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RESUME

Une dysbiose du microbiote intestinal a été associée à la pathogenèse des maladies inflammatoires chroniques de l'intestin (MICI), qui sont caractérisées par une inflammation gastro-intestinale sévère. Au sein du microbiote, la colonisation bactérienne joue un rôle important dans la pathogenèse de la colite et des MICI. Contrairement aux bactéries, le rôle des champignons dans le microbiote intestinal est encore peu décrit, mais, tout comme l'est le microbiote bactérien, le microbiote fongique est associé au développement des MICI. Les lectines de type C, y compris les Dectin-1, Dectin-2 et Dectin-3, sont des récepteurs impliqués dans la reconnaissance de motifs moléculaires du mycobiote et façonnent les réponses immunitaires face aux agents pathogènes fongiques via l'induction et la modulation de cytokines et de peptides antimicrobiennes. Les fonctions de Dectin-1 et Dectin-3 dans l'inflammation intestinale ont été étudiées, tandis que le rôle de Dectin-2 n'a pas encore été clairement décrit. De plus, à ce jour, aucune donnée n'est disponible sur le phénotype de souris doublement déficientes pour les récepteurs Dectin-1 et Dectin-2 dans un modèle inflammatoire. Dans cette étude, nous avons exploré le rôle de la déficience en Dectin-1 (D-1KO), Dectin-2 (D-2KO) et de la double déficience en Dectin-1 et Dectin-2 (D-1/2KO) dans des études de co-incubations in vitro. Les cellules dendritiques dérivées de la moelle osseuse (BMDC) issues de souris D-1/2KO et infectées par les champignons M. restricta et C. albicans présentaient une baisse significative de la production des cytokines IL-6 et TNF-α, comparées aux BMDC issues de souris sauvages (WT). De plus, le niveau de production de ces cytokines était également plus faible dans les BMDC des souris D-1/2KO que dans les BMDC issues des souris D-1KO ou D-2KO, suggérant que Dectin-1 et Dectin-2 pourraient collaborer d'une manière ou d'une autre pour se défendre contre les infections fongiques, mais qu'ils ne peuvent fonctionner correctement en l'absence de l'autre. Dans des expérimentations in vivo, les délétions simples de Dectin-1 ou de Dectin-2 n'ont pas eu d'impact, positif ou négatif, sur la sévérité de l'inflammation intestinale induite par VI scientific research and life, which made my scientific research processes go more smoothly and make my life more colorful. Particular thanks to Gregory DA COSTA for his friendly assistance and support of technical tasks.
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du dextran sodium sulfate (DSS) à 2%. Cependant, la double délétion de Dectin-1 et Dectin-2 a montré un rôle protecteur dans la colite. Nous avons également observé une altération de la réponse immunitaire (réduction des cytokines pro-inflammatoire) et une augmentation de l'abondance fongique chez les souris D-1/2KO.

Pour clarifier les mécanismes impliqués dans la protection des souris D-1/2KO contre l'inflammation intestinale, des transplantations de microbiote fécal (FMT) ont été réalisées.

Dans un premier temps, nous avons constaté que le rôle protecteur de D-1/2KO était transféré chez les souris WT qui recevaient le microbiote intestinal de souris D-1/2KO. Pour asseoir l'effet protecteur du microbiote intestinal, nous avons à l'inverse transplantées des souris D-1/2KO avec le microbiote intestinal de souris WT et avons constaté que les souris D-1/2KO transplantées perdaient leur protection face à l'inflammation. Les Dectin étant des récepteurs fongiques, nous avons étudié l'implication du microbiote fongique dans l'inflammation intestinale. L'administration des champignons pathogènes M. restricta et de C. tropicalis n'a pas affecté la gravité de l'inflammation intestinale chez les souris D-1/2KO. De même, l'administration de Fluconazole, un antifongique, n'a pas altéré la protection de D-1/2KO. Ces deux expérimentations suggérant que quelle que soit la modification du microbiote fongique intestinale nous n'altérions pas la capacité des souris D-1/2KO à mieux résister à l'inflammation induite par le DSS. L'analyse du microbiote fongique a confirmé que celui-ci ne jouait pas un rôle important dans la protection des souris D-1/2KO de l'inflammation intestinale puisque nous n'avons vu aucune modification du mycobiote entre les deux génotypes. Cependant, l'analyse du microbiote bactérien des souris D-1/2KO a révélé une forte modification de la composition par rapport aux souris WT, en particulier une augmentation de la famille des Lachnospiraceae comme Blautia sp. L'administration gastro-intestinale de Blautia hansenii a permis de protéger des souris WT de l'inflammation induite par le DSS, suggérant que la protection était en effet largement médiée par le microbiote bactérien. Ces différentes études ont permis de mieux comprendre l'implication des récepteurs Dectin-1 et Dectin-2 dans la pathogénèse des MICI et devraient permettre d'identifier des cibles thérapeutiques potentiellement applicables chez les patients atteints de MICI et basées sur la modulation du microbiote intestinal, et en particulier l'implication des Lachnospiraceae.
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INTRODUCTION Ⅰ-Inflammatory bowel diseases (IBD)

IBD are a group of chronic, progressive, immunologically mediated diseases characterized by a severe gastrointestinal inflammation that occurs with alternating periods of relapse and remission [START_REF] Podolsky | Inflammatory bowel disease[END_REF][START_REF] Loftus | Update on the incidence and prevalence of inflammatory bowel disease in the United States[END_REF]. IBD are reported to impair the ability of affected gastrointestinal tract organs to process food and waste or absorb water, leading to symptoms such as persistent diarrhea, abdominal pain, rectal bleeding, weight loss and fatigue [START_REF] Podolsky | Inflammatory bowel disease[END_REF][START_REF] Loftus | Update on the incidence and prevalence of inflammatory bowel disease in the United States[END_REF]. The two major clinical forms, Crohn's disease (CD) and ulcerative colitis (UC), are differentiated by the different clinical manifestations of inflammation and affected areas in the gastrointestinal tract [START_REF] Podolsky | Inflammatory bowel disease[END_REF][START_REF] Loftus | Update on the incidence and prevalence of inflammatory bowel disease in the United States[END_REF].

