affected at different stages by the absence of Irf2, during development or differentiation. Absence of

  Unmethylated cytosine are converted to uracil, but not methylated cytosines. Nested PCR targeted around inflammasome-related gene promoters would allow us to determine potential activity, acetylation is promoted by histone acetyltransferases such as H3K9ac or H3K27ac. Histone acetylation is read by specific proteins possessing a bromodomain, allowing them to decipher the acetylation code and initiate transcription by recruiting transcription factor. IRF1 binding relies on SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily A, member 4 (SMARC4 or BRG1) 303 . BRG1 is co-immunoprecipitated with both IRF1 and IRF2, suggesting the same recruitment role of BRG1 for IRF2 304 . Verifying histone acetylation, on histone H4 as previously described notably 305 and H3 would thus give us

  expression is almost not induced in monocytic cells. Conversely, in epithelial cells, CASP1 basal mRNA expression is very low and is highly induced by IFNγ treatment. Moreover, GSDMD transcription is not impacted in monocytic cells by IFNγ stimulation while in epithelial cells, GSDMD is induced. Finally, IL-18 expression is mostly constitutive in both monocytic and epithelial cells, although we observed downregulation of IL-18 in monocytic cells treated with IFNγ. Cell fate is determined at early stages by lineage-determining transcription factors such as PU.1 or CEBPb. These transcription factors are responsible for the differentiation of progenitor cells into epithelial or myeloid cells for example. Specific combinations of lineage-determining transcription factors thus determine cells identity, explaining differences in cell-type specific transcription factor patterns. Epithelial cells are defined as a physical barrier against invading pathogens, either considering external epitheliums like the skin or internal epitheliums like the intestinal or lung epithelia. Thus, having decreased expression of CASP1 responsible for both starting inflammation and cell death could be the result of constant invasions by pathogens.Conversely, monocytic cells role is centered around recognition of pathogens and trigger of the inflammation. Then high levels of CASP1 would allow these cells, which are often the first targets of invading pathogens to restrict pathogens proliferation by triggering pyroptosis and inflammation.
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 1415 Figure 14: Validation of newly CRISPR-generated Irf2-/-murine lineages

Figure 16 :

 16 Figure 16: Complete ChipSeq dataset of primary keratinocytes

Figure 17 :

 17 Figure 17: Complete ChipSeq dataset of HepG2HepG2 cells were modified using CRISPR/Cas9 technique to introduce a C-ter 3xFLAG tag to IRF2. Chromatin immunoprecipitation was realized using an antibody against 3xFLAG. Number of hits is indicated between [] and promoter region is indicated in red.

Figure 18 :

 18 Figure 18: Complete ChipSeq dataset of K562 Chromatin immunoprecipitation was realized on K562 cells against IRF2. Number of hits is indicated between [] and promoter region is indicated in red.
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4. IRFs are involved in a wide range of human diseases a. Metabolic diseases

  

