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phosphorylate NOXO1 on several sites in vivo. Inhibition of CK2 by the highly selective inhibitor, CX-4945, increased ROS generation by NOX1 in colon epithelial cells and organoids.

Strikingly, during TNBS-induced acute colitis, CK2 activity dropped and destructive inflammation was exacerbated by CX-4945 as revealed by increased CXCL1, ROS, lipids peroxidation, and colon damages. Our data suggest that CK2 acts as a molecular brake to control NOX1 activation and that loss of this brake during acute colitis may result in excessive ROS production contributing to pathogenesis.

Taken together, our data uncover a new function of NOX1-derived ROS in controlling LCN-2 expression and identify CK2 as a novel negative regulator of NOX1 activity in inflammatory situations. Furthermore, dysregulation of these processes may contribute to pathological situations. Strategies to attenuate NOX1 activity or to activate CK2 could be novel therapeutic approaches in IBD.

Titre : Régulation et rôle de la NADPH oxydase 1 dans l'inflammation intestinale

Ré sumé :

Les NADPH oxydases (NOX) sont une famille d'enzymes dont l'unique fonction est dédiée à la production des formes réactives de l'oxygène (FRO/ROS pour reactive oxygen species).

Lorsqu'elles sont produites de façon contrôlée, les ROS sont des médiateurs importants de diverses fonctions biologiques, notamment la défense de l'hôte contre les agents pathogènes et la signalisation intracellulaire. Cependant, comme les ROS sont des molécules hautement cytotoxiques, leur production inappropriée ou excessive peut induire des dommages aux tissus environnants, contribuant ainsi aux pathologies inflammatoires. NOX1, principalement exprimée dans les cellules épithéliales du côlon, joue un rôle clé dans l'immunité et l'inflammation de la muqueuse intestinale. C'est une enzyme constituée de plusieurs sous-unités membranaires, NOX1 et p22 PHOX , et cytosoliques, NOXO1, NOXA1 et Rac1. Cependant, un dysfonctionnement de NOX1 pourrait être lié à des situations pathologiques dans le côlon telles que les maladies inflammatoires chroniques de l'intestin (MICI). Les mécanismes exacts par lesquels NOX1 contrôle l'immunité et l'inflammation de la muqueuse intestinale, ainsi que sa régulation dans les conditions inflammatoires, ne sont toujours pas clairs.

Dans ce contexte, les objectifs de ma thèse étaient : 1) de décrypter les mécanismes par lesquels NOX1 contribue à l'immunité et à l'inflammation de la muqueuse intestinale 2) d'identifier de nouveaux régulateurs de NOX1 dans les conditions inflammatoires.

Nos premiers travaux ont révélé que les ROS produites par NOX1 contrôlent l'expression de la lipocaline-2 (LCN-2), une protéine de l'immunité innée, dans les cellules épithéliales du côlon co-stimulées par TNFα et IL-17, et que les mécanismes sous-jacents impliquent un axe p38MAPK-JNK / NOXO1 / IkBζ. De plus, dans le modèle d'inflammation intestinale induite par le TNBS, les souris déficientes en NOX1 ont une diminution de la production de la LCN-2 et sont protégées contre les lésions du côlon. Finalement, les biopsies issues de patients de Crohn montre une augmentation de l'activation de JNK, de l'expression de NOXO1 et de la LCN-2. Ainsi, NOX1 pourrait jouer un rôle clé dans l'immunité innée et l'inflammation de la muqueuse intestinale en contrôlant l'expression de la Notre deuxième travail a identifié la protéine kinase CK2 comme un nouveau régulateur de NOX1. Nous avons constaté que CK2 limitait l'activité de NOX1 dans les cellules épithéliales du côlon et atténuait la colite expérimentale. Plus précisément, CK2 fonctionne comme un partenaire majeur de NOXO1 dans les cellules épithéliales du côlon dans des conditions inflammatoires et phosphoryle NOXO1 sur plusieurs sites. Le CX-4945, un inhibiteur hautement sélectif de la CK2, augmente la génération des ROS par NOX1 dans les cellules épithéliales du côlon et dans les organoïdes. De manière frappante, au cours de la colite aiguë induite par le TNBS, l'activité de la CK2 est fortement diminuée. D'autre part l'inflammation intestinale induite par le TNBS est exacerbée par le CX-4945, comme en témoigne l'augmentation de la synthèse de CXCL1, de la production de ROS ainsi que les taux de malondialdéhyde. L'ensemble de ces résultats suggère que la CK2 limite l'activité NOX1 et qu'au cours de l'inflammation intestinale, la chute de l'activité de la CK2 pourrait conduire à une production accrue des ROS via NOX1 qui pourraient contribuer à la progression de l'inflammation et des lésions du côlon.

Ces travaux ont permis de révéler un nouveau rôle des ROS dérivant de NOX1 dans le contrôle de l'expression de LCN-2 et d'identifier la CK2 comme un nouveau régulateur négatif de l'activité NOX1 dans des situations inflammatoires. Ils ont également permis de montrer qu'une dérégulation de ces processus pourrait contribuer à des situations pathologiques. Les stratégies pour atténuer l'activité de NOX1 ou pour activer la CK2 pourraient être de nouvelles approches thérapeutiques dans les MICI.

Mots clefs : NOX1, reactive oxygen species, inflammation, NOXO1, lipocalin 2, protéine kinase CK2, mécanismes de régulation.

Title: Regulation and role of NADPH oxidase 1 in intestinal inflammation

Abstract:

NADPH oxidases (or NOXs) are a unique family of enzymes dedicated to the production of reactive oxygen species (ROS). When produced under controlled conditions, ROS are important mediators of various biological functions, including host defense against pathogens and intracellular signaling. However, as ROS are highly cytotoxic molecules, their inappropriate or excessive production may induce damage to surrounding tissues, thereby contributing to inflammatory disorders. NOX1, predominantly expressed in colon epithelial cells, has emerged as a prime regulator of mucosal immunity and inflammation. It is a multicomponent enzyme composed of the transmembrane proteins, NOX1 and p22 PHOX , and the cytosolic proteins, NOXO1, NOXA1, and Rac1. However, dysfunction of NOX1 could be linked to pathological situations in the colon such as inflammatory bowel diseases (IBD). The exact mechanisms through which NOX1 impacts mucosal immunity and inflammation, as well as its regulation in inflammatory conditions, are still unclear.

In this context, the objectives of my thesis were: 1) to decipher the mechanisms through which NOX1 contributes to mucosal immunity and inflammation 2) to identify new regulators of NOX1 in inflammatory conditions.

Our first work revealed that NOX1-derived ROS drove the expression of lipocalin-2 (LCN-2), an innate immune protein, in colonic epithelial cells in inflammatory conditions. We found that the combination of TNFα and IL-17 induced a dramatic upregulation of NOXO1 expression that was dependent on the activation of p38MAPK and JNK1/2, and resulted in an increase of NOX1 activity and ROS production. NOX1-derived ROS drove the expression of LCN-2 by controlling the expression of IκBζ, a master inducer of LCN-2. Furthermore, LCN-2 production and colon damage were decreased in NOX1-deficient mice during TNBS-induced colitis.

Finally, analyses of biopsies from patients with Crohn's disease showed increases in JNK1/2 activation and NOXO1 and LCN-2 expression. Therefore, NOX1 might play a key role in mucosal immunity and inflammation by controlling LCN-2 expression.

Our second work identified protein kinase CK2 as a novel regulator of NOX1. More specifically, we found that CK2 limited NOX1 activity in colonic epithelial cells and attenuated experimental colitis. By several complementary approaches, we identified CK2 as a major partner of the organizer subunit, NOXO1, in colon epithelial cells under inflammatory conditions. By mass spectrometry analysis, we further found that CK2 was able to
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INTRODUCTION

I. General introduction

Nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs) are the only known enzymes exclusively dedicated to ROS generation, including superoxide anion (O2 •-) and hydrogen peroxide (H2O2), through single-electron reduction of molecular oxygen with NADPH as the electron donor. This family has been defined on the basis of structural homology with gp91 PHOX (now renamed NOX2), the catalytic core of the phagocyte NADPH oxidase identified more than forty years ago. It includes seven members, NOX1-5 and DUOX1/2, all of which differ with respect to their specific activities and tissue distribution.

The structure and regulation of NOX2, the prototype, have been extensively studied over the past decades. A functional NOX2 complex consists of the membrane-anchored flavocytochrome b558 (the catalytic core of the enzyme composed of gp91 PHOX and p22 PHOX ), the regulatory cytosolic proteins p47 PHOX , p67 PHOX , p40 PHOX , and the low molecular-weight GTP-binding proteins, Rac1 or Rac2. Robust production of O2 •-by NOX2 in phagocytes, a phenomenon known as the "respiratory burst", is the cornerstone of host defence against microbial infections. NOX1, the first identified homologue, is the member most closely related to the NOX2 in terms of its structure and function. It is composed of the transmembrane subunits NOX1 and p22 PHOX , both of which form the catalytic core, and of the cytosolic proteins, NOX organizer 1 (NOXO1), NOX activator 1 (NOXA1), and Rac1, which are all important for switching on the oxidase activity. NOX1 is predominantly expressed in colon epithelial cells, and has emerged as a prime regulator of intestinal mucosal immunity and inflammation. ROS production by NOX enzymes is double-edged sword as their inappropriate or excessive generation can disrupt cellular redox equilibrium and damage surrounding tissues, thereby contributing to a wide variety of diseases, many of which are related to inflammatory disorders.

Especially, dysfunction of NOX1 could be linked to pathological situations in the colon, such as inflammatory bowel diseases (IBD).

The exact mechanisms through which NOX1 impacts mucosal immunity and inflammation, as well as its regulation in inflammatory conditions are still unclear. In this context, the objectives of my thesis were: 1) to decipher the mechanisms through which NOX1 contributes to mucosal immunity and inflammation 2) to identify new regulators of NOX1 in inflammatory conditions.

Our first work revealed that NOX1-derived ROS might play a key role in mucosal immunity and inflammation by controlling lipocalin 2 (LCN-2) expression.

Our second work identified protein kinase CK2 as a novel regulator of NOX1. More specifically, we found that CK2 limited NOX1 activity in colonic epithelial cells and attenuated experimental colitis.

The manuscript will begin with an introduction reviewing the intestinal mucosal immune system and the IBD pathogenesis and highlighting a vital role of NOX1 in the intestinal immune defense and IBD. The following section will present the research works completed during my thesis. Finally, the results will be discussed by comparing the data with current literature.

II. The mucosal immune system and maintenance of gut homeostasis

The intestinal mucosal immune system consists of two parts: 1) mucosal barrier, which can be further divided into the surface mucus layer, the intestinal epithelium, and the commensal microbial species [START_REF] De Medina | Intestinal inflammation and mucosal barrier function[END_REF]; 2) a large population of immune cells mainly residing in lamina propria and organized structures, such as Peyer's patches (PPs) and mesenteric lymph nodes located below the epithelium. The intestinal mucosal barrier serves as the first line of innate defense that separates the internal and external environments of the intestine. It protects the host through several mechanisms, mainly including physical barrier, antibacterial substances, and innate immune receptors. Immune cells that exist in the intestinal mucosa are conceptually divided into innate and adaptive immune cells, even though a considerable number of cells participate in both innate and adaptive immune responses, like macrophages, mast cells, neutrophils, intraepithelial cells, and innate lymphoid cells [START_REF] Shea-Donohue | Gut Barrier: Adaptive Immunity[END_REF]. Normally, mucosal barrier and residing innate immune cells are fast against conservative pathogens and often sufficient for host protection [START_REF] Janeway | Innate immune recognition[END_REF].

However, when innate immunity faces the heavier challenges and fails to control the situation, like infection, inflammation, and injury, residence immune cells make a transition to activate adaptive immune responses [START_REF] Shea-Donohue | Gut Barrier: Adaptive Immunity[END_REF]. The rearrangement mechanism of the adaptive system can recognize theoretically an unlimited number of antigens with diverse structures [START_REF] Cooper | The evolution of adaptive immune systems[END_REF]. Thus, the intestinal adaptive immune system further improves survival in the presence of pathogens.

Gut is a special immune organ which is constantly in contact with antigens and immunomodulatory agents from the diet and the commensal microbiota. Meanwhile, the achievement of intestinal homeostasis is the result of the interaction between the host immune system and the commensal microorganisms [START_REF] Maloy | Intestinal homeostasis and its breakdown in inflammatory bowel disease[END_REF]. Hence, in order to live in harmony with microorganisms and keep gut homeostasis, the gut mucosal immune system must modulate its threshold of activation to prevent inappropriate immune responses to harmless intraluminal antigens [START_REF] Wittig | The gut as an organ of immunology[END_REF], reflecting the tolerogenic response and/or the relative tolerance response of epithelial cells and resident immune cells to commensal microorganisms. It should be noted that the homeostasis conditions are not a one-size-fits-all framework, a new balance is usually established by a pathological change [START_REF] Shea-Donohue | Gut Barrier: Adaptive Immunity[END_REF]. This chapter will review the characteristics of the human mucosal immune system and its function in intestinal homeostasis.

II.1 The intestinal mucosal barrier

II.1.1 Structure of intestinal epithelium

Intestinal epithelium is composed of a single layer of cells and is the foremost component of the intestinal mucosal barrier, as it is responsible for the formation of the mucus layer and regulation of microbial communities. In the inner wall of the small intestine part, there are finger-like structures formed by the lamina propria and epithelium protruding into the lumen, called villi. Enterocytes on each villus further projects many microvilli, which collectively form the striated or brush border of epithelium. The villi and microvilli with high density increase the absorption area of the small intestine. Whereas villi are absent from the large bowel, leading to a relative flat surface. Both the small and large intestine have crypts of Lieberkühn, a deep and narrow tube structure formed by invaginated epithelium. Pluripotent intestinal stem cells are located at the bottom of crypts, a place called a niche. These stem cells continuously divide and give rise to the transit-amplifying cells which will finally differentiate and mature into all different types of intestinal epithelial cells (IECs). The vast majority of matured IECs are absorptive enterocytes, but also Paneth cells, goblet cells, enteroendocrine cells, and tuft cells.

While most of them migrate upwards along the crypt (or crypt-villus axis) and eventually shed off into the lumen from the apical end, only Paneth cells migrate downwards back to the stem cell zone. The whole proliferation-differentiation journey of the stem cells from the base of the crypt to the villus tip lasts approximately 4-5 days. The continuous renewal of IECs can quickly repair mucosal damage caused by inflammation or trauma. Besides the absorptive enterocytes functional for nutrient absorption, additional specialized IEC lineages have expertise in immune function. The structure of intestinal epithelium is shown is the figure 1.

II.1.2 Physical defense function of mucosal barrier

The mucus layer is the outermost layer of the mucosal barrier and is characterized with gel-like properties. This layer plays a protective role mainly through physical mechanisms: it traps bacteria and debris, making it difficult for pathogens to spread inside; it provides a matrix to which antibodies and antimicrobial peptides can adhere; it protects epithelium from the mechanical damage caused by digestive residue and feces (Johansson & Hansson, 2016). It has been observed that mice deficient in mucus synthesis could spontaneously develop colitis and were susceptible to inflammation-induced colorectal cancers [START_REF] Van Der Sluis | Muc2-Deficient Mice Spontaneously Develop Colitis, Indicating That MUC2 Is Critical for Colonic Protection[END_REF][START_REF] Velcich | Colorectal cancer in mice genetically deficient in the mucin Muc2[END_REF]. Thus, the mucus layer acts as the first physical barrier to keep gut homeostasis.

The mucus is composed of many different molecules, with mucins, a class of glycoprotein, making up the basic skeleton. Muc2 is the most abundant mucin and is produced by goblet cells (Johansson & Hansson, 2016). The ratio of goblet cells to all IECs is 25% in the large intestine and 10% in the small intestine (A. M. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF]. In parallel, the mucus layer in the colon is the thickest, consisting of an inner dense layer attached to the surface of the epithelium and an outer loose layer, while the small intestine has only a single loose mucus layer, as shown in figure 1 [START_REF] Johansson | The two mucus layers of colon are organized by the MUC2 mucin, whereas the outer layer is a legislator of hostmicrobial interactions[END_REF]. The thickness of the mucus layer in different parts of intestine seems to be related to the density of microorganisms. The number of bacteria generally increases from 10 5 per milliliter in the upper small intestine and to 10 12 per millimeter in the colon (A. M. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF].

Under the mucus layers, a single layer of IECs is closely arranged. The tight junctions between cells associated with the cytoskeletal proteins limit the permeability of the intestine, leading to the formation of the second physical barrier to luminal molecules. However, although impaired integrity of the physical barrier is always related to IBD, it is difficult to conclude whether this change is the cause or the consequence of intestinal inflammation (Peterson & Artis, 2014).

Damaged barriers caused by the deficiency of tight-junction-associated protein does not always cause disease, which could be due to the occurrence of compensatory immune mechanism [START_REF] Khounlotham | Compromised Intestinal Epithelial Barrier Induces Adaptive Immune Compensation that Protects from Colitis[END_REF][START_REF] Su | Targeted Epithelial Tight Junction Dysfunction Causes Immune Activation and Contributes to Development of Experimental Colitis[END_REF]. It has been shown in mice lacking junctional adhesion molecule A, IgA secretion was increased, strengthening immune defense, and protecting mice against chemically induced colitis [START_REF] Su | Targeted Epithelial Tight Junction Dysfunction Causes Immune Activation and Contributes to Development of Experimental Colitis[END_REF]. 

II.1.3 Biochemical defense function of mucosal barrier

The intestinal mucosal barrier is not just a physical defense. IECs are able to secrete variety of antimicrobial defense molecules and transport SIgA from lamina propria to lumen, conferring to the mucous barrier a biochemical defense property.

Antimicrobial proteins (AMPs) secreted by enterocyte, goblet cells, and Paneth cells, constitute one of the most evolutionarily primitive mechanisms of immune defense [START_REF] Mukherjee | Antimicrobial Defense of the Intestine[END_REF]. Upon binding to the bacterial membrane, AMPs execute a broadly killing strategy that disrupts the cell-wall structures of bacteria. Bacteria have a highly conserved extracellular structure. According to their reaction to the Gram stain, bacteria are generally classified into two types, Gram-positive bacteria and Gram-negative bacteria. The cell wall of Gram-positive bacteria is composed of many layers of peptidoglycan and teichoic acids. In contrast, Gramnegative bacteria have a relatively complex cell wall consisting of a few layers of peptidoglycan surrounded by a second lipid membrane containing lipopolysaccharides and lipoproteins. To disrupt the wall integrity, some of AMPs use enzymatic methods, such as lysozyme produced by Paneth cells. Lysozyme attacks the peptidoglycan by hydrolyzing the glycosidic bond connecting N-acetylmuramic acid and N-acetylglucosamine. Thus, Gram-positive bacteria are more susceptible to lysozyme attack as their cell wall is mainly composed of peptidoglycan [START_REF] Ganz | Antimicrobial polypeptides[END_REF]. Other AMPs, such as defensins, REG3γ, and cathelicidins, disrupt the bacterial cell wall through non-enzymatic mechanisms. Bacterial membranes are anionic as they are rich in negatively charged phospholipids [START_REF] Matsuzaki | Why and how are peptide-lipid interactions utilized for self-defense? Magainins and tachyplesins as archetypes[END_REF]. Whereas these AMPs are cationic proteins, leading to the binding with bacterial cell membranes through electrostatic forces. Once bound, they insert into microbial membrane and generate a pore or a channel, interfering with cell permeability [START_REF] Ganz | Antimicrobial polypeptides[END_REF]. In addition, some AMPs mediate antibacterial effect by blocking cell-wall synthesis. One example is human β-defensin 3 which can disorder the biosynthesis machinery of bacterial cell wall by binding to the peptidoglycan precursor lipid II [START_REF] Ganz | Antimicrobial polypeptides[END_REF].

In addition to disruption of the bacteria cell walls, some AMPs can block the growth of bacteria through competing for nutrition with bacteria. For instance, lipocalin 2 (LCN-2, also known as neutrophil gelatinase-associated lipocalin or siderocalin), a 25-kDa glycoprotein originally identified and purified from human neutrophil specific granules, restricts bacterial growth by intercepting the iron acquisition (Kjeldsen et al., 1993). Iron plays an essential role in the metabolic process of bacteria. In order to obtain iron, bacteria secrete siderophores, a highaffinity iron-chelating compound that captures ferric ions from the surrounding environment [START_REF] Flo | Lipocalin 2 mediates an innate immune response to bacterial infection by sequestrating iron[END_REF]. Secreted LCN-2 can sequester iron-containing siderophores, thereby interfering with the iron acquisition by bacteria [START_REF] Flo | Lipocalin 2 mediates an innate immune response to bacterial infection by sequestrating iron[END_REF]. It has been shown that LCN-2 plays an important role in intestinal inflammation and homeostasis. LCN-2-deficient mice are subjected to more procolitogenic factors, including increased colonic bacterial adhesive proteins, gut bacterial burden, and expansion of bacteroidetes which are known to be associated with colitis in mice (Singh et al., 2016). Accordingly, LCN-2-deficient mice develop more exacerbated colitis upon exposure to DSS or neutralization of IL-10 (Singh et al., 2016).

Besides the secretion of antimicrobial substance, IECs also transport secretory IgA (SIgA) produced by lamina propria-resident B cells across the epithelial barrier to the lumen. The transportation of SIgA across the epithelium to the lumen side relies on the polymeric immunoglobulin receptors (pIgRs) on the basolateral membrane of IECs. Through binding with pIgRs, SIgA is endocytosed by IECs in the form of a complex with the receptor. Then, the receptor-SIgA complex passes through the cellular compartment and is simultaneously proteolyzed. Finally, SIgA combining with the polypeptide of pIgR called secretory component (SC) diffuses throughout the lumen [START_REF] Gutzeit | Intestinal IgA production and its role in hostmicrobe interaction[END_REF]. SC favors the stability of SIgA and anchors SIgA to mucus [START_REF] Phalipon | Secretory component: A new role in secretory IgA-mediated immune exclusion in vivo[END_REF].

In the intestine, a large amount of SIgA is produced and secreted into gut lumen every day [START_REF] Spencer | The human intestinal B-cell response[END_REF]. They contribute to both the maintenance of non-invasive commensal bacteria and the neutralization of invasive pathogens through several mechanisms [START_REF] Gutzeit | Intestinal IgA production and its role in hostmicrobe interaction[END_REF]. The antigen-binding variable region of SIgA specifically binds with certain bacterial epitopes, which prevents the adhesion of commensal bacteria with the apical surface of IECs.

Meanwhile, SIgA restricts the bacterial movement through its constant region that nonspecifically binds to bacteria [START_REF] Strugnell | The role of secretory antibodies in infection immunity[END_REF]. Of note, SIgA delivers protective functions without activating the complement system, so it will not cause inflammatory damage to the epithelial barrier [START_REF] Gutzeit | Intestinal IgA production and its role in hostmicrobe interaction[END_REF].

In summary, the collaboration of the mucus, AMPs and SIgA is the innate immune basis of the epithelial barrier and the premise of intestinal homeostasis.

II.1.4 IECs mediated the crosstalk between gut microbes and the host immunity

Luminal microbiota and their metabolites is constantly modified by diet, drugs, stress, infection with bacterial or viral pathogens, and even jet lag [START_REF] Okumura | Roles of intestinal epithelial cells in the maintenance of gut homeostasis[END_REF]. Accordingly, host immunity has evolved to be able to adapt to the alteration. The IECs stimulated by gut microbes interact with host immune cells and modulate gut immune cell responses.

Microbial recognition by pattern-recognition receptors (PRRs)

The sensing of microbiota by the host is through PRRs which ligate with molecules present on microorganisms called pathogen-associated molecular patterns (PAMPs). IECs mainly express two types of PRRs, including Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain-containing proteins (NODs). TLRs are membrane-bound proteins, recognizing extracellular or endosomal PAMPs. TLR1-9 has been identified as being expressed in human IECs, and they have selective distribution and ligands [START_REF] Otte | Mechanisms of Cross Hyporesponsiveness to Toll-Like Receptor Bacterial Ligands in Intestinal Epithelial Cells[END_REF]. The binding signal triggers MyD88-dependent pathways (except for TLR3), leading to the activation of downstream MAP kinase and NF-κB [START_REF] Otte | Mechanisms of Cross Hyporesponsiveness to Toll-Like Receptor Bacterial Ligands in Intestinal Epithelial Cells[END_REF]. The NODs are cytoplasmic proteins and recognize bacterial peptidoglycan constituent. Human IECs mainly express intracellular NOD1/2 [START_REF] Otte | Mechanisms of Cross Hyporesponsiveness to Toll-Like Receptor Bacterial Ligands in Intestinal Epithelial Cells[END_REF]. Activated NOD1/2 trigger receptor-interacting protein 2 (RIPK2) which sequentially mediates the activation of NF-κB. Via PRRs, IECs act as frontline sensors for the microbial environment of the lumen and integrate commensal bacteria-derived signals into antimicrobial and immunoregulatory responses (Peterson & Artis, 2014).

Through recognition of the luminal microbiota by PRRs, IECs regulate the secretion of AMPs and the transportation of IgA to maintain the mucosal barrier function. Specifically, the production of β-defensins in IECs is mediated by TLR2/3/4 signaling and NOD1/2 signaling driven by gut microorganisms [START_REF] Uehara | Various human epithelial cells express functional Toll-like receptors, NOD1 and NOD2 to produce anti-microbial peptides, but not proinflammatory cytokines[END_REF][START_REF] Vora | β-Defensin-2 Expression Is Regulated by TLR Signaling in Intestinal Epithelial Cells[END_REF]. As for IgA, after sensing bacteria through TLRs, IECs release the B cell-stimulating factor, a proliferation-inducing ligand (APRIL), which induces immunoglobulin A class switching of B cells in lamina propria without T-cell activation [START_REF] He | Intestinal Bacteria Trigger T Cell-Independent Immunoglobulin A2 Class Switching by Inducing Epithelial-Cell Secretion of the Cytokine APRIL[END_REF]. Moreover, TLR-induced the expression of a specific set of chemokines and cytokines that promoted both recruitment of B cells into the LP and IgA class switching of B cells [START_REF] Shang | Toll-Like Receptor Signaling in Small Intestinal Epithelium Promotes B-Cell Recruitment and IgA Production in Lamina Propria[END_REF]. Finally, activation of TLR3/4 can induce IECs to express pIgRs, which enhances luminal IgA secretion [START_REF] Bruno | Regulation of the polymeric immunoglobulin receptor in intestinal epithelial cells by enterobacteriaceae: Implications for mucosal homeostasis[END_REF][START_REF] Schneeman | Regulation of the Polymeric Ig Receptor by Signaling through TLRs 3 and 4: Linking Innate and Adaptive Immune Responses[END_REF].

PRR signaling in IECs also induces the secretion of several cytokines and chemokines involved in the recruitment of innate immune cells. For example, flagellin-stimulated TLR5 signaling induces the production of IL-8, leading to the recruitment of neutrophils to the LP. In response to commensal bacteria-derived signals, IECs also promote the development of DCs and macrophages with tolerogenic properties through the production of the thymic stromal lymphopoietin (TSLP), transforming growth factor-β (TGFβ), and retinoic acid [START_REF] Rimoldi | Intestinal immune homeostasis is regulated by the crosstalk between epithelial cells and dendritic cells[END_REF][START_REF] Taylor | TSLP regulates intestinal immunity and inflammation in mouse models of helminth infection and colitis[END_REF][START_REF] Zeuthen | Epithelial cells prime the immune response to an array of gut-derived commensals towards a tolerogenic phenotype through distinct actions of thymic stromal lymphopoietin and transforming growth factor-β[END_REF].

Bacteria-induced PRR signaling pathway plays a pivotal role in maintaining tissue homeostasis and preventing intestinal inflammation as evidenced by several observations (Peterson & Artis, 2014). Thus, mice deficient in TLR-or MyD88-related proteins, or depleted in key commensal microbiota are more susceptible to experimentally induced intestinal inflammation or have a defect in epithelium restitution following the epithelial damage [START_REF] Rakoff-Nahoum | Recognition of commensal microflora by toll-like receptors is required for intestinal homeostasis[END_REF]. Furthermore, IEC-specific deletion of key elements of the NF-κB signaling pathway, such as IKKβ or NF-κB essential modulator (NEMO), renders mice more susceptible to DSS-induced colitis or triggers spontaneous colitis [START_REF] Greten | IKKβ links inflammation and tumorigenesis in a mouse model of colitisassociated cancer[END_REF][START_REF] Nenci | Epithelial NEMO links innate immunity to chronic intestinal inflammation[END_REF]. Actually, intracellular signaling through TLR in IECS regulates many functions that are essential for homeostasis, including the control of the synthesis of cell survival and repair proteins, such as cytoprotective heat shock protein or epidermal growth factor receptor ligand [START_REF] Brandl | MyD88 signaling in nonhematopoietic cells protects mice against induced colitis by regulating specific EGF receptor ligands[END_REF][START_REF] Rakoff-Nahoum | Recognition of commensal microflora by toll-like receptors is required for intestinal homeostasis[END_REF], thereby maintaining the epithelium integrity [START_REF] Cario | Toll-like receptor 2 enhances ZO-1-associated intestinal epithelial barrier integrity via protein kinase C[END_REF].

The hypo-responsive PRR signaling in response to proinflammatory factors in IECs favors gut homeostasis

The proximity between IECs and abundant luminal microorganisms necessitates specialized mechanisms to dampen PRR signaling in response to commensal bacteria-dependent stimuli (Peterson & Artis, 2014). Thus, IECs express negative regulatory factors to maintain the PRRdependent pro-inflammatory response to commensal bacteria stimuli at a low level, which is conducive to gut homeostasis. Breaking of negative regulators dysregulates epithelial homeostasis and exaggerates inflammation. For instance, the single immunoglobulin IL-1 receptor-related molecule (SIGIRR), a negative regulator for Toll-IL-1R signaling, is critical in controlling the homeostasis and innate immune responses of the colon to enteric microflora, demonstrated by the evidences that SIGIRR-deficiency increases inflammatory response to DSS challenge and that the IEC-specific expression of the SIGIRR transgene attenuates the severity of DSS-induced colitis in Sigirr -/-mice [START_REF] Wald | SIGIRR, a negative regulator of Toll-like receptor -Interleukin 1 receptor signaling[END_REF][START_REF] Xiao | The Toll-Interleukin-1 Receptor Member SIGIRR Regulates Colonic Epithelial Homeostasis, Inflammation, and Tumorigenesis[END_REF]. The deubiquitinating enzyme A20 is required for the restriction of NF-κB activation by PRRs and by cytokine receptors, thus A20 -/-mice develop severe intestinal inflammation early in life [START_REF] Boone | The ubiquitin-modifying enzyme A20 is required for termination of Toll-like receptor responses[END_REF][START_REF] Hitotsumatsu | The Ubiquitin-Editing Enzyme A20 Restricts Nucleotide-Binding Oligomerization Domain Containing 2-Triggered Signals[END_REF][START_REF] Turer | Homeostatic MyD88-dependent signals cause lethal inflammation in the absence of A20[END_REF][START_REF] Wang | Ubiquitin-Editing Enzyme A20 Promotes Tolerance to Lipopolysaccharide in Enterocytes[END_REF]. Also, IECs seem to express PRRs responsible for the inflammatory response, such as TLR 5, mainly at the basolateral domain, meaning that only microbes that have crossed the epithelium can induce an inflammatory response [START_REF] Akira | Pathogen recognition and innate immunity[END_REF]. A same TLR may have tolerogenic or pro-inflammatory function according to its expression at the apical or basolateral side of IECs. For example in the case of TLR9, at the apical side, TLR9 ligand recognition activates a tolerogenic responses, whereas at the basolateral side recognition of ligand induces an inflammatory responses [START_REF] Lee | Maintenance of colonic homeostasis by distinctive apical TLR9 signalling in intestinal epithelial cells[END_REF]. These segregation-dependent responses of TLRs on IECs demonstrate a unique adaptation in long-term contact with microorganisms [START_REF] Lee | Maintenance of colonic homeostasis by distinctive apical TLR9 signalling in intestinal epithelial cells[END_REF]. Finally, IECs tend to respond to certain "danger" signals carried by pathogenic microorganisms, rather than responding to microbial signals alone, shifting their states from relative tolerance to active defense [START_REF] Matzinger | The danger model: A renewed sense of self[END_REF]Peterson & Artis, 2014). The mammalian innate immune system is very sensitive to signals related to microbial viability, termed viabilityassociated PAMPs [START_REF] Sander | Detection of prokaryotic mRNA signifies microbial viability and promotes immunity[END_REF], which allow IECs to distinguish living pathogens from inert microbial debris (Peterson & Artis, 2014). Some of the 'danger' signals are conserved virulence factors of pathogens, like the bacterial secretion systems and the toxins that are able to cross the IECs membrane (Peterson & Artis, 2014).

Antigen sampling function of special IECs

Despite the barrier segregation between most of microorganisms and host immune cells, a stable number of commensal and pathogen bacteria are still allowed to pass through the intestinal mucosa under physiological condition. Microfold cells (M cells) are the major ports of entry for many intestinal pathogens (figure 2) [START_REF] Mabbott | Microfold (M) cells: Important immunosurveillance posts in the intestinal epithelium[END_REF]. M cells are specialized phagocytic epithelial cells and are not unique to the digestive tract, since they are also found in the respiratory tract, conjunctiva, genitourinary tract, and other parts [START_REF] Kimura | Molecular insights into the mechanisms of M-cell differentiation and transcytosis in the mucosa-associated lymphoid tissues[END_REF]. Immune cells such as dendritic cells (DCs) and lymphocytes gather below M cells, forming an organized structure called the Peyer's patches (PP), a principal location for priming adaptive immune cells response in the intestine. In M cells, antigens are shuttled rapidly via vesicles from the apical to the basolateral surface where they are released and then taken by antigen-presenting cells (APCs) and finally presented to lymphocytes. M cells are capable of both specific receptormediated microbial uptake and nonspecific antigen uptake from the intestinal lumen (Peterson & Artis, 2014). The glycoprotein 2 highly expressed on the apical surface of M cells can selectively bind to the bacterial pilus protein FimH to mediate the transport of the pathogen Salmonella enterica across the epithelial barrier [START_REF] Hase | Uptake through glycoprotein 2 of FimH + bacteria by M cells initiates mucosal immune response[END_REF]. In addition to M cells, goblet cells have also been demonstrated to participate in the delivery of soluble luminal antigens to sub-epithelial APCs [START_REF] Mcdole | Goblet cells deliver luminal antigen to CD103 + dendritic cells in the small intestine[END_REF]. Finally, IECs have been shown to present antigens to lymphocytes without the mediation of APCs, directly regulating T cell immunity [START_REF] Westendorf | CD4+Foxp3+ regulatory T cell expansion induced by antigen-driven interaction with intestinal epithelial cells independent of local dendritic cells[END_REF]. The antigen transport gives access to the interaction between antigens and the immune system, which makes sense as it provides surveillance of the luminal content [START_REF] Mabbott | Microfold (M) cells: Important immunosurveillance posts in the intestinal epithelium[END_REF]. The responses to the 'safe' antigens allow gut to establish immune tolerance towards commensal microbiota, and allow immune cells to stand ready for the assault by pathogenic microorganisms that are crossing the mucosal layer.

II.2 Intestinal immune cells in homeostasis

The largest single immunologic organ in the body is the gut. It contains many innate and adaptative immune cells, such as B cells, T cells, DCs, macrophages, eosinophils, and mast cells, that are scattered throughout the lamina propria or reside in the PP. On the other hand, epithelial cells can also contain T cells. Innate immune cells express diverse innate immune receptors, like PRRs and chemotactic receptors. Following the binding to their ligands, these receptors induce a quick immune response to the pathogens that have crossed the epithelium.

Then, lymphocytes carry out the adaptive immune response, which provides a third layer of intestinal defense. The appropriate local immune response to pathogens that have crossed the epithelium ensures gut homeostasis.

II.2.1 Innate immune cells in homeostasis

Resident DCs and macrophages

Intestinal DCs are found within organized lymphoid tissues as well as in the LP. They can be further defined as different subsets by their surface markers, but they share many phenotypic markers and collectively generate both regulatory and effector T cell responses [START_REF] Stagg | Intestinal Dendritic Cells in Health and Gut Inflammation[END_REF].