In particular, CD most commonly involves the end of the small intestine and beginning of the colon and may affect any part of the gastrointestinal tract in a patchy pattern, which may extend through the entire thickness of bowel wall (Figure 1) [START_REF] Podolsky | Inflammatory bowel disease[END_REF]. Unlike CD, UC typically begins in the rectum and may extend continuously to involve the entire colon (Figure 1) [START_REF] Podolsky | Inflammatory bowel disease[END_REF].

Figure 1. The location and pattern of affected areas in the gastrointestinal tract of CD and UC [START_REF] Podolsky | Inflammatory bowel disease[END_REF]. Introduction 2 IBD are initially found in developed countries, more commonly in urban areas, and more often in northern climates [START_REF] Podolsky | Inflammatory bowel disease[END_REF][START_REF] Rizzello | Implications of the westernized diet in the onset and progression of IBD[END_REF]. Supporting evidence for epidemiological studies show the highest CD incidence rate is reported in Canada while the highest UC incidence rates are reported in Denmark, Iceland, and the United States (Figure 2) [START_REF] Kaplan | The impact of inflammatory bowel disease in Canada 2018: epidemiology[END_REF]. However, some of these disease patterns are gradually becoming more common in developing areas such as Asia and South America, and in developing countries such as Brazil, South Korea, and China [START_REF] Thia | An update on the epidemiology of inflammatory bowel disease in Asia[END_REF][START_REF] Victoria | Incidence and prevalence rates of inflammatory bowel diseases, in midwestern of São Paulo State, Brazil[END_REF]. It is currently estimated that IBD affect up to 2 million Americans, 3 million people in Europe, and several hundred thousands more worldwide [START_REF] Molodecky | Increasing incidence and prevalence of the inflammatory bowel diseases with time, based on systematic review[END_REF]. The annual incidence of IBD varies from 0.9-37 per 100,000 person-years in Europe, 0-39.4 per 100,000 person-years in North America, and 0-11.3 per 100,000 person-years in Asia and the Middle East [START_REF] Molodecky | Increasing incidence and prevalence of the inflammatory bowel diseases with time, based on systematic review[END_REF].

As the increasing incidence and prevalence of IBD, more and more patients' life are significantly affected by strong drug treatments, hospitalizations, surgery, and with decrease of their quality of life, economic productivity and social relationships [START_REF] Floyd | The economic and quality-of-life burden of Crohn's disease in Europe and the United States, 2000 to 2013: a systematic review[END_REF][START_REF] Loftus | Update on the incidence and prevalence of inflammatory bowel disease in the United States[END_REF]. Importantly, to date, these chronic and life-long conditions can be treated but not cured.

IBD are frequently diagnosed in the younger population (between the ages of 15 to 35 years old) but can affect any age group and up to 15% of individuals are diagnosed over the age of 60 years (Figure 3) [START_REF] Loftus | Update on the incidence and prevalence of inflammatory bowel disease in the United States[END_REF]. Between UC and CD, the age demographics are slightly different. Particularly, the median age in UC, instead of being in 29.5 years, is in 34.9 years (about 5 years later than for CD) (Figure 3) [START_REF] Loftus | Update on the incidence and prevalence of inflammatory bowel disease in the United States[END_REF]. In general, IBD affect men and women equally. However, most North American studies show that UC is more common in men than in women. In addition, men are more likely than women to be diagnosed with UC in their County, Minnesota (1970Minnesota ( -2011) ) [START_REF] Shivashankar | Updated Incidence and Prevalence of Crohn's Disease and Ulcerative Colitis in Olmsted County, Minnesota[END_REF].

Due to its increasing frequency of incidence across the globe and protracted nature, IBD have emerged as a global public health challenge [START_REF] Khor | Genetics and pathogenesis of inflammatory bowel disease[END_REF][START_REF] Roberts-Thomson | Uncovering the cause of ulcerative colitis[END_REF].

However, the pathogenesis of IBD is still poorly understood. Now, it is clear that IBD result from an inappropriate immune response toward the gut microbiota in genetically predisposed subjects under the influence of environmental factors (Figure 4) [START_REF] Khor | Genetics and pathogenesis of inflammatory bowel disease[END_REF][START_REF] Roberts-Thomson | Uncovering the cause of ulcerative colitis[END_REF].

In the following chapter we will present these different aspects of IBD physiopathology.

CD can affect different regions of the gastrointestinal tract from the mouth to the anus in a noncontiguous manner. UC is confined to the colon in the innermost layer of the lining of the intestine. 

Environmental risk factors

The occurrence of IBD is characterized by a marked geographic variation. Traditionally, IBD was more common in the affluent societies of Westernized countries, while recently, IBD have been gradually becoming more common in developed countries [START_REF] Thia | An update on the epidemiology of inflammatory bowel disease in Asia[END_REF][START_REF] Victoria | Incidence and prevalence rates of inflammatory bowel diseases, in midwestern of São Paulo State, Brazil[END_REF], suggesting that the environmental factors may play a potential role in triggering the development of IBD. In support of this opinion, a study showed that within 2 generations, immigrants from low-risk to high-risk countries slowly reached the disease risk of the country of residence [START_REF] Williams | Does the incidence of IBD increase when persons move from a low-to a high-risk area? Inflammatory bowel diseases[END_REF]. Here, we mainly discuss the influence of the diet and lifestyle in the development of IBD (Figure 5). 

Ⅰ-1.1.1 Diets

After birth, the infants are exposed to their environment and the microbial organisms initiate the gut colonization. Besides maternal-infant transmission, food ingestion is the main way of microorganisms entering the gastrointestinal tract. Evidences showed that dietary nutrients were crucial to shape the composition of the microbial population and provided fuel for bacterial metabolism [START_REF] David | Diet rapidly and reproducibly alters the human gut microbiome[END_REF][START_REF] Lewis | Diet as a trigger or therapy for inflammatory bowel diseases[END_REF]. These results indicate that diets play an important role in influencing microbial composition and regulating microbial gastrointestinal colonization, which is closely linked to the susceptibility to UC and CD [START_REF] David | Diet rapidly and reproducibly alters the human gut microbiome[END_REF].