	cocultured adipocytes on a high-fat diet. Mice specifically knocked out in their macrophages also to prevent and repair neuronal damage 116 . Irf8 -/-and transgenic IRF8 mice highlight the same
	develop insulin resistance 107 . protective phenotype in case of stroke for IRF8, as shown for IRF4, but the mechanistic behind
	IRF3, IRF7 and IRF9 are involved in metabolic disorders as well including diet-induced obesity, IRF8 phenotype was not discovered 117 .
	insulin resistance and steatosis. c. Cardiovascular diseases
	In high-fat diet (HFD)-induced obese mice, IRF7 expression increases. Mice lacking IRF7 show Low-grade inflammation plays a role in cardiovascular diseases like atherosclerosis and
	less weight gain and adiposity after 24 weeks of HFD than their wild-type counterparts. Knockout hypertension 118 . Mice deficient for Apolipoprotein E were reconstituted with irf8 -/-or irf8 -/-apoe -/-Its main role involves it of IRF7 improves glucose and lipid homeostasis, insulin sensitivity and softened diet-induced bone marrow. Absence of IRF8 induced exacerbated atherosclerotic lesion formation compared in one major area: skin development and palatogenesis. IRF6 is essential to the regulation of hepatic steatosis 108 . Unlike IRF7, IRF3 and IRF9 play a protective role in HFD-induced obesity. with controls. IRF8 deletion thus contributes to accelerated atherosclerosis. Three single epidermal proliferation and differentiation. Mutations in IRF6 can lead to Van der Woude IRF9 interacts with peroxisome proliferator-a iva al a (PP Rα), w i is a receptor nucleotide polymorphisms in IRF8 were associated with coronary heart disease susceptibility in syndrome or popliteal pterygium syndrome in humans 104,105 . Van der Woude syndrome is an regulating fatty acid oxidation in the liver. This interaction accelerates lipid catabolism and limits SLE patients 119 . IRF8 expression is upregulated in smooth muscle cell upon injury. IRF8 interacts autosomal dominant form of cleft lip and palate with lip pits, and is the most common syndromic hepatic steatosis 109 . In the absence of Pathogen-Associated Molecular Pattern (PAMP) signaling with myocardin, a coactivating transcription factor specific to smooth muscle cells cardiac muscle form of cleft lip or palate. Popliteal pterygium syndrome is a disorder with a similar orofacial (inducing its nuclear translocation), IRF3 interacts wi IKKβ's ki as mai i a y s cells, thus regulating serum response factor transactivation which leads to smooth muscle cells phenotype that also includes skin and genital anomalies. Since these syndromes are mainly y lasm i i i IKKβ/ FκB si ali a way s l i i i flamma i a i s li markers expression. Overall, IRF8 is critical for a proper activity and phenotype switching of concerning developmental problems and are not related to any kind of infection or inflammation, Endoplasmic reticulum is stressed by ethanol thus triggering IRF3-STING interaction which I will not go into further details. resistance alleviation 110 . IRF3 is also associated with early alcoholic liver disease (ALD). smooth muscle cells 120 .
	IRFs are globally involved in many critical pathways for immunity, against pathogens or self-activates IRF3. IRF3 then associates with B-cell lymphoma 2-associated X protein (Bax) and
	molecules. A defect in one of those in mice often leads to various diseases. In humans, mutations participates in hepatocyte apoptosis 111 .
	or defects also lead to various severe inflammatory diseases.
	b. Neurological diseases
	IRFs are involved in neurological diseases such as multiple sclerosis, an inflammatory disease of
	the central nervous system. A mouse model of multiple sclerosis termed experimental autoimmune
	encephalomyelitis (EAE) highlights a resistance to the disease in irf8 -/-animals. IRF8 expression
	in antigen-presenting cells facilitates disease installation and progression. IRF8 induces a cytokine Metabolic and immune signaling pathways are evolutionarily interconnected. Many immune la s vi sly m i s as IKKε mili all wi w a mai a f T a T lls, y s im la i IL , IL 3, avβ FκB a i volved in metabolic disorders like inte i i a TGFβ si ali a y i i i i IL . obesity or diabetes. IRF8 activates microglia and exacerbates neuroinflammation 112 . In vitro, microglia from Irf8 -/-
	IRF4 is required for lipolysis due to its role in inducing the expression of adipocyte triglyceride mice express reduced levels of microglial markers and IL12p40 induction 113,114 . Patients affected
	lipase and hormone-sensitive lipase. Fasting induces IRF4 expression in an insulin-and FoxO1-with progressive multiple sclerosis present a single nucleotide polymorphism in IRF1 115 .
	dependent manner. Mice lacking adipocyte IRF4 demonstrate increased adiposity and diminished Ischaemic stroke, the most common type of stroke, induces IRF4 in neurons. Transgenic mice
	lipolysis 106 . IRF4 is a negative regulator of inflammation in diet-induced obesity, in part through expressing neuron-specific IRF4 exhibit reduced infarct lesions while Irf4 -/-mice show the exact
	the promotion of M2 macrophage polarization. Irf4 -/-macrophages induce insulin resistance in opposite phenotype. IRF4 transcriptionally activates serum-response factor (SRF) in case of stroke