Not only working as APCs, sampling luminal antigens to secondary lymphoid tissues, DCs can also migrate to mesenteric lymph nodes where they produce retinoic acid (RA) to favor the homing of T cells to the gut [START_REF] Iwata | Retinoic acid imprints gut-homing specificity on T cells[END_REF][START_REF] Johansson-Lindbom | Functional specialization of gut CD103+ dendritic cells in the regulation of tissue-selective T cell homing[END_REF][START_REF] Mora | Selective imprinting of gut-homing T cells by Peyer's patch dendritic cells[END_REF]. Moreover, in healthy gut, DCs are important for gut homeostasis. They contribute to 1) the T cell-independent IgA class switching of B cells by producing IgA-inducing protein [START_REF] Spencer | The human intestinal B-cell response[END_REF]; 2) the oral tolerance to soluble antigens in mice through continually presenting soluble antigens to lymphoid sites 3) the TGFβ-and RA-dependent differentiation of Treg cells [START_REF] Coombes | A functionally specialized population of mucosal CD103+ DCs induces Foxp3+ regulatory T cells via a TGF-β -and retinoic acid-dependent mechanism[END_REF][START_REF] Stagg | Intestinal Dendritic Cells in Health and Gut Inflammation[END_REF].

Resident macrophages are the most abundant leukocytes in the intestinal LP and important for intestinal homeostasis. They recognize apoptotic or senescent cells in gut wall by scavenger receptors, such as CD36, and clear them by phagocytosis. (A. M. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF]. Furthermore, they stimulate the proliferation of epithelial progenitors in intestinal crypts by secreting mediators which regulate the integrity of the epithelial barrier [START_REF] Pull | Activated macrophages are an adaptive element of the colonic epithelial progenitor niche necessary for regenerative responses to injury[END_REF]. The most prominent role of gut macrophages is acting as innate immune effector cells. They are highly phagocytic and bactericidal, and their location immediately below the epithelium allows them to destroy any material that has traversed epithelial barrier. Once trapped in phagosome by macrophages, pathogens are digested by enzymes and peroxides. In normal physiological conditions, intestinal macrophages contribute to the generation of homeostatic Treg cells by producing large amounts of IL-10. In contrast, upon microbial stimulation, macrophages seem to support the development of Th17 cells by producing IL-1β [START_REF] Shaw | Microbiota-induced IL-1β, but not IL-6, is critical for the development of steady-state T H17 cells in the intestine[END_REF].

Resident Eosinophils and Mast cells

Eosinophils reside in the LP and account for up to 30% of myeloid cells isolated from the normal mucosal samples (A. M. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF]. Their homing in the intestine happens since the fetal period and is microbiota-independent (A. M. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF]. Although usually eosinophils are functionally associated with allergic reactions, intestinal eosinophils are believed to be involved in the maintenance of the intestinal mucosal barrier. Mice lacking eosinophils have a significantly decrease in the number of goblet cells, leading to a mucus deficiency [START_REF] Jung | IL-1β in eosinophil-mediated small intestinal homeostasis and IgA production[END_REF]. This phenomenon could be explained by the mechanism found by an early study that eosinophils induce mucin production in airway epithelial cells via epidermal growth factor receptor activation [START_REF] Burgel | Human Eosinophils Induce Mucin Production in Airway Epithelial Cells Via Epidermal Growth Factor Receptor Activation[END_REF]. Furthermore, eosinophils are required for IgA class-switching and for maintaining the numbers of plasma cells, CD103 + DCs, and Treg cells in the LP, probably through the production of IL-1β and TGFβ [START_REF] Chu | Eosinophils promote generation and maintenance of immunoglobulin-A-expressing plasma cells and contribute to gut immune homeostasis[END_REF][START_REF] Jung | IL-1β in eosinophil-mediated small intestinal homeostasis and IgA production[END_REF].

Mast cells are found throughout the healthy gastrointestinal tract, mainly in the LP and submucosa, with a few in epithelial cells (A. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF]. As their progenitor matures in tissues, intestinal mast cells consequently possess regional special functions. In addition to participating in allergic inflammation, they produce mediators to regulate mucosal integrity and epithelial barrier activity, and maintenance of neuro-immune interactions that support the brain-gut axis, which is of importance for intestinal homeostasis [START_REF] Albert-Bayo | cells Intestinal Mucosal Mast Cells: Key Modulators of Barrier Function and Homeostasis[END_REF].

Neutrophils

Although neutrophils are not resident immune cell in GI tract, during intestinal inflammation, numbers of neutrophils present in blood rapidly traverse the vascular endothelium to reach the intestinal LP through the guide of gradient of resident monocyte-produced chemokines [START_REF] Ajuebor | Role of inducible nitric oxide synthase in the regulation of neutrophil migration in zymosan-induced inflammation[END_REF]. Neutrophils are more powerful to destroy microorganisms than macrophages, as they are characterized by the expression of a wide range of innate receptors, have high phagocytosis, and possess multiple degrading substances and killing strategies.

Moreover, neutrophils only have a 3 days-life and then experience apoptotic death, to be finally phagocytized by macrophages (Fournier & Parkos, 2012). Once the infection is cleared, macrophages halt the neutrophil recruitment.

Although in a strict sense, circulating neutrophils are not a part of intestinal mucosal immunity, without them, intestinal homeostasis does not seem to be achieved. It has been shown that mice lacking neutrophils develop more severe experimental colitis and suffer more severe bacterial invasion [START_REF] Kühl | Aggravation of Different Types of Experimental Colitis by Depletion or Adhesion Blockade of Neutrophils[END_REF]. Moreover, mice having a defect in epithelial barrier function due to lack of junctional adhesion molecule A (JAM-A) do not develop intestinal inflammation or colitis despite increased translocation of bacteria and recruitment of neutrophils in the subepithelial space or LP [START_REF] Laukoetter | JAM-A regulates permeability and inflammation in the intestine in vivo[END_REF]. Presumably, some mechanisms, like the increased recruitment of neutrophils and levels of IgA content, compensate for the barrier deficiency (Fournier & Parkos, 2012).

Innate lymphoid cells

In addition to the myeloid cell populations, innate lymphoid cells (ILCs) are an important part of the innate immune system in the gut. ILCs are defined by their special features: having a lymphocyte morphology but lacking rearranged antigen-specific receptors; expressing cytokine receptors but no myeloid and dendritic cell phenotype markers [START_REF] Spits | Innate Lymphoid Cells: Emerging Insights in Development, Lineage Relationships, and Function[END_REF]. They are distributed in both lymph node and non-lymph node areas of the intestinal mucosa [START_REF] Willinger | Metabolic control of innate lymphoid cell migration[END_REF]. They can be categorized into three subgroups according to their functional similarities with classical Th cell subsets [START_REF] Spits | Innate lymphoid cells-a proposal for uniform nomenclature[END_REF]. Like Th1, ILC1s are characterized by secretion of IFNγ and TNFα and are involved in the immune response against intracellular pathogens; ILC2s, mirroring Th2 cells, secrete IL4, IL5, IL9, and IL13 and are involved in protection against helminthes and in allergic reactions; ILC3s, resembling Th17, secrete IL17, IL22, GM-CSF, and TNFα, and participate in the response against extracellular pathogens at mucosal sites [START_REF] Geremia | Innate lymphoid cells in intestinal inflammation[END_REF]. In the healthy mucosa, ILCs contribute to the maintenance of intestinal homeostasis not only by producing cytokines that induce protective immune responses against pathogens but also by promoting tissue integrity [START_REF] Geremia | Innate lymphoid cells in intestinal inflammation[END_REF]. For example, ILC2s might be involved in the production of factors for promoting epithelial barrier repair [START_REF] Montalban-Arques | The Innate Immune System in the Gastrointestinal Tract: Role of Intraepithelial Lymphocytes and Lamina Propria Innate Lymphoid Cells in Intestinal Inflammation[END_REF]. Furthermore, lymphoid tissue inducer (LTi) cells, belonging to ILC3s, are necessary for the development of secondary lymphoid organs during embryogenesis [START_REF] Bar-Ephraïm | Innate lymphoid cells in secondary lymphoid organs[END_REF]. Finally, ILC3s play a role in the establishment of the gut microbial environment, which is important for barrier integrity [START_REF] Montalban-Arques | The Innate Immune System in the Gastrointestinal Tract: Role of Intraepithelial Lymphocytes and Lamina Propria Innate Lymphoid Cells in Intestinal Inflammation[END_REF].

I.2.2 Resident adaptive immune cells in homeostasis

The priming response of adaptive immunity Lymphocytes constitute the third immune barrier of the intestine. Even under normal circumstances, there is a small amount of lymphocyte reactions in the intestine, such as the differentiation of Treg cells and IgA plasma cells, which is of great significance for maintaining intestinal homeostasis. Usually, circulating naïve lymphocytes traffic into the secondary lymphoid structure placed in the wall of intestine and wait to be activated.

The priming of adaptive immune response in the gut happens in the intestinal-associated lymphoid tissue (GALT) and the draining lymph nodes (A. M. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF]. The GALT is a group term referring to the sub-epithelial lymphoid aggregates which lie within the mucosa and submucosa, including Peyer's patches (PPs), mesenteric lymph nodes (MLN), and isolated lymphoid follicles. PP appears as an oval or round structure consisting of a B cell germinal center with intervening smaller T cell areas and covered by the follicle-associated epithelium which contains the M cells (figure 2). As mentioned before, antigens and microorganisms are transported from the gut lumen through M cells to APCs (mainly DCs) lying around GALT. They are processed by APC and then presented to naïve T cells. The activation of T cells is induced by the interaction of the TCRs with antigen derived peptides presented by the MHC molecules on the APCs. TCRs on CD4 + T cells interact with the antigen peptides presented by the Class II MHC, while CD8 + T cell have TCRs with an affinity for Class I MHC. These activated T cells are further differentiated into different types of effector cells or memory cells under the guidance of the cytokine environment. Following priming in secondary lymphoid tissues, effector cells recirculate into the bloodstream and finally home to their effector sites in gut. The chemokine receptors and intergrins expressed on lymphocytes guide their homing, such as the chemokine receptor CCR9 whose ligand CCL25 is selectively expressed in the small intestine endothelial cells [START_REF] Berlin | α4β7 integrin mediates lymphocyte binding to the mucosal vascular addressin MAdCAM-1[END_REF][START_REF] Mowat | Anatomical basis of tolerance and immunity to intestinal antigens[END_REF]. 

Lamina propria effector T cells

The main effector site of the intestinal immune system is the LP in which a myriad of lymphoid cells are scattered, including effector CD4 + T cells, effector CD8 + T cells, and plasma B cells. CD4 + T cells predominantly in the LP can be subdivided into helper T cell subsets (Th1, Th2, Th17, and follicular helper T cells (Tfh)) and regulatory T cells (Treg).

Th cells work by secreting cytokines that trigger other immune cells to eliminate pathogens.

Th1 cells polarized by IL-12 activate and enhance macrophages killing efficacy by secreting IFNγ, thus leading to the elimination of intracellular bacteria and protozoa (J. [START_REF] Zhu | CD4 T cells: Fates, functions, and faults[END_REF]. Th1 cells also produce IL-2 to promote growth and differentiation of other T cells [START_REF] Eun | IL-2 production in developing Th1 cells is regulated by heterodimerization of RelA and T-bet and requires T-bet serine residue 508[END_REF]. During parasite infection, Th2 cells mature under IL-4 stimulation and secrete a series of cytokines, including IL-4 which stimulates plasma B cells to produce IgE antibodies, IL-5 which activates mast cells and eosinophils, and IL-13 which induces mucus production (J. [START_REF] Zhu | CD4 T cells: Fates, functions, and faults[END_REF]. Unlike the Th1 and Th2 subsets, Th17 subset is named after its effector cytokine IL-17 which can indirectly recruit neutrophils to the site of infection (J. [START_REF] Zhu | CD4 T cells: Fates, functions, and faults[END_REF]. TGFβ, IL-23, and IL-6 determine the differentiation of CD4 + T cells into Th17 cells during the infection by fungi or extracellular bacteria (J. [START_REF] Zhu | CD4 T cells: Fates, functions, and faults[END_REF]. Th17 cells also produce IL-22 which stimulates epithelial cells to produce antimicrobial peptides [START_REF] Liang | Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and cooperatively enhance expression of antimicrobial peptides[END_REF]. Finally, IL-2-activated Tfh cells are responsible for the differentiation and proliferation of B cells during the germinal center reaction. These cells are identified by their constitutive expression of the B cell follicle homing receptor CXCR5 [START_REF] Fazilleau | Follicular Helper T Cells: Lineage and Location[END_REF].

Besides CD4 + T cell populations, CD8 + effector cytotoxic T cells also reside in LP. The differentiation of naïve CD8 + T cells into effector cytotoxic cells is mediated by IL-2, IL-12, IL-15, and IL-21 (Ahluwalia et al., 2017). Cytotoxic T cells kill the virus-infected somatic cells by releasing antimicrobial peptides, such as perforin and granulysin, and the substances that stimulate cell apoptosis, such as granzymes and FAS ligand [START_REF] Bakshi | Cytotoxic T Lymphocytes[END_REF].

Intraepithelial lymphocytes

Intraepithelial lymphocytes (IELs) are interspersed among intestinal epithelial cells in GI tract.

The proportion of IELs in IECs is about 1/1-10 in small intestine and about 1/30-50 in colon [START_REF] Shea-Donohue | Gut Barrier: Adaptive Immunity[END_REF]. Most of IELs express CD3 which interacts with E-cadherin on IECs, hence maintaining them in the epithelial layer [START_REF] Montalban-Arques | The Innate Immune System in the Gastrointestinal Tract: Role of Intraepithelial Lymphocytes and Lamina Propria Innate Lymphoid Cells in Intestinal Inflammation[END_REF]. IELs can be further divided into two major populations, natural IELs and conventional IELs. Natural IELs lack CD8αβ/CD4 co-receptors and their maturation occurs in the thymus in a non-exogenous antigen dependent manner (A. M. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF]. They can migrate directly to the intestinal epithelium and recognize harmless antigens including dietary antigens and commensal microbiota (A. M. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF]. Conventional IELs originate from naïve T cells during immune response in GALTs and then migrate to the epithelium. Generally, the number of induced IELs increases with age, and they function as long-term memory cells (A.

M. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF]. Functionally, IELs improve the defense of intestinal epithelium with their cytotoxic properties. Furthermore, they induce mucosal tolerance in the epithelial barrier by producing several cytokines such as IFNγ, TNFα, IL-4, and IL-17, and maintain structural integrity of the barrier by providing a source of keratinocyte growth factor, which promotes proliferation of epithelial stem cells and improves barrier function after injury [START_REF] Montalban-Arques | The Innate Immune System in the Gastrointestinal Tract: Role of Intraepithelial Lymphocytes and Lamina Propria Innate Lymphoid Cells in Intestinal Inflammation[END_REF]. -4) [START_REF] Ahluwalia | Mucosal immune system of the gastrointestinal tract: maintaining balance between the good and the bad[END_REF]. A population differentiating from naïve CD4 + T cells in the periphery are called induced Treg cells [START_REF] Barnes | Regulatory T Cells Reinforce Intestinal Homeostasis[END_REF]. This population also has suppressive functions attributed to IL-10, TGFβ, and CTLA-4, and is essential for oral tolerance and the inhibition of allergenic responses [START_REF] Wawrzyniak | Role of regulatory cells in oral tolerance[END_REF]. In addition to CD4 + , CD8 + Treg cells with suppressive function are also identified in gut. Although they consist a small fraction of Treg cells, their importance has been suggested in maintaining intestinal homeostasis [START_REF] Ahluwalia | Mucosal immune system of the gastrointestinal tract: maintaining balance between the good and the bad[END_REF].

Treg cells and Plasma cells

Diverse naïve B cells staying in the follicles of GALTs conventionally undergo T celldependent activation [START_REF] Spencer | The human intestinal B-cell response[END_REF]. After activation, short-lived plasma blasts and long-lived plasma cells circulate via the blood and home back to the gut, this process is mediated by a combination of lymphocyte-homing receptors. The normal LP of the intestine contains a large number of plasma cells, of which IgA-producing plasma cells are dominant and the IgM-producing cells are the main remaining (A. M. [START_REF] Mowat | Regional specialization within the intestinal immune system[END_REF]. Meanwhile, the IgA-producing plasma cells have high productivity with 3-5 g of IgA per day [START_REF] Spencer | The human intestinal B-cell response[END_REF]. IgA is one of the most important parts of the mucosal barrier, which has been reviewed in the former part of the manuscript. Class switch to IgA requires switch factors which initiate the production of transcripts from the noncoding switch regions upstream of the Igα1 and Igα2 constant region segments [START_REF] Spencer | The human intestinal B-cell response[END_REF]. The most important IgA switch factor is TGFβ, which works both in T cell-dependent and -independent IgA class switching [START_REF] Feng | Adaptive immunity in the host-microbiota dialog[END_REF]. Meanwhile, Treg cells are the major source of TGFβ needed for intestinal IgA B-cell responses to microbiota antigens [START_REF] Feng | Adaptive immunity in the host-microbiota dialog[END_REF]. In turn, Treg cells are the major helper cells for microbiota antigen-specific IgA responses. Therefore, intestinal Treg cells and IgA form an important homeostatic unit, which together protect the host from pathogen infection and limit intestinal inflammation.

III. Inflammatory bowel diseases (IBD)

IBD is a general term for two chronic relapsing inflammatory disorders, ulcerative colitis (UC) and Crohn's disease (CD). UC is a continuous inflammation of the mucosa surface, usually starting in the rectum and gradually spreading to the whole colon. In contrast, CD is a discontinuous inflammation of all the layers of the bowel walls, affecting the entire digestive tract. Although CD and UC are different diseases, the patients have the similar symptoms, such as abdominal pain, fever, diarrhea, and rectal bleeding. These diseases have become important worldwide health problems with a continually growing incidence among all people of different age groups and affect men and women equally. Although the etiology is still not completely known, IBD is believed to be caused by the interaction of genomic, microbial, environmental, and immunological factors. A conceptual framework for the pathogenesis of IBD is showed in figure 3, which overviews the IBD development process and the main role of each factor: genetic and environmental factors alter epithelial barrier function in the intestinal mucosa, thereby inducing the translocation of commensal bacteria and microbial products from the gut lumen into the bowel wall; subsequently, immune cells are activated and then produce aberrant and excessive cytokines and ROS, leading to subclinical or acute mucosal inflammation in a genetically susceptible host; if acute mucosal inflammation cannot be resolved by antiinflammatory mechanisms and excessive ROS is not neutralized, chronic intestinal inflammation develops; finally, chronic inflammation may cause complications of the disease and tissue destruction, all of which could be driven by mucosal cytokine and ROS [START_REF] Campbell | Control and dysregulation of redox signalling in the gastrointestinal tract[END_REF]Neurath, 2014). 

III.1 Genetic susceptibility

Two decades ago, NOD2 was first identified as the susceptibility gene in CD [START_REF] Hugot | Association of NOD2 leucine-rich repeat variants with susceptibility to Crohn's disease[END_REF]. Since then, thanks to the advancement of technology and the construction of huge databases, over 240 risk gene loci have been associated with IBD [START_REF] Marcin | Genetics and epigenetics of inflammatory bowel disease[END_REF].

Twin and family studies have provided the best evidence for genetic predisposition to IBD, making genetic defects the most un-ignorable pathogenic factor. The identification of susceptibility loci combined with functional studies have contributed to the understanding of the causes of the disorder. Moreover, IBD genetics research can help predict the risk of disease and develop new treatment approaches.

The susceptibility genes identified in patients with onset before the age of six (defined as VEOIBD) best reflect the contribution of genetic factors to IBD. Compared to adult IBD, VEOIBD is almost entirely determined by genetic defects without involving other triggers.

Actually, the majority of VEOIBD belong to monogenic diseases that are caused by mutations in a single gene which could be involved in immune response, immune regulation, or epithelial barrier function. These variants are rare in allele frequency, but they have a wide effect on gene function and could alter intestinal homeostasis profoundly. For instance, loss of function of IL-10 or its receptor causes VEOIBD that is characterized by severe intractable enterocolitis in infants [START_REF] Kotlarz | Loss of interleukin-10 signaling and infantile inflammatory bowel disease: Implications for diagnosis and therapy[END_REF], suggesting that IL-10 has huge therapeutic potential in IBD, especially for those CD patients who under-produce IL-10, even though this treatment cannot satisfy the individuals in other different phenotypes/severity [START_REF] Marlow | Why interleukin-10 supplementation does not work in Crohn's disease patients[END_REF]. In addition, it is worthy to mention that many IBD risk loci are shared with other autoimmune or chronic inflammatory diseases, such as rheumatoid arthritis, systemic lupus erythematosus, multiple sclerosis, type 1 diabetes, vitiligo, psoriasis, and chronic granulomatous disease (CGD) [START_REF] Marcin | Genetics and epigenetics of inflammatory bowel disease[END_REF]. Notably, 40% of patients with CGD have clinical and pathological features resembling CD [START_REF] Dhillon | Variants in nicotinamide adenine dinucleotide phosphate oxidase complex components determine susceptibility to very early onset inflammatory bowel disease[END_REF]. Therefore, these overlaps suggest that IBD could share common triggers with these disorders.

However, the role of most variants in IBD has not been fully elucidated, even for the NOD2 variants. NOD2 works as an intracellular PRR strongly expressed in monocytes, macrophages, IECs, and lymphocytes. It recognizes and binds to muramyl dipeptide, a component of peptidoglycan derived from the bacterial cell wall, leading to the activation of MAPK and NK-κB path ways. The weakened innate immunity caused by NOD2 mutation is one of the explanations for CD, since morphologically abnormal Paneth cells with reduced α-defensin secretion can be observed in CD patients with NOD2 variants (Vandussen et al.; Wehkamp et al.). Another view is that NOD2 polymorphism causes an excessive response to components of the normal gut microflora, leading to an increased risk for CD. This hypothesis is based on evidences that NOD2 is a negative regulator of TLR signaling and its absence leads to an increase in the production of Th1-polarizing cytokines in the TLR-rich gut micro-environment (Watanabe et al.).

What needs to be emphasized is that mutations result in susceptibility to IBD rather than immunodeficiency. Indeed, the facts that only 20-25% of all IBD cases can be explained by genetic variants, that some IBD-associated genetic variants have been found in both IBD patients and healthy individuals [START_REF] De Souza | The IBD interactome: An integrated view of aetiology, pathogenesis and therapy[END_REF], and that gene defective mouse models fail to produce spontaneous enteritis, collectively suggest that genetic factors cannot completely determine IBD.

III.2 Gut microorganisms and IBD

Trillions of microorganisms populate the gastrointestinal tract and normally have a commensal or mutualistic relationship with their host. They are known to be important in both maintaining health and mediating disease, and their composition is influenced by both environmental and host genetic factors [START_REF] Distinct Ananthakrishnan | Environmental triggers in IBD: a review of progress and evidence[END_REF]. IBD is known to be associated with gut microbial dysbiosis, which refers to an alteration of the gut microbial diversity and metabolome.

Clinical observations find that gut inflammation in IBD is characterized by a reduced diversity of microbiota, and that the underlying uninflamed mucosa in IBD has a different microbiota than healthy mucosa [START_REF] Distinct Ananthakrishnan | Environmental triggers in IBD: a review of progress and evidence[END_REF]. Furthermore, the reports that individuals discordant for IBD from the same family (including twins) have a different composition of intestinal flora [START_REF] Joossens | Dysbiosis of the faecal microbiota in patients with Crohn's disease and their unaffected relatives[END_REF][START_REF] Willing | A pyrosequencing study in twins shows that gastrointestinal microbial profiles vary with inflammatory bowel disease phenotypes[END_REF] suggest that dysbiosis is primarily associated with IBD rather than environmental or genetic factors [START_REF] Ni | Gut microbiota and IBD: Causation or correlation[END_REF].

Studies of pediatric cohorts have attempted to address the temporal relationship between dysbiosis and IBD. Dysbiotic changes have been found in early stool and mucosal biopsies from VEOIBD patients, indicating that dysbiosis might precede clinical disease and might be independent of long-term inflammation and/or medical therapy [START_REF] Gevers | The treatment-naive microbiome in new-onset Crohn's disease[END_REF]. Thus, changes in the gut microbiota might occur early in IBD and perhaps contribute to the onset of disease. Over time, environmental factors, including inflammation itself, probably further contribute to dysbiosis by altering the metabolic conditions in the gut, which has been shown in mice. In DSS colitis mouse model, CD4 + T cells-produced IFNγ stimulates phagocytes to produce ROS which eventually form products that are conducive to the growth of facultative anaerobic bacteria, leading to a decline in bacterial diversity [START_REF] Ni | Gut microbiota and IBD: Causation or correlation[END_REF]; furthermore, changes in bacterial diversity will influence the growth of fungi who may activate the Th1 cell pathway to worsen the inflammation [START_REF] Ni | Gut microbiota and IBD: Causation or correlation[END_REF].

Microbial dysbiosis could render the host more susceptible to colonization with pathogens or pathobionts [START_REF] Distinct Ananthakrishnan | Environmental triggers in IBD: a review of progress and evidence[END_REF]. Pathobionts refer to the microorganisms coexisting with the host under normal circumstances but becoming infectious agents after encountering specific environmental or genetic influences [START_REF] Chow | Pathobionts of the gastrointestinal microbiota and inflammatory disease[END_REF]. Adherent-invasive E. coli have been associated with the ileal mucosa of CD patients and have been proposed as potential pathobionts based on their ability to replicate in epithelial cells in vitro [START_REF] Boudeau | Invasive ability of an Escherichia coli strain isolated from the ileal mucosa of a patient with Crohn's disease[END_REF][START_REF] Darfeuille-Michaud | Presence of adherent Escherichia coli strains in ileal mucosa of patients with Crohn's disease[END_REF]. A specific association among the Fusobacterium nucleatum, UC, and the development of colorectal cancer has been proposed due to the isolation of a highly invasive strain from UC patients, but a clear cause-and-effect relationship has not been proven [START_REF] Dharmani | Fusobacterium nucleatum infection of colonic cells stimulates MUC2 mucin and tumor necrosis factor alpha[END_REF][START_REF] Zeller | Potential of fecal microbiota for early-stage detection of colorectal cancer[END_REF]. Therefore, the identified pathobionts associated with IBD are very limited or even uncertain. Moreover, the observation on animal models suggests that pathobionts probably act in concert with the rest of the gut microbiota to cause disease, rather than as individual infectious agents [START_REF] Ni | Gut microbiota and IBD: Causation or correlation[END_REF]. Finally, besides bacteria, abnormalities of the nonbacterial microbiota in IBD have also been described. For example, an eccentrical increase of Caudovirales bacteriophage sequences has been observed in ileal biopsy samples and intestinal washes from pediatric CD patients [START_REF] Norman | Disease-specific alterations in the enteric virome in inflammatory bowel disease[END_REF][START_REF] Wagner | Bacteriophages in gut samples from pediatric Crohn's disease patients: Metagenomic analysis using 454 pyrosequencing[END_REF]. In addition, bacteriophages have diverse effects on bacteria, ranging from cell lysis to the transfer of genetic material encoding toxins or antibiotic resistance, they can modify the fitness of their hosts and influence the microbial composition of the gut [START_REF] Ni | Gut microbiota and IBD: Causation or correlation[END_REF].

However, whether bacteriophages have a direct role in IBD pathogenesis, or merely reflect underlying dysbiosis is still obscure.

III.3 Environmental risks for IBD

Epidemiological features of IBD currently imply that environmental factors have a major role in inducing or modifying disease expression [START_REF] Distinct Ananthakrishnan | Environmental triggers in IBD: a review of progress and evidence[END_REF][START_REF] Molodecky | Increasing incidence and prevalence of the inflammatory bowel diseases with time, based on systematic review[END_REF]. The incidence of IBD, which means the number of new diagnoses of IBD reported annually or averaged over several years, in the western world continually increases from 1970s, and the rising trend spreads to developing countries over the past few decades, especially in newly industrialized regions [START_REF] Kaplan | The global burden of IBD: From 2015 to 2025[END_REF]. The urbanization of society is accompanied by changes in diet, antibiotic use, sanitation, microbial exposure, pollution, drugs (especially for the nonsteroidal anti-inflammatory drugs, NSAIDs), which are considered as potential environmental risk factors for IBD [START_REF] Distinct Ananthakrishnan | Environmental triggers in IBD: a review of progress and evidence[END_REF]. Environmental risk factors originating from individuals, families, communities, countries, and regions may all contribute to the onset of IBD [START_REF] Distinct Ananthakrishnan | Environmental triggers in IBD: a review of progress and evidence[END_REF].

Most of environmental risk factors create a predisposition to IBD mainly through mechanisms of disrupting well-balanced host-microbial symbiotic states [START_REF] Distinct Ananthakrishnan | Environmental triggers in IBD: a review of progress and evidence[END_REF]. The gut microbiome is susceptible to the environmental changes in all stages of life. In particular, the earliest exposures altering the infant gut microbiota are the mode of birth, breastfeeding, and exposure to antibiotics, all of which have been examined as factors predisposing to the development of IBD (Ananthakrishnan et al., 2018). In a lifetime, dietary changes, exposure to pollution, and usage of drugs, all influence the gut microbiome from conception to adult life leading to dysbiosis, which in turn, could lead to an abnormal intestinal immune response and eventually IBD [START_REF] Distinct Ananthakrishnan | Environmental triggers in IBD: a review of progress and evidence[END_REF].

Environmental risk factors create a susceptibility to IBD also through mechanisms of altering gene expression through epigenetic modification, which is a heritable change in gene expression through certain mechanisms without alterations in the DNA sequence. The concept that IBD could be influenced by epigenetic modifications has already been proposed two decades ago by Petronis and co-workers [START_REF] Petronis | Epigenetics of inflammatory bowel disease[END_REF]. Abnormal epigenetic modifications in IBD patients, such as global hypo methylation or dysregulated miRNAs (noncoding RNA molecules regulating posttranscriptional steps), have been implicated in IBD [START_REF] Glória | DNA hypomethylation and proliferative activity are increased in the rectal mucosa of patients with long-standing ulcerative colitis[END_REF][START_REF] Zong | The role of cigarette smoke-induced epigenetic alterations in inflammation[END_REF]. Most recently, the fast-evolving field of epigenetics has offered new insights on the mechanisms by which environmental risks, such as cigarette and diet induce pathological gene expression and determine cell phenotype and function in IBD [START_REF] Aleksandrova | Diet, gut microbiome and epigenetics: Emerging links with inflammatory bowel diseases and prospects for management and prevention[END_REF][START_REF] Zong | The role of cigarette smoke-induced epigenetic alterations in inflammation[END_REF]. Although present studies cannot state the exact role of each environment factors in IBD, epigenetics provides new insights beyond the genetics research into the pathogenesis of IBD, and suggests potential applications in diagnosis and prognosis.

III.4 Cytokines in IBD

III.4.1 Cytokines in IBD pathogenesis

Altered patterns of cytokine production by immune cells from the periphery and the LP of patients with IBD were initially described 3 decades ago [START_REF] Ebert | T-cell abnormalities in inflammatory bowel disease are mediated by interleukin 2[END_REF][START_REF] Mitsuyama | Significance of interleukin-6 in patients with inflammatory bowel disease[END_REF]. Subsequently, experimental mouse models of IBD found that mice deficient for regulatory cytokines, such as IL-2 and IL-10, develop spontaneous colitis, highlighting a crucial role of cytokines in intestinal inflammation [START_REF] Strober | The immunology of mucosal models of inflammation[END_REF]. In recent years, advanced genetic studies have identified several IBD susceptibility loci that contain genes encoding proteins involved in cytokine and chemokine receptor signaling, and Th cell responses.

Particularly, loss-of-function mutations in the genes encoding IL-10 and IL-10R are associated with VEOIBD, and disease in IL-10R-deficient patients can be alleviated by haematopoietic stem cell transplantation [START_REF] Kotlarz | Loss of interleukin-10 signaling and infantile inflammatory bowel disease: Implications for diagnosis and therapy[END_REF]. Thus, these observations suggest a crucial role of cytokines in the pathogenesis of IBD.

During intestinal inflammation, almost all types of cells, including DCs, neutrophils, macrophages, NK cells, IECs, ILCs, Th cells, and Treg cells, join in the cytokine network where they produce cytokines while undergoing cytokine regulation. The key pro-inflammatory cytokines, including IL-6, TNFα, IL-17, IFNγ, IL-12 family, and IL-1 family, all have been implicated in IBD pathogenesis (Neurath, 2014). Meanwhile, CD is characterized by a Th1 cytokine profile with increased levels of IFNγ and IL-2, whereas UC is marked by increased production of Th2 related cytokines IL-5 and IL-13.

Strategies of recombinant anti-inflammatory cytokines or antibodies specific for proinflammatory cytokines have been attempted over two decades and have entered the clinical stage. In particular, the specific TNFα antibody (such as infliximab) shows the most significant clinical efficacy in both CD and UC therapy, and is routinely used in the clinic. However, in most cases, supplementation of anti-inflammatory cytokines (such as IFNβ, or neutralization of pro-inflammatory cytokines (such as IFNγ) failed to achieve the desired effect, and anti-IL-17 agents even led to an aggravation of clinical symptoms, which suggests the existence of a specific network of cytokines that regulates mucosal inflammation (Neurath 2014).

III.4.2 TNFα and IL-17 are two key cytokines in IBD

TNFα in IBD

TNFα is mainly produced as a transmembrane protein that can be cleaved by the TNFα converting enzyme in a soluble form. In IBD patients, the production of the two TNFα forms are markedly augmented, and the LP is massively infiltrated with TNFα-producing mononuclear cells, particularly CD14 + macrophages, and T cells (Neurath, 2014). Both transmembrane and soluble TNFα exert pro-inflammatory functions by binding to their receptors TNFR1 and TNFR2 followed by the intracellular activation of NF-κB pathway.

Furthermore, TNFR1 signaling may cause cell death via the activation of receptor-interacting protein kinase 1 (RIPK1) and caspase 3 proteins (Neurath, 2014).

As one of the cytokines that make up the acute phase response, TNFα is produced early in inflammation. It targets multiple cell types and drives pleiotropic effects, and has been implicated in IBD. TNFα destroys the barrier function by promoting the cell death of IECs and Paneth cells [START_REF] Günther | Caspase-8 regulates TNF-α-induced epithelial necroptosis and terminal ileitis[END_REF], and by inducing the expression of myosin light chain kinase (MLCK) that deregulates tight junctions [START_REF] Su | TNFR2 activates mlck-dependent tight junction dysregulation to cause apoptosis-mediated barrier loss and experimental colitis[END_REF]. It also induces myofibroblasts and macrophages to produce the matrix metalloproteinases (MMPs) which can degrade the extracellular matrix, facilitating tissue destruction [START_REF] Di Sabatino | Functional Modulation of Crohn's Disease Myofibroblasts by Anti-Tumor Necrosis Factor Antibodies[END_REF]. Additionally, it induces hypervascularization and angiogenesis (Neurath, 2014), as well as mediates T cell resistance against apoptosis [START_REF] Atreya | Antibodies against tumor necrosis factor (TNF) induce T-cell apoptosis in patients with inflammatory bowel diseases via TNF receptor 2 and intestinal CD14+ macrophages[END_REF].

The blockade of TNFα is now commonly used as a standard therapy for IBD in the clinic.

Current TNFα blockers mainly include infliximab, adalimumab, certolizumab, and golimumab, and they all target both soluble and transmembrane TNF forms but with different affinities. Among these blockers, infliximab and adalimumab that prefer to neutralize transmembrane TNF are highly clinically effective and have been shown to induce T cell apoptosis and improve mucosal healing in vivo [START_REF] Atreya | Antibodies against tumor necrosis factor (TNF) induce T-cell apoptosis in patients with inflammatory bowel diseases via TNF receptor 2 and intestinal CD14+ macrophages[END_REF], whereas agents that preferentially block soluble TNFα (for example, etanercept) had no therapeutic effect (H [START_REF] Van Den Brande | Prediction of antitumour necrosis factor clinical efficacy by realtime visualisation of apoptosis in patients with Crohn's disease[END_REF]Neurath, 2014). The lack of efficiency of the soluble TNFα blockers is associated with experimental studies showing that membrane-bound TNF, rather than soluble TNF, has a major role in driving intestinal inflammation, since in the presence of membrane-bound TNFα, the absence of secreted TNFα does not affect the development or maintenance of colitis in vivo [START_REF] Corazza | Transmembrane tumor necrosis factor is a potent inducer of colitis even in the absence of its secreted form[END_REF][START_REF] Perrier | Neutralization of membrane TNF, but not soluble TNF, is crucial for the treatment of experimental colitis[END_REF]. However, up to one-third of IBD patients do not respond to anti-TNFα agents, and an additional one-third of patients experience the loss of response during maintenance treatment [START_REF] Roda | Loss of Response to Anti-TNFs: Definition, Epidemiology, and Management[END_REF]. The reasons for non-response to anti-TNF therapy are still poorly understood.