Particularly, dietary changes can cause alteration of gut microbiota composition that, in turn, result in an aberrant intestinal immune response and, eventually, IBD [START_REF] David | Diet rapidly and reproducibly alters the human gut microbiome[END_REF][START_REF] Lewis | Diet as a trigger or therapy for inflammatory bowel diseases[END_REF]. Moreover, the increasing incidence of IBD in the areas of Asia with westernization of diet, accompanied by a reduction in fiber consumption and increasing in processed foods and foods with high fat content, suggest that temporal changes in dietary habits may account for some of the regional variations in disease distribution of IBD [START_REF] Burisch | Environmental factors in a population-based inception cohort of inflammatory bowel disease patients in Europe-An ECCO-EpiCom study[END_REF]. In addition to the fiber and dietary fat, other diets such as vitamin D are also reported to influence the susceptibility to IBD through the regulation of immune response [START_REF] Cantorna | D-hormone and the immune system[END_REF]Ananthakrishnan, 2012). Here, we will discuss the influence of fiber, sugar, dietary fat and vitamin D on the development of IBD (Figure 5).

Ⅰ-1.1.1.1 Fiber and sugar

Fiber consists of edible, non-digestible plant material and includes non-starch polysaccharides and lignin. Evidences showed that the intake of dietary fiber, fruits or vegetables is associated with the incidence and prevalence of IBD [START_REF] Amre | Imbalances in dietary consumption of fatty acids, vegetables, and fruits are associated with risk for Crohn's disease in children[END_REF][START_REF] Milajerdi | Association of Dietary Fiber, Fruit, and Vegetable Consumption with Risk of Inflammatory Bowel Disease: A Systematic Review and Meta-Analysis[END_REF]. Indeed, the pediatric patients with CD have a markedly lower intake of fruits and vegetables, which are rich sources of fiber, especially soluble fiber, than healthy individuals without IBD [START_REF] Amre | Imbalances in dietary consumption of fatty acids, vegetables, and fruits are associated with risk for Crohn's disease in children[END_REF]. (Lack of fiber increases the risk of IBD). The European Crohn's and Colitis Organisation's Epidemiological Committee cohort [START_REF] Liguori | Fungal Dysbiosis in Mucosa-associated Microbiota of Crohn's Disease Patients[END_REF]560 IBD patients from 31 European countries) study revealed that increased sugar consumption and daily fast food were Introduction 7 associated with younger onset of IBD and increased risk of disease severity and surgery in UC [START_REF] Burisch | Environmental factors in a population-based inception cohort of inflammatory bowel disease patients in Europe-An ECCO-EpiCom study[END_REF]. Similarly, a study performed by [START_REF] Silkoff | Consumption of refined carbohydrate by patients with Crohn's disease in Tel-Aviv-Yafo[END_REF] showed that CD patients have a significantly higher sugar intake than controls [START_REF] Silkoff | Consumption of refined carbohydrate by patients with Crohn's disease in Tel-Aviv-Yafo[END_REF]. Consistently, high sugar fed mice were showed increased gut permeability, decreased microbial diversity, reduced short-chain fatty acids (SCFA), increased susceptibility to colitis and increased proinflammatory cytokine concentrations [START_REF] Laffin | A high-sugar diet rapidly enhances susceptibility to colitis via depletion of luminal short-chain fatty acids in mice[END_REF]. Administration of acetate by oral gavage significantly attenuated colitis in mice by restoring permeability. These results suggest that high sugar diet increases susceptibility to colitis by reducing SCFA and increasing gut permeability [START_REF] Laffin | A high-sugar diet rapidly enhances susceptibility to colitis via depletion of luminal short-chain fatty acids in mice[END_REF].

Comparing the sugar intake, investigators found that daily vegetable consumption was protective [START_REF] Jakobsen | Environmental factors and risk of developing paediatric inflammatory bowel disease-a population based study 2007-2009[END_REF], suggesting that fiber intake may protect against the risk of IBD. In line, Ananthakrishnan, A. N. et al. (2013) showed that higher fiber intake from fruits and vegetables, but not cereals or whole grains, reduced the risk of CD by 40% in 170,776 women followed up longitudinally (Ananthakrishnan, 2013b). Similarly, newly diagnosed patients with UC also showed to consume less fiber, fruits and vegetables compared to healthy controls [START_REF] Malik | Inflammatory bowel disease: historical perspective, epidemiology, and risk factors[END_REF].

Several potential mechanisms are considered to explain the possible protective effect of fiber. It is thought that fermentable fibers are metabolized by intestinal microbiota to SCFA, which are crucial molecules connecting dietary routines, intestinal microbiota and host energy metabolism [START_REF] Den Besten | Gut-derived short-chain fatty acids are vividly assimilated into host carbohydrates and lipids[END_REF]. SCFA are by-products of the intestinal microbiota and mediate several functions in interaction with the host cells: this aspect of the microbiota function will be developed in the Chapter 2. In addition, the protective role of fiber might be by strengthening intestinal barrier [START_REF] Roberts | Translocation of Crohn's disease Escherichia coli across M-cells: contrasting effects of soluble plant fibres and emulsifiers[END_REF]. For instance, increase of Escherichia coli in IBD patients contribute to gut inflammation because they can induce inflammation where they translocate [START_REF] Barnich | E. coli-mediated gut inflammation in genetically predisposed Crohn's disease patients[END_REF], and fibers can reduce inflammation caused by Escherichia coli translocation by strengthening the intestinal barrier and reducing Escherichia coli translocation [START_REF] Roberts | Translocation of Crohn's disease Escherichia coli across M-cells: contrasting effects of soluble plant fibres and emulsifiers[END_REF]. Inversely, excessive intake of poorly absorbed, highly fermentable short-chain carbohydrates and their subsequent fermentation can leads to increased intestinal permeability, Introduction 8 which allow the invasion of the pathogenic microbial elements of the gut through the intestinal wall and aggravate intestinal inflammation [START_REF] Chapman-Kiddell | Role of diet in the development of inflammatory bowel disease[END_REF].