d. Other examples of autoimmune diseases i. Sjögren's syndrome

  

	against cardiac hypertrophy. IRF3 binds extracellular signal-regulated kinase 2 (ERK2) thus iii. Rheumatoid arthritis
	inhibiting the ERK1/2 signaling. Inactivation of ERK1/2 signaling pathway with specific Rheumatoid arthritis is a systemic autoimmune disease characterized by chronic inflammation, inhibitors prevents the IRF3-deficient-mediated hypertrophic response induced by aortic banding 124 . Simila ly IRF3, IRF i s a ki as , i i i f κB ki as -β s expansion of synovial tissue and destruction of a joint. Anti-citrullinated protein antibodies v i (ACPA) are autoantibodies directed against citrullinated proteins or peptides. They are subsequent NF-κB a iva i 125 . IRF8 interacts with NFATc1, another transcription factor characteristic of rheumatoid arthritis patients and were especially found in synovial fluid and
	responsible for enhancement of cardiac abnormalities in cardiac hypertrophic mice, and prevents synovium from those patients. ACPAs induce IRF4 and IRF5 protein expression but the its nuclear translocation 126 . IRF9 is also able to bind to myocardin, like IRF8 as previously contribution of these IRFs in the pathology is still not defined 131 . In a rheumatoid arthritis
	expressed. By doing so, in a model of induced-cardiac hypertrophy, IRF9 competes with the a s i i fa 300 a i s i i l a s s ssi environment, IRF3 is more highly activated and binds ISRE promoters such as IRF5, IRF7 or f my a i 's a s i i al IF β. IRF3 k k w blocked expression of matrix metallopeptidases like MMP3 or MMP9, activity, thus preventing development of cardiac hypertrophy 127 . i v lv i IKKε a way 132 .
	The proinflammatory cytokine IL18 plays an important role in the pathogenesis of rheumatoid
	arthritis. IL18 drives Th1 differentiation, regulates natural kill cells cytotoxic activity and increases
	Sjö angiogenesis which all contribute to the pathology development. In rheumatoid arthritis synovial 's sy m is a sys mi a imm is as a aff s y's m is -producing
	glands, such as lacrimal and salivary ones. It is characterized by dryness, fatigue, chronic pain and fibroblasts, TNF induces IRF1 nuclear translocation which is able to bind IL18 binding protein
	can lead to lymphomas. Sjö (IL18BP) promoter thus regulating IL18 expression. This process is depending on NF-κB a 's sy drome is associated to an IFN gene signature which strength
	si iv ly JNK2 signaling pathways 133 . la s wi	sy	m 's s v i y. T sy	m a	ima y ( SS) if al
	secondary if associated to other autoimmune diseases. In pSS patients, IRF1 expression is Now that I presented the multiplicity of function of IRFs, that are involved in non-inflammatory
	upregulated compared to controls. This syndrome is characterized by infiltration of Th cells and a and inflammatory processes and diseases, I would like to continue this introduction by reviewing
	rupture of Th1/Th2 balance. IRF1, as discussed previously, is implicated in Th1 differentiation 128 . the other important inflammation component of my studies: Inflammasomes.
	Autoreactive B cells development in pSS patients is under the control of BAFF. IRF1 and IRF2,
	as previously exposed, are inducers of BAFF while IRF4 and IRF8 are potential negative
	regulators 58 . Finally, a 5-basepair polymorphism detected in IRF5 gene in pSS patients is identified
	as a s	isk fa	f	is as 's v l m . T is lym	ism is s si l f a i
	expression of IRF5 and type I IFN-induced genes 129 .
		ii.	Behcet's disease
	IRF1-inducible nitric oxide synthase signaling pathway 122 . IRF4 show the exact same phenotype B 's is as is a sys mi vas li is li v i y i f i s a s. Sym ms
	include sores, inflammation of parts of the eye and arthritis. IRF1 is a susceptibility gene for this as IRF8 but works differently mechanistically: IRF4 binds to CREB promoter and activates its transcription in hearts. Inactivation of CREB in ex vivo cultures offsets the IRF4-mediated symptom and a polymorphism in IRF1 gene may be related to thrombosis in those patients 130 .
	hypertrophic response 123 . IRF3, IRF7, IRF8 and IRF9 are acting oppositely by protecting the host