IL-17 in IBD

The IL-17 family consists of 6 members with similar protein structures, namely IL-17A to IL-17F. In gut, IL-17 is expressed not only by Th17 cells, but also several types of other immune cells, such as IELs, ILC3s, invariant NKT cells, and NK cells [START_REF] Beringer | IL-17 in Chronic Inflammation: From Discovery to Targeting[END_REF].

Macrophages, neutrophils, and mast cells in both humans and mice have been reported as another source of IL-17, but this remains controversial [START_REF] Beringer | IL-17 in Chronic Inflammation: From Discovery to Targeting[END_REF]. Five IL-17 receptors have been cloned, including IL-17RA to IL-17RE. Downstream signaling cascades involve NF-κB, JNK, p38MAPK, and ERK. IL-17 is a pro-inflammatory cytokine and mediated inflammation through multiple mechanisms. Although IL-17 is a moderate signal activator, it often operates synergistically with other pro-inflammatory molecules, such as TNFα, IFNγ, IL-22, and IL-1β to increase production of other inflammatory mediators such as IL-6 and IL-8 [START_REF] Beringer | IL-17 in Chronic Inflammation: From Discovery to Targeting[END_REF]. IL-17 stabilizes mRNA expression induced by TNFα, therefore increasing and prolonging protein level [START_REF] Hartupee | IL-17 Enhances Chemokine Gene Expression through mRNA Stabilization[END_REF]. In addition, it induces the expression of TNFR2, leading to an increase in the response to TNFα [START_REF] Zrioual | Genome-Wide Comparison between IL-17A-and IL-17F-Induced Effects in Human Rheumatoid Arthritis Synoviocytes[END_REF].

The role of IL-17 in IBD is currently not well defined. IL-17 was once considered to be the impeller of IBD. Increased expression of IL-17 family members and the presence of IL-17-producing cells have been reported in both CD and UC, and they can be detected not only at the site of inflammation, but also in healthy tissues [START_REF] Fujino | Increased expression of interleukin 17 in inflammatory bowel disease[END_REF]. Two IL-17 blocking agents have been evaluated in IBD patients, secukinumab, which targets IL-17 A, and brodalumab, which blocks IL-17RA. However, the outcomes of clinical trials are not satisfactory, although these two drugs are effective in psoriasis, a Th17 cell-related autoimmune disease. Recent clinical even observed exacerbated IBD symptoms in patients with psoriasis treated with biologics that inhibit the IL-17 pathway [START_REF] Emond | Real-world incidence of inflammatory bowel disease among patients with other chronic inflammatory diseases treated with interleukin-17a or phosphodiesterase 4 inhibitors[END_REF]. One plausible explanation is that the basal levels of IL-17 may be gut-protective. They might drive mucosal inflammation but might also aid restitution and repair of the intestinal mucosa after resolution of inflammation [START_REF] Moschen | IL-12, IL-23 and IL-17 in IBD: immunobiology and therapeutic targeting[END_REF]. The evidence supporting the intestinal homeostasis role of IL-17 is further supplemented by the aggravation of the T cell transfer model of colitis caused by the absence or neutralization of IL-17A [START_REF] O'connor | A protective function for interleukin 17A in T cell-mediated intestinal inflammation[END_REF]. Therefore, the role of IL-17 in intestinal immune homeostasis and inflammation deserves more exploration.

III.5 ROS in IBD

III.5.1 ROS properties

Reactive oxygen species (ROS) widely refer to the chemical derivatives of oxygen with highly reactive natures, including free radicals with a single unpaired electron in the outer shell, such as superoxide anion (O2 •-) and hydroxyl radical ( • OH), as well as neutral molecules, such as hydrogen peroxide (H2O2), ozone (O3), singlet oxygen ( 1 O2), and hypochlorous acid (HOCl).

Reduction cascade of O2 forming ROS is shown in Figure 4. In almost all aerobic cells, the ground-state O2 molecule can accept a single electron to form O2 •-which is the precursor of other ROS. This reaction cannot occur spontaneously. It absolutely requires the intervention of an enzyme. Then, O2 •-spontaneously transforms into H2O2, which can be also facilitated by superoxide dismutase (SOD). Moreover, O2 •-reacts with nitric oxide radical ( • ON) to generate peroxynitrite (ONOO -). H2O2 is further converted into other species, such as • OH through the metal ions-catalyzed Fenton reaction, or hypochlorous acid (HOCl) through myeloperoxidase (MPO) when chloride ions (Cl -) are present. On the other hand, H2O2 can be detoxified by antioxidants, such as catalase (CAT) and glutathione (GSH)/ glutathione peroxidase (GPx). All ROS species share the short-lived and highly reactive natures but also have their specific properties. O2 •-is a weak oxidant toward biological molecules. It cannot diffuse through membrane due to its anionic charge. However, it seems that anionic chlorine channels can facilitate O2 •-cross cell membranes [START_REF] Mumbengegwi | Evidence for a Superoxide Permeability Pathway in Endosomal Membranes[END_REF]. O2 •-can also cause biological damage by acting as a reductant. H2O2 is the most abundant type of ROS in eukaryotic cells. It is relatively stable and has moderated reactivity compared to other ROS molecules in vivo. It can freely diffuse across membranes and this diffusion can be facilitated by aquaporins [START_REF] Bienert | Aquaporin-facilitated transmembrane diffusion of hydrogen peroxide[END_REF]. At low concentration, H2O2 can work as a second messenger in both autocrine and paracrine ways. Both HOCl and • OH are highly reactive with biomolecules. • OH is the most powerful and most toxic oxidant in biology, but has very short half-life (10 -9 s) compared with H2O2 (10 -2 -10 -3 s) and O2 •-(10 -5 s).

When their production is properly regulated and occurs in the right place, ROS act as signaling molecules regulating several cell functions, or contribute to host defense against infectious agents. However, excessive ROS production in an inappropriate place, or their inefficient scavenging leads to oxidative stress, which may alter inflammatory response, damage biomacromolecules, and trigger apoptosis or cancerogenic cell transformation [START_REF] Piechota-Polanczyk | Review article: The role of oxidative stress in pathogenesis and treatment of inflammatory bowel diseases[END_REF]. Notably, oxidative stress has been implicated in numbers of human diseases, including IBD.

III.5.2 The role of ROS in pathogenesis of IBD

Oxidative stress has a long-standing implication in both the etiology and the progression of IBD.

The evidence is from the observation that the microenvironment with strong redox activity and low antioxidant levels is one of the characteristics of the acute phase of clinical and experimental IBD [START_REF] Bhattacharyya | Oxidative stress: An essential factor in the pathogenesis of gastrointestinal mucosal diseases[END_REF][START_REF] Piechota-Polanczyk | Review article: The role of oxidative stress in pathogenesis and treatment of inflammatory bowel diseases[END_REF].

Furthermore, genetic variations that alter enzyme activity in antioxidant enzymes are associated with the risk of developing IBD (H. [START_REF] Zhu | Oxidative stress and redox signaling mechanisms of inflammatory bowel disease: Updated experimental and clinical evidence[END_REF], which is in accordance with the observation that the knockdown of antioxidant genes increases the sensitivity to chemically induced experimental IBD [START_REF] Khor | Nrf2-deficient mice have an increased susceptibility to dextran sulfate sodium-induced colitis[END_REF]. In addition, supplying by exogenous antioxidant compounds [START_REF] Ishihara | Therapeutic effect of lecithinized superoxide dismutase Against colitis[END_REF][START_REF] Oz | Antioxidants as novel therapy in a murine model of colitis[END_REF] or overexpressing antioxidant genes [START_REF] Kruidenier | Attenuated mild colonic inflammation and improved survival from severe DSS-colitis of transgenic Cu/Zn-SOD mice[END_REF][START_REF] Oku | Amelioration of murine dextran sulfate sodiuminduced colitis by ex vivo extracellular superoxide dismutase gene transfer[END_REF] has been both shown to be protective in chemicallyinduced colitis. Therefore, there could be a cause-and-effect relationship between oxidative stress and IBD.

Biomacromolecule impairment caused by excessive ROS contributes to both progress and genesis of IBD. For example, increased cytoskeletal protein oxidation (including tubulin and actin) that leads to the mucosal barrier dysfunction [START_REF] Banan | Oxidant-induced intestinal barrier disruption and its prevention by growth factors in a human colonic cell line: Role of the microtubule cytoskeleton[END_REF] has been identified in the inflamed mucosa of patients with IBD [START_REF] Keshavarzian | Increases in free radicals and cytoskeletal protein oxidation and nitration in the colon of patients with inflammatory bowel disease[END_REF]. High concentration of 8-hydroxy-2'-deoxyguanosine , a maker of DNA oxidative damage, is detected in mucosal specimens of patients with IBD. Accumulation of DNA damage can impair specific genes involved in the cell growth or differentiation, or induce proto-oncogenes to transform into oncogenes, especially mitochondrial DNA which is vulnerable to ROS attacks due to its proximity to the mitochondrial electron transport chain and the lack of protective histones. It has been shown that mitochondrial DNA gene instability in UC patients is associated with a high incidence of colorectal cancer [START_REF] Nishikawa | Accumulation of mitochondrial DNA mutation with colorectal carcinogenesis in ulcerative colitis[END_REF]. On the other hand, excessive ROS lead to the overexpression of pro-inflammatory cytokines and adhesion molecules by activating multiple intracellular signal pathways in different cells, consequently increasing the infiltration of inflammatory cells. In turn, aggravated inflammation augments oxidative stress by stimulating ROS-generating systems, which will result in a vicious circle.

However, since ROS also contribute to important physiological functions in the gastrointestinal tract, insufficient ROS production could also be detrimental and may lead to IBD due to disturbed physiological functions. A persuasive evidence comes from a part of CGD patients accompanied by IBD symptom. Thus, both excessive or insufficient ROS production may contribute to IBD through different mechanisms, which we will discuss later.

IV. The endogenous sources of ROS in the gastrointestinal tract

In the GI tract, both epithelial cells and immune cells associated to the mucosa are endogenous sources of ROS. The ROS precursor O2 •-can be either produced as a natural byproduct of biochemical metabolic processes or be produced by dedicated enzymes, especially the NADPH oxidases (NOXs).

IV.1 Non-professional ROS-generating enzymatic system

In the GI tract, non-professional enzymatic systems that are usually involved in cellular metabolism can produce O2 •-as byproducts. They comprise the mitochondrial respiratory chain, xanthine oxidase, P450 cytochrome, lipoxygenases, cyclooxygenases, and NO synthase. The physiological production of mitochondrial ROS occurs in the process of oxidative phosphorylation, during which electrons leak out from the mitochondrial electron transport chain complexes and are transferred to O2, which eventually leads to the reduction of O2 to O2 •-.

The ability of mitochondria to produce ROS was first reported based on in vitro experiments with isolated organelles [START_REF] Shlafer | Hydrogen peroxide generation by mitochondria isolated from regionally ischemic and nonischemic dog myocardium[END_REF][START_REF] Turrens | Superoxide production by the mitochondrial respiratory chain[END_REF]. However, more recent studies describe that spontaneous ROS released by mitochondria in living cells do not occur unless there are changes in the physical state of the membrane [START_REF] Nohl | Intracellular generation of reactive oxygen species by mitochondria[END_REF]. Then, P450 cytochrome and xanthine oxidase, which are involved in the metabolism of xenobiotics and the catabolism of purine bases, respectively, can also release O2 •-when they are functioning [START_REF] White | Oxygen activation by cytochrome P-450[END_REF]. Finally, NOS, an enzyme which is responsible for the catabolism of L-arginine with release of nitric oxide (NO • ), is also able to produce O2 •-when its cofactor tetrahydrobiopterin is oxidized into dihydrobiopterin, resulting in the uncoupling of the enzyme [START_REF] Landmesser | Oxidation of tetrahydrobiopterin leads to uncoupling of endothelial cell nitric oxide synthase in hypertension[END_REF]. (DUOX has seven) on its N-terminal part encasing four highly conserved heme-binding histidines [START_REF] Lambeth | Regulation of Nox and Duox enzymatic activity and expression[END_REF]. Single electron is transferred sequentially from NADPH to FAD then oxygen. Except for NOX5, the NOX/DUOX cores are stabilized by another membrane protein, which is p22 PHOX for NOX1 to 4, and DUOXA1/2 for DUOX1/2. NOX1, NOX2, and NOX3 also require regulatory cytosolic subunits to be fully functional (Bedard & Krause, 2007). The expression of different NOX homologs is tissue-selective: NOX1 is abundantly expressed in the colon; NOX2 is mainly found in phagocytes; NOX3 is expressed in the inner ear; NOX4 is predominantly found in the kidney; NOX5 is found in lymphoid tissues; and DUOX1/2 are highly expressed in the thyroid. It should be noted here that the expression of different NOX subtypes is not strictly regionalized. Low-level expression of other NOX subtypes can usually be detected in tissues which express high level of a given type of NOX (Bedard & Krause, 2007;[START_REF] Lambeth | Regulation of Nox and Duox enzymatic activity and expression[END_REF]. 

IV.2 Professional

NOX2

In the LP, phagocytes cells, including resident monocytes, macrophages, and DCs, and infiltrated neutrophils, all express NOX2, also known as phagocyte NADPH oxidase. The functional NOX2 complex consists of several subunits. The gp91 PHOX works as the catalytic core and forms a transmembrane heterodimer (also known as flavocytochrome-b558) with p22 PHOX . P22 PHOX helps stabilize the gp91 PHOX and dock the cytosolic subunits p47 PHOX , p67 PHOX , p40 PHOX , and Rac2 (in neutrophils). The activity of NOX2 is tightly controlled by the cytosolic components. P47 PHOX is the organizer subunit of NOX2 and organizes the assembly of the enzymatic complex. Thus, in p47 PHOX -deficicient neutrophils from CGD patients, p67 PHOX , p40 PHOX , and Rac fail to translocate to the membrane [START_REF] Dusi | Mechanisms of NADPH oxidase activation: Translocation of p40phox, Rac1 and Rac2 from the cytosol to the membranes in human neutrophils lacking p47phox or p67phox[END_REF]. It contains several functional motifs: an NH2-terminal "phox homology" (PX) domain that interacts with PtdIns (3,4)P2 and contributes to membrane anchoring of p47 PHOX after activation-induced translocation; two tandem Src homology 3 (SH3) domains that bind the proline-rich region (PRR) of p22 PHOX , followed by an auto-inhibitory region (AIR) which maintains the protein in a closed inactive conformation until the protein is phosphorylated; finally, p47 PHOX contains a COOH-terminal prolin rich region (PRR) which interacts with p67 PHOX . P67 PHOX is considered as the activator subunit of the NOX2 complex. It possesses four tetratricopeptide repeat (TPR) domains in the N-terminal part, an activation domain (AD), a PRR domain, a central SH3 domain, a "Phox and Bem 1" (PB1) domain, and a COOH-terminal SH3 domain. TPR domains interact with Rac in a GTP-dependent manner. The AD domain is believed to interact directly with the flavocytochrome and thereby participate in the regulation of electron transfer [START_REF] Nisimoto | The p67(phox) activation domain regulates electron flow from NADPH to flavin in flavocytochrome b558[END_REF]. The function of the central PRR domain or SH3 domain is not known.

The PB1 domain of p67 PHOX forms a heterodimer with the PB1 domain of p40 PHOX . Finally, the COOH-terminal SH3 domain interacts with p47 PHOX . P40 PHOX consists of a PX domain which binds specifically to PtdIns(3)P, an SH3 domain, and a PB1 domain. P40 PHOX is a specific subunit of NOX2 and could work as both activator and inhibitor. The domain structures of p47 PHOX , p67 PHOX , and p40 PHOX are shown in figure 6a. In addition, Rac is absolutely required for NOX2 activation. It belongs to the Rho-family of small GTPases, which act as molecular switches through conformational changes and regulate myriad of signaling pathways. Activated NOX2 produces robust amount of O2 •-leading to a rapid release of ROS from the phagocytes. This process is called "respiratory burst" and plays a crucial role in the host defense against microbial infections and innate immunity [START_REF] Babior | Biological defense mechanisms. The production by leukocytes of superoxide, a potential bactericidal agent[END_REF]. The direct evidence for the pivotal role of NOX2 in innate immunity is illustrated by the inherited disorder CGD, a primary immunodeficiency disorder due to defective phagocyte NADPH oxidase and is characterized by severe and recurrent life-threatening infections. Loss-of-function variants in genes encoding for any of the proteins forming the assembled NOX2 complex, including CYBB (gp91 PHOX ), CYBA (p22 PHOX ), NCF1 (p47 PHOX ), NCF2 (p67 PHOX ), NCF4 (p40 PHOX ) and Rac2, are implicated in CGD [START_REF] Roos | Chronic granulomatous disease[END_REF]. Notably, 40% of patients with CGD have clinical and pathological features resembling CD [START_REF] Dhillon | Variants in nicotinamide adenine dinucleotide phosphate oxidase complex components determine susceptibility to very early onset inflammatory bowel disease[END_REF]. NOX2 regulation mechanisms have been extensively studied and abundantly reviewed in past decades, especially in neutrophils [START_REF] Belambri | NADPH oxidase activation in neutrophils: Role of the phosphorylation of its subunits[END_REF][START_REF] El-Benna | Phagocyte NADPH oxidase: A multicomponent enzyme essential for host defenses[END_REF][START_REF] Groemping | Activation and assembly of the NADPH oxidase: A structural perspective[END_REF]. NOX2 exists different states in neutrophils, that is resting, primed, fully activated or hyper-active state [START_REF] Condliffe | Neutrophil priming: Pathophysiological consequences and underlying mechanisms[END_REF][START_REF] El-Benna | Priming of the neutrophil respiratory burst: role in host defense and inflammation[END_REF]. In resting state, the phagocytes NADPH oxidase components are distributed between the membranes of different granules, the plasma membrane, and the cytosol. This segregation ensures the quiescent state of NOX2 catalytic core. Before entering the activated state, NOX2 goes through a "ready-to-go" phase, which is termed as priming. Priming induces several changes such as translocation of the cytosolic components, partial phosphorylation of p47 PHOX , and conformational changes [START_REF] El-Benna | Priming of the neutrophil respiratory burst: role in host defense and inflammation[END_REF], thus preparing NOX2 to be functional in an optimal manner. Once entering the activated state, each subunit is fully phosphorylated, especially p47 PHOX , and rapidly assembed into a complex, with gp91 PHOX now capable of transferring electrons from NADPH to oxygen. The activation of NOX2 is modulated by phosphorylation. So far, all NOX2 components except Rac2 in neutrophils have been identified to be phosphorylated upon stimulation by the activating agents, such as bacterial peptide fMLF or the pharmacological agonist, PMA [START_REF] Belambri | NADPH oxidase activation in neutrophils: Role of the phosphorylation of its subunits[END_REF]. The pathways involved in fMLFand PMA-induced protein phosphorylation and NADPH oxidase activation in neutrophils are well established [START_REF] Belambri | NADPH oxidase activation in neutrophils: Role of the phosphorylation of its subunits[END_REF]. Activated PKC isoforms and/or MAPKinases (ERK1/2 and p38MAPK) are involved in the phosphorylation of specific sites of p47 PHOX . Most of identified phosphorylation has been shown to promote the assembly and catalytic activity of the complex, however phosphorylation-induced inactivation of NOX2 also exists, thus phosphorylation of gp91 PHOX by ATM kinase inhibits NOX2 activation [START_REF] Beaumel | Downregulation of NOX2 activity in phagocytes mediated by ATM-kinase dependent phosphorylation[END_REF].

NOX1

In 1999, NOX1 was first cloned from the human epithelial cell line Caco-2, and also was the first identified NOX2 homolog (Suh et al., 1999). NOX1 messenger was then found to be constitutively expressed in a variety of cell types, such as uterus cells and placenta cells, as well as in several cell lines (Bedard & Krause, 2007). In normal human tissues, the GI tract contains the highest levels of NOX1 transcripts, particularly the colon and rectum portion [START_REF] Geiszt | Proteins homologous to p47phox and p67phox support superoxide production by NAD(P)H oxidase 1 in colon epithelial cells[END_REF]ra et al., 1999). At a cellular level, human NOX1 mRNA is highly expressed both within the crypts and on the luminal surface (Szanto et al., 2005), while mouse NOX1 mRNA is mainly present in IECs located in the lower two-thirds of crypts [START_REF] Geiszt | NAD(P)H Oxidase 1, a Product of Differentiated Colon Epithelial Cells, Can Partially Replace Glycoprotein 91 phox in the Regulated Production of Superoxide by Phagocytes[END_REF]. There are few data reflecting the expression of NOX1 at the protein level, mainly because the generation of high-quality specific antibodies against NOX1 is a hard challenge. According to reports, many commercial antibodies cannot distinguish HEK239 cells transfected with NOX1 vector from cells transfected with empty vector [START_REF] Diebold | Guidelines for the detection of NADPH oxidases by immunoblot and RT-qPCR[END_REF]. However, using homemade antibodies researchers found by immunohistochemically staining that NOX1 protein was rather expressed in the upper one-third of the normal human colonic mucosa or guinea pig colon [START_REF] Fukuyama | Overexpression of a novel superoxide-producing enzyme, NADPH oxidase 1, in adenoma and well differentiated adenocarcinoma of the human colon[END_REF]Kawahara et al., 2004), indicating that, at protein level, NOX1 tends to be expressed in highly differentiated cells. It seems that the presence of NOX1 mRNA does not always correlate with the expression of NOX1 protein. Therefore, it is important to analyze NOX1 expression both at the mRNA and protein levels.

NOX1 is the homolog most similar to the prototype NOX2 in terms of its structure and function.

It also forms a transmembrane heterodimer with p22 PHOX and its activation requires the regulation of cytosolic subunits, including NOX organizer 1 (NOXO1), the p47 PHOX homologue; NOX activator 1 (NOXA1), the p67 PHOX homologue; and Rac1, but p40 PHOX is unnecessary. As with NOX1, the transcripts of NOXO1 and NOXA1 are abundantly expressed throughout the entire length of the colon epithelium, but they can be also found in other tissues [START_REF] Bánfi | Two novel proteins activate superoxide generation by the NADPH oxidase NOX1[END_REF]Bedard & Krause, 2007). There are four known NOXO1 splice isoforms (α, β, γ, and δ).

Human colon mainly expresses NOXO1β and NOXO1γ [START_REF] Cheng | Alternative mRNA splice forms of NOXO1: Differential tissue expression and regulation of Nox1 and Nox3[END_REF]. As shown in figure 6b, NOXO1 shares a similar set of motifs with p47 PHOX that NOXO1 also has NH2terminal PX domains that bind to phospholipids in the membrane, SH3 domains that interacts with the PRR of p22 PHOX , and COOH-terminal PRRs that allow the interaction with p22 PHOX . However, only NOXO1 does not have the AIR domain which maintains p47 PHOX in an autoinhibited conformation. Lack of AIR in NOXO1 leads to its constitutive association with p22 PHOX , which may explain why O2 •-is constitutively produced at low levels in various cell lines transfected with human NOX1, NOXO1, and NOXA1 cDNA [START_REF] Geiszt | Proteins homologous to p47phox and p67phox support superoxide production by NAD(P)H oxidase 1 in colon epithelial cells[END_REF]. NOXA1 also has a similar overall domain structure to p67 PHOX , including the NH2terminal TPR domains that interact with Rac, AD domain, and COOH-terminal SH3 that interacts with NOXO1. NOXA1 lacks the central PRR and SH3 domain found in p67 PHOX . The PB1 domain of NOXA1 has important differences from that of p67 PHOX and fails to interact with p40 PHOX .

The constitutive activity of NOX1 can be modulated by phosphorylation of NOXA1 and NOXO1. NOXO1 phosphorylation by PKC is a prerequisite for optimal NOXO1 interaction with NOXA1 and p22 PHOX and thus for full assembly and activation of NOX1 (Debbabi et al., 2013;Yamamoto et al., 2013). Whereas NOXA1 phosphorylation by PKA and MAPK prevents NOX1 hyper-activation (Kroviarski et al., 2010;Yamamoto et al., 2013). The phosphorylation of NOX1 by PKCβI has also been shown to facilitate its association with the NOXA1 activation domain and to be necessary for its activation [START_REF] Streeter | Phosphorylation of Nox1 regulates association with NoxA1 activation domain[END_REF]. Compared with NOX2, the knowledge about the regulation of NOX1 is still required to be determined. And identification of the pathways involved in NOX1 phosphorylation will help to develop new strategies to limit ROS production in gut during IBD. 

DUOX2

Although DUOX2 is most strongly expressed in the thyroid gland where it is recognized as an important component participating in the synthesis of thyroid hormones [START_REF] De Deken | Cloning of two human thyroid cDNAs encoding new members of the NADPH oxidase family[END_REF][START_REF] Dupuy | Purification of a novel flavoprotein involved in the thyroid NADPH oxidase. Cloning of the porcine and human cDNAs[END_REF][START_REF] Ris-Stalpers | Physiology and Pathophysiology of the DUOXes[END_REF], its expression at the protein level has been also found throughout the porcine digestive tract and in the human colon, small intestine, and duodenum (El Hassani, Benfares, et al., 2005). Similar to NOX1, in both porcine and human tissues, it has been revealed by immunohistochemistry experiments that the DUOX2 proteins are almost localized at the brush border of the enterocytes (El Hassani, Benfares, et al., 2005). And in the digestive tract of mice, DUOX2 is mainly expressed in differentiated epithelium at the tip of the ileum villi [START_REF] Grasberger | Increased expression of DUOX2 is an epithelial response to mucosal dysbiosis required for immune homeostasis in mouse intestine[END_REF][START_REF] Sommer | The gut microbiota engages different signaling pathways to induce Duox2 expression in the ileum and colon epithelium[END_REF]. As compared to NOX1-4, DUOX proteins have seventh membrane-spanning segments, two EF-Hands motifs located in the cytosolic portion spanning transmembrane domain 1 and 2, and peroxidase-like domain in their N-terminal part (figure 5). DUOX2 requires a maturation factor, DUOX activator (DUOXA), to exit from the endoplasmic reticulum (ER) and locate to the plasma membrane [START_REF] Grasberger | Identification of the maturation factor for dual oxidase: Evolution of an eukaryotic operon equivalent[END_REF]. Similarly to p22 PHOX with gp91 PHOX , DUOX and DUOXA form a stable functional heterodimer on the cell surface [START_REF] Luxen | Heterodimerization controls localization of Duox-DuoxA NADPH oxidases in airway cells[END_REF][START_REF] Morand | Duox maturation factors form cell surface complexes with Duox affecting the specificity of reactive oxygen species generation[END_REF].

Interestingly, a more recent study has shown that DUOX2 plays a chaperone-like function with respect to DUOXA2 and this depends on an intramolecular disulfide bond within DUOX2. Suppression of this DUOX2 intramolecular disulfide bond induced DUOXA2 degradation [START_REF] Carré | When an Intramolecular Disulfide Bridge Governs the Interaction of DUOX2 with Its Partner DUOXA2[END_REF].

Unlike NOX1 or NOX2, the activation of DUOX1/2 does not require cytosolic activator or organizer subunits. DUOX1/2 can be directly activated by Ca2 + that binds with EF-hand domains (El Hassani, Morand, et al., 2005). Another different feature is that DUOX can directly generate H2O2 outside the cells instead of O2 •-. This could be attributed to the stable structure formed by DUOX A-loop and DUOXA [START_REF] Ueyama | The extracellular A-loop of dual oxidases affects the specificity of reactive oxygen species release[END_REF]. This structure prevents O2 •-from escaping by creating more stable and mature DUOX-DUOXA complexes and facilitates the transformation of O2 •-to H2O2 by interacting with corresponding activators [START_REF] Ueyama | The extracellular A-loop of dual oxidases affects the specificity of reactive oxygen species release[END_REF].

V. NOX1 in gut mucosal immune defense and homeostasis.

The IECs constitute the first line of defense against pathogenic insults and participate in maintaining gut homeostasis. Though NOX2 and DUOX2 are expressed in the gut and probably play important functions, this section will be focused on NOX1 which is the subject of my thesis. In IECs, NOX1 is the predominantly expressed NADPH oxidase and represents the major source of ROS in the colon.

V.1 Evidence on the role of NOX1 in immunity and homeostasis of the gastro-intestinal tract.

V.1.1 NOX1 can be regulated by cytokines, PAMPs, and microbiota Evidence for a role of NOX1 in intestinal immune defense against pathogenic insults emerges from several studies showing that various inflammatory stimuli, such as cytokines, PAMPS, and bacteria, are able to modulate the expression and activity of NOX1 in IECs.

Pro-inflammatory cytokines, including IL-1β, IFNγ, and TNFα, have been reported to induce NOX1 expression and ROS production in human IECs [START_REF] Kuwano | Interferon-γ activates transcription of NADPH oxidase 1 gene and upregulates production of superoxide anion by human large intestinal epithelial cells[END_REF][START_REF] Kuwano | Tumor necrosis factor α activates transcription of the NADPH oxidase organizer 1 (NOXO1) gene and upregulates superoxide production in colon epithelial cells[END_REF][START_REF] Liu | Interleukin-4 and interleukin-13 increase NADPH oxidase 1related proliferation of human colon cancer cells[END_REF][START_REF] Tesoriere | Indicaxanthin inhibits NADPH oxidase (NOX)-1 activation and NF-κB-dependent release of inflammatory mediators and prevents the increase of epithelial permeability in IL-1βexposed Caco-2 cells[END_REF]. TNFα and IFNγ have also been shown to upregulate NOXO1 expression in IECs, with TNFα being a stronger inducer than INFγ [START_REF] Kuwano | Tumor necrosis factor α activates transcription of the NADPH oxidase organizer 1 (NOXO1) gene and upregulates superoxide production in colon epithelial cells[END_REF]. Furthermore, expression of NOX1, NOXA1, NOXO1, and p22 PHOX were all increased in the colon of mice treated by intraperitoneal injection of TNFα, and pretreatment of mice with apocynin, an NADPH oxidase inhibitor with antioxidant properties, inhibited this upregulation [START_REF] Mouzaoui | Tumor necrosis factor-α-induced colitis increases NADPH oxidase 1 expression, oxidative stress, and neutrophil recruitment in the Colon: Preventive effect of apocynin[END_REF]. These results suggest that TNFα is a prominent stimulus for NOX1 expression and activation. Interestingly, Kumar et al. compared significantly upregulated genes IL-17A-stimulated enteroids versus significantly downregulated genes in ileum of IECs specific-deficient IL17RA mice and found that NOX1 is one of the genes directly regulated by IL-17 in vitro and in vivo [START_REF] Kumar | Intestinal Interleukin-17 Receptor Signaling Mediates Reciprocal Control of the Gut Microbiota and Autoimmune Inflammation[END_REF]. On the other hand, the anti-inflammatory cytokine IL-10 has been shown to remarkably inhibit TNFα and IFNγ-induced up-regulation of superoxide-producing activity in T84 cells by suppressing expression of NOX1 mRNA and protein [START_REF] Kamizato | Interleukin 10 inhibits interferon γ-And tumor necrosis factor α-stimulated activation of NADPH oxidase 1 in human colonic epithelial cells and the mouse colon[END_REF].

PAMPs, such as LPS from Helicobacter pylori [START_REF] Kawahara | Helicobacter pylori lipopolysaccharide activates Rac1 and transcription of NADPH oxidase Nox1 and its organizer NOXO1 in guinea pig gastric mucosal cells[END_REF], flagellin from S.

Enteridis (Kawahara et al., 2004) and from pathogenic adherent-invasive E. coli LF82 [START_REF] Elatrech | Escherichia coli LF82 differentially regulates ros production and mucin expression in intestinal epithelial T84 cells: Implication of NOX1[END_REF], have also been identified as inducers of increase NOX1 and NOXO1 expression and ROS production in vitro. Interesting, the association between intestinal NOX1 expression and bacterial burden has been suggested by multiple in vivo observation. First, the expression of NOX1 in the human and mouse intestine shows a proximal to distal increase which is in correlation with the density and diversity of microorganism communities. Furthermore, depletion of the gut microbiota by antibiotic treatment strongly decreases ROS production and NOX1 expression [START_REF] Matziouridou | INOS-and NOX1-dependent ROS production maintains bacterial homeostasis in the ileum of mice[END_REF]. In addition, compared with mice raised in the specific pathogen free (SPF) environment, mice kept in a complete germ-free environment express weaker level of NOX1 in the colon and rectum. Therefore, the expression level of NOX1 and the bacterial load seems to be closely linked.

V.1.2 NOX1 deficiency influences gut microbiota.

If microbiota can influence the expression NOX1, the reverse is also true, in the way that NOX1 can impact microbiota composition. Thus, it has been shown that NOX1-deficient mice had higher-level colonization of segmented filamentous bacteria (a critical component of the commensal microbiota) in the feces and terminal ileum as compared to co-housed WT mice [START_REF] Kumar | Intestinal Interleukin-17 Receptor Signaling Mediates Reciprocal Control of the Gut Microbiota and Autoimmune Inflammation[END_REF]. Moreover, in the ileum of NOX1-deficient mice, bacterial load increases and shows a cecum-like composition characteristic [START_REF] Matziouridou | INOS-and NOX1-dependent ROS production maintains bacterial homeostasis in the ileum of mice[END_REF]. Finally, in the cecum and the colon of epithelium-restricted p22 PHOX -deficient mice, which can be considered as NOX1-epithelial-deficient mice as other NOXs are not expressed in the epithelium, the microbiota composition is changed with a highly augmented abundance of H2O2-producing bacteria Lactobacilli reuteri and Lactobacilli murinus [START_REF] Pircalabioru | Defensive Mutualism Rescues NADPH Oxidase Inactivation in Gut Infection[END_REF]. These data suggest that NOX1 can regulate intestinal commensal microbiota in term of abundance, composition, and colonization. Since the preservation of microbial balance is one of the prerequisites of intestinal homeostasis, NOX1 is involved in maintaining intestinal homeostasis by regulating intestinal microbiota.

V.2 Mechanisms by which NOX1 contributes to mucosal immune defense and homeostasis

In this section, I will review the recent data unravelling the mechanisms by which NOX1 may play a role in mucosal immune defense and homeostasis. (Corcionivoschi et al., 2012).

V.2.1 NOX1 in innate immune system

NOX1 might also contribute to the early antibacterial defense system by induction of chemokine synthesis to trigger the recruitment of neutrophils. It has been reported that treatment of the T84 cells with S. Enteridis flagellin induces IL-8 synthesis through NF-κB activation (Kawahara et al., 2004). A recent study revealed that the bacterial breakdown product, muramyl dipeptide (MDP), also induces IL-8 secretion in Caco-2 cells through NOD2/NOX1/NF-κB signaling axis [START_REF] Lipinski | Missense variants in NOX1 and p22phox in a case of very-early-onset inflammatory bowel disease are functionally linked to NOD2[END_REF]. Furthermore, mutations of NOX1/p22 PHOX heterodimer, recapitulating mutations found in a VEOIBD patient, abrogate MDP-induced IL-8 secretion, suggesting that defect in IL-8 secretion could be a causal factor of the pathogenesis [START_REF] Lipinski | Missense variants in NOX1 and p22phox in a case of very-early-onset inflammatory bowel disease are functionally linked to NOD2[END_REF].