Ⅰ-1.1.1.2 Dietary fat

Like dietary fiber, dietary fats, including unsaturated and saturated fatty acids, are reported to have a role in physiopathogenesis of IBD [START_REF] Gil | Polyunsaturated fatty acids and inflammatory diseases[END_REF][START_REF] Devkota | Dietary-fat-induced taurocholic acid promotes pathobiont expansion and colitis in Il10-/-mice[END_REF]. The unsaturated fats, particularly n-3 polyunsaturated fatty acids (omega-3 PUFAs), are reported to influence the inflammatory response by antagonizing the production of inflammatory eicosanoid mediators from arachidonic acid, suppress production of some inflammatory cytokines, and downregulate the expression of a number of genes involved in inflammation [START_REF] Gil | Polyunsaturated fatty acids and inflammatory diseases[END_REF][START_REF] Ananthakrishnan | Long-term intake of dietary fat and risk of ulcerative colitis and Crohn's disease[END_REF]. For instance, dietary omega-3 PUFAs intake is inversely associated with risk of UC [START_REF] Ananthakrishnan | Long-term intake of dietary fat and risk of ulcerative colitis and Crohn's disease[END_REF]. A consistent study in spontaneous and non-steroidal anti-inflammatory drugs (NSAIDs)-induced colitis mice showed that dietary omega-3 PUFAs reduced the clinical severity of colitis and suppressed the production of TNFα by splenic CD4 + T cells [START_REF] Chapkin | Immunomodulatory effects of (n-3) fatty acids: putative link to inflammation and colon cancer[END_REF]. However, a study by [START_REF] Costea | Interactions between the dietary polyunsaturated fatty acid ratio and genetic factors determine susceptibility to pediatric Crohn's disease[END_REF] showed that high consumption of omega-6 PUFA and low consumption of omega-3 PUFAs (or a high n-6:n-3 ratio) increased the risk of both UC and CD [START_REF] Costea | Interactions between the dietary polyunsaturated fatty acid ratio and genetic factors determine susceptibility to pediatric Crohn's disease[END_REF], which may be associated with the polymorphisms in fatty acid metabolism. Like unsaturated fats, the saturated fats are also associated with the pathogenesis of IBD. It was shown that the high-saturated fat diet promoted expansion of a sulphite-reducing pathobiont, Bilophila wadsworthia [START_REF] Devkota | Dietary-fat-induced taurocholic acid promotes pathobiont expansion and colitis in Il10-/-mice[END_REF].

They also showed that the high-saturated fat diet was associated with an inflammatory response mediated by T help cells 1 (Th1) and colitis in IL-10-knockout mice [START_REF] Devkota | Dietary-fat-induced taurocholic acid promotes pathobiont expansion and colitis in Il10-/-mice[END_REF]. In human, despite the association of saturated fats and risk of IBD is found in small case-control studies, such an association have not been identified with prospective cohorts, suggesting that the effect of saturated fats is more complex [START_REF] Hart | Diet in the aetiology of ulcerative colitis: a European prospective cohort study[END_REF].

Ⅰ-1.1.1.3 Vitamin D

Vitamin D has been demonstrated to be not only important for bone and muscle health Introduction 9 but also for its role in the development and maintenance of the innate and adaptive immune systems. Evidences showed that vitamin D played a role in the pathogenesis and course of IBD (Ananthakrishnan, 2012(Ananthakrishnan, , 2013a)). For instance, in human, the deficiency of vitamin D is more common in patients with newly diagnosed IBD than in healthy individuals (Ananthakrishnan, 2012(Ananthakrishnan, , 2013a)). A study in the Nurses' Health Study cohort showed that higher serum level of 25hydroxyvitamin D was inversely related to the risk of developing CD (Ananthakrishnan, 2012).

A comparable study showed that low levels of vitamin D (<20 ng/ml) were associated with increased risk of CD-related surgery and hospitalization and that normalization of these levels attenuated this risk (Ananthakrishnan, 2013a). Interestingly, studies have demonstrated an inverse association between Ultraviolet (UV) light exposure and incidence of CD, suggesting association of IBD with vitamin D (since vitamin D production was greatly influence by the skin sun exposure) [START_REF] Nerich | Low exposure to sunlight is a risk factor for Crohn's disease[END_REF]Khalili, 2012). Similar to the results for human, data in a mouse model of colitis showed that deficiency of 1,25-dihydroxy vitamin D3 [START_REF] Liguori | Fungal Dysbiosis in Mucosa-associated Microbiota of Crohn's Disease Patients[END_REF]25(OH)2D3) or knockout of vitamin D receptor was also associated with an increased risk of colitis; administration of 1,25(OH)2D3 ameliorated this inflammation and suppressed expression of pro-inflammatory genes including TNF-α [START_REF] Cantorna | 1, 25-Dihydroxycholecalciferol prevents and ameliorates symptoms of experimental murine inflammatory bowel disease[END_REF]. These studies suggest that the deficiency of vitamin D is associated with the development of IBD.

Ⅰ-1.1.2 Lifestyle

Studies have demonstrated an association between occurrence of IBD relapse and various lifestyle factors including physical activity and stress, sleep and smoking [START_REF] Rozich | Effect of Lifestyle Factors on Outcomes in Patients With Inflammatory Bowel Diseases[END_REF][START_REF] Lo | Healthy lifestyle is associated with reduced mortality in patients with inflammatory bowel diseases[END_REF]. In IBD patients, studies showed that these lifestyle factors might significantly impact the natural history and clinical outcomes [START_REF] Lo | Healthy lifestyle is associated with reduced mortality in patients with inflammatory bowel diseases[END_REF]. For example, the negative emotional extremes exacerbated intestinal inflammation via their effect on enteric, neuronal and hormonal pathways leading to production of pro-inflammatory cytokines and altered intestinal permeability [START_REF] Vanuytsel | Psychological stress and corticotropin-releasing hormone increase intestinal permeability in humans by a mast cell-dependent mechanism[END_REF]. Here we mainly discuss the influence of smoking, stress, sleep and physical activity on IBD (Figure 5).
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Ⅰ-1.1.2.1 Smoking

Among lifestyle factors, smoking is the best documented environmental risk factor for IBD. Evidences showed that smoking was associated with an increased risk of developing CD.