  . In macrophages of cirrhosis patients though, it is reported that AIM2 is

	responsible	for	creating	a	strong	inflammasome	response 226 .
	AIM2 recognition of dsDNA makes it a potential source of auto-inflammation due to impaired
	clearance or excess uptake of extracellular DNA from neighboring dying cells. Increased AIM2
	expression is observed in patients afflicted with skin conditions such as psoriasis 227 . In addition to
	elevated AIM2 levels, abundant cytosolic DNA was detected in keratinocytes from psoriatic
	patients. Neutralization of cytosolic DNA through antimicrobial cathelicidin peptide LL37 inhibits
	AIM2 activation and cytokines secretion 228 . In SLE, AIM2 levels were also found upregulated in
	leukocytes from patients					

229 

. Interestingly, in unstimulated macrophages, AIM2 levels were found increased in samples coming from SLE males when they were found decreased in sample coming from SLE females, highlighting a sex-dependent modulation of AIM2 expression 230 . IM 's l remains unclear in SLE pathogenesis.

In triple knock-out murine models, deficient for DNase II and Ifnar to create an inflammatory environment due to DNA accumulation, either STING or AIM2 were targeted. Both pathways revealed critical in the pathogenesis of arthritis, STING and AIM2 TKO mice presenting reduced joint inflammation and limited inflammasome activation for AIM2 TKO exclusively

231,232 

.

Embryonic cortical neurons express a functional AIM2 inflammasome. AIM2 upregulation is detected in neurons stimulated with cerebrospinal fluid from traumatic brain injury patients compared with non-trauma patients 233 . Murine stroke models deleted for AIM2 presented reduced injury and improved behavioral outcomes compared with WT animals 234 .

  These pioneer TFs displace nucleosomes, open chromatin structure and promote DNA accessibility, revealing novel TF binding sites for non-pioneer TFs. Pionners TFs are expressed during lineage development and drive constitutive and signal-dependent, lineage-specific transcription programs. They are thus also named lineage-determining TFs. Binding of pioneer TF on inactive enhancers transforms them into primed, poised (see IL1B enhancer below) or active enhancers[23], that present three different epigenetic states with specific characteristic. In contrast to inactive enhancers displaying highly compact chromatin, active enhancers present a wide nucleosome-free region, recruit Pol II, resulting in strong expression of target genes. Primed enhancers display constitutive binding of lineage-determining/pioneer TF, a nucleosome-free region of open chromatin but very low recruitment of paused Pol II. Poised enhancers are primed enhancers displaying the

additional presence of repressive epigenetic marks (e.g. H3K27me3). During activation, they can rapidly change from poised to active state, a change associated with a switch from H3K27me3 to H3K27ac. Productive transcription requires both Pol II recruitment and transition from a paused Pol II to an elongating Pol II. These two steps are indirectly controlled by TF through histone modifications.