Intestinal mucus is composed of mucins that are produced by goblet cells. Before their secretion out of the cells, mucins are accumulated and stored within secretory granules. Although it is not clear whether NOX1 is involved in the regulation of mucin secretion or not, it has been shown that ROS generated by a p22 PHOX -dependent NADPH oxidase are critical to control mucin granule accumulation in colonic goblet cells [START_REF] Patel | Autophagy proteins control goblet cell function by potentiating reactive oxygen species production[END_REF], and that NOX (or DUOX)-derived ROS generation precedes the NLRP6 inflammasome activation, which controls the secretion of MUC2 in response to TLR ligands in murine colon explants [START_REF] Birchenough | A sentinel goblet cell guards the colonic crypt by triggering Nlrp6-dependent Muc2 secretion[END_REF]. On the other hand, KATO et al. reported that NOX1 deficiency attenuated differentiation of progenitor cells into goblet cells [START_REF] Kato | The ROS-generating oxidase Nox1 is required for epithelial restitution following colitis[END_REF]. However, Coant et al. found the reverse, and showed that NOX1 deficiency may promote a conversion of progenitor cells into goblet cells [START_REF] Coant | NADPH Oxidase 1 Modulates WNT and NOTCH1 Signaling To Control the Fate of Proliferative Progenitor Cells in the Colon[END_REF]. The reason for these opposite results may due to the different status of mice in two studies. In the former study, samples were taken from NOX1 deficient mice treated with DSS during the recovery phase of colitis, whereas in the latter study, samples were taken from untreated NOX1 deficient mice that did not develop any spontaneous intestinal inflammation. Therefore, NOX1 might has opposite regulatory effects under different context. In sum, NOX1 probably controls mucin secretion by controlling progenitor cell fate in the colon.

It has also been shown that NOX1 might be a regulator of the ER stress in goblet cells thus preserving the secretion of mucin [START_REF] Tréton | Combined NADPH oxidase 1 and interleukin 10 deficiency induces chronic endoplasmic reticulum stress and causes ulcerative colitis-like disease in mice[END_REF]. ER stress refers to the accumulation of misfolded proteins in the ER due to the impairment of protein folding and is harmful to cells.

The facts that animal models with ER stress are sensitive to intestinal inflammation and that the chronic ER stress appears in the unaffected colonic mucosa of UC patients suggest that ER stress is involved in inflammation. In order to restore ER homeostasis, cells response to ER stress by decreasing the arrival of newly synthesized proteins, which could be achieved by attenuating protein translation through phosphorylation of the eukaryotic translation initiation factor 2α (eIF2α) [START_REF] Boyce | A selective inhibitor of elF2α dephosphorylation protects cells from ER stress[END_REF]. Tréton et al. found that mice deficiency simultaneously in NOX1 and IL-10 developed spontaneous colitis and exhibited impaired ER stress response in epithelial cells [START_REF] Tréton | Combined NADPH oxidase 1 and interleukin 10 deficiency induces chronic endoplasmic reticulum stress and causes ulcerative colitis-like disease in mice[END_REF]. By using in vitro model of intestinal mucus-secreting cells induced by tunicamycin (TM) treatment, a canonical ER stress inducer, Tréton et al. found that TM-induced eIF2α phosphorylation was significantly reduced in cells carrying NOX1 siRNAs associated, whereas no significant changes were observed in eIF2α phosphorylation in control cells treated with IL10 alone or in combination with TM, indicating that NOX1 could have the ability to suppress a stress-inducible protein and thus to preserve eIF2α phosphorylation, attenuating ER stress [START_REF] Tréton | Combined NADPH oxidase 1 and interleukin 10 deficiency induces chronic endoplasmic reticulum stress and causes ulcerative colitis-like disease in mice[END_REF].

V.2.2 NOX1 in maintaining epithelial barrier integrity

The constant, rapid renewal of intestinal epithelium is an important mechanism of mucosal defense and homeostasis because it maintains the functional integrity of the epithelium. Once the integrity is broken by injury and ulceration, rapid resealing of the epithelial barrier will be accomplished by a process termed epithelial restitution, followed by more delayed mechanisms of epithelial wound healing including increased epithelial cell proliferation and epithelial cell differentiation [START_REF] Sturm | Epithelial restitution and wound healing in inflammatory bowel disease[END_REF]. Several studies demonstrated that NOX1 may be involved in maintaining epithelium integrity by influencing cellular renewal, restitution, and mucosal healing. On the one hand, mucosal restitution defect raised by NOX1-deficiency has been observed in the DSS-induced colitis model and mechanical wound model [START_REF] Kato | The ROS-generating oxidase Nox1 is required for epithelial restitution following colitis[END_REF][START_REF] Leoni | Annexin A1, formyl peptide receptor, and NOX1 orchestrate epithelial repair[END_REF]. While not significant, a trend indicated a reduced differentiation of the crypt cells in the absence of NOXO1 [START_REF] Moll | NoxO1 controls proliferation of colon epithelial cells[END_REF]. On the other hand, systemic administration of anti-inflammatory mediators or commensal bacteria promotes restitution or renewal in a NOX1-dependent fashion [START_REF] Alam | Redox signaling regulates commensal-mediated mucosal homeostasis and restitution and requires formyl peptide receptor[END_REF][START_REF] Alam | The microenvironment of injured murine gut elicits a local pro-restitutive microbiota[END_REF][START_REF] Leoni | Annexin A1, formyl peptide receptor, and NOX1 orchestrate epithelial repair[END_REF].

Two studies from Leoni et al. and Alam et al. revealed that N-formyl peptide receptor 1 (FPR1) expressed on the apical surface of colonic enterocytes seems to be crucial in the NOX1dependent restitution [START_REF] Alam | Redox signaling regulates commensal-mediated mucosal homeostasis and restitution and requires formyl peptide receptor[END_REF][START_REF] Leoni | Annexin A1, formyl peptide receptor, and NOX1 orchestrate epithelial repair[END_REF]. In the first study it was shown that the binding of Ac2-26 (the cleavage product of Annexin 1, an anti-inflammatory mediator) to FPR1 induces the activity of downstream Src kinases, resulting in activation of Rac1-and NOX1-dependent redox signaling; then, NOX1-derived ROS induces oxidative inactivation of regulatory phosphatases PTEN and PTPPEST, leading to increased phosphorylation of the focal adhesion kinase (FAK) and paxillin (Pax), thereby promoting epithelial cell movement and wound repair in mechanically induced wound [START_REF] Leoni | Annexin A1, formyl peptide receptor, and NOX1 orchestrate epithelial repair[END_REF]. In the other study, Lactobacilli or Akkermansia muciniphila, two pro-restitutive bacteria, were shown to promote migration and proliferation of enterocytes around wounds through the FPR1/NOX1/FAK-ERK axis [START_REF] Alam | Redox signaling regulates commensal-mediated mucosal homeostasis and restitution and requires formyl peptide receptor[END_REF][START_REF] Alam | The microenvironment of injured murine gut elicits a local pro-restitutive microbiota[END_REF] Interestingly, although Jones et al. also found that the Lactobacillus spp-promoted proliferation of intestinal stem cells was NOX1-dependent, in their study, Lactobacillus spp stimulation occurred in the uninjured normal mucosa with a complete mucus layer [START_REF] Jones | Symbiotic lactobacilli stimulate gut epithelial proliferation via Nox-mediated generation of reactive oxygen species[END_REF], which suggests that the activation of NOX1 does not require direct contact between bacteria and epithelial cells, but may involve in secreted intermediate products. Thus, although the specific mechanism by which NOX1 benefits epithelium integrity is still unclear in some parts, convincingly, NOX1-derived ROS can act as secondary messengers on intestinal epithelial proliferation.

Finally, lactobacilli were also shown to promote cytoprotection against exogenous oxidative insults in the gut of both flies and mice, and these highly conserved events were mediated by NOX1-derived ROS which activate downstream Nrf2 thus triggering the transcription of antioxidant and detoxifying proteins [START_REF] Jones | Lactobacilli Modulate Epithelial Cytoprotection through the Nrf2 Pathway[END_REF]. Taken together, the above studies evidence the important role of NOX1 in maintaining intestinal homeostasis.

VI. Dysregulated ROS production by NOX1 in IBD

NOX1 plays a fundamental role in mucosal immunity and gut homeostasis. However, its dysregulation, e.g., loss-of-function or excessive activity, may break the mucosal immunity and homeostasis which would be a driving factor for pathological states in the gastrointestinal tract such as IBD. In this section, I will highlight the findings that support both loss-of-function and excessive activity of NOX1 could contribute to IBD.

VI.1 Loss-of-function of NOX1 in VEO-IBD

In 2015, by targeted exome sequencing of epithelial NADPH oxidases from 59 children with VEOIBD, a study first identified two NOX1 inactivating missense variants p.P330S and p.D360N [START_REF] Hayes | Defects in Nicotinamide-adenine Dinucleotide Phosphate Oxidase Genes NOX1 and DUOX2 in Very Early Onset Inflammatory Bowel Disease[END_REF]. Later, the p.D360N variant has been found as a common polymorphism associated with adult-onset UC in Ashkenazi Jews, but not in the European decent population [START_REF] Schwerd | NOX1 loss-of-function genetic variants in patients with inflammatory bowel disease[END_REF]. According to the topologic analysis, both Pro330 and Asp360 located in proximity or within the FAD domain, and may therefore affect FAD binding, thus compromising the catalytic activity of NOX1 [START_REF] Hayes | Defects in Nicotinamide-adenine Dinucleotide Phosphate Oxidase Genes NOX1 and DUOX2 in Very Early Onset Inflammatory Bowel Disease[END_REF]. Indeed, both p.P330S and p.D360N variants showed a decrease in ROS production as compared to wild type (WT) NOX1 in epithelial cell model, and this decrease in ROS generation resulted in enhanced C.jejuni invasion [START_REF] Hayes | Defects in Nicotinamide-adenine Dinucleotide Phosphate Oxidase Genes NOX1 and DUOX2 in Very Early Onset Inflammatory Bowel Disease[END_REF].

In another study, six more rare missense NOX1 variants (p.I67M, p.N122H, p.R287Q, p.Q293R, p.Y470H, and p.T497A) were found by targeted exome sequencing of a cohort of 1878 VEOIBD patients [START_REF] Schwerd | NOX1 loss-of-function genetic variants in patients with inflammatory bowel disease[END_REF]. Among them, the p.N122H and p.T497A significantly abrogated ROS production when transfected in HCT116 cell lines as compared to WT NOX1.

Especially for the p.N122H, the loss of function was also validated in both ex vivo colonic explants and patient-derived colonic organoid cultures. In comparison, p.I67M, p.R287Q, p.Q293R, or p.Y470H reduced NOX1 activity to a less degree in cell lines [START_REF] Schwerd | NOX1 loss-of-function genetic variants in patients with inflammatory bowel disease[END_REF]. However, in this study, population statistics suggest that loss-of-function variants in NOX1 are rare but likely tolerated, indicating that variants in NOX1 only cause a predisposing to IBD rather than a Mendelian disorder of high penetrance.

A rare missense variant in NOX1 gene, p.R241C, and a common CYBA/p22 PHOX missense variant, p.Y72H, were simultaneously found in a male VEOIBD patient [START_REF] Lipinski | Missense variants in NOX1 and p22phox in a case of very-early-onset inflammatory bowel disease are functionally linked to NOD2[END_REF]. The p.R241C variant is in the third extracellular loop of NOX1 and could create a loss of positive charge in the extracellular loop between the fifth and sixth transmembrane helix, whereas the p.Y72H variant is located within the cytosolic amino-terminal tail of p22 PHOX .

Functionally, although the transfection of each of these two mutations impaired TNFα-induced ROS production, the combination of these two variants caused a more serious effect in reduced capacity of cellular ROS generation and a disruption of NOD2-mediated immune response, notably NF-kB activation and IL-8 secretion [START_REF] Lipinski | Missense variants in NOX1 and p22phox in a case of very-early-onset inflammatory bowel disease are functionally linked to NOD2[END_REF].

Stop-gain is a mutation that results in the formation of a termination codon, leading to a premature end of translation and thus an abnormally shortened protein. Recently, whole-exome sequencing identified a rare NOX1 stop-gain mutation (c.160C>T, p.54R>*) shared by 3 members of a family [START_REF] Khoshnevisan | NOX1 Regulates Collective and Planktonic Cell Migration: Insights From Patients With Pediatric-Onset IBD and NOX1 Deficiency[END_REF]. Among them, only the male index patient and his heterozygous aunt have shown disease phenotype since their early age, whereas his heterozygous mother is healthy. This mutation is located in the NOX1 transmembrane region and has been confirmed to lead to the near-complete loss of ROS production in vitro. Cell biological studies further showed that functional loss of NOX1 led to impaired wound healing by altering epithelial cytoskeletal dynamics at the leading edge and attenuated 2-dimensional collective chemotactic migration [START_REF] Khoshnevisan | NOX1 Regulates Collective and Planktonic Cell Migration: Insights From Patients With Pediatric-Onset IBD and NOX1 Deficiency[END_REF].

All these mutations are summarized in figure 7. It should be noted that five rare variants of DUOX2 have been also identified in adult or pediatric patients with IBD but they won't be developed here (Stenke et al., 2019).

The above results indicate that ROS deficiency caused by a mutation in NOX1 is a predisposing factor for IBD in human. However, NOX1-deficient mice do not recapitulate human IBD and do not develop spontaneous intestinal inflammation unlike some of the other gene mutations found in IBD patients, such as IL-10 whose knockout leads to spontaneous enterocolitis or colitis in normal-feeding mice [START_REF] Sellon | Resident enteric bacteria are necessary for development of spontaneous colitis and immune system activation in interleukin-10-deficient mice[END_REF]. Even in DSS-or TNBS-induced colitis, the consequences of the lack of NOX1 are still obscures, as NOX1 deficiency may exacerbate or be protective according to the experimental colitis model [START_REF] Aviello | NADPH oxidases and ROS signaling in the gastrointestinal tract review-article[END_REF]. Therefore, the decrease or loss of NOX1 function caused by gene mutations may affect the pathogenesis of IBD, but the clinical manifestation requires a second hit related to genetics, environment, or microbiota.

VI.2 Excessive activity of NOX1 is a driving factor in experimental IBD

As mentioned earlier, excessive ROS are one of the causative factors for IBD and antioxidants show beneficial effects in the treatment of IBD. The major source of ROS in IBD is activated macrophages and neutrophils, which are recruited in large quantities into the inflamed intestines and produce robust amounts of ROS through NOX2 (De Souza & Fiocchi, 2016;Fournier & Parkos, 2012). Knockout of gp91 PHOX gene or depletion of neutrophils has been found to have a protective effect against DSS-induced colitis in animal models [START_REF] Bao | Gp91 phox contributes to the development of experimental inflammatory bowel disease[END_REF][START_REF] Natsui | Selective depletion of neutrophils by a monoclonal antibody, RP-3, suppresses dextran sulphate sodium-induced colitis in rats[END_REF]. Therefore, NOX2 may contributes to pathological inflammation of the intestine through oxidative damage caused by excessive ROS.

In addition to NOX2, ROS generated by NOX1 and DUOX2 in epithelial could also be the risk factors for IBD. Here, I will develop evidences that indicate a potential role for NOX1-derived ROS in the pathogenesis of IBD. High levels of NOX1 mRNA have been observed in lymphocytes located in the gut lesions of both CD and UC patients (Szanto et al., 2005), and also been found in patients with irritable bowel syndrome [START_REF] Aerssens | Alterations in Mucosal Immunity Identified in the Colon of Patients With Irritable Bowel Syndrome[END_REF]. Interestingly, dysregulated NOX1 expression seems to be a feature of patients with colon cancer [START_REF] Fukuyama | Overexpression of a novel superoxide-producing enzyme, NADPH oxidase 1, in adenoma and well differentiated adenocarcinoma of the human colon[END_REF][START_REF] Joo | NADPH oxidase 1 activity and ROS generation are regulated by Grb2/Cbl-mediated proteasomal degradation of NoxO1 in colon cancer cells[END_REF][START_REF] Laurent | Nox1 is over-expressed in human colon cancers and correlates with activating mutations in K-Ras[END_REF][START_REF] Wang | NADPH oxidase overexpression in human colon cancers and rat colon tumors induced by 2-amino-1-methyl-6-phenylimidazo[4,5b]pyridine (PhIP)[END_REF], in which IBD is known to be a risk factor [START_REF] Triantafillidis | Colorectal cancer and inflammatory bowel disease: Epidemiology, risk factors, mechanisms of carcinogenesis and prevention strategies[END_REF].

Data from experimental models of intestinal inflammation also indicate the pathogenic effect of excessive ROS production by NOX1. On the one hand, the expression of intestinal NOX1 has been found to be upregulated in different experimental models of intestinal inflammation, such as the IL-10-deficient mice model, TNFα-induced acute colitis, and the chronic DSSinduced colitis (but not acute DSS model) [START_REF] Kamizato | Interleukin 10 inhibits interferon γ-And tumor necrosis factor α-stimulated activation of NADPH oxidase 1 in human colonic epithelial cells and the mouse colon[END_REF][START_REF] Mouzaoui | Tumor necrosis factor-α-induced colitis increases NADPH oxidase 1 expression, oxidative stress, and neutrophil recruitment in the Colon: Preventive effect of apocynin[END_REF][START_REF] Ramonaite | Protective action of NADPH oxidase inhibitors and role of NADPH oxidase in pathogenesis of colon inflammation in mice[END_REF]. On the other hand, strategies to inhibit NOX1 activity, such as NOX1 knock-out and inhibitors, have been demonstrated to attenuate the severity of disease progression in experimental colitis models. Thus, it has been shown that TNBS-caused damage and clinical symptoms were attenuated significantly in NOX1-dificient mice (Yokota et al., 2017). Pretreatment of mice with apocynin (4-hydroxy-3-methoxyacetophenone), an NADPH oxidase inhibitor with antioxidant properties, has been shown to effectively prevent intestinal inflammation induced by TNFα challenge [START_REF] Mouzaoui | Tumor necrosis factor-α-induced colitis increases NADPH oxidase 1 expression, oxidative stress, and neutrophil recruitment in the Colon: Preventive effect of apocynin[END_REF]. Mice deficient in Seleniumdependent glutathione peroxidases 1 and 2, two antioxidant enzymes, have been reported to develop spontaneous ileocolitis, which was alleviated by knocking out the NOX1 gene or by NOX1-specific inhibitors [START_REF] Esworthy | Nox1 causes ileocolitis in mice deficient in glutathione peroxidase-1 and -2[END_REF].

Together, the above data support a direct role of NOX1 in the pathological processes leading to IBD, but the mechanism through which excessive ROS production by NOX1 induce pathological conditions in the intestine needs to be determined.

VII. Protein kinase CK2, a new player in intestinal immunity and inflammation VII.1 Features of CK2

Protein kinase CK2, formerly called casein kinase 2, is a highly conserved kinase ubiquitously expressed in all eukaryotic organisms. Despite its initial name, CK2 appears to have no role in the phosphorylation of casein in vivo. It is actually classified as a protein serine/threonine kinase, though it may additionally target tyrosine residues in some substrates in vivo (Litchfield, 2003).

The CK2 holoenzyme is traditionally considered as a tetrameric complex, composed by two catalytic subunits, CK2α and CK2α', and a dimer of β regulatory subunits. For the CK2α and CK2α', although they share a great similarity in structure and enzymatic activity, they are encoded by different genes and cannot completely replace each other in function. It has been shown that CK2α can compensate for the loss of CK2α' and allow the survival of mice, but the male offspring lose their ability to reproduce (Litchfield, 2003;[START_REF] Xu | Globozoospermia in mice lacking the casein kinase ii α catalytic subunit[END_REF]. CK2 is catalytically active whether bound with CK2β or not, and no significant differences could be found in the crystal structure of the catalytic subunits either alone or assembled into the tetrameric complex [START_REF] Niefind | Crystal structure of human protein kinase CK2: Insights into basic properties of the CK2 holoenzyme[END_REF]. However, in the tetrameric form, the bioactivity of CK2 is orchestrated by CK2β subunits in an environment-and substrate-dependent manner. An extensive body of work has shown that CK2β subunit plays an important role in regulating the catalytic activity, stability, and substrate selectivity of CK2 [START_REF] Canton | Assembly of protein kinase CK2: investigation of complex formation between catalytic and regulatory subunits using a zincfinger-deficient mutant of CK2β[END_REF]Litchfield, 2003;[START_REF] Marin | Structural features underlying the unusual mode of calmodulin phosphorylation by protein kinase CK2: A study with synthetic calmodulin fragments[END_REF]. CK2 is a special kinase with a constitutive activity, which is based on the fact that CK2 activity is generally detected in cell or tissue extracts even in the absence of any stimulation or addition of cofactors or when it is expressed in bacteria (Litchfield, 2003).

It has been classified as a messenger-independent kinase as its activity is not dependent on any second messenger (Litchfield, 2003). Finally, it is very pleiotropic with a huge repertoire of protein targets subjected to its control. PhosphositePlus, the latest and most comprehensive post-translational modification database, attribute to nearly 500 phosphorylation sites in humans to CK2 (D'Amore et al., 2019). CK2 participates in a plethora of cellular processes, including cell proliferation, cell survival, and cell differentiation [START_REF] Pinna | Multi-author Review Protein Kinase CK2 in Health and Disease Coordinator: L. Pinna[END_REF], thus CK2 is crucial for cell primary functions. In addition, genetic deletion of CK2 α or β subunit is lethal to embryos in mice [START_REF] Buchou | Disruption of the Regulatory β Subunit of Protein Kinase CK2 in Mice Leads to a Cell-Autonomous Defect and Early Embryonic Lethality[END_REF][START_REF] Lou | The Alpha Catalytic Subunit of Protein Kinase CK2 Is Required for Mouse Embryonic Development[END_REF], indicating that CK2 is essential in embryogenic development. However, the dogma of the absolute requirement of cells for CK2 has been challenged by the generation of a viable CK2α/α' (-/-) C2C12 mouse myoblast cell line, which is the only mammalian cell line completely devoid of CK2 activity so far [START_REF] Borgo | Generation and quantitative proteomics analysis of CK2α/α'(-/-) cells[END_REF].

CK2 has been implicated in a wide spectrum of diseases, especially cancer [START_REF] Chua | CK2 in cancer: Cellular and biochemical mechanisms and potential therapeutic target[END_REF].

It is almost invariably more elevated in tumor cells than it is in their "normal" counterparts [START_REF] Borgo | Generation and quantitative proteomics analysis of CK2α/α'(-/-) cells[END_REF]. A large repertoire of cell permeable CK2 inhibitors is already available in clinical trials for the treatment of cancer, especially for CX-4945, also known as Silmitasertib [START_REF] Pierre | Discovery and SAR of 5-(3-Chlorophenylamino)benzo[END_REF].

VII.2 CK2 is involved immunity and inflammation in intestine

Researches on the enrollment of CK2 in immune response and inflammatory disorders have recently attracted more and more attention, with of note, a potential role in intestinal inflammation and diseases. Koch et al. found that CK2 expression and activity were increased in chronic colitis, and that CK2 promoted the proliferation of non-cancerous IECs, while inhibiting caspase-mediated apoptosis of these cells (Koch et al., 2013). Therefore, they suggest that CK2 promotes intestinal epithelial cells restitution under conditions of inflammation (Koch et al., 2013). Recently, Yang et al. demonstrated that CK2 expression in CD4 + T cells is required for the induction of experimental colitis, and that mechanistically, CK2 not only controls Th1 differentiation through the IL-12/STAT4 pathway, but also promotes CD4 + T cell function, in part, by regulating the expression of NFAT2, a transcription factor vital for T cell activation and proliferation [START_REF] Yang | Protein kinase 2 (CK2) controls CD4+ T cell effector function in the pathogenesis of colitis[END_REF]. On the other hand, Raju et al. showed that inhibition of CK2 limited claudin-2 channels, thus preventing the acute claudin-2-mediated paracellular permeability increase and attenuating immune-mediated, experimental IBD (Raju et al., 2020).

Thus, CK2 could contribute to the immunity and inflammation in the intestine through several processes.

VIII. Objectives

As described in the previous chapters, mucosal immune system protects the gastrointestinal tract from the invasion of commensal and pathogenic microorganisms and maintains the homeostasis of the GI tract, which relies on the IECs and immune cells as well as the sophisticated and complex cooperation between them. NADPH oxidases expressed in these cells, especially NOX1 in the colon epithelial cells, may orchestrate many functions required for mucosal immunity and homeostasis. However, important status often means that dysregulation and/or dysfunction will bring risks to the host. Loss-of-function or excessive activity of NOX1 has been shown to be associated with IBD. However, the current understanding of the function and regulation of NOX1 in intestinal immunity and inflammation remains to be deepen.

In this context, the objectives of my thesis were: In a second work, in order to identify new regulators of NOX1 in inflammatory conditions, we immunoprecipitated NOXO1, which we found to be the mostly modulated by TNFα and IL-17, and identified its bound partners by mass spectrometry analysis in collaboration with the proteomic core facility from Institut Jacques Monod (Paris 7). Strikingly, CK2 was found to be a major partner and we demonstrated that it was able to restrain NOX1 activity in colonic epithelial cells and temper experimental colitis. This work where I am first author is under submission.

This research has allowed 1) to clarify the effect of pro-inflammatory cytokines that are highly secreted during IBD on the expression and activation of NOX1 2) to elucidate the functional role of NOX1-derived ROS in epithelial colonic cells 3) to identify a new regulator of NOX1. This knowledge is crucial for the development of pharmacological tools targeting NOX1, its effectors or regulators, in the treatment of IBD.

RESULTS

Article 1: NOX1-derived ROS drive the expression of Lipocalin-2 in colonic epithelial cells in inflammatory conditions

Although several studies have reported a role for NOX1 in mucosal innate immunity (Corcionivoschi et al., 2012;[START_REF] Hayes | Defects in Nicotinamide-adenine Dinucleotide Phosphate Oxidase Genes NOX1 and DUOX2 in Very Early Onset Inflammatory Bowel Disease[END_REF][START_REF] Rokutan | NADPH oxidases in the gastrointestinal tract: A potential role of Nox1 in innate immune response and carcinogenesis[END_REF], it is still not entirely clear how ROS produced by NOX1 confer host protection against intestinal microbial pathogens.

Contrary to the rapid and robust production of ROS induced by NOX2 activation, the production of ROS by NOX1 is persistent and low, and is therefore unlikely to exert a direct microbicidal effect. One suggested mechanism by which ROS generated by epithelial NOXs may be involved in enteric bacterial defense is by altering bacterial capsule formation and virulence through the disruption of bacterial signaling (Corcionivoschi et al., 2012).

Our study uncovers a new mechanism by which NOX1 may participate to innate immunity, as we demonstrate that in colonic epithelial cells NOX1-derived ROS drive the expression of the bacteriostatic protein LCN-2. The underlying mechanisms involve an increase in NOXO1 expression that is controlled by the TNFα-and IL-17-activated p38MAPK and JNK1/2 pathways. Consequently, NOX1 activity is increased and the resulting ROS induce the expression of IκB-ζ, allowing the expression of LCN-2. In addition, in during TNBS-induced colitis, NOX1 deficiency leads to a decrease in LCN-2 production and JNK activation as well as alleviates colon damage. Finally, NOXO1 and LCN-2 expression increase in the biopsies from patients with CD. All of above data support that NOX1 might play a key role in mucosal immunity and inflammation by controlling LCN-2 expression.

ARTICLE

NOX1-derived ROS drive the expression of Lipocalin-2 in colonic epithelial cells in inflammatory conditions

Nesrine Makhezer 1,2 , Marwa Ben Khemis 1,2 , Dan Liu 1,2 , Yamina Khichane 1,2 , Viviana Marzaioli 1,2 , Asma Tlili 1,2 , Marjan Mojallali 1,2 , Coralie Pintard 1,2 , Philippe Letteron 1,2 , Margarita Hurtado-Nedelec 1,2,3 , Jamel El-Benna 1,2 , Jean-Claude Marie 1,2 , Aurélie Sannier 4 , Anne-Laure Pelletier 5 and Pham My-Chan Dang 1,2 Inflammatory bowel disease (IBD) is characterized by severe and recurrent inflammation of the gastrointestinal tract, associated with altered patterns of cytokine synthesis, excessive reactive oxygen species (ROS) production, and high levels of the innate immune protein, lipocalin-2 (LCN-2), in the mucosa. The major source of ROS in intestinal epithelial cells is the NADPH oxidase NOX1, which consists of the transmembrane proteins, NOX1 and p22 PHOX , and the cytosolic proteins, NOXO1, NOXA1, and Rac1. Here, we investigated whether NOX1 activation and ROS production induced by key inflammatory cytokines in IBD causally affects LCN-2 production in colonic epithelial cells. We found that the combination of TNFα and IL-17 induced a dramatic upregulation of NOXO1 expression that was dependent on the activation of p38MAPK and JNK1/2, and resulted into an increase of NOX1 activity and ROS production. NOX1-derived ROS drive the expression of LCN-2 by controlling the expression of IκBζ, a master inducer of LCN-2. Furthermore, LCN-2 production and colon damage were decreased in NOX1-deficient mice during TNBS-induced colitis. Finally, analyses of biopsies from patients with Crohn's disease showed increased JNK1/2 activation, and NOXO1 and LCN-2 expression. Therefore, NOX1 might play a key role in mucosal immunity and inflammation by controlling LCN-2 expression.
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INTRODUCTION

Inflammatory bowel disease (IBD) represents a group of chronic relapsing disorders, comprising Crohn's disease (CD) and ulcerative colitis, all characterized by severe, uncontrolled and recurrent inflammation of the gastrointestinal tract, arising from a dysregulated immune response to the intestinal microflora. The etiology and pathogenesis of the disease are multifactorial and may include predisposing genetic background, environmental factors, and gut microbial dysbiosis. 1 The aberrant immune responses bring about altered patterns of cytokine synthesis by immune cells from the lamina propria 2 and excessive reactive oxygen species (ROS) production in the inflamed mucosa. 3-5 Tumor necrosis factor-α (TNFα) and interleukin-17 (IL-17) are two dominant players in IBD, as evidenced by the discovery of the dramatic beneficial effect of TNFα blockade therapy in CD, 6 and the massive infiltration of Th17 cells, characterized by their ability to produce high levels of IL-17A and IL-17F in the inflamed mucosa of IBD patients. 7 These two pro-inflammatory cytokines control multiple cellular processes that contribute to chronic inflammation, such as the production of inflammatory mediators by immune cells and epithelial cells, and the recruitment and activation of the inflammatory cells mainly, neutrophils, macrophages, and dendritic cells. 2,8 One of the major sources of ROS in immune and epithelial cells is the nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs), a unique family of enzymes dedicated to the production of superoxide anion (O 2

-

) and hydrogen peroxide (H 2 O 2 ). This family encompasses seven members, i.e., NOX1-5 and DUOX1-2. NOX2 is expressed in phagocytes (neutrophils, monocytes, macrophages) and is well known to play a crucial role in host defense against microbial infections. 9 The intestinal mucosal epithelium also expresses NOX isoforms, with NOX1 abundantly expressed in the colon, 10 and DUOX2 found all along the digestive tract. 11 NOX1 is an enzyme complex that consists of the transmembrane proteins, NOX1 and p22 PHOX , and the cytosolic proteins, NOX organizer 1 (NOXO1), NOX activator 1 (NOXA1), and Rac1. All components are required for the activity of the enzyme. The membrane p22 PHOX subunit stabilizes NOX1, the catalytic core that gave its name to the whole complex, whereas NOXO1 and NOXA1 regulate NOX1 activity by organizing its assembly and promoting its catalytic activity, respectively. 12 A role for both NOX1 and DUOX2 has been reported in mucosal innate immune defense and homeostasis, exerting an effect on bacterial pathogenicity or favoring cell proliferation and wound healing. 13-15 However, a detrimental role has also been suggested, as studies showed that NOX1 is responsible for ileocolitis in mice and that DUOX2 is upregulated in active colitis. 16,17 During IBD, a defect in the barrier function of the mucosa results in the translocation of commensal bacteria and microbial products from the lumen toward the intestinal epithelium. In addition to antimicrobial peptides such as β-defensins, REG3γ and REG3β, which are essential to protect against infection, 18 the expression of lipocalin-2 (LCN-2) by intestinal epithelial cells also ensures mucosal defense by limiting bacterial growth. 19 LCN-2, also known as neutrophil gelatinase-associated protein (NGAL), is a 25-kDa glycoprotein originally identified and purified from human neutrophil specific granules. 20 It can act as a bacteriostatic agent that interferes with siderophore-mediated iron acquisition by bacteria, 21,22 and its expression has been shown to be induced by oxidative stress. 23 Interestingly, LCN-2 expression is strongly upregulated in colonic epithelium during IBD where oxidative stress is observed. 2-5,24 Its protective role in intestinal inflammation and homeostasis has been demonstrated; 25,26 however, its ability to bind MMP-9 (or gelatinase B) and to preserve MMP9 enzymatic activity may also favor the inflammatory processes. 27 Here, we investigated whether NOX1 activation and ROS production induced by key inflammatory cytokines in IBD causally affects LCN-2 production in colonic epithelial cells. We found that ROS produced by NOX1 drive the expression of LCN-2 in human epithelial cells co-stimulated by TNFα and IL-17, and that the underlying mechanisms involve a p38MAPK-JNK/NOXO1/IkBζ axis. In addition, LCN-2 production and colon damage were decreased in NOX1-deficient mice during TNBS-induced colitis. Finally, analyses of biopsies from patients with CD showed increased JNK activation, and NOXO1 and LCN-2 expression. Therefore, NOX1 might play a key role in mucosal immunity and inflammation by controlling LCN-2 expression.

RESULTS

IL-17 potentiates TNFα-induced NOXO1 expression and ROS production in the human T84 colonic epithelial cell line During IBD, secretion of cytokines by mucosal immune cells such as dendritic cells, monocytes/macrophages, T helper 17 cells (Th17), and regulatory T cells (Tregs), is dramatically enhanced. 2 We analyzed the effect of several of these cytokines on the expression of NOX1 subunits in the T84 human colonic epithelial cell line. These included IL-23, TNF-α, and IL-6, which are produced by dendritic cells, monocytes, or macrophages, IL-17 and IL-22 produced by Th17, and TGF-β produced by Tregs. 2 Only TNF-α, and to a lower extent IL-17, increased the expression of NOX1 subunits, with a predominant effect on NOXO1 (Fig. 1a and S.1). Quantification showed that the effect of IL-17 on NOXO1 expression was much weaker than that of TNFα (Fig. 1b). NOXA1 was only weakly modulated by TNF-α or IL-17 (S.1A), whereas NOX1 was upregulated only at the mRNA level (S.1B) and not at the protein level (S.1C). IL-6, IL-23, TGF-β, and IL-22 had no direct effect on NOXO1 (Fig. 1a) or NOXA1 expression (S.1A). As Th17 and their related cytokines have emerged as important mediators of IBD, 2,7 we investigated whether the hallmark Th17 cytokines, i.e., IL-17 and IL-22, which per se have little or no effect, respectively, could modulate TNFα-induced expression of NOX1 subunits. TNF-α was used at a concentration of 5 ng/ml in order to optimally detect modulating effects. Interestingly, IL-17 markedly increased TNFα-induced NOXO1 expression in a concentration-dependent manner (Fig. 1c). By contrast, no such effect was observed with IL-22 (Fig. 1d). The potentiating effect of IL-17 on the TNFα-induced response was also predominant for NOXO1 (Fig. 1e,f). Indeed, the expression of NOXA1 and p22 PHOX was either not modulated or only weakly at the mRNA and protein levels by TNFα+IL-17. Interestingly, NOX1 expression was also upregulated by TNFα+IL-17 at the mRNA level, but not at the protein level (Fig. 1e,f). mRNA expression of other NOX family members, i.e., NOX2, NOX3, NOX4, and NOX5, was not modulated by TNFα, IL-17, or TNFα+IL-17, but that of DUOX2 was slightly increased by TNFα+IL-17 (S.2A); however, DUOX2 could not be detected at the protein level with or without stimulation (S.2B). Surprisingly, a basal expression of NOX2 mRNA was detected in T84 cells, but was not modulated by cytokines (S.2A), and did not result into NOX2 protein expression (S.2B). Together, these data indicate that the co-stimulatory effect of TNFα+IL-17 is selective for NOX1 subunits, in particular NOXO1.