Studies also demonstrated that smoking was consistently associated with a more severe phenotype, complicated behavior and adverse outcomes in CD [START_REF] Cosnes | Effects of current and former cigarette smoking on the clinical course of Crohn's disease[END_REF]To, 2016).

Particularly, compared with non-smokers, smokers had 56%-85% increase CD flares, a nearly two-fold increase in clinical recurrence after surgery, a 54%-68% increase in the need for first surgery, and a two-fold increase in rates of second surgery (To, 2016). Consistently, it was observed that compared with persistent smokers, those who quitted smoking had lower risk of disease flare, corticosteroid exposure and treatment modification, which was comparable between quitters and never smokers [START_REF] Cosnes | Effects of current and former cigarette smoking on the clinical course of Crohn's disease[END_REF]. In stark contrast to the influence of smoking in CD, it does not negatively impact clinical outcomes in patients with UC and may even play a protective role [START_REF] Kaplan | Understanding and preventing the global increase of inflammatory bowel disease[END_REF]. In particular, studies showed that active smokers were less likely to develop UC than individuals who have never been smokers or were former smokers [START_REF] Cosnes | Effects of current and former cigarette smoking on the clinical course of Crohn's disease[END_REF].

These complex relationships between smoking and IBD indicate a different physiopathology between the two diseases. Although the exact mechanisms of smoking on IBD is not clear, it is thought that smoking, as well as the exposure to cigarette-related toxins, likely alters the intestinal microbiome of IBD patients. It was supported by the data that smoking cessation can increase bacterial diversity and alter intestinal microbiome composition in human, suggesting a pathogenic association between smoking and IBD account for the change in microbiome [START_REF] Stewart | Effects of tobacco smoke and electronic cigarette vapor exposure on the oral and gut microbiota in humans: a pilot study[END_REF]. This hypothesis was supported by a study showing that cigarette smoke-exposed mice showed induction of autophagy in Peyer's patches follicle and M cells contributing to oxidative damage, suggesting that smoking can result in epithelial damage that activated autophagy with subsequent dysbiosis [START_REF] Verschuere | Cigarette smoke and the terminal ileum: increased autophagy in murine follicle-associated epithelium and Peyer's patches[END_REF]. Moreover, it was observed that the toxins of cigarette smoking may also have direct and deleterious effects on immune cells and/or the production and secretion of mucus in the gut [START_REF] Sher | The influence of cigarette smoking on cytokine levels in patients with inflammatory bowel disease[END_REF][START_REF] Allais | Chronic cigarette smoke exposure induces microbial and inflammatory shifts and mucin changes in the murine gut[END_REF].

Ⅰ-1.1.2.2 Stress, sleep and exercise

Certain personality types including neuroticism, obsessive-compulsive behavior, dependency and perfectionism, as well as psychosocial stressors are common in IBD patients.

These personality types may influence the risk of IBD development. For psychosocial stress, it was reported to contribute to the pathogenesis and progression of IBD via blocking the inhibitory actions of endogenous opioids and promoting the production of inflammatory cytokines/chemokines such as IL-1β and TNF-α (Guerrero-Alba, 2017). Further studies showed that stress can influence gut inflammation through the hypothalamic-pituitary-adrenal axis and the autonomic nervous system response by producing corticotropin-releasing hormone (CRH), resulting in the production of pro-inflammatory cytokines, activation of macrophages, and alteration of intestinal permeability and the gut microbiota [START_REF] Armario | Activation of the hypothalamic-pituitary-adrenal axis by addictive drugs: different pathways, common outcome[END_REF]. Peripheral CRH administration reproduced the effect of psychosocial stress and triggered for onset and IBD development [START_REF] Vanuytsel | Psychological stress and corticotropin-releasing hormone increase intestinal permeability in humans by a mast cell-dependent mechanism[END_REF]. A consistent result observed in mice showed that mice exposed to a stressful stimulus reduced bacterial populations in the intestines and increased circulating levels of IL-6 and monocyte chemoattractant protein (MCP)-1 [START_REF] Bailey | Exposure to a social stressor alters the structure of the intestinal microbiota: implications for stressor-induced immunomodulation[END_REF]. In addition, mice subjected to intracerebroventricular injection of reserpine (mimicking depression) demonstrated severe colitis, which can be attenuated by administration of desmethyl imipraime, an antidepressant [START_REF] Bailey | Exposure to a social stressor alters the structure of the intestinal microbiota: implications for stressor-induced immunomodulation[END_REF]. These studies support an association between major life stressors and increased risk of IBD.

Like stress, sleep, as a physiological state, can also influence leukocyte trafficking and play a critical role in physical health outcomes, but so far it is poorly understood. The association between IBD and sleep disturbances might be bidirectional. For example, sleep quality can be affected by the major chronic inflammation cytokine, poor sleep quality in turn might exacerbate disease activity. In human, studies have demonstrated that both prolonged and reduced duration of sleep were associated with increased risk of UC, impaired sleep quality was associated with increased risk of clinical relapse [START_REF] Ali | Assessment of the relationship between quality of sleep and disease activity in inflammatory bowel disease patients[END_REF]. Consistent with this result, administration of intermittent sleep deprivation aggravated colonic inflammation in mice treated with dextran sodium sulfate (DSS) through affecting immune system, increasing susceptibility to infection and reducing the immune response to vaccinations.