  IL18 expression is largely constitutive in humans and in mice[104]. Il18 promoter includes a PU-box (a purine-rich sequence binding PU.1), NF-κB-recognition sequences, an ISRE site that was originally described to promote IRF-8-dependent induction of IL18 in macrophages [105] and GAS elements[106]. Accordingly, IL18 expression in human monocytes is inducible by LPS stimulation in a JAK/STAT-dependent manner. IL18 induction requires both NF-κB activation and type I IFN signaling, resulting in delayed IL18 induction kinetics compared to the kinetics of IL1b induction (an immediate early gene)[106]. Similarly, type I IFN signaling is critical for Il18 induction in murine BMDM treated with LPS. STAT1 and IRF9 are specifically required for this activity. The involvement of STAT1 and IRF9 suggests that IFN stimulated gene factor 3 (ISGF3), a ternary protein complex made of IRF9, STAT1 and STAT2 and functioning as a transcription factor downstream of the type I IFN receptor, is a direct regulator of Il18 expression (Fig.3B)[107]. IL18BP promoter includes a GAS, an ISRE and two C/EBPβ sites[110]. IRF-1 was identified as the main IRF, responsible for IL18BP induction downstream of IFN-γ signaling [110] although STAT1 is directly involved in IL18BP regulation in specific cell types[111]. Interestingly, IL18BP induction in response to IFN-γ is higher in epithelial cells than in monocytes. This differential induction is linked to differential methylation of a CpG island in the IL18BP promoter resulting in differential histone H3K9 acetylation and Pol II recruitment. Epigenetic modification thus controls cell specific IL18BP production, likely antagonizing the IL-18/ IFN-γ axis with different kinetics at systemic and epithelial barrier sites[111].

	IFNAR1-and
	IRF3/7-dependent manner [102]. This induction correlates with the type I IFN-mediated
	induction of two histone lysine (K)-acetyltransferases, KAT2B and KAT3B/P300, and
	with an increase in the epigenetic histone modification H3K27ac at the Gsdmd promoter
	[102]. In addition, NF-κB activation following LPS stimulation promotes a 2-fold induction
	of Gsdmd transcript in murine adipocytes. Two NF-κB binding sites are present in the
	proximal Gsdmd promoter and RelA/p65 binding contributes to Gsdmd induction [103].
	Melatonin, a hormone maintaining the circadian rhythm, blunts LPS-mediated NF-κB
	activation and downregulates the expression of several inflammasome genes including

expression is largely constitutive. Yet, infections or pro-inflammatory signals increase GSDMD expression. Indeed, Acinetobacter baumanii infection induces a 2 to 4-fold increase in Gsdmd transcript in the liver and in BMDMs in an Gsdmd in vitro and in vivo

[103]

. Together with the role of NR1D1 in the regulation of Nlrp3 developed above, this regulation emphasizes the role of circadian rhythm in inflammasome transcriptional regulation.

IL-18 and IL-18BP:

In murine epithelial cells, Il18 homeostatic expression is controlled by IL-22. IL-22 is a cytokine from the IL-10 family produced by T and innate lymphoid cells (ILC) and inducing antimicrobial and tissue-protective responses in epithelia. Interestingly, IL-22 regulates homeostatic expression of Il18 in an organ-specific manner since Il22-and IL22R1-deficient mice display only a deficient Il18 mRNA expression in the ileum and not in the colon, spleen and lung. IL-22 also increases Il18 expression during T. gondii infection

[108]

. Finally, Il18 expression in the colon and the liver is impacted by the microbiota. Indeed, intestinal dysbiosis (i.e. gut microbiome imbalance) triggers up-regulation of Il18 in the liver. Conversely, germ-free mice have a down-regulation of Il18 mRNA level in the colon

[109]

. IL-18 bioavailability is regulated by IL-18BP (IL-18 binding protein), a decoy receptor, which expression is strongly inducible by IFN-γ. IL-18BP binds IL-18 limiting the free IL-18 able to bind IL-18R to trigger signaling. IL18BP induction corresponds to a negative feedback loop since IL-18 is a major activator of IFN-γ production.

  IL1B promoter in a signal-dependent manner while c-Jun (which expression is induced by MAPK downstream of TLRs) is both constitutively bound to the proximal IL1B enhancer and inducibly recruited to both the distal enhancer and the promoter[116]. The inducible expression of IL1B in response to proinflammatory signals is linked to an enhancer region located -3757 and -2729 bp upstream of the TSS. The induction is dependent on binding of C/EBPβ at this enhancer site[119] and on a long-range chromatin looping that allows C/EBPβ to directly interact with PU.1, bound to the proximal promoter [120]. In addition, binding of NF-κB subunits (RelA/p65, NF-κB1 (p50) c-Rel (p85)) in the proximal promoter region contributes to IL1B induction [121]. NF-κB interacts with PU.1 [120]. LPS-induced IL1B transcription thus results from the intimate cooperation of the signal-dependent TF, NF-κB, with the pioneer TFs, C/EBPβ and PU.1. C/EBPβ recruits the positive transcriptional elongation factor, P-TEFb, at the IL1b promoter. P-TEFb phosphorylates Pol II C-terminal tail and promotes transcription elongation [120].