To determine if the synergistic effect of TNFα and IL-17 on NOXO1 expression was associated with a synergistic effect on ROS production, we used the luminol-amplified chemiluminescence and SOD-inhibitable reduction of cytochrome c assays to assess ROS production in the presence of phorbol myristate acetate (PMA) that allows optimal activation of the NOX1 complex and therefore a better visualization of its activity 28 (Fig. 2a,b). While IL-17 by itself did not trigger ROS production, it clearly potentiated TNFα-induced ROS production (Fig. 2a,b). Furthermore, diphenyleneiodonium (DPI), an inhibitor of NOXs, inhibited this ROS production (Fig. 2b). In the absence of PMA, a weak signal that tends toward the same results was observed with the chemiluminescence technique (data not shown). ROS production was observed both with the luminol-amplified chemiluminescence technique, which detects intra-and extracellular ROS, and with the SOD-inhibitable reduction of cytochrome c, which only detects extracellular ROS. This suggests that the NOX1 complex might be expressed both intracellularly and at the plasma membrane. Confocal microscopy performed on TNF-α+IL-17-stimulated T84 cells showed that NOXO1 was indeed found close to the plasma membrane, but also in the cytoplasm with a dotted pattern, suggesting localization to intracellular vesicles (not shown).

The co-stimulatory effect of TNFα and IL-17 on NOXO1 expression and ROS production involves the p38MAPK and JNK1/2 pathways in colonic epithelial cells As TNFα and IL-17 are known to induce the activation of ERK1/2, p38MAPK, and JNK1/2, 29,30 we investigated whether these pathways were involved in NOXO1 expression in colonic epithelial cells co-stimulated by TNFα+IL-17. As expected, TNFα or IL-17 were each able to activate these signaling pathways, as evidenced by an increase in ERK1/2, p38MAPK, and JNK1/2 phosphorylation (S3A). Under the same conditions, AKT was barely activated (S3A). TNFα and IL-17 activated ERK1/2 and p38MAPK with the same efficiency, while IL-17 was less efficient than TNFα at activating JNK1/2 (S3A and S3B). The combination of TNF-α and IL17 further increased the activation of p38MAPK and JNK1/2, but not that of ERK1/2 (Fig. 3a). To determine whether these pathways were involved in NOXO1 expression, cells were first treated with UO126 (10 μM), SB203580 (25 µM), SP600125 (20 µM), or wortmannin (500 nM), inhibitors of the ERK1/2, p38MAPK, JNK1/2, and PI3K/ AKT pathways, respectively, then stimulated with TNFα, IL-17, or TNFα+IL-17. As shown in Fig. 3b, the expression of NOXO1 induced by TNFα, and to a lower extent by IL-17, was inhibited by SB203580 (SB) or SP600125 (SP), but not by UO126 (UO) or wortmannin (Wort), indicating that the p38MAPK and JNK1/2 pathways regulated NOXO1 expression under these conditions. In contrast to SP and SB, UO126 induced an increase in NOXO1 expression. Likewise, the co-stimulatory effect of TNFα+IL-17 on NOXO1 expression was inhibited by SB203580 or SP600125, but not by UO126 or wortmannin, showing that the p38MAPK and JNK1/2 pathways also controlled NOXO1 expression in costimulatory conditions (Fig. 3c,d). UO126, SB203580, SP600125, and wortmannin had no effect on cell viability (S4A). Interestingly, the ROS production induced by TNFα and TNFα+IL-17 was also inhibited by SB203580 or SP600125, and not by UO126 or wortmannin (Fig. 3e). The close association between NOXO1 e-xpression level and the capability of cells to produce ROS provides evidence for the involvement of the NOX1 complex in ROS production in cells stimulated by TNFα and TNFα+IL-17.

Co-stimulation of colonic epithelial cells with TNFα and IL-17 induced the expression of LCN-2 in a p38MAPK-and JNK1/2dependent manner As LCN-2 is strongly upregulated in colonic epithelium during IBD, 24 and TNFα and IL-17 are known to regulate the expression of LCN-2 in T84 cells, 31 we wanted to determine whether there was a relation between LCN-2 and NOXO1 expression. First, we showed that TNFα+IL-17 strongly upregulated the expression of LCN-2, whereas each cytokine alone had no significant effect (Fig. 4a,b), and the time-course of NOXO1 expression coincided with the one of LCN-2 (Fig. 4c). Second, IL-22, which had no synergistic effect with TNF-α on NOXO1 expression, did not affect the expression of LCN-2 in the presence of TNF-α, as opposed to IL-17 (Fig. 4d).

Finally, as with NOXO1, expression of LCN-2 co-induced by TNF-α +IL-17 was inhibited by SP600125 and SB203580, inhibitors of the JNK 1/2 and p38MAPK pathways, respectively, but not by UO126, inhibitor of the ERK 1/2 pathway (Fig. 4e). Thus, in intestinal epithelial cells, both LCN-2 and NOXO1 expression are similarly Expression of LCN-2 induced by co-stimulation of colonic epithelial cells with TNF-α and IL-17 is dependent on NADPH oxidase-derived ROS As the expression of NOXO1 and LCN-2 co-induced by TNFα+IL-17 was closely linked in colonic epithelial cells, we hypothesized that ROS produced by NOX1 might control the expression of LCN-2. To verify that NADPH oxidase-derived ROS are indeed involved in the regulation of LCN-2, T84 cells were stimulated or not with TNFα, IL-17, or TNFα+IL-17, and treated with N-acetylcysteine (NAC), a ROS scavenger, or DPI, an inhibitor of NOXs. As shown in Fig. 5a, NAC and DPI clearly inhibited LCN-2 expression co-induced by TNFα +IL-17, and this effect was concentration-dependent, starting at 5 mM for NAC (Fig. 5b, left) and 50 nM for DPI (Fig. 5b, right). NAC and DPI had no effect on cell viability under our experimental conditions (S.4B). In contrast to LCN-2, the induction of several cytokines and chemokines by TNFα+IL-17, such as GROβ/γ, CXCL1, IL-8, and RANTES, assessed with a semi-quantitative Human Cytokine Antibody Array, was not inhibited by DPI (Fig. 5c).

Quantitative measurement of IL-8 using the Single Analyte ELISA Kit confirmed the absence of effect by DPI on TNFα, IL-17, and TNFα+IL-17-induced secretion of IL-8 (Fig. 5d). Therefore, in colonic epithelial cells co-stimulated by TNFα+IL17, NADPH oxidase-derived ROS selectively drives the expression of LCN-2.

NOX1-derived ROS drive the expression of Lipocalin-2 in colonic epithelial cell line co-stimulated by TNFα and IL-17

The above results strongly suggest that expression of LCN-2 induced by TNFα+IL-17 is controlled by NOX1-derived ROS via the increase of NOXO1 expression. To confirm this hypothesis, expression of NOXO1 was specifically inhibited using a pool of three target-specific NOXO1 siRNAs in cells stimulated or not by TNFα, IL-17, or TNFα+IL-17. Under these conditions, NOXO1 expression was indeed repressed at the protein level by NOXO1 siRNAs, and not by the scrambled siRNAs (Fig. 6a, left and right), as was the expression of LCN-2 (Fig. 6b, left and right). Furthermore, NOXO1 siRNAs, but not scrambled siRNAs, significantly decreased ROS production in intestinal epithelial cells costimulated by TNFα+IL-17 (Fig. 6c). As a functional NOX1 complex is constituted of NOX1, p22 PHOX , NOXA1, and Rac1 in addition to NOXO1, we next checked whether NOX1 siRNAs could also inhibit TNFα+IL-17-induced expression of LCN-2. As shown in Fig. 6d (upper), a pool of three target-specific NOX1 siRNAs repressed the expression of the targeted gene, NOX1, at the mRNA level while scrambled siRNAs had only a marginal effect. Furthermore, NOX1 siRNAs specifically decreased the expression of LCN-2 (Fig. 6d, lower). Thus, the above data confirm that NOX1-derived ROS support the expression of 2 IL-17 potentiates TNF-α-induced ROS production in colonic epithelial cell. T84 cells were treated by TNFα (5 ng/ml), IL-17 (50 ng/ ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml) for 24 h at 37 °C. ROS production was then measured as described in "Methods" by a luminol-amplified chemiluminescence in cells in 100 μl of Hank's balanced salt solution (HBSS) containing 10 µM luminol, 2.5 U/ml horseradish peroxidase (HRPO), and 500 ng/ml of PMA for optimization of NOX1 detection activity or b by the superoxide dismutaseinhibitable reduction of cytochrome c at 550 nm as an end point in 0.5 ml of HBSS in the presence of PMA (500 ng/ml), with (white) or without (black) DPI (1 μM). Results are expressed as means ± SEM of at least three independent experiments; *p < 0.05 as compared to untreated cells, # p < 0.05 as compared to TNFα-treated cells Fig. 1 Screening of the effects of several key pro-inflammatory cytokines found in IBD reveals the synergistic activity of TNF-α and IL-17 on the expression of NOXO1 in T84 colonic epithelial cells. a, b T84 colonic epithelial cells were treated for 24 h at 37 °C with TNFα, IL-17, IL-6, IL-23, TGFβ, or IL-22 at the indicated concentrations, then washed, and lysed. Total protein was assessed, and samples were subjected to SDS-PAGE (11%) and analyzed by western blotting using specific rabbit anti-NOXO1 polyclonal antibodies. The blots were reprobed with mouse anti-βactin antibody as loading control. Recombinant NOXO1 (Rec. O1) was used as a positive control. The ratio of NOXO1 to the total amount of βactin (b) was quantified using Image J 1.43u software (Wayne Rasband, National Institute of Health, USA). Values are expressed as means ± SEM of three independent experiments; *p<0.05 as compared to the control (unstimulated cells). c T84 cells were treated with a combination of TNFα (5 ng/ml) + IL-17 (25,[START_REF] Towbin | Electrophoretic transfer of proteins from polyacrylamide gels to nitrocellulose sheets: procedure and some applications[END_REF], or 100 ng/ml) or with each cytokine alone (TNFα at 5 ng/ml, IL-17 at 100 ng/ml) for 24 h at 37 °C, and samples were analyzed as described in a. Results are expressed as means ± SEM of three independent experiments; *p < 0.05, **p < 0.01, and ***p < 0.001. d Colonic epithelial cells were treated with the combination of TNFα (5 ng/ml) + IL-22 (25,[START_REF] Towbin | Electrophoretic transfer of proteins from polyacrylamide gels to nitrocellulose sheets: procedure and some applications[END_REF], or 100 ng/ml) or each cytokine alone (TNFα at 5 ng/ml, IL-22 at 100 ng/ml) for 24 h at 37 °C, and samples were analyzed as described in a. Results are expressed as means ± SEM of three independent experiments; ns = non-significant. e Colonic epithelial cells were treated with TNFα (5 ng/ml), IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml). Total RNA was then extracted and RT-PCR was performed as described in "Methods" using NOX1, NOXA1, NOXO1, or p22 PHOX gene-specific primers. Human GADPH served as internal control. f T84 cells were treated with TNFα (5 ng/ml), IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml). Samples were analyzed by western blotting using specific rabbit anti-NOX1, anti-NOXO1, anti-NOXA1, and anti-p22 PHOX polyclonal antibodies. β-actin served as loading control as above of NF-κB( I κB)-ζ to the promoter region (Fig. 7a). 32 Despite its name, IκB-ζ, a non-canonical member of the NF-κB transcription factor family, can act as a positive regulator of NF-κB upon interaction with the NF-κB-p50 subunit. 33 We therefore determined whether NOX1-derived ROS could drive the expression of LCN-2 through the regulation of NF-κB (p50/p65) activation and/or IκBζ expression in T84 cells. First, the activation status of NF-κB and the level of IκB-ζ expression were analyzed in resting, and TNFα, IL-17, or TNFα+IL-17-stimulated cells. Activation of NF-κB was evaluated by the phosphorylation of the NFκB-p65 subunit. As shown in Fig. 7b, phosphorylation of the NFκB-p65 subunit was enhanced as compared to resting cells in TNFα-stimulated T84 cells, whereas no induction of IκBζ was observed. In IL-17stimulated cells, phosphorylation of the NFκB-p65 subunit was also increased, and expression of IκBζ was slightly induced (Fig. 7b). In contrast, both NFκB-p65 phosphorylation and IκBζ expression were increased in TNFα+IL-17-stimulated cells (Fig. 7b). Of note, as found in other studies, 24 the combination of TNFα+IL-17 was more efficient at inducing expression of IκB-ζ than IL-17 alone, a condition where LCN-2 mRNA was also the most highly expressed (Fig. 7a). Next, the potential role of NOX1-derived ROS on the regulation of NF-κB (p50/p65) activation and/or IκB-ζ expression was analyzed using the ROS scavenger NAC, the NADPH oxidase inhibitor DPI, and NOXO1 siRNA strategy. -2), in a p38MAPK-and JNK1/2-dependent manner in colonic epithelial cells. a-d Except where indicated, T84 colonic epithelial cells were stimulated with TNFα (5 ng/ml), IL-17 (50 ng/ml), IL-22 (50 ng/ml), TNFα (5 ng/ml) + IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-22 (50 ng/ml) for 24 h at 37 °C, and the expression of LCN-2 was then analyzed by western blotting using an anti-LCN-2 antibody. The blots were probed again with mouse anti-β-actin antibody as loading control. The ratio of LCN-2 to the total amount of β-actin (b) was quantified using the Image J software. Results are expressed as means ± SEM of three independent experiments; **p < 0.01, ***p < 0.001. e T84 cells were stimulated with TNFα (5 ng/ml), IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml) for 24 h at 37 °C in the presence or absence of SP600125 (20 µM), UO126 (10 μM), or SB203580 (25 µM), and the expression of LCN-2 was then analyzed by western blotting using an anti-LCN-2 antibody. The blots were probed again with a mouse anti-β-actin antibody as a loading control Fig. 3 The co-stimulatory effect of TNFα and IL-17 on NOXO1 expression and ROS production involves p38MAPK and JNK1/2 pathways in colonic epithelial cells. a T84 colonic epithelial cells were stimulated with TNFα (5 ng/ml), IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml) for 30 min at 37 °C; activation of ERK1/2, p38MAPK, or JNK1/2 was assessed by western blot using phospho-ERK1/2, phospho-p38MAPK, or phospho-JNK1/2, respectively. The blots were probed again with rabbit anti-ERK1/2, anti-p38MAK, or anti-JNK1 as loading controls. Representative of three independent experiments. b T84 colonic epithelial cells were stimulated with TNFα (5 ng/ml) or IL-17 (50 ng/ml) alone for 24 h at 37 °C in the presence or absence of UO126 (10 μM), SB203580 (25 µM), SP600125 (20 µM), or wortmannin (500 nM) and expression of NOXO1 was analyzed by western blotting using anti-NOXO1 antibody. Results are expressed as means ± SEM of at least three independent experiments; *p < 0.05 as compared to control. R: resting; C: control (no inhibitor). c, d T84 colonic epithelial cells were stimulated with TNFα (5 ng/ml), IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml) for 24 h at 37 °C in the presence or absence of UO126 (10 μM), SB203580 (25 µM), SP600125 (20 µM), or wortmannin (500 nM); and the expression of NOXO1 was analyzed by western blotting using anti-NOXO1 antibody. The ratio of NOXO1 to the total amount of β-actin (d) was quantified using the Image J 1.43u software (Wayne Rasband, National Institute of Health, USA). Results are expressed as means ± SEM of three independent experiments; *p<0.05 as compared to unstimulated cells, † p<0.05 as compared to TNFα-stimulated cells, # p < 0.05, and ### p < 0.001 as compared to cells non-treated with inhibitors (CTL) under the same conditions of stimulation. e T84 cells were stimulated with TNFα (5 ng/ml), IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml) for 24 h at 37 °C in the presence or absence of UO126 (10 μM), SB203580 (25 µM), SP600125 (20 µM), or wortmannin (500 nM), and ROS production was then measured as described in "Methods" by the superoxide dismutase-inhibitable reduction of cytochrome c at 550 nm in 0.5 ml of HBSS in the presence of PMA (500 ng/ml) as an end point. Results are expressed as means ± SEM of three independent experiments; *p<0.05 as compared to unstimulated cells, † p<0.05 as compared to TNFα-stimulated cells, and # p < 0.05 as compared to cells non-treated with inhibitors (CTL) under the same conditions of stimulation ontrol cells, while scrambled siRNAs did not alter the expression of IκB-ζ (Fig. 7e), thereby confirming that NOX1-derived ROS regulate the expression of IκB-ζ.

In order to determine if LCN-2 expression is similarly regulated in primary epithelial cells, we developed human colon organoids from biopsies of patients without IBD undergoing routine colonoscopy as described in the Supplementary Methods. 5 Expression of LCN-2, but not of chemokines, is inhibited by NAC and DPI in colonic epithelial cells co-stimulated with TNFα and IL-17. a T84 cells were stimulated with TNFα (5 ng/ml), IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml) for 24 h at 37 °C in the presence or absence of NAC (20 mM) or DPI (1 μM). Expression of LCN-2 was then analyzed by western blot using an anti-LCN-2 antibody. The blots were probed again with a mouse anti-β-actin antibody as loading control. b T84 cells were stimulated with TNFα (5 ng/ml) + IL-17 (50 ng/ml) for 24 h at 37 °C and the concentration-dependent effect of NAC and DPI on the expression of LCN-2 was analyzed. c T84 cells were stimulated or not (CTL) with TNFα (5 ng/ml) + IL-17 (50 ng/ml) for 24 h at 37 °C in the presence or absence of DPI (1 μM). Cytokines were measured in the supernatant of cell cultures according to the manufacturer's instructions by using the semi-quantitative Human Cytokine Antibody Array from RayBiotech. The map of the cytokine array is shown on the left panel and the cytokines that were increased after TNFα and IL-17 treatment are shown in gray on the array map. Results are representative of two independent experiments. d Quantitative measurement of IL-8 was performed using the Single Analyte ELISA Kit from Qiagen according to the manufacturer's instructions after stimulation of cells with TNFα (5 ng/ml), IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml) for 24 h at 37 °C in the presence or absence of DPI (1 μM). Results are representative of two independent experiments performed in triplicate and expressed as means ± SEM; *p<0.05, **p < 0.01 as compared to unstimulated cells model of colonic inflammation induced by 2,4,6-trinitrobenzene sulfonic acid (TNBS) in which macrophage-derived cytokines, such as TNFα and Th17 cytokines such as IL-17, have been shown to play a role in the underlying inflammatory response. 34 As shown in Fig. 8 and in agreement with the study by Yokota et al., 35 we found that NOX1-deficient mice were protected against colon damage as compared to wild type mice (Fig. 8a). This was evidenced by a decrease in the colon weight/lenght ratio (Fig. 8b) and a lower Wallace score (Fig. 8c) that reflects the severity of the damage induced by TNBS (Fig. 8a). Histological examination of the colon confirmed these observations and showed extensive ulceration and abundant infiltration of inflammatory cells accompanied by loss of crypts in wild-type mice treated with TNBS, whereas cell damage and infiltration of inflammatory cells were significantly attenuated in NOX1-deficient mice (Fig. 8d). In addition, NOX1 expression was increased in wild-type mice during TNBS-induced colitis, while lack of NOX1 expression was confirmed by western blot in NOX1-deficient mice (Fig. 8e). Colonic epithelial cells were stimulated with TNFα (5 ng/ml), IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml), and transfected with a pool of three target-specific1 9 -25 nt NOXO1 siRNAs or scrambled siRNA as indicated in "Methods". Expression of NOXO1 (a) or LCN-2 (b) was analyzed 24 h after transfection by western blotting (left). The ratio of NOXO1 and LCN-2 to the total amount of β-actin was quantified using Image J (right). Values are expressed as means ± SEM of three independent experiments; *p < 0.05 as compared to control cells not treated with siRNAs (CTL), # p < 0.05 as compared to scrambled siRNA (si-Scr) treated cells. c T84 cells stimulated with TNFα (5 ng/ml), IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml) were transfected with a pool of three target-specific1 9 -25 nt NOXO1 siRNAs or scrambled siRNA as indicated in "Methods". Cells were washed 24 h after transfection, and ROS production was measured by superoxide dismutase-inhibitable reduction of cytochrome c at 550 nm in 0.5 ml of HBSS in the presence of PMA (500 ng/ml) as an end point. Values are expressed as means ± SEM of three independent experiments; *p < 0.05 as compared to scrambled siRNA (black) treated cells. d T84 cells stimulated with TNFα (5 ng/ml) + IL-17 (50 ng/ml) were transfected with a pool of three target-specific19-25 nt NOX1 siRNAs or scrambled siRNA. Expression of NOX1 was analyzed 24 h later by RT-PCR (upper), and expression of LCN-2 was analyzed by western blotting (lower). β-Actin was used as a loading control and human GADPH served as an internal control Interestingly, the LCN-2 levels in NOX1-deficient mice were clearly decreased in the colon during TNBS-induced colitis as shown by immunoblotting (Fig. 8f) and ELISA quantification (Fig. 8g) in comparison to wild-type mice where a dramatic increase could be observed (Fig. 8f,g). These data suggest that NOX1 might contribute to LCN-2 production and colon damage in vivo.

The activation of JNK1/2 and the expression of NOXO1 and LCN-2 are enhanced in biopsies from patients with CD High levels of cytokines, including TNF-α and IL-17, 2,24 are found in patients with IBD, and previous studies have shown that the expression of LCN-2 is increased in the epithelium from these patients. As our data showed that combination of the pro- b T84 colonic epithelial cells were stimulated with TNFα (5 ng/ml), IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml) for 24 h at 37 °C. Activation of NF-κB was assessed with a phospho-NF-κB-p65 antibody and expression of IκBζ was analyzed with an IκBζ antibody. The blots were reprobed with anti-P65 or β-actin as loading controls. c T84 cells were stimulated with TNFα (5 ng/ml) + IL-17 (50 ng/ml) in the presence or absence of different concentrations of NAC or DPI at 37 °C for 24 h, and expression of IκBζ was analyzed. d T84 cells were stimulated with TNFα (5 ng/ml) + IL-17 (50 ng/ml) in the presence or absence of different concentrations of NAC or DPI at 37 °C for 24 h, and activation of NF-κB was assessed with a phospho-NF-κB-p65 antibody. e T84 cells stimulated with TNFα (5 ng/ml) + IL-17 (50 ng/ml) were transfected with a pool of three target-specific1 9 -25 nt NOXO1 siRNAs or scramble siRNA as indicated in "Methods". Expression of IκBζ was analyzed 24 h later with an IκBζ antibody (upper). The ratio of IκBζ to the total amount of β-actin was quantified using Image J (lower). Results are expressed as means ± SEM of three independent experiments; *p < 0.05 as compared to control cells not treated with siRNAs (CTL), # p < 0.05 as compared to scramble siRNA (si-Scr) treated cells. f Colon organoids were established from colon biopsies of control patients as detailed in the Supplementary Methods. At Day 8, organoids were stimulated with TNFα (5 ng/ml), IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml) for 24 h at 37 °C in the presence or absence of NAC (20 mM) or DPI (0.2 μM). Expression of NOXO1, IkB-ζ, LCN-2, and β-actin were analyzed by western blot with specific antibodies. Scale bar: 100 μm inflammatory TNFα and IL-17 cytokines could increase the expression of LCN-2 via a p38MAPK-JNK/NOXO1/IkBζ axis in colonic epithelial cells, we sought to determine whether activation of JNK1/2 and expression of NOXO1 were also upregulated in biopsies from patients with CD. Patients did not receive any medication at the time of biopsy collection, except for one who received sulfasalazine. Clinical status was assessed by the Crohn's Disease Activity Index (CDAI) 36 on the day of endoscopic examination (Supplemental Table I). Tissue samples from CD patients were taken from inflamed and adjacent non-inflamed areas of the colon, except for one patient whose sample was taken from the rectum. Tissue samples from control patients without IBD undergoing routine colonoscopy were also taken from the colon. Histological examination of colon sections from CD patients stained with hematoxylin-eosin shows an ulcerated mucosa with cryptitis lesions and polymorphous infiltrate containing neutrophils and mononuclear cells in the inflamed area, and an architectural rearrangement with bifid crypts and mononuclear cells in quiescent non-inflamed area (Fig. 9a). As shown in Fig. 9b, c, expression of LCN-2 in tissue homogenates was increased in both inflamed (Infl.) and adjacent non-inflamed (Adj.) areas of the colon in patients with CD, whereas only a weak LCN-2 expression was seen in control colons (Ctl). Interestingly, the phosphorylation of JNK1/2 was also increased in the inflamed and adjacent noninflamed areas of the colon as compared to control patients, and was associated with increased NOXO1 expression, which was detected as the full-length form (41 kDa), but also and mostly as a 34-38-kDa degraded form (Fig. 9b,c). In contrast, expression of DUOX2, the other NOX homolog expressed in the intestines, did not appear to be significantly increased when analyzed by western blot (S.5A). However, immunohistochemistry showed a very weak labeling with the anti-DUOX2 antibody at the tip of normal epithelium, which was increased in both inflamed and non-inflamed areas of CD patients (S.5B, arrows). Interestingly, labeling was also observed in the crypts of the epithelium in the inflamed area (S.5B, arrows).

DISCUSSION

Intestinal epithelial cells are central to host defense against enteric pathogens, and the initiation and regulation of mucosal inflammation. The present study demonstrates that the bacteriostatic protein LCN-2 is regulated by NOX1 in colonic epithelial cells costimulated by TNF-α and IL-17. The underlying mechanisms involve an increase in NOXO1 expression that is controlled by the p38MAPK and JNK1/2 pathways. Consequently, NOX1 activity was increased and the resulting ROS induced the expression of IκB-ζ, allowing the expression of LCN-2 in conjunction with activated NF-κB (p50/p65) (Fig. 10). Interestingly, NOX1-deficient mice showed a decrease in colon damage and LCN-2 production during TNBS-induced colitis, suggesting the contribution of NOX1 to these processes in vivo. In addition, we found that phospho-JNK and expression of NOXO1 and LCN-2 were increased in biopsies from patients with CD as compared to control biopsies. Therefore, NOX1 expressed in intestinal epithelial cells might play a key role in mucosal immunity and inflammation by controlling LCN-2 expression. TNF-α and IL-17 are two key mediators in IBD; however, while TNF-α is a strong inducer of inflammation, IL-17 is not, despite having a strong impact on inflammation in vivo. 37 This may result from its ability to have a synergistic effect with other cytokines. In this study, we found that IL-17 potentiates TNFα-induced NOXO1 expression and consequently ROS production by NOX1, while having little effect on its own. Understanding the mechanisms underlying this synergistic effect is essential to understand the etiology of IBD and to develop novel pharmacological approaches for these diseases. Here, we found that the IL-17 and TNF-α signaling pathways converge at the level of the MAPK as both p38MAPK and JNK1/2 activation were increased by the cytokine combination (Fig. 3a). In addition, stabilization of mRNA may be another mechanism by which IL-17 can synergize with TNF-α,asit has been shown that IL-17 can promote mRNA stabilization by inducing the phosphorylation of mRNA destabilizing proteins such as tristetrapolin and blocking its ability to recruit the degradation machinery. 38 While TNFα+IL-17 increased NOXO1 and NOX1 mRNAs, only NOXO1 expression was increased at the protein level. This may be due to an inefficient translation of the NOX1 mRNA or a short half-life of the protein. It has been shown that steady-state transcript abundance only partially predicts protein abundance, and that contribution of translation and protein degradation can play an important role, perhaps even dominant, in the regulation of protein expression levels. 39 DUOX2, the other NOX homolog found in intestinal epithelial cells, 11 was not modulated by TNFα or IL-17 alone, and only weakly by the combination of the two cytokines at the mRNA level, and without protein expression increase. The lack of effect on DUOX2 expression by TNFα is in accordance with a previous study showing that TNFα was not able induce DUOX2 expression in ileal enteroids. 40 It has been reported that DUOX2 expression is mainly found in differentiated, postconfluent colon epithelial cells cultures. 11 Our study used exponentially growing non-confluent T84 cells, a condition that do not favor DUOX2 expression; therefore, we cannot totally exclude the possibility that DUOX2 could contribute to LCN-2 regulation in highly differentiated epithelial cells found at the apex of the epithelium. Using immunohistochemistry, we indeed found that DUOX2 expression increased at the apex of inflamed and non-inflamed epitheliums in CD patients as compared to that of normal epithelium. This regulation might occur downstream of NOX1, as it was recently shown that NOX1 could regulate the expression of DUOX2 in the intestinal epithelium. 41 Although several studies have reported a role for NOX1 in mucosal innate immunity, 13,42-44 it is still not entirely clear how ROS produced by NOX1 confer host protection against intestinal microbial pathogens. Contrary to the rapid and robust production of ROS induced by NOX2 activation, the production of ROS by NOX1 is persistent and low, and is therefore unlikely to exert a direct microbicidal effect. One suggested mechanism by which ROS generated by epithelial NOXs may be involved in enteric bacterial defense is by altering bacterial capsule formation and virulence through the disruption of bacterial signaling. 13 Our study uncovers a new mechanism by which NOX1 may participate to innate immunity, as we demonstrated that NOX1-derived ROS drive the expression of LCN-2 by controlling the expression of IκBζ, a required master regulator of LCN-2 expression. 32,33 IκBζ is a non-canonical member of the NF-κB transcription factor family, which shows structural and functional similarities with the IkB family proteins. IκBζ is barely detectable in resting cells, but is strongly induced upon stimulation of the innate immune system. It binds to the NF-κB-p50 subunit in the nucleus and regulates its transcriptional activity both positively and negatively depending on the genes. 32 How ROS generated by NOX1 induce the expression of IκBζ remains to be determined. However, our findings are in agreement with the observation that oxidative stress is associated with upregulation of IκBζ. 45 Contrary to IκBζ, activation of NF-κB was not dependent on ROS in colonic epithelial cells, as neither NAC nor DPI inhibited the phosphorylation of NFκB-p65. In accordance with this, we found that chemokine synthesis, in particular IL-8, which expression is under the control of NF-kB, was not inhibited by DPI in colonic epithelial cells co-stimulated by TNFα and IL-17.

LCN-2 was initially identified as a component of the neutrophil specific granules (hence its other name, NGAL for neutrophil associated gelatinase lipocalin), and was demonstrated to be a potent bacteriostatic agent. 22 This property results from its ability to bind siderophores, small chemical structures secreted by pathogenic bacteria that allow them to acquire the iron that is essential for their growth. Mice deficient in LCN-2 are more susceptible to bacteria that depend on siderophore-based iron uptake. 21 Therefore, by inducing the expression of LCN-2 in colonic epithelial cells, NOX1 could limit gut bacteria burden, thus ensuring intestinal homeostasis under physiological conditions. The increase of NOXO1 and LCN-2 expression in intestinal tissue from patients with IBD might represent a compensatory mechanism of host defense against pathogens that have translocated because of the defective barrier function of the mucosa associated with IBD. However, the ability of LCN-2 to bind MMP-9 (aka gelatinase B) and to preserve its enzymatic activity may also render LCN-2 overexpression detrimental by favoring tissue injury through MMP-9 activity 27 and MMP-9 stabilization, thus exacerbating inflammation and leading to cancerous processes. It is interesting to note that MMP9 is expressed in resting T84 cells and that its expression increased in TNFα and/or IL-17-stimulated cells (data not shown), arguing for this possibility. The fact that NOX1 deficiency is protective and associated with a decrease of LCN-2 production in the TNBS-induced colitis mouse model supports the detrimental effect of the NOX1-LCN-2 axis during pathological conditions such as intestinal inflammation. Interestingly, the increase of LCN-2 in colon biopsies from patients with CD was associated with enhanced expression of NOXO1 and its upstream regulating pathway, JNK1/2, in inflamed as well as non-inflamed areas of the colon. Of note, the pro-inflammatory cytokines TNF-α and IL-17 have also been found to be increased in both areas of the mucosa in IBD patients. 46,47 LCN-2 present in the inflamed intestinal mucosa could originate from epithelial cells or from immune cells, in particular neutrophils that store high amount of LCN-2 in their granules. However, a recent study using bone marrow-chimeric mice demonstrated that non-immune cells, especially intestinal epithelial cells, contributed to the majority of systemic LCN-2 in inflamed states. 26 In colon biopsies of patients with CD, the specific NOXO1 antibody 28 detected the protein as its full-length form (41 kDa), but also mostly as its 34-38 kDa degraded form. Interestingly, it has been demonstrated that NOX1 activity could be regulated by proteasomal degradation of NOXO1 in colon cancer cells. 48 In conclusion, our study revealed that production of ROS by NOX1 drives the expression of the bacteriostatic protein, LCN-2, in colonic epithelial cells co-stimulated with TNF-α and IL-17, and that the underlying mechanisms involve a p38MAPK-JNK/ NOXO1/IkBζ axis (Fig. 10). In addition, LCN-2 production and colon damage were decreased in NOX1-deficient mice during TNBS-induced colitis. Finally, phospho-JNK, NOXO1, and LCN2 expressions were increased in biopsies of patients with CD as compared to control biopsies. Therefore, NOX1 might play a key role in mucosal immunity and inflammation by controlling LCN-2 expression and inhibitors of NOX1 could be promising antiinflammatory agents in pathological conditions where NOX1 activation and LCN-2 production are dysregulated such as IBD.

METHODS

Reagents and antibodies

Details for reagents and antibodies can be found in the Supplementary Methods. Patients and tissue samples Human tissues were obtained after approval by the Bichat Hospital Institutional Review Board. Informed consent for the experimental use of the tissues was obtained during the patient hospitalization. Biopsies were obtained from patients subjected to colonoscopy either for confirmation of CD diagnosis or for routine control as detailed in the Supplementary Methods.

Measurement of ROS production ROS production was measured by the luminol-amplified chemiluminescence in the presence of horseradish peroxidase (HRPO) in a Spark multimode microplate reader (TECAN, Spark R ), or by the superoxide dismutase-inhibitable reduction of cytochrome c at 550 nm in a dual beam recording Uvikon 860 spectrophotometer thermostated at 37 °C as detailed in the Supplementary Methods. PMA (500 ng/ml) was added in the assays for optimization of NOX1 detection activity. 28 Cytokine measurement Cytokines were measured in the supernatant of cell cultures using the semi-quantitative Human Cytokine Antibody Array C1 from RayBiotech (Norcross, GA, USA) according to the manufacturer's instructions. Quantitative measurement of IL-8 was also performed using the Single Analyte ELISA Kit from Qiagen (Courtaboeuf, France) according to the manufacturer's instructions. A detailed protocol can be found in the Supplementary Methods.

Protein extraction and western blot analysis Colon biopsies were homogenized using rotor-stator while T84 cells were lysed in lysis buffer on ice. Protein concentration was determined by the Bradford method. 47 Samples were analyzed for protein expression and phosphorylation with target-specific antibodies using standard SDS-PAGE and immunoblotting techniques. Details can be found in the Supplementary Methods.

RT-PCR

Total RNA was extracted from T84 cells using the RNeasy Mini Kit from Qiagen (Courtaboeuf, France), and treated with RNase-free DNase in order to remove potential genomic DNA contaminants according to manufacturer's protocol. RNA concentrations were measured with the DeNovix DS 11 Series Microvolume Spectrophotometer. RT-PCR was performed with the Qiagen One-Step RT-PCR Kit with gene-specific primers as detailed in Supplementary Methods.

Cytotoxicity assay

The viability of T84 cells in the presence of inhibitors (UO126, SB203580, SP600125, wortmannin, DPI, NAC) was assessed using the Cyto-X Cell Cytotoxicity Kit (Cell Applications Inc., San Diego, CA) according to the manufacturer's instructions as detailed in Supplementary Methods.