Compared to stress and sleep, only few studies are focused on the evaluating the effect of exercise in IBD. Studies suggested that physical activity was associated with a decreased risk of developing IBD, particularly CD [START_REF] Loudon | The effects of physical exercise on patients with Crohn's disease[END_REF][START_REF] Ng | Low-intensity exercise improves quality of life in patients with Crohn's disease[END_REF]Khalili, 2013). For instance, the data from Nurses' Health Study showed that exercise protected against development of CD.

They also found that active women had a 44 % reduction in risk of developing CD compared to sedentary women (Khalili, 2013). Consistently, studies of three-month low-intensity group walking program on Crohn's patients showed a significant improvement of CD activity (Harvey-Bradshaw index), IBD questionnaire and life quality [START_REF] Loudon | The effects of physical exercise on patients with Crohn's disease[END_REF][START_REF] Ng | Low-intensity exercise improves quality of life in patients with Crohn's disease[END_REF].

Ⅰ-1.2 Genetic predisposition

Support for a role for genetic in the pathogenesis of IBD is initially derived from a significant ethnic and geographical differences in incidence and prevalence as we exposed earlier in this chapter. But it has also been observed a consensus in twins and recurrence in families [START_REF] Lee | Increased occurrence of psoriasis in patients with Crohn's disease and their relatives[END_REF][START_REF] Probert | Prevalence and family risk of ulcerative colitis and Crohn's disease: an epidemiological study among Europeans and south Asians in Leicestershire[END_REF][START_REF] Khor | Genetics and pathogenesis of inflammatory bowel disease[END_REF]. Indeed, between 2% and 14% of patients with CD show a family history of this disease whereas a small proportion of these patients have a family history of UC [START_REF] Lee | Increased occurrence of psoriasis in patients with Crohn's disease and their relatives[END_REF][START_REF] Probert | Prevalence and family risk of ulcerative colitis and Crohn's disease: an epidemiological study among Europeans and south Asians in Leicestershire[END_REF]. Similar to CD, 8-14% of patients with UC also have a family history of IBD [START_REF] Lee | Increased occurrence of psoriasis in patients with Crohn's disease and their relatives[END_REF][START_REF] Probert | Prevalence and family risk of ulcerative colitis and Crohn's disease: an epidemiological study among Europeans and south Asians in Leicestershire[END_REF]. Studies consequently showed that the relative risk of developing IBD in first-degree relatives of patients with CD was estimated to be around 5% and 8%, with the corresponding risk of UC being 1.6% to 5.2% [START_REF] Yang | Familial empirical risks for inflammatory bowel disease: differences between Jews and non-Jews[END_REF].

A similar study by [START_REF] Halme | Family and twin studies in inflammatory bowel disease[END_REF] showed that in the offspring of both parents affected with IBD, the risk of developing IBD before the age of 30 years was estimated to be as high as one-in-three [START_REF] Halme | Family and twin studies in inflammatory bowel disease[END_REF]. In addition, studies in twin suggested a key heritable component for both CD and UC [START_REF] Orholm | Concordance of inflammatory bowel disease among Danish twins: results of a nationwide study[END_REF][START_REF] Halfvarson | Inflammatory bowel disease in a Swedish twin cohort: a long-term follow-up of concordance and clinical characteristics[END_REF][START_REF] Halme | Family and twin studies in inflammatory bowel disease[END_REF]. Particularly, in CD, concordance rates in monozygotic twins are between 20% and 50% while it decreases to 10% for dizygotic twins. The corresponding figures for UC are lower and are estimated at 16% for monozygotic and 4% for dizygotic twins, suggesting a weaker heritable component in UC than in CD [START_REF] Orholm | Concordance of inflammatory bowel disease among Danish twins: results of a nationwide study[END_REF][START_REF] Halfvarson | Inflammatory bowel disease in a Swedish twin cohort: a long-term follow-up of concordance and clinical characteristics[END_REF][START_REF] Halme | Family and twin studies in inflammatory bowel disease[END_REF].

Introduction 13

Although theses evidences suggest that genetic factors play a key role in the triggers of IBD, the genetic mechanisms involved in the development of the disease are not fully understood. It is thought that genetic mutations might result in a defect in host defense against microbes in the digestive system, allowing the immune system to attack the entire digestive tract, thus causing IBD (Figure 6). During the past few decades, around 200 loci have been found to confer susceptibility to CD and/or UC [START_REF] Jostins | Host-microbe interactions have shaped the genetic architecture of inflammatory bowel disease[END_REF]. These genes can be classified into three categories according to their function in different checkpoints of the inflammatory pathway; including (a) pathogens recognition and processing, (b) pathogen clearance by innate and cell-mediated immunities and (c) prevention of pathogen invasion through the intestinal mucosal barrier [START_REF] Ferguson | Genes, diet and inflammatory bowel disease[END_REF][START_REF] Knights | Advances in inflammatory bowel disease pathogenesis: linking host genetics and the microbiome[END_REF]. Nucleotide-binding oligomerization domain-containing protein 2 (NOD2) confers the greatest risk for IBD [START_REF] Naser | Role of ATG16L, NOD2 and IL23R in Crohn's disease pathogenesis[END_REF][START_REF] Caruso | NOD1 and NOD2: signaling, host defense, and inflammatory disease[END_REF][START_REF] Negroni | NOD2 and inflammation: current insights[END_REF]. NOD2 is demonstrated to be associated with bacterial recognition and the subsequent stimulation of the immune system (Ye, 2016;[START_REF] Negroni | NOD2 and inflammation: current insights[END_REF]. Active NOD2 induces the expression and release of various proinflammatory and anti-microbial molecules such as IL-1β, TNF-α, IL-6, IL-8 and α-defensins via the activation of the protein complex nuclear factor kappa B (NF-κB) (Figure 7) [START_REF] Lauro | The effect of NOD2 on the microbiota in Crohn's disease[END_REF]Ye, 2016;[START_REF] Negroni | NOD2 and inflammation: current insights[END_REF]. This triggers, in turn, recruitment and activation of various innate immune cells along with the activation and differentiation of adaptive immunity cells [START_REF] Caruso | NOD1 and NOD2: signaling, host defense, and inflammatory disease[END_REF][START_REF] Negroni | NOD2 and inflammation: current insights[END_REF]. Besides NF-κB pathway, NOD2 can also activate the mitogenactivated protein kinase (MAPK) pathway, which is associated with the regulator of cell differentiation, proliferation and apoptosis [START_REF] Naser | Role of ATG16L, NOD2 and IL23R in Crohn's disease pathogenesis[END_REF][START_REF] Negroni | NOD2 and inflammation: current insights[END_REF]. As a result, the mutation of the NOD2 gene provokes the development of the inflammatory intestinal lesions via the impairment of the ability to recognize and eliminate invading pathogens [START_REF] Naser | Role of ATG16L, NOD2 and IL23R in Crohn's disease pathogenesis[END_REF][START_REF] Caruso | NOD1 and NOD2: signaling, host defense, and inflammatory disease[END_REF]. For instance, the risk for IBD (particularly CD) increases a two to fourfold in the presence of one of the three mostly encountered IBD-susceptible NOD2 mutation (R702W [rs2066844], G908R [rs2066845] and L1007fs [rs41450053]); furthermore, a greater risk for the disease development by 20 to 40-folds is observed in the presence of two risk mutation [START_REF] Naser | Role of ATG16L, NOD2 and IL23R in Crohn's disease pathogenesis[END_REF][START_REF] Caruso | NOD1 and NOD2: signaling, host defense, and inflammatory disease[END_REF][START_REF] Negroni | NOD2 and inflammation: current insights[END_REF].