The role of NF-κB is clearly established following treatment with microbial (e.g. LPS) or sterile pro-inflammatory stimuli (e.g. IL-1β in a feedforward loop). Il1b induction downstream of TLRs is largely mediated by MYD88 although a moderate TRIF-dependent induction is observed following TLR3 engagement by poly(I:C)

[107]

. p65/RelA is recruited to the IL1b promoter also includes a composite cAMP response element (CRE)/ C/EBPβ site [122] located between -2755 and -2762. The CRE binds CREB and the related TF, ATF-1 following LPS addition

[123]

. Increase in intracellular cAMP results in the activation of PKA and the subsequent phosphorylation of CREB, which interacts with C/EBPβ [124] to induce IL1b expression. In agreement, Prostaglandin E2 (PGE2) signaling through the Prostaglandin E2 receptors 2 and 4 (EP2 and EP4), induces an increase in intracellular cAMP and triggers IL1B induction

[125,126]

. Since IL-1β induces PGE2 production through the transcriptional control of COX2 (the inducible enzyme producing PGE2), this regulation illustrates another feedforward loop that could be key in mounting potent inflammatory responses

[126]

.

  HIF1α promoters suggesting that a LXR/HIF1α complex binds at these sites[128]. In addition, hypoxia also increases LPS-induced IL-1β release, in agreement with IL1B being a direct target of HIF1α. NRF2 (NF-E2-related factor-2) is a transcription factor activated by oxidative stress. At steady state, NRF2 is degraded due to its binding to KEAP1, a E3 ubiquitin ligase adaptor. During oxidative stress, KEAP1 dissociates from NRF2 allowing NRF2 to accumulate and translocate into the nucleus. In the nucleus, NRF2 predominantly binds ARE (antioxidant responsive element) to positively regulate transcription. NRF2 binds DNA upstream of Il1b TSS, in the enhancer region. Surprisingly, NRF2 binding is independent of ARE sites suggesting that NRF2 might be recruited via interaction with another TF. Furthermore, NRF2 activation correlates with a decrease in Pol II recruitment at the Il1b TSS [129]. NRF2 may thus have an atypical activity (ARE-independent repression) at the Il1b promoter to decrease inflammation in conditions of high oxidative stress.

	This
	shift is associated with a strong increase in the intracellular concentration of succinate, an
	intermediate metabolite of the tricarboxylic acid (TCA) cycle. Succinate stabilizes
	hypoxia-inducible factor 1α (HIF1α) protein. Following LPS stimulation, HIF1α binds to
	the hypoxia responsive element (HRE) located ≈300 pb upstream of the Il1b TSS.
	Intracellular succinate thus acts as an endogenous danger signal connecting metabolic
	rewiring following chronic LPS stimulation and Il1b transcription (together with other
	inflammatory genes) [127]. HIF1α appears as a hub integrating numerous signals to induce

Il1b. Indeed, in addition to sensing intracellular succinate concentration, HIF1α function requires its up-regulation by NF-κB or by LXRα in human macrophages. LXR are nuclear receptors sensing cholesterol derivatives and activated in atherosclerotic plaques. Addition of a LXR agonist increases LXR binding at the HRE sites located in the IL1B and the