Statistical analysis

Results are expressed as the mean ± SEM of at least three independent experiments. One-way ANOVA analysis of variance with the Tukey test for multiple comparisons was employed using GraphPad Prism version 5.0 for Windows (GraphPad Software, San Diego, CA). The threshold of significance was fixed at p < 0.05. Supplemental Figure 1 
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Supplementary Figure 1: Effect of cytokines on NOXA1 and NOX1 expression. A) T84 colonic epithelial cells were treated with TNF, IL-17, IL-6, IL-23, TGF or IL-22 at the indicated concentrations for 24 hr at 37°C, then washed, and lysed. Proteins were measured and samples were analyzed by western blotting using specific rabbit anti-NOXA1 polyclonal antibodies (left). The blots were probed again with a mouse anti--actin antibody as loading control. Recombinant NOXA1 (Rec. A1) was used as a positive control. The ratio of NOXA1 to the total amount of -actin was quantified using Image J (right). Data are expressed as means ± SEM of 3 independent experiments; *p< 0.05 when compared to controls (unstimulated cells); B) T84 cells were treated with TNF or IL-17 at the indicated concentrations for 24 hr at 37°C. Total RNA was then extracted and RT-PCR was performed as described in "Supplementary Methods" using NOX1 gene-specific primers and human GADPH as an internal control; C) Cells were treated as in B, but samples were then analysed by western blotting with an anti-NOX1 antibody. -actin was used as loading control. A) and B) T84 Colonic epithelial cells were treated with TNF (5 ng/ml) or IL-17 (50 ng/ml) alone for the indicated times and activation of ERK1/2, p38MAPK or JNK1/2 and AKT was assessed by western blotting using phospho-ERK1/2, phospho-p38MAPK, phospho-JNK1/2 or phospho-AKT specific antibodies, respectively. The blots were probed again with rabbit anti-ERK1/2, anti-P38MAK, anti-JNK1 or AKT antibodies as loading controls. The ratio of phosphorylated ERK1/2, p38 MAPK, and JNK1/2 to total ERK1/2, p38MAPK or JNK1 protein content was quantified using Image J. Data are expressed as means ± SEM of 3 independent experiments. *p< 0.05 when compared to unstimulated cells. colonoscopy that were obtained after approval by the Bichat Hospital Institutional Review Board. After several washes with ice cold PBS, biopsies were thoroughly minced into small pieces using sterile scissors, and the colon crypts were isolated with the Gentle Cell Dissociation Reagent (Stemcell Technologie, Grenoble, France) and passed through a Falcon® 70 µm cell strainer (Dutscher SAS, Brumath, France). Isolated crypts were then cultured in Corning® Matrigel® Matrix, Growth Factor Reduced (Dutscher SAS, Brumath, France) in the presence of a specific complete medium, IntestiCult™ Organoid Growth Medium (Stemcell Technologie, Grenoble, France), which allows for the establishment and long-term maintenance of organoids

Induction of TNBS-induced colitis in mice

Male C57BL/6J wild type mice (Janvier Laboratories, Le Genest-St-Isle, France) or deficient in Nox1 Y/-(The Jackson Laboratory, Sacramento, CA) were deprived of food overnight before colitis induction by intrarectal administration of TNBS (40 µl, 150mg/kg) dissolved in a 1:1 mixture of 0.9% NaCl with 100% ethanol under ketamine/xylazine anesthesia. Control mice received a 1:1 mixture of 0.9% NaCl with 100% ethanol. Animals were sacrificed 24 hr after TNBS administration. Colic inflammation was evaluated by the weight to length ratio of each intestine (anus to caecum). The colons were opened and macroscopic lesions were evaluated according to the Wallace criteria. The Wallace score rates macroscopic lesions on a scale from 0 to 10 based on features reflecting inflammation such as hyperemia, thickening of the bowel and extent of ulceration. For histological analysis, colon specimen located 1 cm above the anus were excised and embedded into paraffin. Several 5-μm paraffin sections were prepared and stained with hemalun-eosin.

Patients and tissue samples-Human tissues were obtained after approval by the Bichat Hospital Institutional Review Board. Informed consent for the experimental use of the tissues was obtained during the patient hospitalization. Biopsies were obtained from patients subjected to colonoscopy either for confirmation of Crohn disease (CD) diagnosis or for routine control. Biopsies from eight patients with active CD (median age 33 years, range 15-62, 40% female) and from 8 subjects without IBD (median age 56, range 41-64, 50 % female) were analyzed. Clinical status was assessed with the Crohn's Disease Activity Index (CDAI) [36] on the day of endoscopic examination (Supplemental Table I). Among the CD patients, seven did not receive medication and one received sulfasalazine. All had visible inflammation in the colon, except for one with inflammation in the rectum. Control subjects did not receive any medication. Tissue samples from CD patients were taken from the inflamed and uninflamed areas of the colon except for one that was taken from the rectum, and at least four specimens were sampled from the same area. Tissue samples from control subjects were taken from the colon.

NOXO1 and NOX1 silencing by siRNA -T84 cells were seeded in 6-well plates in media without antibiotics and cultured until 40-50 % confluency at transfection. Cells were then treated with different cytokines alone or in combination at the indicated concentrations for 24 hr at 37°C in the presence or absence of NOXO1 siRNAs, NOX1 siRNAs and scrambled siRNAs. Cells were transfected with a pool of 3 target-specific 19-25 nt NOX1 siRNA or NOXO1 siRNA (Santa-Cruz Biotechnology, Heidelberg, Germany) using T84 Cell Avalanche™ Transfection Reagent (EZ Biosystems, College Park, MD, USA). In brief, the T84 Cell Avalanche™ Transfection Reagent and NOX1 or NOXO1 siRNAs at 200 nM were incubated together for 20 min at RT to form a lipid-siRNA complex, which was then added dropwise to the cell layer at the same time as the cytokines. Cells were incubated with the lipid-siRNA complex and cytokines until analysis of gene silencing 24 hr later by western blotting or RT-PCR. Scrambled siRNAs were used in control experiments.

Measurement of ROS production -T84 cells were cultured in 96-well, white, clearbottomed microplates (Berthold Technologies, Yvelines, France) and treated with TNF and IL-17 alone or in combination at the indicated concentrations for 24 hr. ROS production was then measured by the luminol-amplified chemiluminescence in the presence of horseradish peroxidase (HRPO). Briefly, adherent T84 cells in 100 l of Hank's balanced salt solution (HBSS) containing 10 µM luminol and 2.5 U/ml HRPO were preheated in the Spark multimode microplate reader (TECAN, Spark R ), and allowed to stabilize. Changes in chemiluminescence were monitored for 90 min after addition of PMA (500 ng/ml) for optimization of NOX1 detection activity [28]. ROS generation was also measured as the superoxide dismutase-inhibitable reduction of cytochrome c at 550 nm in a dual-beam Uvikon 860 spectrophotometer thermostated at 37°C. For this purpose, 0.7x10 6 T84 cells were cultured in 24-well plates and treated with TNF or IL-17, alone or in combination, at the indicated concentrations for 24 hrs. Cells were then washed, incubated with cytochrome c (100 M final concentration) in the presence or absence of superoxide dismutase (75 units) and stimulated with PMA (500 ng/ml) in 0.5 ml of HBSS. After 90 min incubation, cells were centrifuged at 600 g, and the supernatants were recovered to measure total superoxide production as an end point reduction of cytochrome c at 550 nm. ROS production was expressed as nmoles/0.7x10 6 T84 cells for the indicated time using the Beer-Lambert's law (dDO=εLC,  cyt c = 21.1 mM -1 cm -1 et L= 1 cm). Diphenyleneiodonium (DPI, 1 M), a flavoprotein inhibitor, was added in some assays Cytokine measurement-Cytokines were measured in the supernatants of cell cultures according to the manufacturer's instructions using the semi-quantitative Human Cytokine Antibody Array C1 (RayBiotech Inc Norcross, GA, USA) that detects the following cytokines: GCSF, GM-CSF, GRO//, GRO, IL-1, IL-2, IL-3, IL-5, IL-6, IL-7, IL-8, IL-10, IL-13, IL-15, IFN, MCP-1, MCP-2, MCP-3, MIG, RANTES, TGF1, TNF, TNF. In brief, the human cytokine antibody array chip was blocked in blocking buffer for 30 min at RT, incubated with the diluted sample (1:2) overnight at 4°C, washed 5 times with washing buffer, then incubated with the biotinylated antibody cocktail for 1.5 to 2 hrs at RT. After 5 washes, horseradish peroxidase (HRP)-conjugated streptavidin was added for 2 hrs at RT, and chemiluminescence was detected after incubation with the detection buffer and exposure to a camera (Amersham Imager 600). Quantitative measurement of IL-8 was also performed using the Single Analyte ELISA Kit from Qiagen (Courtaboeuf, France) according to the manufacturer's instructions. In brief, plates were incubated overnight at 4°C with 50 µl of standard (recombinant mouse IL-8) or sample in 50 μl of assay buffer; after washing, 100 µl of detection antibody were added to each well and incubated for 1 hr at RT. After washing, plates were incubated 30 min with the Avidin-HRP conjugate. Wells were washed again and the color was developed with the Development Solution for 15 min in the dark. The reaction was stopped by addition of stop solution. Optical densities were determined at 450 nm, and the concentration of IL-8 was calculated as pg/ml of cell culture supernatants.

Quantification of colon LCN-2 by ELISA -Mouse colons were suspended in homogenization buffer without detergent (Tris 20mM pH 7.4, saccharose 250 mM, EGTA 10 mM, EDTA 2 mM, Leupeptin 10 µg/ml, Pepstatin 10 µg/ml, Aprotinin 10 µg/ml, and PMSF 2mM), and homogenized using a rotor-stator. Homogenates were ultracentrifuged at 100 000 x g for 1hr at 4°C in a Beckman Coulter Optima TM Max-XP ultracentrifuge, and supernatants were used to measured LCN-2 with the Mouse Lipocalin-2 Quantikine ELISA (R&D Systems, Abingdon, UK) according to the manufacturer's instructions.

Protein extraction and Western blot analysis-Colon biopsies were suspended in homogenization buffer (Tris 20mM pH 7.4, saccharose 250 mM, Triton X-100 0.2%, EGTA 10 mM, EDTA 2 mM, Leupeptin 10 µg/ml, Pepstatin 10 µg/ml, Aprotinin 10 µg/ml, and PMSF 2mM), and homogenized using a rotor-stator. T84 cells in 6-well plates were treated or not with cytokines for 24 hr, then washed three times in phosphate buffered saline (pH 7.4) and lysed on ice in buffer containing Tris 20mM pH 7.4, Triton X-100 0.5%, NaCl 150mM, EGTA 2.5mM, EDTA 2.5mM, Leupeptin 10 µg/ml, Pepstatin 10 µg/ml, Aprotinin 10 µg/ml, PMSF 2mM, NaF 1mg/ml ; β-glycerol-phosphate 0.5mg/ml, PNPP 0.5mg/ml ; Levamisole 0.2 mg/ml, DTT 1mM, 8% sucrose and 2.5mM DFP. Protein concentration was determined by the Bradford method, and samples were boiled 3 min at 95°C after adding the Laemmli sample buffer [START_REF] Laemmli | Cleavage of structural proteins during the assembly of the head of bacteriophage T4[END_REF]. Samples were subjected to SDS-polyacrylamide gel electrophoresis (PAGE) in 11% polyacrylamide gels using standard techniques. The separated proteins were transferred to nitrocellulose by the Towbin's procedure [START_REF] Towbin | Electrophoretic transfer of proteins from polyacrylamide gels to nitrocellulose sheets: procedure and some applications[END_REF]. Membranes were blocked for 1 hr at RT in TBS/T (20 mM Tris-HCl, pH 7.6, 137 mM NaCl, 0.1% Tween 20) containing 5% fat dry milk, and then incubated overnight with the primary antibody at the following dilutions: NOX1 (1:1000), p22 PHOX (1:1000), NOXA1 (1:2000), NOXO1 (1:2000), LCN2

(1:4000), phospho-ERK1/2 (1:1000), phospho-p38MAPK (1:1000), phospho-JNK (1:1000), phospho-AKT (1:1000), phospho-p65 (1:1000), IB (1:1000), -actin (1:5000). Antibody binding was detected using HRP-conjugated anti-mouse/rabbit IgG or alkaline phosphataseconjugated anti-mouse/rabbit IgG. Blots were visualized using ECL western blotting reagents (GE-Healthcare, Buckinghamshire, NA, UK) or BCIP/NBT. The protein bands were quantified using Image J (Wayne Rasband, National Institute of Health, USA).

RT-PCR -Total RNA was extracted from T84 cells using the RNeasy Mini Kit from Qiagen (Courtaboeuf, France) according to manufacturer's protocol, and treated with RNase-free DNase in order to remove potential genomic DNA contaminants. RNA concentrations were measured with DeNovix DS 11 Series Microvolume Spectrophotometers. RT-PCR was performed with the Qiagen One-Step RT-PCR Kit. Each sample contained an optimal amount of total RNA in 10 l as template, and gene-specific primers in a final volume of 50 µl. The amount of template for each gene-specific primer set was determined by generating a standard curve with various concentrations of total RNA, and corresponded to a signal that was half that of the saturating signal. GADPH served as internal control. The RT-PCR profile was 1 cycle of cDNA synthesis at 50°C for 30 min, 1 cycle of PCR activation at 95°C for 15 min, followed by 30 cycles of denaturation at 94°C for 30 sec, annealing at 60°C for 45 sec and extension at 72°C for 1 min, and 1 cycle of final extension at 72°C for 10 min. Aliquots of the RT-PCR products were separated on 2% agarose gel that contained 5µl of gelRed (Interchim, Montluçon, France) and resulting gels were photographed. The primer sequences were as follows:

NOX1, forward 5'-TTCTTGGCTAAATCCCATCCA-3', ACTCCACCTCAGACCTGATCCCA, reverse: TGTGGTTTTCAGGGAGGCC; GADPH, forward 5'-ACGGATTTGGTCGTATTGGGC-3', reverse, 5'-TTGACGGTGCCATGGAATTTG-3'.

Immunohistochemistry -Immunohistochemistry was performed using the Bond III automated system from Leica Biosystems. Sections of paraffin-embedded tissues (5-m thick) were deparaffinized with the BOND Dewax Solution (Leica Biosystems), rehydrated in graded ethanol, and antigens were retrieved with the BOND Epitope Retrieval Solution (Leica Biosystems). Sections were stained with the Bond Polymer Refine Detection (Leica Biosystems) according to the manufacturer's instructions. In brief, the specimen is incubated with hydrogen peroxide to quench endogenous peroxidase activity, then a specific anti-DUOX2 antibody at a 1/100 dilution is applied, followed by incubation with post primary antibody solution and poly-HRP anti-mouse IgG reagent. The complex is visualized with the substrate chromogen, 3.3'-diaminobenzidine (DAB), resulting in a brown precipitate.

Sections were counterstained with hematoxylin and the immunohistochemistry slides were scanned with an Aperio CS2 scanner (Leica Biosystems).

Cytotoxicity assay-The viability of T84 cells in the presence of inhibitors (UO126, SB203580, SP600125, Wortmannin, DPI, NAC) was assessed using the Cyto-X Cell Cytotoxicity Kit (Cell Applications Inc., San Diego, CA) according to the manufacturer's instructions. The Cyto-X reagent is reduced by dehydrogenases in living cells to form an orange colored formazan product that is soluble in culture medium. The amount of formazan produced is directly proportional to the number of living cells. T84 cells were cultured in 96well plates and treated with cytokines in the presence or absence of inhibitors for 24 hrs. The Cyto-X reagent (10 l) was then added. The plates were incubated for 2 hrs at 37°C in a 5%

CO2 humidified incubator. The absorbance was then measured at 450 nm with a microplate reader (Molecular Devices ThermoMax Microplate Reader).

Article 2: Protein kinase CK2 acts as a molecular brake to control NADPH oxidase 1 activation and colon inflammation.

We have already confirmed that NOX1 complex predominantly expressed in colon epithelial cells is a prime regulator of mucosal immunity and inflammation. As ROS constitutively generated by NOX1 are intrinsically toxic molecules, the arising question is how NOX1 activity is controlled to maintain the right level of ROS allowing physiological functions while avoiding oxidative damages.

In the present study, we showed that CK2 acts as a molecular brake to restrain NOX1 activity in colonic epithelial cells and limits TNBS-induced colitis, a model in which we demonstrated that progression towards pathological state is dependent on NOX1. Specifically, CK2 can directly bind to NOXO1 in colonic T84 epithelial cells co-stimulated by TNFα-and IL-17. In addition, CK2 phosphorylates NOXO1 heavily in the C-terminus as shown by mass spectrometry analysis. Inhibitors of CK2 increase ROS generation by NOX1 in colon epithelial cells indicating that CK2 mitigates NOX1 activity. Strikingly, in vivo, TNBS-induced acute colitis are accompanied by a drop in CK2 activity combined with increase of NOX1 expression.

Moreover, treatment of mice with the highly selective CK2 inhibitor, CX4945, exacerbates colon inflammation and damages. Together, our data suggest that CK2 acts as molecular brake to restrain NOX1 activity and that loss of this brake combine with NOX1 upregulation during acute colitis may result into excessive ROS production contributing to the pathogenesis.
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Introduction

The gastrointestinal tract fulfills several physiological functions while undergoing permanent antigenic pressure from various sources of antigens. It must therefore coordinate appropriate immune and inflammatory responses against potential infection and to maintain immune homeostasis [1]. Gastrointestinal epithelial cells, which constitute a physical barrier against commensal or pathogenic microbes, coordinate the immune response by secreting diverse innate immune proteins and inflammatory mediators and producing reactive oxygen species

(ROS) [2-3].
In response to inflammatory stimuli, intestinal epithelial cells produce ROS through specialized enzymes called nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs). The NOXs are multi-subunit enzymatic complexes dedicated to the controlled production of superoxide anion (O2 °-). This family includes seven members, NOX 1 to 5, and Dual oxidase 1 and 2 (DUOX1, DUOX2), which have specific tissue expression [3,4]. The intestinal mucosal epithelium expresses NOX1 and DUOX2. Whereas DUOX2 is expressed at low level all along the digestive tract epithelium [5], NOX1 is abundantly expressed in the colon epithelial cells [6], and has well-established physiopathological roles [3]. The NOX1 complex consists of the transmembrane proteins, NOX1 and p22 PHOX , and the cytosolic proteins, NOX organizer 1 (NOXO1), NOX activator 1 (NOXA1), and Rac1. Four NOXO1 isoforms have been described, among which only  and  isoforms are expressed in colon epithelial cells and can support NOX1 activity [3]. NOX1, the catalytic core through which electrons are transferred to reduce oxygen, gives its name to the whole complex. The membrane p22 PHOX subunit stabilizes NOX1, while NOXO1 and NOXA1 regulate NOX1 activity by organizing assembly of the complex and promoting its catalytic activity, respectively. All components are required for the activity of the enzyme.

NOX1-derived ROS are known to contribute to mucosal immune defense and homeostatic functions, including alteration of bacterial capsule formation [7], control of bacteriostatic protein expression such as LCN-2 [8], chemokine synthesis [9], epithelium renewal, and restitution and healing [10]. Consistent with these important physiological functions, dysregulation of NOX1 by loss-of-function or excessive activity may cause pathological conditions in the gastrointestinal tract such as IBD, a group of chronic and relapsing disorders comprising Crohn's disease (CD) and ulcerative colitis (UC) that are characterized by severe inflammation of the intestines. NOX1 gene variants associated with loss of function have been described in human very early-onset IBD [11]; however, overexpression of NOX1 and NOXO1 has also been observed in UC and CD [8,12].

We and others have shown that NOX1 has a constitutive activity that can be modulated by phosphorylation of NOXA1 and NOXO1. Phosphorylation of NOXA1 by PKA and MAPK was shown to decrease NOX1 activity [13,14], whereas phosphorylation of NOXO1 by PKC enhances it [15,16]. Protein kinase CK2, formerly called casein kinase 2, is a serine/threonineselective kinase with very special features. It is ubiquitously expressed in all eukaryotic organisms and its activity does not require any post-translational modification or second messengers [17], making it constitutive, an unusual feature for a kinase. In addition, it is highly pleiotropic with a broad repertoire of substrates and in accordance, it is involved in a plethora of cellular functions including cell cycle progression, cell survival, transcription, and translation [18]. CK2 is a tetrameric enzyme composed of two catalytic subunits (CK2 and/or ') and two regulatory subunits (CK2third catalytic isoform, CK2has been identified, but it is not well described. The catalytic subunits of CK2 are active whether the CK2 subunits are present or not. CK2could act as a scaffold to define substrate specificity [18]. Recently, CK2

has emerged as a regulator of immunity and inflammation in the intestines through several processes, including epithelial cell restitution during inflammation [19], control of CD4+T-cell effector function in experimental colitis [20], regulation of the tight junction component, claudin-2, thus modulating paracellular permeability and impacting immune-mediated experimental colitis [21].

Here, we report that CK2 acts as a molecular brake via NOXO1 binding and phosphorylation, thereby controlling NOX1 activation and colon inflammation. Furthermore, our study shows that CK2 activity is decreased, and ROS production increased in a mouse model of TNBSinduced acute colitis, suggesting a potential mechanism for tissue damage in acute colitis, and opening a new avenue for treating intestine inflammation in IBD.

Methods

Mice. Wild type male C57BL/6J mice (Janvier Laboratories, Le Genest-St-Isle, France) or Nox1 Y/--deficient mice (The Jackson Laboratory, Sacramento, CA) were bred under specific pathogen-free conditions and used at 10-12 weeks of age.

Cell and colon organoid cultures. T84 colon epithelial cells from ATCC-LGC (Molsheim, France) were cultured as described in our previous work [8]. Biopsies obtained after approval by the Bichat Hospital Institutional Review Board from patients without IBD undergoing routine colonoscopy were used to establish colon organoids which were cultured in Corning® Matrigel® Matrix as described in our previous work [8].

Induction of TNBS-induced colitis in mice. After overnight food deprivation, acute colitis was induced in mice by intrarectal administration under ketamine/xylazine anesthesia of TNBS ( 40µl, 150mg/kg), dissolved in a 1:1 mixture of 0.9% NaCl with 100% ethanol. Control mice received only the 1:1 mixture of 0.9% NaCl with 100% ethanol. Animals were sacrificed 24 hrs after TNBS administration.

Treatment with cytokines and CK2 inhibitors. Cells and colon organoids were treated with TNF (5 ng/ml) and IL-17 (50 ng/ml) either individually or in combination for 24 hrs at 37°C.

In some assays, two CK2 inhibitors, CX-4945 (Selleckchem, Souffelweyersheim, France) and TBBz (Merck, Darmstadt, Germany) were added at the indicated concentrations just prior to cytokine treatment. In the TNBS experiments, mice were injected twice i.p. with CX-4945 (25 mg/kg) or DMSO (for control group) 2 hr before and 6 hr after the TNBS challenge.

LC-MS/MS analyses. For identification of NOXO1 partners, T84 cells were stimulated with a combination of TNF and IL-17 and NOXO1 was immunoprecipitated with rabbit polyclonal NOXO1 antibody as detailed in supplementary methods. Rabbit IgG control antibody was used as control. Proteins were digested with trypsin and peptides were analyzed in an Orbitrap.

Identified proteins were qualitatively compared using mascot scores, the number of identified peptides, and coverage parameters between each condition in order to determine potential protein partners of NOXO1 

Results

CK2 interacts with NOXO1 in colon epithelial cells under inflammatory conditions

through the N-terminus containing the PX domain.

We recently demonstrated that the combination of the two key inflammatory cytokines found in IBD, e.g., TNF and IL-17, induces a dramatic upregulation of NOXO1 expression in colon epithelial cells, leading to increased ROS production by NOX1 [8]. In order to identify new regulators of NOX1 upon inflammatory conditions, NOXO1 was immunoprecipitated from the human T84 colonic epithelial cell line co-stimulated by TNF and IL-17 and its bound partners were identified by mass spectrometry analysis (Table 1). As expected, NOXO1 was abundantly found in the NOXO1-immunoprecipitates (NOXO1-IPP) but barely in the control IgGimmunoprecipitated fraction (IgG-IPP). Not surprisingly, NOX1 subunits (NOXA1, cytochrome b-245 light chain/p22 PHOX ), known regulators of ROS production such as cytoskeleton proteins (actin, moesin, coronin) and GTP binding proteins (Rho GTPaseactivating protein), and redox signaling proteins (thioredoxin, superoxide dismutase, glutathione peroxidase), co-immunoprecipitated with NOXO1 when immunoprecipitation was performed with a NOXO1 antibody, but not or only weakly, when using a control IgG antibody (Table 1). Remarkably, all the CK2 subunits ', 3 and ) could be detected unambiguously among the identified proteins with a high mascot score, large number of peptides matching the protein, and good sequence coverage. None of these CK2 subunits could be detected in the assay immuno-precipitated with control IgG antibody showing the specific association with NOXO1. While co-stimulation of T84 epithelial cells with TNF + IL-17 increased NOXO1 expression concomitantly with ROS generation by NOX1 [8] as shown in Fig. 1A and 1B, it did not change the expression level of CK2' and CK2the latter being very weakly expressed (Fig. 1A). This result suggests a spontaneous interaction between CK2 and NOXO1 In order to determine whether CK2 interacts directly and specifically with NOXO1, dot-blot experiments were next performed as described in "Methods", using recombinant NOXO1, p47 PHOX (organizer subunit of phagocyte NOX2), NOXA1, or p67 PHOX (activator subunit of NOX2) (Fig. 2A). Interestingly, Figure 2B showed that CK2 interacted with NOXO1 and p47 PHOX , but not with NOXA1 and p67 PHOX . BSA, the negative control, did not interact with CK2. To identify the region of NOXO1 involved in CK2 interaction, GST fusion proteins of the NOXO1 full-length (isoform N-terminal (1-157) and C-terminal regions (232-371) were constructed (Fig. 2C) to perform pull-down experiments of CK2 from T84 epithelial cells lysates. Fig. 2D and 2E showed that CK2 α/α' was pulled down by the NOXO1 full length and N-terminus, but not by the NOXO1 C-terminus. These experiments identified CK2 as a major NOXO1 partner in colon T84 epithelial cells and revealed a direct interaction that is mediated by the N-terminal region of NOXO1 that mostly contains the PX domain.

CK2 phosphorylates recombinant NOXO1 on several sites

The direct interaction of CK2 with NOXO1 suggested that NOXO1 could be phosphorylated by CK2. We therefore analyzed phosphorylation of recombinant NOXO1 by constitutively active CK2 in vitro.

First incorporation of 32 P into NOXO1 was monitored and analyzed by autoradiography. Figure 3A (left) showed that CK2 phosphorylated NOXO1within minutes. No 32 P incorporation was detected in the absence of CK2 (Fig. 3A, right). The phosphorylated sites on NOXO1 were next identified by nanoLC-MS/MS. Seventy-six percent of the recombinant protein was covered by MS/MS and several phosphorylated peptides were detected (Supplemental Fig. 1).

The position of the phosphorylated sites was estimated by A-score and highlighted in red in the sequence (Supplemental Fig. 1). The C-terminus of NOXO1 was heavily phosphorylated by CK2 as shown by the identification of several phosphopeptides covering this region by MS/MS (Supplemental Fig. 1). The extracted-ion chromatogram (XIC) showed 3 distinct elution peaks for 3 distinct phosphorylation sites corresponding to Ser-368, Thr-373 and Thr-374, as referred to the  isoform sequence for the numbering (Fig. 3C). A representative MS/MS spectrum of the phosphorylated C-terminus peptide at position 368 is shown in Fig. 3D. These data show that NOXO1 is a good substrate for CK2 and that the phosphorylated sites may be located within the C-terminus.

Inhibition of CK2 enhances ROS production by NOX1 in colon epithelial cells and colonoids under inflammatory conditions.

In order to determine the functional relationship between CK2 and NOX1, we analyzed the effect of selective inhibitors of CK2 on NOX1 activity in T84 colonic epithelial cells and colonoids. First, CX-4549, a small molecule acting as a potent ATP competitor with a high selective profile for CK2 [22], was tested in T84 cells. CX-4549 at 1 M increased ROS production by NOX1 in cells co-stimulated by TNF⍺+IL-17, while it had no effect on resting cells (Fig. 4A), which have low NOXO1 expression as shown in Fig. 1A. Under similar conditions, CX-4549 also inhibited CK2 activity as shown by the decrease in the phosphorylation profile of CK2 substrates detected with the phospho-CK2-substrate antibody (Fig. 4B). CX-4549 did not impact NOXO1 expression (Fig. 4B). The effect of CX-4549 on ROS production was concentration-dependent and occurred at concentrations below 2 M (Fig. 4C), which did not affect proliferation or cell toxicity (Supplemental Fig. 2A). Above 2 M CX-4549, some anti-proliferative and cytotoxic effect could be observed, indirectly impacting ROS production (Supplemental Fig. 2A and Fig. 4C). To ascertain that inhibition of CK2 led to an increase of ROS production by NOX1, TBBz, a second selective CK2 inhibitor [23], was used. Figure 4D shows that TBBz enhanced the ROS production of T84 epithelial cells costimulated by TNF+IL17 in a concentration-dependent manner. TBBz did not show antiproliferative and cytotoxic effect at the concentrations used (Supplemental Fig. 2B). Thus, inhibition of CK2 results in an enhancement of NOX1 activity in colon T84 epithelial cells.

Next, the effect of CX-4945 on ROS production was analyzed in human colon organoids derived from biopsies of patients undergoing routine colonoscopy [8]. As in T84 epithelial cells, the combination of TNF+IL-17 strongly increased NOXO1 expression in colon organoids but had no effect on CK2' and CK2expression, the latter being also very weakly expressed in primary cells (Fig. 5A). Increased NOXO1 expression induced by TNF+IL-17 was also associated with an increase in ROS production by colon organoids as compared to nonstimulated ones (Fig. 5C and5D). Treatment with 1 M CX-4945, did not affect growth of colon organoids (Fig. 5B) but augmented significantly ROS production in colon organoids costimulated with TNF+IL-17 as compared to those untreated by CX-4945 (Fig. 5C and5D).

We also assessed ROS production in organoids by NBT reduction and analysed the resulting formazan deposits by phase contrast microscopy as described in "Methods". Figure 5E shows a representative image of NBT-reduction in organoids. Far more intense formazan deposits could be observed in colon organoids co-stimulated with TNF+IL-17 as compared to unstimulated organoids. Treatment with 1 M CX-4945 further increased formazan deposits in colon organoids co-stimulated with TNF+IL-17 and some deposits could also be observed in unstimulated ones (Fig. 5E). Together, these data show that CK2 inhibition resulted in an enhancement of ROS production by NOX1, indicating that CK2 negatively regulates NOX1 activity in T84 colon epithelial cells and in colon organoids under inflammatory conditions.

CK2 activity is decreased during acute colitis induced by the hapten reagent 2,4,6trinitrobenzene sulfonic acid (TNBS).

As NOX1 and CK2 are emerging as important regulators of immunity and inflammation in the intestines, we next examined their expression and activity during acute colitis induced by TNBS in mice. We have previously shown that TNBS-induced colitis was dependent on NOX1 activity as NOX1 deficient mice were protected against disease progression [8]. This model is characterized with secretion of various potent pro-inflammatory cytokines, including TNF and IL-17, and establishment of a transmural inflammation that resembles the histopathological lesions found in human Crohn's disease [24]. In mice treated with TNBS, the colon weight/length ratio and Wallace score, reflecting colon macroscopic damage and severity [25],

were both increased (Fig. 6A). Histological examination of the colon showed extensive ulceration and abundant infiltration of inflammatory cells accompanied by crypt loss (Fig. 6B).

Strikingly, CK2 activity was significantly reduced during acute colitis induced by TNBS, as revealed by the decrease in phosphorylation profile of CK2 substrates detected with the phospho-CK2-substrate antibody in the cytosolic and membrane fractions of colon homogenates (Fig. 6C and6D). Moreover, expression of the CK2/' subunits did not change in the colon during acute colitis, whereas expression of the CK2 subunit significantly increased, indicating that the drop in CK2 activity was not due to a decrease in expression of its subunits (Fig. 6E and6F). Concurrently to the decrease in CK2 activity, a strong augmentation of the expression of the NOX1 and p22 PHOX subunits forming the membrane catalytic core of NOX1 complex was observed in mouse colons during TNBS-induced acute colitis (Fig. 6G and6H). In addition, NOXO1 mRNA was also increased while NOXA1 mRNA did not change (Supplemental Fig. 3A and3B).

The highly selective CK2 inhibitor, CX-4945, exacerbates TNBS-induced colitis.

Because we showed that CK2 can limit ROS production by NOX1 in colon epithelial cells and that CK2 activity is decreased during TNBS-induced colitis, we hypothesized that the drop in CK2 activity could contribute to the increase in ROS production during TNBS-induced colitis, thereby promoting oxidative stress and colon damage. To the best of our knowledge, there are no known inducers of CK2 activity to determine whether restoration of CK2 activity could provide protection. Therefore, we determined whether further inhibition of CK2 by CX-4945 could exacerbate inflammation and oxidative stress during TNBS-induced colitis. Mice received twice intraperitoneal injection of CX-4945 (25 mg/kg) or DMSO (for control groups)

2 hr before and 6 hr after TNBS challenge. At the macroscopic level, CX-4945 increased the area of colon damage (Fig. 7A), and histological evaluation of the colons revealed a more severe damage of the colon in the TNBS group treated with CX-4945 (Fig. 7B and7C). Thus, the intestinal architecture in the TNBS group treated with CX-4945 was profoundly impacted, with extensive necrosis and complete erosion of epithelial crypts and presence of congested vessels, accompanied by a marked transmural infiltration of inflammatory cells (Fig. 7B). The intestinal architecture was less severely affected in the group receiving only TNBS, as inflammatory cells within the mucosa and submucosa were still present but did not invade the transmural area (Fig.

7B

). Worsening of histological damage in the presence of CX-4945 was reflected by an increase of the Ameho score [26] (Fig. 7C). In addition, this was associated with increased levels of markers of inflammation, such as CXCL1, in the TNBS-mice treated with CX-4945 as compared to those in the TNBS control group (Fig. 7D). ROS production was assessed ex-vivo in colon tissue sections using NBT reduction. Colons, processed as described in "Methods", were incubated for 1 hr at 37°C with NBT, and reduction of NBT was examined macroscopically. Formazan deposits were increased in colons from TNBS-treated mice as compared to control mice and the presence of CX-4945 intensified NBT reduction, indicating higher ROS production (Fig. 7E). In order to confirm that CX-4945 contributed to in vivo ROSmediated colon damage, malondialdehyde (MDA), a product of lipid peroxidation, was measured in colon homogenates. A significant increase in MDA content in colons of TNBStreated mice was observed in the presence of CX-4945 as compared to those treated only with TNBS (Fig. 7F).

Altogether, the above data show that CK2 activity was strikingly decreased, while expression of NOX1 was upregulated in mice during TNBS-induced acute colitis. Moreover, decreasing CK2 activity even further with CX-4945 exacerbated TNBS-induced colitis concomitantly with increased CXCL1 levels, ROS production and lipid peroxidation.

Discussion

NOX1 has emerged as a crucial regulator of intestinal mucosa immunity and homeostasis through its ability to coordinate several important epithelial cell functions [3]. As ROS are highly toxic molecules, mechanisms modulating their production at the right place and right level must exist. In the case of NOX1, which has been shown in many studies to be constitutively active [27], the question arises of how the flow of ROS produced by NOX1 is controlled to allow beneficial effects while avoiding oxidative damage, a driving factor of IBD.

In the present study, we show for the first time that CK2 is a major partner of NOXO1, and directly binds and phosphorylates NOXO1. Consequently, CK2 decreased NOX1 activity in colon epithelial cells. Furthermore, our data suggest that in TNBS-induced colitis, a model where disease progression is dependent on NOX1 activity [8,28], drop of CK2 activity combined with increased NOX1 expression may result into excessive ROS production thereby contributing to the progression of inflammation and colon damage.

Our study reveals that CK2 specifically and constitutively binds to NOXO1 and that this binding is dependent on the induction of NOXO1 expression by TNFα + IL-17. CK2 binds to the N-terminus (1-157) of NOXO1, which mainly encompasses the PX domain , a structural motif known to be involved in phosphoinositides binding [29]. While our experimental conditions do not allow to conclude that the PX domain is responsible for CK2 binding, it is interesting to speculate so, as PX domains are known to bind to cytoskeleton proteins such as moesin [30] and that many cytoskeleton associated functions are regulated by CK2 [31].

Our data show that CK2 phosphorylates NOXO1 on several sites in vitro. In particular, the Cterminus was heavily phosphorylated on Ser-368, Thr-373 and Thr-374. Surprisingly most of the sites phosphorylated by CK2 on NOXO1 (supplemental Fig. 1), do not meet the classical criteria of the CK2 consensus site characterized by the presence of an acidic residue at position n+3. Interestingly, non-canonical CK2 consensus sites have been shown to be targeted by CK2 on the human p53 protein and in addition, though being classified as a protein serine/threonine kinase, CK2 is also able to catalyze tyrosine phosphorylation in mammalian cells [32,33].