Autophagy-related 16-like 1 protein (ATG16L1) is an autophagy protein expressed by intestinal epithelial cells [START_REF] Prescott | A nonsynonymous SNP in ATG16L1 predisposes to ileal Crohn's disease and is independent of CARD15 and IBD5[END_REF][START_REF] Fowler | ATG16L1 T300A shows strong associations with disease subgroups in a large Australian IBD population: further support for significant disease heterogeneity[END_REF][START_REF] Naser | Role of ATG16L, NOD2 and IL23R in Crohn's disease pathogenesis[END_REF][START_REF] Iida | Role of autophagy in the pathogenesis of inflammatory bowel disease[END_REF]. Studies have found that ATG16L1 played an important role in maintaining cellular homeostasis and adequately eliminating of the invading pathogens (Figure 7) [START_REF] Prescott | A nonsynonymous SNP in ATG16L1 predisposes to ileal Crohn's disease and is independent of CARD15 and IBD5[END_REF][START_REF] Fowler | ATG16L1 T300A shows strong associations with disease subgroups in a large Australian IBD population: further support for significant disease heterogeneity[END_REF][START_REF] Salem | ATG16L1: a multifunctional susceptibility factor in Crohn disease[END_REF][START_REF] Iida | Role of autophagy in the pathogenesis of inflammatory bowel disease[END_REF]. The mutation of autophagy gene impairs bacterial handling, which, in turn, results in multiple gastrointestinal and immunity issues such as CD and UC [START_REF] Prescott | A nonsynonymous SNP in ATG16L1 predisposes to ileal Crohn's disease and is independent of CARD15 and IBD5[END_REF][START_REF] Fowler | ATG16L1 T300A shows strong associations with disease subgroups in a large Australian IBD population: further support for significant disease heterogeneity[END_REF][START_REF] Iida | Role of autophagy in the pathogenesis of inflammatory bowel disease[END_REF]. Indeed, the ATG16L1 missense mutation confers a twofold increased risk for CD in a NOD2 independent manner [START_REF] Prescott | A nonsynonymous SNP in ATG16L1 predisposes to ileal Crohn's disease and is independent of CARD15 and IBD5[END_REF][START_REF] Iida | Role of autophagy in the pathogenesis of inflammatory bowel disease[END_REF]. Consistently, it was observed that smoker with CD associated with ATG16L1 mutation had a seven folds greater risk than the smoker without ATG16L1 mutation [START_REF] Fowler | ATG16L1 T300A shows strong associations with disease subgroups in a large Australian IBD population: further support for significant disease heterogeneity[END_REF].
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Ⅰ-1.2.2 Pathogen clearance by innate and cell-mediated immunities

Human leukocyte antigen (HLA) genes have been identified as a modulator of immunity defenses pathogens invading through presenting antigen to effector T cells and activating host immune response [START_REF] Han | Amino acid position 37 of HLA-DRβ1 affects susceptibility to Crohn's disease in Asians[END_REF]. Evidences showed that HLA was associated with various immunity disorders including autoimmunity and chronic relapsing inflammatory diseases [START_REF] Ahmad | Genetics of inflammatory bowel disease: the role of the HLA complex[END_REF][START_REF] Han | Amino acid position 37 of HLA-DRβ1 affects susceptibility to Crohn's disease in Asians[END_REF]. Indeed, the mutation of HLA class II genes increase the risk of UC [START_REF] Ahmad | Genetics of inflammatory bowel disease: the role of the HLA complex[END_REF].

Loss-of-function mutations in interleukin 10 (IL-10) and its receptor (IL-10R) genes are associated with very early-onset of IBD [START_REF] Zheng | Phenotypic characterization of very early-onset inflammatory bowel disease with interleukin-10 signaling deficiency: based on a large cohort study[END_REF]. In both animals and humans, it is found that lacking effective IL-10 signaling pathway results in the occurrence of severe and refractory colitis [START_REF] Shouval | Interleukin-10 receptor signaling in innate immune cells regulates mucosal immune tolerance and anti-inflammatory macrophage function[END_REF][START_REF] Zheng | Phenotypic characterization of very early-onset inflammatory bowel disease with interleukin-10 signaling deficiency: based on a large cohort study[END_REF]. IL-10 as an anti-inflammatory cytokine secreted by multitude of inflammatory cells is reported to be involved in the pathogenesis of IBD in infants aging less than 6 years [START_REF] Saraiva | The regulation of IL-10 production by immune cells[END_REF][START_REF] Uhlig | The diagnostic approach to monogenic very early onset inflammatory bowel disease[END_REF]. In recent decades, studies demonstrated that IL-10 played a key role in the regulation and attenuation of mounted inflammatory responses probably through suppressing the expression of pro-inflammatory molecules such as TNF-α and IL-12 [START_REF] Saraiva | The regulation of IL-10 production by immune cells[END_REF][START_REF] Shouval | Interleukin-10 receptor signaling in innate immune cells regulates mucosal immune tolerance and anti-inflammatory macrophage function[END_REF]. Indeed, an abrupt onset of severe colitis caused by various pro-inflammatory molecules was detected in IL-10 deficient mice [START_REF] Shouval | Interleukin-10 receptor signaling in innate immune cells regulates mucosal immune tolerance and anti-inflammatory macrophage function[END_REF].