  -21 is a cytokine produced by follicular helper (Tfh), Th17 and NK cells and triggering STAT3 activation. In cDC, but not in BMDM, IL-21 (or IL-10) increases Il1b transcription in a Stat3-dependent manner. While Il1b induction (≈3-fold) remains modest compared to Il1b induction induced by NF-κB activation in BMDMs, IL-21 contributes to Il1b expression in vivo during Pneumonia Virus of Mice (PVM) infection indicating that this production is likely relevant in specific contexts [135]. This IL-21/IL-10-Stat3-dependent increase in Il1b expression illustrates how one cytokine can have a differential impact in two different cell types (cDC, BMDMs) . IL1b regulation has been mostly studied in monocyte/macrophages, in which Il1b is an immediate gene strongly up-regulated following pro-inflammatory signals. Yet, there is now clear evidence, that chronic low expression of IL1b in DC or CD4 + T cells, although controlled by different transcriptional mechanisms, is relevant in chronic inflammatory diseases [136].

	IL1RN
	IL1RN encodes IL-1 Receptor antagonist, a secreted cytokine that competes with IL-1α and
	IL-1β for their binding to the IL-1 receptor. In contrast to IL1α/β, IL1Ra does not trigger
	IL-1 receptor signaling. The expression level of IL1RN thus balances IL-1 bioactivity [137].
	IL1RN expression is inducible by LPS [138], IL-1α/β (acting as a negative feedback loop)
	[139] and IFN treatment [140]. As IL1B, IL1RN expression is controlled by C/EBPα/β,
	PU.1 and NF-κB that bind to the IL1RN promoter [139]

Overall, IL1b enhancers and promoters integrate signals from multiple cytokines either directly (e.g. IL-1β auto-amplification loop) or indirectly (type I IFN inducing IL-10), from intrinsic (e.g. circadian clock), environmental (xenobiotic), metabolic (e.g. succinate) and infectious (LPS) signals.

  5 cells per well in 96-well plates and kept at 37°C, 5% CO2. When required, cells were pre-treated with E. coli O111:B4 LPS (tlrl-3pelps, Invivogen) at 100ng/mL. BMDMs were then infected with F. novicida U112 (WT or ΔFPI), S. typhymurium 12023 (WT or ΔSPI) or E. coli J53 (WT) at the indicated multiplicity of infection. Gentamycin (15750-037, Thermo Fisher) at 5μg/mL was added 1-hour post infection to cells infected with F. novicida or E. coli to kill extracellular bacteria. Supernatants were collected at 30-minute (Salmonella), or 20-hour (E. coli) post infection.

	Human cell lines were either purchased from Cellulonet, SFR Bioscences, Lyon (HT29),
	purchased from American Type Culture Collection (EA.hy926 and H522) or previously owned by
	the lab (A549, U937, 293T, HeLa, K562 and THP1). Cells were either cultured in DMEM-
	GlutaMAX supplemented with 10% v /v FBS and 1% v /v PSA (HeLa, A549, HT29, EA.hy926,
	293T) or in RPMI-GlutaMAX (618870-010, Thermo Fisher) supplemented with 10% v /v FBS and
	1% v /v PSA (THP1, K562, U937, H522). When required, cells were pre-treated with E. coli O111:B4 LPS or recombinant human IFNγ 100U/mL (11343537, Immunotools).
	LDH Assay: 3 stock solutions were made and frozen in aliquots at -20°C. Lactate solution made
	of 36mg/mL lithium-L-lactate (L2250, Sigma) in 10mM Tris buffer pH 8.5. INT solution made of
	2mg/mL iodonitrotetrazolium chloride (I8377, Sigma) in PBS prepared from a 20mg/mL solution
	in DMSO. NAD + / Diaphorase solution made of 13.5U/mL Diaphorase (10411558001, Roche),
	3mg/mL nicotinamide adenine dinucleotide (N3014, Sigma), 0,03% BSA (BP1600, Thermo
	Fisher) and 1.2% sucrose (84097, Sigma) in PBS and diluted before use 10 times in PBS/1% BSA. 50μL of freshly collected supernatant were mixed with 60μL of 1:1:1 LDH solutions mix. Plate
	was	read	once	developed	at	490nm.
	To normalize to spontaneous lysis, the percentage of LDH release was calculated as follows: ((LDHtest -LDHuntreated) / (LDHtotal lysis -LDHuntreated))*100