While our data clearly show that NOXO1 phosphorylation by CK2 limits NOX1 activity, the underlying mechanisms remains to be determined. One possibility is that phosphorylation of NOXO1 by CK2 may favor the intramolecular interaction between the bis-SH3 and the prolinerich region (PRR) domains thus impeding optimal binding of NOXO1 to p22 PHOX and NOX1 activity [34,35]. On the other hand, phosphorylation of NOXO1 by CK2 may modulate phosphorylation on other sites, especially those involved in the activation of the NOX1 complex such as Ser-159 (= 154 on  isoform) [15].

The restrictive function of CK2 regarding NADPH oxidase activity is not unique to NOX1.

Indeed it has been shown that CK2 binds to p47 PHOX [36], and phosphorylate it in vitro [37]. In addition, it was found that DRB, the first identified CK2 inhibitor, potentiated fMLF-induced NOX2 activity in DMSO differentiated HL60 cells [37]. In accordance, we found that CK2 also binds to recombinant p47 PHOX , the NOX2 organizer subunit, but not to p67 PHOX or to NOXA1 (Fig. 2B).

The present study also showed that CK2 activity is highly reduced during TNBS-induced acute colitis, a phenomenon that was also observed during DSS-induced acute colitis [19]. Being a constitutive kinase, one would expect that the decrease in CK2 activity correlates with a decrease in expression. Indeed, the decrease of CK2 activity in DSS-induced acute colitis was associated with a clear diminution of expression of the CK2/' subunits. In contrast, the level of CK2/' subunits did not change significantly in TNBS-induced acute colitis and the level of the CK2 subunit was actually increased. Thus, the mechanisms behind the decrease in CK2 activity during TNBS-acute colitis remains to be elucidated. Interestingly, the  subunit of CK2 possesses a sequence between residues 55-64 that contains a cluster of acidic amino acids reminiscent of the autoinhibitory sequences identified in several other protein kinases [38], and mutations within this region to neutralize negative charges was found to raise by four the basal activity of CK2 [39]. Therefore, it is tempting to speculate that the increased expression of the CK2 subunit during TNBS-induced colitis may be responsible for the decrease of CK2 activity through its autoinhibitory action on CK2/'; however, this remains to be demonstrated. 

We also found that the drop in CK2 activity in TNBS-induced acute colitis occurred concomitantly with an increase in the expression of the NOX1 subunits and in ROS production and MDA levels. The link between the decrease in CK2 activity and the increase in NOX1 subunit expression during TNBS-induced colitis is not clear, as the highly selective CK2

inhibitor, CX-4945, did not further increase NOX1 subunit expression in mice colon (Supplemental Fig. 4). However, decreasing CK2 activity with CX-4945 potentiated both ROS production and MDA levels concomitantly with the exacerbation of inflammation and colon damage.

Recently, it has been shown that CK2 inhibition with CX-4945 limits immune-mediated colitis progression in the DSS-colitis model, predominantly through in vivo inactivation of claudin-2

pores [21]. The authors also showed no apparent in vivo toxicities from CX-4945. However, our study shows that CX-4945 exacerbated inflammation in the TNBS-induced colitis model.

It is possible that the effects of CX-4945 might differ with the model used. In addition, Koch et al. demonstrated that CK2 is a critical regulator of epithelial homeostasis during chronic intestinal inflammation [19]. Therefore, we cannot ruled out that exacerbation of TNBSinduced colitis by CX-4945 could be also related to defect in intestinal epithelial cells restitution which is controlled by CK2 via -catenin signaling [19].

In summary, our study reveals a new role for the widely expressed, constitutively active protein kinase, CK2, as a molecular brake of NOX1 activity in colonic epithelial cells, and a potential mechanism for the excessive ROS production during intestinal inflammation. This study also opens a new avenue for treating inflammatory diseases of the intestines such as IBD, as strategies to activate CK2 could be a novel therapeutic approach. Finally, the study highlights that some caution should be exercised when using the highly selective CK2 inhibitor CX-4945 that exacerbated intestinal inflammation, warranting further toxicity studies, especially as it is now tested in a Phase II clinical trial. 
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DNase I (Thermo Fisher Scientific), the first cDNA strand was synthesized from RNA template by using RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Real-time PCR reactions were performed using the Roche LightCycler 480 device and the Kapa Sybr Fast qPCR kit (CliniSciences, Nanterre, France) according to the manufacturer's protocol. Samples were run in duplicates, and the melting curves and peaks were controlled for each primer pair.

Relative expression levels for each gene were calculated using the 2 -ΔΔCt method, with normalization to the average and GAPDH housekeeping genes. The primer sequences are listed in the supplementary Table 1.

Co-immunoprecipitation experiments. For co-immunoprecipitation studies of CK2 α/α' with NOXO1, T84 cells were stimulated with cytokines or buffer and lysed in lysis buffer containing 20 mM Tris-HCl (pH 7.6), 0.5% TX-100, 100 mM NaCl, 2.5 mM EGTA, 2.5 mM EDTA, 10 μg/ml leupeptin, 10 μg/ml pepstatin, 10 μg/ml aprotinin, 1 mM PMSF, 1 mg/ml NaF, 0.5 mg/ml β-glycerophosphate, 0.5 mg/ml PNPP, 0.2 mg/ml levamisole, 1 mM DTT, and 8% D(+)-Saccharose. Resting and stimulated cell lysates were incubated with rabbit polyclonal NOXO1 antibody or rabbit IgG control antibody for 2 hr at 4°C, and then immobilized protein A agarose was added and the assay was incubated for an additional 2 hr. Co-immunoprecipitated CK2 α/α' was detected with a mouse monoclonal anti-CK2 α/α' antibody.

LC-MS/MS analyses. For identification of NOXO1 partners, T84 cells were stimulated with a combination of TNF and IL-17 and lysed in lysis buffer as described above. Cell lysates were incubated with rabbit polyclonal NOXO1 antibody or rabbit IgG control antibody for 2 hrs at 4°C, and immobilized protein A agarose was then added and incubated for an additional 2 hrs. Organoids, treated or not with TNF (5 ng/ml) + IL-17 (50 ng/ml) in the presence or absence of CX-4945 (1 M) for 24 hrs at 37°C, were washed, recovered in HBSS and incubated 30 minutes at 37°C with NBT at 2 mg/ml in the presence of 500 ng/ml PMA for optimal activation of the NOX1 complex [8]. They were then fixed with formalin at 0.6 % for 2 minutes, washed in 1 ml PBS by centrifugation at 290 g for 5 minutes at 4 °C and suspended in 40 l of PBS.

Formation of formazan was examined under phase contrast microcopy with 400x magnification. NBT reduction was also assessed ex-vivo in mouse colon tissue sections. Colons were opened longitudinally, fixed face up on paraffin petri-dishes and incubated for 1 hr at 37°C with NBT at 2 mg/ml in HBSS in the presence of 500 ng/ml PMA. Formazan deposits were examined macroscopically.

Protein extraction and Western blot analysis. Mouse colon tissues were homogenized using a rotor-stator while T84 cells were lysed in lysis buffer on ice as previously published [8]. Protein concentration was determined by the Bradford method. Samples were analyzed for protein expression with target-specific antibodies using standard SDS-polyacrylamide gel electrophoresis (PAGE) and immunoblotting techniques. The protein bands were quantified using Image J (Wayne Rasband, National Institute of Health, USA).

Cytotoxicity assay. The effect of increasing concentrations of CX4945 or TBBz on proliferation/cytotoxicity of T84 cells was assessed using the Cyto-X Cell Proliferation/Cytotoxicity Kit (Cell Applications Inc., San Diego, CA) according to the manufacturer's instructions and as previously described [8].

Measurement of CXCL1 (KC). Mouse colons were homogenized using a rotor-stator in buffer containing 20 mM Tris-HCl pH 7.5, 250 mM saccharose, 10 mM EGTA, 2 mM EDTA, 10 μg/ml leupeptin, 10 μg/ml pepstatin, 10 μg/ml aprotinin, and 1 mM PMSF. Homogenates were ultracentrifuged at 100 000x g for 1hr at 4°C in a Beckman Coulter Optima TM Max-XP ultracentrifuge. KC level was measured in the post-centrifugation supernatant using a commercially available Mouse KC ELISA kit (Ray Biotech, Inc., USA) according to the manufacturer's instructions. Inflammation has been shown to be modulated by a myriad of cytokines that are overexpressed in IBD lesions, including IFNγ, IL-23, TNFα, IL-6, IL-17, IL-22, and TGFβ (Neurath, 2014).

Among these cytokines, IFNγ and TNFα are discovered to stimulate the production of NOX1derived ROS in intestinal epithelial cells by inducing the expression of NOX1 and NOXO1, respectively [START_REF] Kuwano | Interferon-γ activates transcription of NADPH oxidase 1 gene and upregulates production of superoxide anion by human large intestinal epithelial cells[END_REF][START_REF] Kuwano | Tumor necrosis factor α activates transcription of the NADPH oxidase organizer 1 (NOXO1) gene and upregulates superoxide production in colon epithelial cells[END_REF]. We found no effect of IL- TNFα and IL-17 has been well described in several cell types [START_REF] Chiricozzi | Integrative responses to IL-17 and TNF-α in human keratinocytes account for key inflammatory pathogenic circuits in psoriasis[END_REF][START_REF] Hot | Combination of IL-17 and TNFα induces a proinflammatory, pro-coagulant and pro-thrombotic phenotype in human endothelial cells[END_REF][START_REF] Katz | Interleukin-17 Enhances Tumor Necrosis Factor α-Induced Synthesis of Interleukins 1, 6, and 8 in Skin and Synovial Fibroblasts: A Possible Role as a "Fine-Tuning Cytokine" in Inflammation Processes[END_REF][START_REF] Sharma | NADPH oxidase mediates synergistic effects of IL-17 and TNF-α on CXCL1 expression by epithelial cells after lung ischemia-reperfusion[END_REF][START_REF] Wang | IL-17 and TNF synergistically modulate cytokine expression while suppressing melanogenesis: Potential relevance to psoriasis[END_REF], it is the first time to be reported in intestinal epithelial cells. This synergistic effect may be attributed to the overlap of MAPK signaling pathways as both p38MAPK and JNK1/2 activation were increased by the cytokine combination. It can also be explained by the enhanced transcript stability, as IL-17-induced MAPK pathways can phosphorylate the mRNA destabilizing proteins tristetraprolin and thus block its ability to recruit the degradation machinery, thereby increasing mRNA transcript half-life (Anderson, 2008). We also found the synergistic effect of TNFα+IL-17 on the level of NOX1 mRNA, whereas NOX1 protein level was not affected. The absence of correlation between the level of mRNA and the level of protein is a common phenomenon in vivo and could be explained by the varied post-transcriptional mechanisms, inefficient translation, or the short half-life of proteins [START_REF] Greenbaum | Comparing protein abundance and mRNA expression levels on a genomic scale[END_REF]. In addition, none of NOX2-5 was shown to be modulated by TNFα, IL-17, or TNFα+IL-17. The expression of DUOX2, another NOX homolog also expressed in intestinal epithelial cells, was not modulated by TNFα or IL-17 alone, and was only slightly increased by the combination of the two cytokines at RNA level while no change was observed at protein level. The lack of effect of TNFα on DUOX2 expression is in keeping with a previous study showing that TNFα was unable to induce DUOX2 expression in enteroids [START_REF] Grasberger | Increased expression of DUOX2 is an epithelial response to mucosal dysbiosis required for immune homeostasis in mouse intestine[END_REF]. These data indicate that the synergistic effect of TNFα+IL-17 in T84 cells is selective for NOX1.

NOX1-derived ROS drive the expression of Lipocalin-2 by controlling IκBζ expression in colonic epithelial cells co-stimulated by TNFα and IL-17

LCN-2, also known as neutrophil gelatinase-associated lipocalin or siderocalin, a 25-kDa glycoprotein originally identified and purified from human neutrophil specific granules, can restrict bacterial growth by intercepting the iron acquisition (Kjeldsen et al., 1993). Iron plays an essential role in the metabolic process of bacteria. In order to obtain iron, bacteria secrete siderophores, a high-affinity iron-chelating compound that captures ferric ions from the surrounding environment [START_REF] Flo | Lipocalin 2 mediates an innate immune response to bacterial infection by sequestrating iron[END_REF]. Secreted LCN-2 can sequester iron-containing siderophores, thereby interfering with the iron acquisition by bacteria [START_REF] Flo | Lipocalin 2 mediates an innate immune response to bacterial infection by sequestrating iron[END_REF]. LCN-2 expression has been determined to be regulated by IκBζ in lung epithelial cells (Karlsen et al., 2010;Motoyama et al., 2005). IκBζ, an atypical member of the IκB family, is barely detectable in resting cells, but is strongly induced upon stimulation of the innate immune system. It binds to the NF-κB-p50 subunit in the nucleus and regulates positively its transcriptional activity towards some genes (Karlsen et al., 2010).

We found that NOX1-derived ROS control IκBζ expression, consequently resulting in LCN-2 expression in colonic epithelial cells and in human colon organoids co-stimulated with TNFα and IL-17. However, the mechanism through which NOX1-derived ROS induce the expression of IκBζ remains to be determined. Preliminary data in the laboratory indicate that NOX1derived ROS could regulate IκBζ expression at the protein level but not messenger level. Indeed, N-Acetyl cysteine (NAC), a ROS scavenger, and diphenyleneiodonium (DPI), an NADPH oxidase inhibitor, both prevented IκBζ protein expression without altering IκBζ mRNA level.

This suggested that NOX1-derived ROS could regulate IκBζ at the post-transcriptional level.

Several hypotheses could be raised: 1) ROS produced by NOX1 may stabilize IκBζ by causing its oxidation, which would be a new concept because oxidation of proteins is often associated with their aggregation and fragmentation. It should be noted that IκBζ contains several cysteines that could be targeted by ROS; 2) ROS may induce stabilization of IκBζ by promoting its interaction with other redox sensitive partners; 3) ROS may induce stabilization of IκBζ by promoting its phosphorylation by redox sensitive kinases; 4) ROS may be required for translation of IκBζ.

On the other hand, we found the activation of NF-κB is not dependent on ROS in colonic epithelial cells, as neither NAC nor DPI inhibits the phosphorylation of NF-κB-p65. In accordance with this, we also found that chemokine synthesis, in particular IL-8, which expression is under the control of NF-κB, was not inhibited by DPI in colonic epithelial cells co-stimulated by TNFα and IL-17.

We cannot say whether DUOX2 is involved in the regulation of LCN-2 or not in T84 epithelial cell, as in our experimental conditions, DUOX2 could not be detected. However, a recent study showed that the combination of IL-4 and IL-17 significantly induced DUOX2 expression in T84 cells [START_REF] Wu | IL-4 and IL-17A Cooperatively Promote Hydrogen Peroxide Production, Oxidative DNA Damage, and Upregulation of Dual Oxidase 2 in Human Colon and Pancreatic Cancer Cells[END_REF] and that IFNγ induced expression and activity of DUOX2 in human and mouse colonoids [START_REF] Burgueño | Intestinal Epithelial Cells Respond to Chronic Inflammation and Dysbiosis by Synthesizing H2O2[END_REF][START_REF] Hazime | INFLAMMATORY CYTOKINES AND MICROBIAL LIGANDS AND METABOLITES INTERACT TO MODULATE DUOX2 EXPRESSION AND ACTIVITY[END_REF]. In such conditions it would be interesting to determine whether activation of DUOX2 induced the expression of LCN-2 or not. In addition, DUOX2 is preferentially expressed in differentiated epithelial cells found at the apex of the epithelium, while NOX1 is expressed in epithelial cells found within the crypt.

Therefore, it is possible that DUOX2 contributes to LCN-2 regulation in highly differentiated epithelial cells, whereas NOX1 participates to LCN-2 regulation in crypt epithelial cells which undergo proliferation.

NOX1 might contribute to LCN-2 production and colon damage in TNBS-induced colitis

Regarding to in vivo study, we induced acute colitis by a single intrarectal-instillation of the 2,4,6-trinitrobenzene sulfonic acid (TNBS) combined with ethanol. Ethanol disrupts the mucosal barrier mainly through dissolving the lipoprotein layer of the mucosa and destroys the tight junctions between epithelial cells. TNBS is believed to haptenize autologous or microbiota proteins in the colon, thereby making them immunogenic to the host immune system. The acute TNBS model is characterized by the high secretion of macrophage-derived TNFα and Th17derived IL-17, and establishment of a transmural inflammation that resembles the histopathological lesions found in human Crohn's disease [START_REF] Alex | Distinct Cytokine Patterns Identified from Multiplex Profiles of Murine DSS and TNBS-Induced Colitis[END_REF]Antoniou et al., 2016). In contrast, the DSS model, another well-established IBD model, presents an increase in IL-4 and IL-10 and a concomitant decrease in TNFα and IL-17 [START_REF] Alex | Distinct Cytokine Patterns Identified from Multiplex Profiles of Murine DSS and TNBS-Induced Colitis[END_REF].

We found a remarkable increase in the expression of NOX1 and p22 PHOX protein during TNBSinduced colitis in WT mice. NOX1 deletion showed a protective effect on TNBS-induced colitis demonstrated by significantly attenuated macroscopic and histological damage scores, which is consistent with the former finding of Haruka Yokota et al. (Yokota et al., 2017). Therefore, TNBS-induced colitis is a model in which progression towards pathological state is dependent on NOX1. In addition, NOX1 expression has also been found to be upregulated in IL-10deficient mice model and the chronic DSS-induced colitis (but not acute DSS model) [START_REF] Kamizato | Interleukin 10 inhibits interferon γ-And tumor necrosis factor α-stimulated activation of NADPH oxidase 1 in human colonic epithelial cells and the mouse colon[END_REF][START_REF] Ramonaite | Protective action of NADPH oxidase inhibitors and role of NADPH oxidase in pathogenesis of colon inflammation in mice[END_REF], indicating again that NOX1 is broadly associated with experimental IBD.

Interestingly, the LCN-2 levels in NOX1-deficient mice are clearly decreased in the colon during TNBS-induced colitis, suggesting that NOX1 might contribute to LCN-2 production in vivo. In addition, we also found that the activation of JNK1/2 and the expression of NOXO1

and LCN-2 are enhanced in biopsies from patients with CD, supporting this possibility.

The NOX1-dependent increase of LCN-2 expression during inflammation may represent a compensation response to enhanced bacterial invasion caused by barrier destruction.

However, the reverse side of LCN-2 overexpression is that it can become detrimental. LCN-2 has been shown to protect matrix metalloproteinase 9 (MMP-9) from degradation through binding with it and thereby preserving MMP-9 enzymatic activity (Yan et al., 2001). MMP9, also known as 92 kDa gelatinase or gelatinase B, is an enzyme involved in the degradation of the extracellular matrix. Thus, by upregulation of MMP9, overexpression of LCN-2 could break mucosal integrity and exacerbate inflammation. We found that MMP-9 expression was indeed higher in TNFα and/or IL-17-stimulated T84 cells than in the resting cells, arguing for this possibility. Moreover, NOX1 deficiency was protective and associated with a decrease of LCN-2 production in the TNBS-induced colitis mouse model which supports the detrimental effect of the NOX1-LCN-2 axis during intestinal inflammation.

In sum, by controlling LCN-2 expression, NOX1 expressed in intestinal epithelial cells participates in mucosal immunity and inflammation.

Protein kinase CK2 is identified as a partner of NOX1 by binding and phosphorylating NOXO1 in colonic epithelial cells co-stimulated by TNFα and IL-17

Protein kinase CK2 is ubiquitously expressed in all eukaryotic organisms and widely involved in many fundamental cellular processes. My second study first reveals that CK2 is a partner of NOX1 by binding and phosphorylating NOXO1 in colonic epithelial cells. We found that binding of CK2 with NOXO1 is spontaneous following induction of NOXO1 expression by TNFα + IL-17. This was further demonstrated by the fact that exogenous recombinant NOXO1 was able to pull down CK2 from resting cells. The interaction between NOXO1 and CK2 does not require CK2 activity as inhibiting this latter with the highly selective CK2 inhibitor, CX-4945, did not affect the binding between the two proteins (not shown). Furthermore, CK2

specifically binds to the NOXO1 and not to the activator subunits NOXA1. In addition, using the pull-down assay, we showed that CK2 binds to the N-terminus (1-157) of NOXO1, which mainly encompasses the PX domain , a structural motif known to be involved in phosphoinositides binding (Ellson et al., 2002). While our experimental conditions do not allow to conclude that the PX domain is responsible for CK2 binding, it is interesting to speculate so, as PX domains are also known to bind to cytoskeleton proteins such as moesin [START_REF] Wientjes | The NADPH Oxidase Components p47 phox and p40 phox Bind to Moesin through Their PX Domain[END_REF] and CK2 has been shown to regulate cytoskeletal structure and associated functions (D'Amore et al., 2019).

The proximity of CK2 with NOXO1 suggests that NOXO1 could be phosphorylated by CK2.

Indeed, by the assay of protein kinases using radiolabeled ATP, we found that NOXO1 is targeted by CK2. By Mass Spectrometry analysis, we further identified that C-terminus of NOXO1 is heavily phosphorylated by CK2 in vitro. Among the phosphorylation sites that we identified, most of them do not meet the classical criteria of the CK2 consensus site characterized by the presence of an acidic residue at position n+3 that may be Glu, Asp, pSer, pThr or pTyr (S/T-X-X-Acidic). In fact, consensus sequence has been shown to be limited to define the target of CK2, demonstrated by some sites, such as Ser392 in the p53 tumor suppressor, that are efficiently phosphorylated by CK2 even though they do not conform to this consensus sequence (Meek et al., 1990). In addition, though being classified as a protein serine/threonine kinase, definitive evidences demonstrate that CK2 is also able to catalyze tyrosine phosphorylation in mammalian cells (Vilk et al., 2008).

CK2 negatively regulates NOX1 activity in colonic epithelial cells

We next revealed that CK2 inhibition results in an enhancement of ROS production by NOX1, indicating that CK2 negatively regulates NOX1 activity in T84 colon epithelial cells and in colon organoids under inflammatory conditions. However, the underlying mechanisms remain to be determined. Since CK2 is implicated in many cellular functions by regulating cytoskeleton (D'Amore et al., 2019) and that activation of NOXs in general is closely intricate with cytoskeleton dynamics [START_REF] Nauseefs | Assembly of the Neutrophil Respiratory Burst Oxidase PROTEIN KINASE C PROMOTES CYTOSKELETAL AND MEMBRANE ASSOCIATION OF CYTOSOLIC OXIDASE COMPONENTS* generating NADPH-dependent oxidase[END_REF][START_REF] Wientjes | The NADPH Oxidase Components p47 phox and p40 phox Bind to Moesin through Their PX Domain[END_REF][START_REF] Woodman | Respiratory burst oxidase and three of four oxidase-related polypeptides are associated with the cytoskeleton of human neutrophils[END_REF], one possibility is that CK2 through the binding and phosphorylation of NOXO1 may modulate the interaction of NOX1 with the cytoskeleton. On the other hand, phosphorylation of NOXO1 by CK2 may favor the interaction between the two SH3 domains and the PRR domain, thus blocking the binding of NOXO1 with p22 PHOX (Yamamoto et al., 2007). In addition, it could be possible that phosphorylation of NOXO1 by CK2 may modulate phosphorylation on other sites, especially those involved in the activation of the NOX1 complex such as Ser-159 (= 154 on β isoform) (Debbabi et al., 2013).

In fact, restrictive function of CK2 regarding NADPH oxidase activity is not unique to NOX1. (Park et al., 2001). Interestingly, they found that p47 PHOX was phosphorylated better in the presence of arachidonic, an activator of NADPH oxidase which induces conformation changes in p47 PHOX , which means that phosphorylation of p47 PHOX by CK2 is conformation-dependent (Park et al., 2001). And they subsequently identified that CK2 bound to the C-terminal part of p47 PHOX between residues 284 and 390 (Y. S. Kim et al., 2001).

In our present work, we find that CK2 binds to recombinant p47 PHOX , consistent with the former finding. And we further confirm that CK2 does not bind to p67 PHOX or NOXA1, indicating that the binding of CK2 to NOX organizer subunit is specific. Interestingly, while the CK2 binding and phosphorylation sites are in the same region on p47 PHOX , they are not located within the same region on NOXO1. The significance of these differential locations cannot be explained by our data, but the spatial structure of NOXO1 may allow the proximity between the binding and phosphorylation sites (Debbabi et al., 2013;Yamamoto et al., 2007). Thus, it appears that CK2 can modulate ROS production of NOX1 and NOX2 by phosphorylating their respective organized subunits. It could be also possible that CK2 regulates NADPH oxidase through other mechanism. Kim et al. have suggested that CK2 suppresses NOX2 activity by interacting with Rac1 in physically normal brain (G. S. [START_REF] Kim | CK2 is a novel negative regulator of NADPH oxidase and a neuroprotectant in mice after cerebral ischemia[END_REF]. Therefore, we are convinced that CK2

is an important regulator of NADPH oxidase, and its mechanism of action may have cellular differences.

CK2 activity is decreased during TNBS-induced acute colitis

Strikingly, our data show that CK2 activity is significantly reduced during acute colitis induced by TNBS, a phenomenon that has been also observed during DSS-induced acute colitis (Koch et al., 2013). As a constitutive kinase, the decrease in CK2 activity is expected to be related to the decrease in its expression. Indeed, in DSS-induced acute colitis, the decrease of CK2 activity was associated with a clear diminution of CK2α/α' subunits expression (Koch et al., 2013). Surprisingly, this was not the case in TNBS-induced acute colitis where the level of CK2α/α' subunits did not change significantly and the level of CK2β subunit even increased, indicating that the drop in CK2 activity was not due to a decrease in expression of its subunits.

Thus, the mechanisms behind decrease of CK2 activity during TNBS-acute colitis remains to be elucidated. Interestingly, the CK2β subunit possesses a sequence between residues 55-64 which contains a cluster of acidic amino acids reminiscent to the auto-inhibitory sequences identified in several other protein kinases (Soderling, 1990) and mutation within this region to neutralize negative charges was found to raise four time the basal activity of CK2 (Leroy et al., 1997). Therefore, it is tempting to speculate that the increase of the CK2β subunit expression during TNBS-induced colitis may be responsible for the decrease of CK2 activity through its auto-inhibitory action on CK2α/α'; however, this remains to be demonstrated.

Inhibition of CK2 exacerbate s inflammation and oxidative stress during TNBS-induced colitis

Finally, we reveal that the highly selective CK2 inhibitor, CX-4945, exacerbates TNBSinduced colitis. And concurrently to the decrease in CK2 activity, the increase occurs in NOX1 subunits expression, ROS production, and the oxidative stress marker MDA levels during TNBS-induced acute colitis. There is probably no causal link between the decrease of CK2 activity and the increase of NOX1 subunits expression during TNBS-induced colitis, as CX-4945 do not further increase NOX1 subunits expression. However, CX-4945 is able to potentiate both ROS production and MDA level, concomitantly with the exacerbation of inflammation and colon damage.

The fact that NOX1 deficiency protects against TNBS-induced colitis and that CK2 has a restraining role on NOX1 activity suggests that the drop of CK2 activity observed during TNBS-induced acute colitis may contribute to excessive NOX1 activity, which then contributes to the progression of the pathological state. Meanwhile, the pathological situation would be further worsened by the increase in NOX1 expression. However, we cannot exclude the possibility that the drop in CK2 may also impact NOX2 activity of phagocytes, especially neutrophils which are massively recruited in the intestine in this model [START_REF] Krimi | Resistinlike molecule β regulates intestinal mucous secretion and curtails TNBS-induced colitis in mice[END_REF].

Recently, Raju et al. have been shown that CK2 inhibition with CX-4945 limited immunemediated colitis progression, predominantly through inactivation of claudin-2 pores in vivo (Raju et al., 2020). They also showed that CX-4945 did not apparently have in vivo toxicities.

However, our study finds that exacerbation of TNBS-induced colitis in the presence of CX-4945. The contrary findings could be explained by the different colitis models that we used. In addition, a previous study of Koch et al. demonstrating that CK2 was a critical regulator of epithelial homeostasis during chronic intestinal inflammation (Koch et al., 2013). Therefore, we cannot rule out that exacerbation of TNBS-induced colitis could be also related to defect in intestinal epithelial cells restitution which is controlled by CK2 via β-catenin signaling (Koch et al., 2013).

Taken together, my work demonstrates a new function of NOX1-derived ROS in controlling LCN-2 expression and identifies CK2 as a novel negative regulator of NOX1 activity in inflammatory situations. Furthermore, dysregulation of these processes may contribute to pathological situations. Therefore, therapeutic strategies aiming at suppressing exaggerated activation of NOX1 while preserving its physiological functions could be an interesting option in IBD, depending on the disease context. On the other hand, strategies to activate CK2 could also represent an interesting novel therapeutic approach in IBD. 
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 2 Figure 2: The intestinal-associated lymphoid tissue (GALT)

  Inappropriate innate and adaptive immune responses in the GI tract are normally restrained by Treg cells. Intestinal Treg cells derive from different immune organs. The population generated in the thymus with high expression of CD25 and CD4 surface markers are termed thymic Treg cells. These cells exert homeostatic activity by producing immune suppressive regulators, including TGFβ, IL-10, IL-35, and cytotoxic T-lymphocyte-associated protein 4 (CTLA
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 3 Figure 3: Conceptual framework for the pathogenesis of IBD
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 4 Figure 4: Reactive oxygen species production
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 1 The family of NADPH oxidase NADPH oxidases are multi-subunit enzyme complexes dedicated to the controlled production of O2 •-through the single-electron reduction of molecular oxygen, with NADPH as the electron donor. This family includes seven members, NADPH oxidase 1 to 5 (NOX1-NOX5), and Dual oxidase 1 and 2 (DUOX1, DUOX2). NOX2, also known as gp91 PHOX , is the first NOX family member discovered 40 years ago, and is the prototype of NADPH oxidase. All NADPH oxidases are membrane-spanning enzymes and have a membrane catalytic core called NOX/DUOX. The core region of NADPH oxidase contains NADPH and flavin adenine dinucleotide (FAD) binding sites on its C-terminal part, and six transmembrane helical domains

Figure 5 :

 5 Figure 5: NADPH oxidase family

Figure 6a :

 6a Figure 6a: Molecular structures and interactions of NOX2 cytosolic subunits
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  first potential mechanism through which NOX1 contribute to mucosal immune defense and homeostasis may involve the modification of bacterial capsule formation virulence via the disruption of bacterial signal transduction. Corcionivoschi et al. indeed found that during Campylobacter jejuni (C. jejuni) infection, mucosal ROS produced by NOX1/DUOX2 inhibit the activity of bacterial tyrosine kinase Cjtk; the inactivated Cjtk can no longer phosphorylate and stimulate the C. jejuni outer-membrane/periplasmic proteins, including an epimerase involved in polysaccharide biosynthesis, thus causing an impairment of bacterial capsule formation
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 7 Figure 7: NOX1 variants identified in patients with IBD

Figure 8 :

 8 Figure 8: Main features of protein kinase CK2 (D'Amore et al., 2019)
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 12 To decipher the mechanisms through which NOX1 contributes to mucosal immunity and inflammation To identify new regulators of NOX1 in inflammatory conditions. ROS can act as second messengers, modulating intracellular signaling pathways that may control the expression of effectors involved in intestinal immunity and inflammation. Therefore, in a first work in order to decipher the mechanisms through which NOX1 could contribute to mucosal immunity and inflammation we attempted to identify effectors that are regulated by NOX1-derived ROS in IECs stimulated by pro-inflammatory cytokines, notably TNFα and IL-17. We found that ROS generated by NOX1 drive the expression of the bacteriostatic protein, lipocalin-2 (LCN-2), in colonic epithelial cells co-stimulated with TNFα and IL-17, and that the underlying mechanisms involve a p38MAPK-JNK/NOXO1/IkBζ axis. We also analyzed the expression of LCN-2 in experimental colitis induced in WT and NOX1 deficient mice as well as biopsies of Crohn's patient in relation with NOX1 expression. This work where I am first co-author, has been published in Mucosal Immunology (Mucosal Immunol. Mucosal Immunol. 2019 Jan;12(1):117-131).

  -stimulation with TNFα and IL-17 and the same pathways control this process.

LCN- 2

 2 in human colonic epithelial cell line co-stimulated by TNFα and IL-17. Expression of IκB-ζ, the central regulator of LCN-2 induction, is controlled by NOX1-derived ROS in colonic epithelial cell line and in human colon organoids co-stimulated by TNFα and IL-17 It has been shown in a lung epithelial cell line that expression of LCN-2 requires the binding of both NF-κB (p50/p65) and inhibitor
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  Fig.2IL-17 potentiates TNF-α-induced ROS production in colonic epithelial cell. T84 cells were treated by TNFα (5 ng/ml), IL-17 (50 ng/ ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml) for 24 h at 37 °C. ROS production was then measured as described in "Methods" by a luminol-amplified chemiluminescence in cells in 100 μl of Hank's balanced salt solution (HBSS) containing 10 µM luminol, 2.5 U/ml horseradish peroxidase (HRPO), and 500 ng/ml of PMA for optimization of NOX1 detection activity or b by the superoxide dismutaseinhibitable reduction of cytochrome c at 550 nm as an end point in 0.5 ml of HBSS in the presence of PMA (500 ng/ml), with (white) or without (black) DPI (1 μM). Results are expressed as means ± SEM of at least three independent experiments; *p < 0.05 as compared to untreated cells, # p < 0.05 as compared to TNFα-treated cells
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 4 Fig.4TNFα and IL-17 induce the expression of the bacteriostatic protein, lipocalin-2 (LCN-2), in a p38MAPK-and JNK1/2-dependent manner in colonic epithelial cells. a-d Except where indicated, T84 colonic epithelial cells were stimulated with TNFα (5 ng/ml), IL-17 (50 ng/ml), IL-22 (50 ng/ml), TNFα (5 ng/ml) + IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-22 (50 ng/ml) for 24 h at 37 °C, and the expression of LCN-2 was then analyzed by western blotting using an anti-LCN-2 antibody. The blots were probed again with mouse anti-β-actin antibody as loading control. The ratio of LCN-2 to the total amount of β-actin (b) was quantified using the Image J software. Results are expressed as means ± SEM of three independent experiments; **p < 0.01, ***p < 0.001. e T84 cells were stimulated with TNFα (5 ng/ml), IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml) for 24 h at 37 °C in the presence or absence of SP600125 (20 µM), UO126 (10 μM), or SB203580 (25 µM), and the expression of LCN-2 was then analyzed by western blotting using an anti-LCN-2 antibody. The blots were probed again with a mouse anti-β-actin antibody as a loading control

  Figure 7f (upper) shows the typical development of organoids from colon crypts. Crypt budding occurs within 5-6 days after seeding, and multi-lobed structures appeared between Days 7 and 10. Expressions of NOXO1, IkBζ, and LCN-2 were analyzed in colon organoids stimulated or not with TNFα, IL-17, or TNFα+IL-17.
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 7f Figure7f(lower left) shows that the combination of TNFα+IL-17 was the most efficient at inducing NOXO1, IkBζ, and LCN-2 expression in colon organoids, as in T84 cells. Furthermore, NAC and DPI also inhibited the expression of IkBζ and LCN-2 in colon organoids stimulated with TNFα+IL-17 (Fig.7, lower right). These data suggest that the NOXO1/IkBζ axis may also control LCN-2 expression in primary human epithelial cells.Colon damage and LCN-2 production were decreased in NOX1deficient mice during TNBS-induced colitis In order to determine if NOX1-derived ROS could modulate LCN-2 expression and intestinal inflammation in vivo, we used a mouse

Fig. 6

 6 Fig.6Expression of LCN-2 induced by co-stimulation of colonic epithelial cells with TNFα and IL-17 is inhibited by NOXO1 and NOX1 siRNAs. Colonic epithelial cells were stimulated with TNFα (5 ng/ml), IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml), and transfected with a pool of three target-specific1 9 -25 nt NOXO1 siRNAs or scrambled siRNA as indicated in "Methods". Expression of NOXO1 (a) or LCN-2 (b) was analyzed 24 h after transfection by western blotting (left). The ratio of NOXO1 and LCN-2 to the total amount of β-actin was quantified using Image J (right). Values are expressed as means ± SEM of three independent experiments; *p < 0.05 as compared to control cells not treated with siRNAs (CTL), # p < 0.05 as compared to scrambled siRNA (si-Scr) treated cells. c T84 cells stimulated with TNFα (5 ng/ml), IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml) were transfected with a pool of three target-specific1 9 -25 nt NOXO1 siRNAs or scrambled siRNA as indicated in "Methods". Cells were washed 24 h after transfection, and ROS production was measured by superoxide dismutase-inhibitable reduction of cytochrome c at 550 nm in 0.5 ml of HBSS in the presence of PMA (500 ng/ml) as an end point. Values are expressed as means ± SEM of three independent experiments; *p < 0.05 as compared to scrambled siRNA (black) treated cells. d T84 cells stimulated with TNFα (5 ng/ml) + IL-17 (50 ng/ml) were transfected with a pool of three target-specific19-25 nt NOX1 siRNAs or scrambled siRNA. Expression of NOX1 was analyzed 24 h later by RT-PCR (upper), and expression of LCN-2 was analyzed by western blotting (lower). β-Actin was used as a loading control and human GADPH served as an internal control

Fig. 7

 7 Fig. 7 Expression of IκB-ζ, the central regulator of LCN-2 induction, is controlled by NOX1-derived ROS in colonic epithelial cell and in human colon organoids co-stimulated by TNFα and IL-17. a Diagram of the transcriptional regulation of LCN-2.b T84 colonic epithelial cells were stimulated with TNFα (5 ng/ml), IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml) for 24 h at 37 °C. Activation of NF-κB was assessed with a phospho-NF-κB-p65 antibody and expression of IκBζ was analyzed with an IκBζ antibody. The blots were reprobed with anti-P65 or β-actin as loading controls. c T84 cells were stimulated with TNFα (5 ng/ml) + IL-17 (50 ng/ml) in the presence or absence of different concentrations of NAC or DPI at 37 °C for 24 h, and expression of IκBζ was analyzed. d T84 cells were stimulated with TNFα (5 ng/ml) + IL-17 (50 ng/ml) in the presence or absence of different concentrations of NAC or DPI at 37 °C for 24 h, and activation of NF-κB was assessed with a phospho-NF-κB-p65 antibody. e T84 cells stimulated with TNFα (5 ng/ml) + IL-17 (50 ng/ml) were transfected with a pool of three target-specific1 9 -25 nt NOXO1 siRNAs or scramble siRNA as indicated in "Methods". Expression of IκBζ was analyzed 24 h later with an IκBζ antibody (upper). The ratio of IκBζ to the total amount of β-actin was quantified using Image J (lower). Results are expressed as means ± SEM of three independent experiments; *p < 0.05 as compared to control cells not treated with siRNAs (CTL), # p < 0.05 as compared to scramble siRNA (si-Scr) treated cells. f Colon organoids were established from colon biopsies of control patients as detailed in the Supplementary Methods. At Day 8, organoids were stimulated with TNFα (5 ng/ml), IL-17 (50 ng/ml), or TNFα (5 ng/ml) + IL-17 (50 ng/ml) for 24 h at 37 °C in the presence or absence of NAC (20 mM) or DPI (0.2 μM). Expression of NOXO1, IkB-ζ, LCN-2, and β-actin were analyzed by western blot with specific antibodies. Scale bar: 100 μm

Fig. 8

 8 Fig. 8 Colon damage and LCN-2 production were decreased in NOX1-deficient mice during TNBS-induced colitis. Colitis was induced by intrarectal injection of TNBS as detailed in Supplementary Methods. a Representative photograph of the colon 24 h after injection of TNBS or vehicle (CTL). b, c Macroscopic changes following TNBS treatment are represented by colon weight/length ratio (b) and Wallace score (c). Results are expressed as the mean ± SEM from 6-8 animals; **p < 0.01, ***p < 0.001 as compared to control; # p < 0.05 as compared to WT mice. d Histologic images of the colon 24 h after TNBS-induced colitis (×200). Scale bar: 50 μm. e Western blot of NOX1 in colon homogenates of WT or NOX1-deficient mice. Four mice are shown (M1 to M4) for each group: WT control (CTL), WT treated with TNBS (TNBS), NOX1-deficient CTL, NOX1-deficient treated with TNBS. f Levels of LCN-2 were assessed by western blot of mouse colon homogenates from WT or NOX1-deficient mice. Four mice are shown (M1 to M4) for each group defined as above. g Levels of LCN-2 were examined in mouse colon homogenates from WT or NOX1-deficient mice using the Lipocalin-2 Quantikine ELISA kit from R&D Systems. Data are expressed as the mean ± SEM from 6-8 animals; ***p < 0.001 as compared to control, # p < 0.05 as compared to WT mice

Fig. 9

 9 Fig.9Activation of JNK1/2 and expression of NOXO1 and LCN-2 are enhanced in biopsies from patients with Crohn's disease (CD). Biopsies from eight patients with active Crohn's disease (median age 33 years, range 15-62, 40% female) and from eight control subjects without IBD (median age 56, range 41-64, 50% female) were analyzed. Tissue samples from CD patients were taken from the inflamed (Infl) and adjacent non-inflamed (Adj.) areas of the colon, except for one that was taken from the rectum. At least four specimens were sampled from the same area. Tissue sample from control subjects were taken from the colon. a Histological examination of colon sections from CD patient stained with hematoxylin-eosin as compared to normal colon (control). b Tissue samples were homogenized in homogenization buffer using a rotor-stator, proteins were measured, and samples were analyzed by western blotting with anti-phospho-JNK1/2, anti-NOXO1, and anti-LCN-2 antibodies. β-Actin was used as loading control. c Ratio of phospho-JNK1/2, NOXO1, and LCN-2 to the total amount of β-actin were quantified using Image J. When multiple proteins were specifically recognized by the antibody (JNK and NOXO1), all the bands were captured for quantification. Results are expressed as means ± SEM of the eight samples; *p < 0.05, **p < 0.01, and ***p < 0.001 as compared to the control biopsies (CTL)

  AnimalsMice deficient in Nox1 Y/-were from The Jackson Laboratory (Sacramento, CA). Animal studies were performed in accordance with the European Community Guidelines. All protocols were approved by the Bichat Ethics Committee for Animal Research (APAFIS authorization number 11901). Induction of TNBS-induced colitis in mice is detailed in Supplementary Methods.Cell culture, colon organoids, and treatment with cytokines and inhibitors T84 colon epithelial cells from ATCC-LGC (Molsheim, France) were cultured in 1:1 Dulbecco'sM o d i fied Eagle Medium (DMEM)/Ham's F-12 Nutrient Mixture (F-12) as detailed in the Supplementary Methods. They were seeded in 6-well plates to be 70% confluent on the experimental day. Colon organoids were established from biopsies of control patients without IBD obtained after approval by the Bichat Hospital Institutional Review Board, as detailed in the Supplementary Methods. Cells and colon organoids were treated with cytokines alone or in combination at the indicated concentrations for 24 h at 37 °C. In some assays, UO126 (10 μM), SB203580 (25 μM), SP600125 (20 μM), wortmannin (500 nM), NAC, and DPI at various concentrations were added just prior to cytokine treatment.NOXO1 and NOX1 silencing by siRNA To achieve NOX1 or NOXO1 silencing, cells were transfected with a pool of three target-specific1 9 -25 nt NOX1 siRNA or NOXO1 siRNA (Santa-Cruz Biotechnology, Heidelberg, Germany) using T84 Cell Avalanche™ Transfection Reagent (EZ Biosystems, College Park, MD, USA). A detailed protocol can be found in the Supplementary Methods.

Fig. 10

 10 Fig. 10 Diagram of the regulation of lipocalin-2 expression by NOX1-derived ROS in colonic epithelial cell co-stimulated with TNFα and IL-17. In colonic epithelial cell line, TNFα + IL-17 synergistically enhances the expression of NOXO1 via the activation of the p38MAPK and JNK1/2 pathways. Consequently, NOX1 activity was increased and the resulting ROS induced the expression of IκB-ζ. Concomitantly, TNFα or IL-17 induced the activation of NFkB in an ROS-independent manner. The synthesis of LCN-2, which requires the binding of both NFkB and IkB-ζ upstream of its promoter, could then be induced

  following induction of NOXO1 expression by TNFα + The association between CK2 and NOXO1 was confirmed by western blotting of the immunoprecipitates (IPP). CK2/' was clearly detected in the NOXO1-IPP when cells were co-stimulated by TNF+ IL-17, but noticeably at lower level when cells were unstimulated or stimulated with either TNF or IL-17 (Fig.1 C and 1D). No CK2/'could be detected in the control IgG-IPP of cells costimulated with TNF+ IL-17 (Fig.1 C and 1D). Confocal microscopy showed co-localization of NOXO1 and CK2/' at the plasma membrane and in the nucleus of TNF+IL-17stimulated cells (Fig.1E).

Figure 1

 1 Figure 1. CK2 interacts with NOXO1 in T84 colon epithelial cells under inflammatory conditions. (A) Immunoblots of NOXO1, CK2/', CK2and-actin in colon T84 cells stimulated with TNF(5 ng/ml) orIL-17(50 ng/ml) individually or in combination for 24 hr at 37°C. Representative of 3 independent experiments. (B) ROS production was measured by chemiluminescence in T84 cells stimulated as in A). n=3. (C) Immunoblots of CK2 α/α' in NOXO1immunoprecipitates (IPP) from T84 cells stimulated stimulated as in A) . Representative of 4 independent experiments. (D) Densitometry analysis of CK2 α/α' in NOXO1 IPP as in (C), normalized to CK2 α/α'expression in cell lysates; n=4; mean + SEM, one-way ANOVA with Tukey's multiple comparisons test; *p<0.05. (E) Confocal microcopy of T84 cells co-stimulated or not with TNF + IL-17 for 24 hr at 37°C. NOXO1 (green), CK2 α/α' (red), DAPI (blue). Scale bar 10 m. Representative of 6 independent experiments.

Figure 2 .

 2 Figure 2. CK2 interacts directly with NOXO1 through the N-terminal region mostly containing the PX domain. (A) Coomassie Blue staining of recombinant NOXO1, p47 PHOX , NOXA1, and p67 PHOX . (B) Dot-blot analysis of interaction between CK2 and recombinant NOXO1, p47 PHOX , NOXA1 or p67 PHOX . Representative of 3 independent experiments. (C) Schematic representation and Coomassie Blue staining of GST fusion proteins of the NOXO1 full-length (isoform N-terminal (1-157) and C-terminal regions (232-371).

Figure 3 .

 3 Figure 3. CK2 phosphorylates recombinant NOXO1 in vitro on several sites (A) Autoradiography of recombinant NOXO1 phosphorylated with constitutively active CK2 in the presence of radioactive [γ -32P ] ATP. Time course (left), with or without CK2 (right). Representative of 3 independent experiments. (C) Extracted-ion chromatogram (XIC) of the heavily C-terminus phosphorylated peptide of m/z 753.997 showing 3 distinct elution peaks for 3 distinct phosphorylation sites. (D) Representative MS/MS spectrum of the phosphorylated C-terminus peptide at position 368. The confidence of modification sites is estimated by an Ascore (Ascore = 20 for a p-value of 0.01).

Figure 4 .

 4 Figure 4. Inhibition of CK2 enhances ROS production by NOX1 in colon T84 epithelial cells under inflammatory conditions. (A) ROS production was measured by chemiluminescence in T84 cells co-stimulated or not with TNF + IL-17 in the presence or absence of 1 M CX-4945 after 24 hr incubation at 37°C. n=3. (B) CK2 activity (top) assessed with the phospho-CK2-substrate [(pS/pT)DXE] antibody and NOXO1 expression (middle) in T84 cells co-stimulated as in A). Representative of 3 independent experiments.

Figure 5 .

 5 Figure 5. Inhibition of CK2 enhances ROS production by NOX1 in colon organoids under inflammatory conditions. (A) Representative immunoblots of NOXO1, CK2/', CK2and-actin in colon organoids stimulated as in Fig1A. for 24 hr at 37°C. (B) Representative images of colon organoids established from colon biopsies of control patients. At Day 8, organoids were co-stimulated or not with TNF+IL-17 in the presence or absence of 1 M CX-4945 for 24 hr at 37 °C. Scale bar: 100 m. (C) ROS production was measured by chemiluminescence in colon organoids treated as in B) (D) Data as in C) were quantified and expressed as percentage of control (= resting cells in the absence of CX-4549); n=4 per condition; mean+SEM; one-way ANOVA with Tukey's multiple comparisons test; *p<0.05, ***p<0.001. (E) ROS production by organoids treated as in B) was assessed by NBT reduction. Phase contrast microcopy with a 400 x magnification.

Figure 6 .

 6 Figure 6. CK2 activity is highly reduced while NOX1 expression is increased during TNBS-induced acute colitis. (A) Left-Representative image of colons 24 hr after injection of TNBS or vehicle (CTL); Middle-weight/length ratio changes following TNBS treatment; Right-macroscopic lesions as assessed by Wallace score. Mean ± SEM from 10 to 12 animals; Mann Whitney test; **** p< 0.0001. (B) Histologic images of colons 24hr after TNBS-induced colitis (x200) as compared to CTL (vehicle). Scale bar: 50 m (C) CK2 activity in cytosolic and membrane fractions of colon homogenates, assessed 24 hr after injection of TNBS or vehicle (CTL) with the phospho-CK2-substrate antibody. Four mice are shown (M1 to M4) for each group. (D) Densitometry analysis of p-CK2 substrates normalized to -actin expression. Mean ± SEM from 10 animals; Kruskal-Wallis test with Dunn's multiple comparisons test; ** p< 0.01, *** p< 0.001. (E) Immunoblots of CK2/' and CK2 in colon homogenates 24 hr after injection of TNBS or vehicle (CTL). Four mice are shown (M1 to M4) for each group. (F) Densitometry analysis of CK2/' and CK2 normalized to -actin expression. Mean ± SEM from 6 to 8 animals; Mann Whitney test; ** p< 0.01. (G) Immunoblots of NOX1 and p22 PHOX in colon homogenates 24 hr after injection of TNBS or vehicle (CTL). Two mice (M1 to M2) in the CTL group, and five mice (M1 to M5) in the TNBS group are shown. (H) Densitometry analysis of NOX1 and p22 PHOX normalized to -actin expression. Mean ± SEM from 8 to12 animals; Mann Whitney test; ** p< 0.01.

Figure 7 .

 7 Figure 7. The highly selective CK2 inhibitor, CX-4945, exacerbates TNBS-induced colitis. (A) Representative images of colons 24 hr after injection of TNBS or vehicle (CTL) in mice treated with the CK2 inhibitor CX-4945 (25 mg/kg) or DMSO. (B) Histologic images of colons 24hr after TNBS-induced colitis (x200) as compared to CTL (vehicle) in mice treated with the CK2 inhibitor CX-4945 (25 mg/kg) or DMSO. Scale bar: 50 m. (C) Histological damage of colon as assessed by the Ameho score in mice treated as in B). Mean ± SEM from 6 to 8 animals; Mann Whitney test; * p< 0.05. (D) Secretion of CXCL1 (pg. mg -1 protein.) in colons of mice treated as in B). Mean ± SEM from 4 (CTL groups with and without CX-4945) to 6 (TNBS groups with and without CX-4945) animals, Mann Whitney test, * p< 0.05. (E) ROS production assessed ex-vivo by NBT reduction in colon tissue of mice treated as in B). Formazan deposits were examined macroscopically. Representative of 4 mice in the CTL groups with and without CX-4945 and at least 7 mice in the TNBS groups with and without CX-4945. (F) Malondialdehyde (MDA, nmol. mg -1 protein) content in the colon of mice treated as in B), normalized as compared to control. Mean ± SEM 6 to 8 animals; Mann Whitney test; * p< 0.05.
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  photons per second (cps). Regarding colon organoids, after treatment with cytokines in the presence or absence of 1 M CX-4945 for 24 hrs at 37°C, the culture 3D Matrigel domes were washed, then broken up with gentle cell dissociation reagent (Stemcell Technologies, Grenoble, France), and organoids were trypsinized into single cells, which were suspended in Hank's

  Malondialdehyde content. Malondialdehyde (MDA) content was used as an indicator of lipid peroxidation. The adducts generated by the reaction of MDA with thiobarbituric acid (TBA) allows the indirect measurement of MDA content. Colon tissues were homogenized and centrifuged as described above. The same volume of supernatant and trichloroacetic acid solution at 20% (containing 0.8% butylated hydroxytoluene to prevent nonspecific chromophore formation during the assay procedure) was mixed to precipitate proteins. After centrifugation at 1000xg for 10 minutes, the resulting supernatant was mixed with Tris-TBA (26 mM Tris and 120 mM TBA) and 0.6 M HCl in a volume ratio of 5:4:1 and heated in a water bath at 80°C for 15 minutes. The absorbance of the supernatants was measured with a Cary UV-Vis Multicell Peltier spectrophotometer (Agilent Technologies, Les Ulis, France) at 532 nm. A standard curve was established by preparing standard solutions containing various concentration of MDA (0.25, 0.5, 1, and 2 mM) from a 10mM stock solution (Elabscience Biotechnology). The standard solutions were processed as the samples. Concentration of MDA was established against the standard curve and MDA content was expressed as nmol.mg-1 protein and normalized as compared to the control.Supplemental Figure 2. Concentration-dependent effect of CX4945 and TBBz on proliferation/cytotoxicity of T84 epithelial cells.The effect of increasing concentrations of CX4945 (A) or TBBz (B) on proliferation/cytotoxicity of T84 epithelial cells was assessed using the Cyto-X Cell Proliferation/Cytotoxicity Kit (Cell Applications Inc., San Diego, CA) according to the manufacturer's instructions and as described previously[12]; n=3 per condition; mean+SEM; one-way ANOVA with Dunnett's multiple comparisons test; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. A B Co-stimulation of colonic epithelial cells with TNFα and IL-17 specifically enhances NOX1 activity by inducing NOXO1 expression via the activation of the p38MAPK and JNK1/2 pathways My work begins with an important finding that IL-17 potentiates TNFα-induced NOXO1 expression and ROS production in the human T84 colonic epithelial cell line.

  23, IL-6, IL-22, and TGFβ on the expression of any NOX1 subunits, and confirmed the effect of TNFα on NOXO1 expression and NOX1 activity in T84 cells. Interestingly, IL-17 by itself did not clearly modulate NOXO1 expression, but dramatically amplified TNFα-induced NOXO1 expression and ROS production in T84 cells. Additionally, among the other NOX1 subunits, only NOXA1 protein was weakly modulated by TNFα, IL-17, or TNFα + IL-17, indicating that NOXO1 is the main regulatory target of TNFα + IL-17. Although the functional cooperation between
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 9 Figure 9: A dual role of NOX1 in intestinal inflammation

  

  

  

  

  

  

  

  

Table I : Characteristics of patients with Crohn's disease. Patient Age Gender Disease Location CDAI Disease state Treatment at the time of collection of biopsies

 I 

	Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Patient 8	54 22 30 27 62 15 16 35	Female Male Male Female Male Male Female Male	Colonic Colonic Colonic Ileo-colonic Rectal Colonic Colonic Colonic	100 307 370 208 390 316 310 275

  1 , Jean-Claude Marie 1 , Anne-Laure Pelletier 2 , Marwa Ben-Khemis 1 , Kaouthar Boudiaf 1 , Coralie Pintard 1 , Thibaut Leger 3 , Samuel Terrier 3 , Guillaume Chevreux 3 , Jamel El-Benna 1 and Pham My-Chan Dang 1 *.

	Abbreviations:
	CK2, Protein Kinase CK2; CD, Crohn's disease; IBD, Inflammatory bowel disease; IL-17,
	Interleukin 17; MDA, Malondialdehyde; NOX1, NADPH oxidase 1; nanoLC-MS/MS,

1 INSERM U1149, CNRS ERL8252, Centre de Recherche sur l'Inflammation, Université de Paris, Laboratoire d'Excellence Inflamex, Faculté de Médecine, Site Xavier Bichat, Paris, F-75018, France 2 Service d'Hépato-Gastroentérologie et Cancérologie Digestive, Hôpital Bichat -Claude Bernard, Paris, France.

3 Proteoseine@IJM, INSTITUT JACQUES MONOD -Université Paris, CNRS -Bâtiment Buffon, 15 rue Hélène Brion, 75006 Paris CEDEX 13 -France Grant support : This work was supported by La Ligue Nationale Contre le Cancer, Comité De Paris, Grant n° RS18/75-13, INSERM, Labex Inflamex, CNRS and University Denis-Diderot Paris. Nanoscale liquid chromatography coupled to tandem mass spectrometry; NOXA1, NADPH oxidase activator 1; NOXO1, NADPH oxidase organizer 1; PX, Phox homology; ROS,

  . For the in vitro identification of phosphorylation sites, triplicate samples of recombinant NOXO1 phosphorylated in vitro by CK2 (New England Biolabs Inc., Statistics. Data were presented as mean + SEM. Unpaired two-tailed Mann-Whitney rank tests were used for two group comparisons. One way ANOVA with Tukey's multiple comparison post-test or Kruskal-Wallis with Dunn's multiple comparisons post-test were used for comparison of more than two groups as appropriate. Data were analyzed with Prism 8.4.3 (Graphpad Software, San Diego, CA) and a p < 0.05 was considered statistically significant. Study approval. Animal studies were performed in accordance with the European Community Guidelines. All protocols were approved by the Bichat Ethics Committee for Animal Research (APAFIS authorization number 11901). Human biopsies required to establish colon organoids were obtained after approval by the Bichat Hospital Institutional Review Board. Informed consent for the experimental use of the tissues was obtained during the patient hospitalization.

	Measurement of inflammatory and oxidative stress markers. CXCL1 (or KC) and
	Malondialdehyde (MDA) were assessed as detailed in supplementary methods.
	Evry, France) versus controls were digested with trypsin. Peptide masses were analyzed in the
	Orbitrap. Peptides were selected for fragmentation by Higher-energy C-trap Dissociation
	(HCD). Raw data were processed on the PEAKS X+ Studio software (Bioinformatics Solutions
	Inc., Waterloo, ON, Canada). Detailed LC-MS/MS procedure is described in supplementary
	methods.
	ROS production. After treatment of T84 cells or organoids with TNF (5 ng/ml) + IL-17 (50
	ng/ml) in the presence or absence of various concentration of CX-4945 for 24 hrs at 37°C, ROS
	was measured by luminol-amplified chemiluminescence in the presence of horseradish
	peroxidase (HRPO) in the Spark multimode microplate reader (TECAN, Spark R ) or in a
	Berthold 953 apparatus. PMA (500 ng/ml) was added to optimize the detection of NOX1
	activity [8]; regarding colon organoids they were trypsinized into single cells and counted
	before ROS measurement. ROS production was also assessed by NBT. Detailed protocol is
	described in in supplementary methods.
	Macroscopic and histological assessment of colitis. Macroscopic and histological lesions were
	evaluated according to the Wallace and Ameho criteria respectively as detailed in
	supplementary methods.
	Protein extraction and Western blot analysis. Protein were extracted from Mouse colon tissues
	or colon epithelial cells and analyzed by western-blot for CK2 and NOX1 subunits expression
	using specific antibodies, and CK2 activity using a Phospho-CK2 Substrate [(pS/pT)DXE]
	antibody as detailed in supplementary methods

Table I : Proteins co-immunoprecipitating with NOXO1 in T84 cells stimulated by TNF (5 ng/ml) +IL-17 (50 ng/ml) and related to NADPH oxidase or redox signaling .

 I 

	ACCESSION	DESCRIPTION	MW	GENE	COVERAGE	IgG-IPP Mascot # peptides	NOXO1-IPP Mascot # peptides
	NOXs related proteins								
	Q8NFA2	NADPH oxidase organizer 1	41,2	NOXO1	66%	62	3	2436	24
	Q86UR1	NADPH oxidase activator 1	50,9	NOXA1	13%	-	-	127	
	P13498	Cytochrome b-245 light chain	20,99	CYBA	4%	-	-	32	
	Q9H0H5	Rac GTPase-activating protein 1	70,98	RACGAP1	4%	-	-	73	
	P07237	Protein disulfide-isomerase	87,08	P4HB	34%	218	5	691	15
	Cytoskeleton proteins regulating NOXs								
	P63261	Actin, cytoplasmic	41,76	ACTG1	66%	672	12	1510	21
	P26038	Moesin	67,77	MSN	3%	-	-	49	
	Q9BR76	Coronin-1B	54,2	CORO1B	2%	-	-	43	
	Q9ULV4	Coronin-1C	53,21	CORO1C	8%	36	1	97	
	GTP binding protein								
	P85298	Rho GTPase-activating protein 8	53,45	ARHGAP8	24%	-	-	59,15	
	Q13283	Ras GTPase-activating protein-binding protein 1	52,13	G3BP1	24%	-	-	152,36	
	P01111	GTPase NRas	21,21	NRAS	12%	-	-	43,53	
	Redox signaling protein								
	P10599	Thioredoxin	11,7	TXN	32%	-	-	59,27	
	Q9H3N1	Thioredoxin-related transmembrane protein 1	31,77	TMX1	15%	-	-	99	
	P04179	Superoxide dismutase [Mn], mitochondrial 24,7	SOD2	29%	52	1	200	
	P00441	Superoxide dismutase [Cu-Zn]	15,92	SOD1	16%	-	-	94	
	P10620	Microsomal glutathione S-transferase 1	15,58	MGST1	10%	-	-	40,43	
	P22352	Glutathione peroxidase 3	25,53	GPX3	7%	-	-	25	
	Casein kinase 2								
	P19784	Casein kinase II subunit alpha'	41,18	CSNK2A2	53%	-	-	489	15
	P68400	Casein kinase II subunit alpha	45,11	CSNK2A1	44%	-	-	420	12
	Q8NEV1	Casein kinase II subunit alpha 3	45,19	CSNK2A3	41%	-	-	405	11
	P67870	Casein kinase II subunit beta	24,92	CSNK2B	24%	-	-	143	

Immunoprecipitation of NOXO1 was performed in T84 whole cell lysates. Proteins were trypsin digested in gel and extracted peptides were analyzed by nanoLC-MS/MS conducted on a LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific). Representative of two independent experiments with similar results obtained.

  Park et al. reported that CK2 was able to phosphorylate p47 PHOX in vitro on Ser-208, Ser-283 and Ser-348, and that the nucleoside analog, 5,6-dichloro-1-(β-D-ribofuranosyl) benzimidazole (DRB), the first identified CK2 inhibitor, potentiated fMLP-induced NOX2 activity in DMSOdifferentiated HL-60 cells, suggesting that CK2 could down-regulate NADPH oxidase by phosphorylation of p47 PHOX

NOX1-derived ROS drive the expression of Lipocalin-2 in colonic. . .N Makhezer et al. 
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Expression and purification of recombinant proteins. NOXO1β, NOXO1β , p47 PHOX , NOXA1, and p67 PHOX were subcloned in pGEX-6P1 vector (GE Healthcare) and were expressed in Escherichia coli (E. coli, BL21) as GST fusion proteins and purified with glutathione (GSH) Sepharose beads as described previously [14, 15]. Dot-blots. Ten or five picomoles of recombinant NOXO1β, p47 PHOX , NOXA1, p67 PHOX and bovine serum albumin (BSA) (Sigma-Aldrich, Lyon, France) were applied directly on nitrocellulose membrane in a single spot and let to air dry. The membranes were blocked for 1 hr at RT in TBS/T , 137 mM NaCl, 0.1% Tween 20) containing 5% nonfat dry milk and then incubated with 1 μg/ml recombinant CK2 ((New England Biolabs, Evry, France) diluted in TBS/T containing 1% fat dry milk overnight at 4°C. After several washes with TBS/T, bound CK2 was detected with a mouse monoclonal anti-CK2 α/α' antibody at 1/1000 dilution for 1 hr at RT. Antibody binding was detected using HRP-conjugated antimouse IgG. Blots were visualized using ECL western blotting reagents.

GST pull-down assay. Recombinant GST-NOXO1β, GST-NOXO1β or at 286 nM were incubated with T84 cell lysates for 30 minutes at 4°C on a rotating wheel. Glutathione Sepharose beads were then added, and incubation was continued for an additional 1 hr at 4°C. After washing, complexes were eluted with 10 mM glutathione and analyzed by SDS-PAGE and western blot using protein-specific antibodies.
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Supplemental Figure 2 (Makhezer et al.)

Supplementary Figure 2: Effect of TNF and IL-17 alone or in combination on the expression of other NOX family members. A) T84 colonic epithelial cells were treated with TNF (5 ng/ml), IL-17 (50 ng/ml) or TNF (5 ng/ml)+IL-17 (50 ng/ml) for 24 hr at 37°C. Total RNA was then extracted and RT-PCR was performed as described in "Supplementary Methods" using NOX2, NOX3, NOX4, NOX5, DUOX2 gene-specific primers. Human GADPH served as internal control; B) T84 cells were treated as in A. Samples were then analysed by western blotting for expression of NOX2 and DUOX2 using specific anti-NOX2 and anti-DUOX2 antibodies. Polymorphonuclear neutrophils (PMN) were used as control for NOX2. A) The viability of T84 cells stimulated by TNF (5 ng/ml), IL-17 (50 ng/ml) or TNF (5 ng/ml)+IL-17 (50 ng/ml) in the presence or absence of UO126 (10 M), SB203580 (25 µM), SP600125 (20 µM) or wortmannin (500 nM) for 24 h at 37°C was assessed using the Cyto-X Cell Cytotoxicity Kit (Cell Applications Inc., San Diego, CA) according to the manufacturer's instructions; B) The viability of T84 cells stimulated by TNF (5 ng/ml)+IL-17 (50 ng/ml) in the presence or absence of NAC and DPI at the indicated concentrations was analyzed as in A.
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Supplemental Figure 5 (Makhezer et al.)

Supplementary Figure 5: Expression of DUOX2 in biopsies from patients with Crohn's disease (CD). A) Tissue samples were suspended in homogenization buffer and homogenized using a rotorstator, proteins were then measured and prepared for western blotting analysis with the anti-DUOX2 antibody. -actin was used as loading control. B) Immunostaining for DUOX2 in normal colon, and colon from patient with CD. Tissues from subjects without IBD or CD patients were subjected to immunohistochemistry with the anti-DUOX2 antibody as described in "Supplementary Methods". Normal thyroid was used as positive control for DUOX2 immunostaining. Immunohistochemistry slides were scanned. The images are representative of 8 separate analyses from CD patients. 

Supplementary Methods

Reagents and antibodies-TNF, IL-17, IL-22, IL-23, IL-6, TGF, were from PeproTech

France (Neuilly-Sur-Seine, France). UO126, SB203580, SP600125, and wortmannin were purchased from Merck (Fontenay-sous-Bois, France). N-Acetyl-cysteine (NAC) and diphenyleneiodonium (DPI) were from Sigma-Aldrich (Saint-Quentin Fallavier, France).

Antibodies directed against human NOXO1 and NOXA1 were produced as previously described [28]. Anti-human NOX1 was from Genetex (Irvine, California, USA), and the antimouse NOX1 was produced by Genecust (Ellange, Luxembourg) using an internal immunogen sequence of NOX1. Anti-human lipocalin-2 (LCN-2) was from Abcam (Cambridge, UK), anti-mouse lipocalin-2 (LCN-2) was from R&D Systems (Abingdon, UK)

and anti--actin was from Sigma-Aldrich (Saint-Quentin Fallavier, France). Antibodies against p38 MAPK, phospho-p38MAPK and phospho-ERK1/2 were purchased from R&D systems (Abingdon, UK), while antibodies against JNK, phospho-JNK1/2, AKT, phospho-AKT, NF-B-p65, phospho-NF-B-p65, and IB were from Cell Signaling Technology (Leiden, The Netherlands). Antibodies against ERK1/2, DUOX2 (Y-15), secondary HRPlabelled goat anti-rabbit or anti-mouse antibodies, and secondary alkaline phosphataselabelled goat anti-rabbit or anti-mouse antibodies were from Santa Cruz Biotechnology (Heidelberg, Germany). Anti-DUOX2 for immunostaining was from EMD Millipore (Darmstadt, Germany). 

Cell and colon organoid cultures -

Supplementary Methods

Antibodies and Reagents. Antibodies directed against human NOXO1 and NOXA1 were produced as previously described [14,15]. Anti-human NOX1 was from Genetex (Irvine, California, USA), and the anti-mouse NOX1 was produced by Genecust (Ellange, Luxembourg) using an internal immunogen sequence of NOX1. Anti-ph22 PHOX and anti-GST were from Santa Cruz Biotechnology (Heidelberg, Germany). Antibodies directed against CK2 α/α' and β were from Santa Cruz Biotechnology. Phospho-CK2 Substrate [(pS/pT)DXE] antibodies were purchased from Cell Signaling Technology (Danvers, United States). Anti-βactin was from Sigma-Aldrich (Saint-Quentin Fallavier, France). Secondary HRP-labelled goat anti-rabbit or anti-mouse antibodies, and secondary alkaline phosphatase-labelled goat antirabbit or anti-mouse antibodies were from Santa Cruz Biotechnology. TNF-α and IL-17 were from PeproTech France (Neuilly-Sur-Seine, France).

Macroscopic and histological assessment of colitis. Colonic inflammation was evaluated by the weight to length ratio of each intestine (anus to caecum). The colons were opened, and macroscopic lesions were evaluated according to the Wallace criteria and scores, which rate macroscopic lesions (0 to 10) based on features reflecting inflammation such as hyperemia, thickening of the bowel and extent of ulceration [25]. For histological analysis, colon specimen located 1 cm above the anus were excised and embedded into paraffin. Several 5-μm paraffin sections were prepared and stained with hemalum-eosin. Sections were scored according to the Ameho criteria [26].

Real-time PCR assays. Total RNA was isolated from mouse colon tissue homogenates with TRIzol (Ambion, Life Technologies, Carlsbad, CA) according to manufacturer's protocol. Relative expression levels for each gene were calculated using the 2 -ΔΔCt method, with normalization to the average and GAPDH housekeeping genes. The NOXO1 and NOXA1 primer sequences are listed in the Supplementary Table 1. Mean ± SEM 9 animals; Mann Whitney test; **p< 0.01. 
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GENERAL DISCUSSION

GENERAL CONCLUSION & FUTURE PERSPECTIVE

The aim of my thesis was to explore the mechanisms through which NOX1 impacts mucosal immunity and inflammation, as well as its regulation in inflammatory conditions.

My first study uncovers a new mechanism by which NOX1 participates to innate immunity, that NOX1-derived ROS drive the expression of the bacteriostatic protein LCN-2 in colonic epithelial cells in inflammatory conditions. We find that LCN-2 is regulated by NOX1 in T84 colonic epithelial cells co-stimulated by TNFα and IL-17. The underlying mechanisms involve an increase in NOXO1 expression that is controlled by the p38MAPK and JNK1/2 pathways.

Consequently, NOX1 activity is increased and the resulting ROS induce the expression of IκBζ, allowing the expression of LCN-2. In addition, NOX1 deficiency leads to decreased expression of LCN-2 and reduces colon damage in TNBS-induced colitis. Finally, we find an increase of LCN-2 in colon biopsies from patients with CD is associated with enhanced expression of NOXO1 and JNK1/2 in inflamed as well as non-inflamed areas of the colon.

My second work reveals a new regulatory mechanism of NOX1 system, that protein kinase CK2 controls NOX1 activity under physiological condition, thereby avoiding the hazard caused by excessive ROS. We find that CK2 works as a major partner of NOX1 complex through directly binding and phosphorylating NOXO1, and that inhibition CK2 activity potentiates ROS production by NOX1. Moreover, during TNBS-induced colitis, the drop in CK2 activity combined with the increase of NOX1 expression may result into excessive ROS production which could contribute to the progress of inflammation and colon damage.

Together, these observations support a dual role of NOX1 in intestinal inflammation, as shown in figure 9. Under physiological conditions when NOX1 activity is controlled by CK2, NOX1derived ROS contribute to intestinal innate immunity and homeostasis by inducing the expression of IκBζ, leading to the expression of bacteriostatic proteins LCN-2. However, during pathological conditions when CK2 activity drops and NOX1 expression blows up, excessive ROS produced by NOX1 not only directly damage the host through their toxicity, but also lead to the uncontrolled generation of LCN-2, which could break mucosal integrity by preserving MMP-9 activity, thereby further exacerbating pathological inflammatory conditions. However, the limitation of my work cannot be ignored. Further research is needed to better understand how NOX1-derived ROS regulate IκBζ expression and how CK2 controls NOX1 activity. In addition, studies should be performed with biopsies from IBD patient to corroborate the findings in experimental colitis. This will allow a better design of new therapeutic agents for inflammatory diseases.