  Both our in vitro and in vivo results confirm the regulation already observed and described byKayagaki et al. 235 in BMDMs. There is a defect in inflammasome function due to the absence of GSDMD that we could not demonstrate so far in vivo. Circulating IL-18 showing no differences between Irf2 -/-and WT animals, we could check IL-18 protein levels by Western-blot in Francisella-targeted organs or test another model of septic shock, in which IL-18 levels have diagnosis significance. Intravital imaging of cell deaths events and speck formation could also attest inflammasome activity in vivo 282 .

	absence	of	IL-18	levels	difference	observed	in	vivo.

. These Gsdmd-independent secretion mechanisms have mainly been studied for IL-1β but probably function the same way for IL-18 and could be the reason for the
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Differential binding of inflammasome genes promoter by IRF2 regarding cell types

Two papers underlined potential differences of CASP4 transcription regulation in different cell types. Indeed, CASP4 is regulated by IRF2 in U937 and induced-pluripotent stem cells-derived macrophages but not in EA.hy926 cell line.

To validate this finding and progress toward an understanding of the IRF2-mediated CASP4 regulation, we analyzed four different public IRF2 Chip-Seq datasets performed on primary monocytes (ref), in doxycycline-inducible 3xHA-IRF2 transfected primary keratinocytes (ref), in K562 cell line (published by Michael Snyder for the ENCODE project) and in 3xFLAG-IRF2 CRISPR-engineered HepG2 cells (published by Richard Myers for the ENCODE project).

We assessed IRF2 binding on 3 different gene promoters: CASP1, CASP4 and GSDMD that were shown to be regulated by IRF2 in different cell types and/or species (Figure 11). All are containing a potential consensus binding site for IRF2 containing a NNAAANNGAAANN motif as defined in Figure 2 corresponding to significant binding peaks.

In primary monocytes, IRF2 does not bind GSDMD promoter although monocytes from one of the two healthy donors responded to IFNγ treatment with an induction of binding. As previously described (ref), CASP4 and CASP1 promoters are bound by IRF2. Interestingly, IFNγ treatment reduces IRF2 binding to these 2 promoters in at least one of the 2 tested healthy donors (Supplemental Figure 15). In primary keratinocytes, IRF2 strongly binds to the promoters of CASP1, CASP4 and GSDMD.

Even though there are not many events (between 10 and 25), the various controls (without HA antibody and doxycycline) demonstrate the specificity of the binding (Supplemental Figure 16). This model presents overexpression of IRF2, questioning the suitability of this result in a steady state model.

In K562 and HepG2 cell lines, a clear IRF2 binding to the GSDMD promoter is retrieved in both samples of each experiment and in the statistical analysis of the whole data sets. However, there is a difference between HepG2 and K562 cells in regards to IRF2 binding to the CASP4 promoter. IRF2 binding to the CASP4 promoter is present in both samples and analysis of HepG2 cells but only in one sample of K562 out of the 2 and it is absent in the statistical analysis. The results presented for K562 do not completely rule out a possible binding but do not present sufficient evidence to confirm it. Regarding CASP1, there is no clear evidence of binding in either cell lines. In those samples, datas have been processed through the ENCODE pipeline. The ENCODE analyses select peaks with high rank consistency that can be interpreted as high confidence peaks representing reproducible events across true biological replicates and accounting for technological noises. The identified "conservative IDR peaks" are presented in Supplemental Figure 17 and 18. Off note, IRF-2 binding to promoters of NLRP3, NLRC4, IL18 and IL1β was not observed in these four datasets. Binding of IRF2 on the AIM2 promoter was observed in primary keratinocytes and K562 cells but not in primary human monocytes or primary keratinocytes (see supplemental Figure 19).

Taken together, these results highlight differences in IRF2 binding at the different inflammasome gene promoters in different cell types likely explaining the different IRF2dependent, cell-type specific regulation of inflammasome genes (Supplemental Table 1). 
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