Dysfunctions in caspase recruitment domain-containing protein 9 (CARD9) may contribute to the pathogenesis of IBD [START_REF] Sokol | Card9 mediates intestinal epithelial cell restitution, T-helper 17 responses, and control of bacterial infection in mice[END_REF][START_REF] Lamas | CARD9 impacts colitis by altering gut microbiota metabolism of tryptophan into aryl hydrocarbon receptor ligands[END_REF]. CARD9, a signaling adaptor known to regulate innate immune activation, is required for Toll-like receptors (TLRs) pathways to activate MAPK and C-type lectin receptors (CLRs) pathways to activate NF-κB [START_REF] Lamas | CARD9 impacts colitis by altering gut microbiota metabolism of tryptophan into aryl hydrocarbon receptor ligands[END_REF][START_REF] Zhong | Molecular and physiological roles of the adaptor protein CARD9 in immunity[END_REF]. For instance, CARD9 variant rs10870077, rs4077515 and rs10781499 are confirmed to be a high IBD genetic risk factor, which might alter the composition of the gut microbiota in patients with IBD [START_REF] Zhernakova | Genetic analysis of innate immunity in Crohn's disease and ulcerative colitis identifies two susceptibility loci harboring CARD9 and IL18RAP[END_REF][START_REF] Imhann | Interplay of host genetics and gut microbiota underlying the onset and clinical presentation of inflammatory bowel disease[END_REF]. In contrast to the three CARD9 polymorphisms mentioned above, some rare variants of CARD9 such as rs141992399 and rs200735402 showed a potentially strong protective effect against disease development [START_REF] Beaudoin | Deep resequencing of GWAS loci identifies rare variants in CARD9, IL23R and RNF186 that are associated with ulcerative colitis[END_REF][START_REF] Hong | Deep resequencing of 131 Crohn's disease associated genes in pooled DNA confirmed three reported variants and identified eight novel variants[END_REF]. These different effects of CARD9 variants on IBD may be attributed to the CARD9 variants having different mechanisms of pathogenesis, and thus different disease susceptibilities. Consistent with the role of CARD9 in human, it was observed that CARD9 deficient mice were less efficient in controlling fungal colonization, increasing their susceptibility to intestinal inflammation [START_REF] Sokol | Card9 mediates intestinal epithelial cell restitution, T-helper 17 responses, and control of bacterial infection in mice[END_REF]. In line, the study performed by our laboratory found that CARD9 deficient mice decreased colonic immune cells and exhibited impaired IL-17a and IL-22 responses [START_REF] Lamas | CARD9 impacts colitis by altering gut microbiota metabolism of tryptophan into aryl hydrocarbon receptor ligands[END_REF]. As predicted, CARD9 deficient mice inhibit intestinal epithelial restoration and impair gut recovery by significantly increasing apoptosis and reducing proliferation of intestinal epithelial cells, which results in a severe DSS-induced colitis. Moreover, this severe colitis was associated with an alteration of the gut microbiota in CARD9 deficient mice, particularly the incapacity of microbiota to metabolize tryptophan into the metabolites that active aryl hydrocarbon receptor (AHR), resulting in the inability to maintain epithelial renewal, barrier integrity, and immune cell activation [START_REF] Lamas | CARD9 impacts colitis by altering gut microbiota metabolism of tryptophan into aryl hydrocarbon receptor ligands[END_REF]. For instance, mice inoculated with lactobacillus strains capable of metabolizing tryptophan or treated with an AHR agonist showed an ameliorated DSS-induced colitis [START_REF] Lamas | CARD9 impacts colitis by altering gut microbiota metabolism of tryptophan into aryl hydrocarbon receptor ligands[END_REF]. These results suggested that genetic factors could change the microbiota composition and function, which lead to the production of microbial metabolites and act on gut inflammation as a vicious circle.

Ⅰ-1.2.3 Defective epithelial barrier

The Cadherin 1 (CDH1) gene is located, as the NOD2 gene, within the inflammatory bowel disease-1 (IBD1) locus on chromosome 16. It was confirmed to be associated with susceptibility to confer increased risks for both CD and UC [START_REF] Muise | Polymorphisms in E-cadherin (CDH1) result in a mis-localised cytoplasmic protein that is associated with Crohn's disease[END_REF][START_REF] Mccole | IBD candidate genes and intestinal barrier regulation[END_REF]. It is reported that CDH1 protects against IBD via promoting the expression of E-cadherin epithelial protein response to formation and maintenance of the intestinal tight junctions [START_REF] Mccole | IBD candidate genes and intestinal barrier regulation[END_REF].

Hence, the mutation of CDH1 gene indicates a defective leaky intestinal epithelium which eases in turn the invasion of the markedly pathogenic microbial elements of the gut through the intestinal wall [START_REF] Muise | Polymorphisms in E-cadherin (CDH1) result in a mis-localised cytoplasmic protein that is associated with Crohn's disease[END_REF]. For instance, a recent genetic test in 821 UC patients and 1260 healthy individuals showed that CDH1 variant rs1728785 was strongly associated with the Introduction 18 development of UC [START_REF] Muise | Polymorphisms in E-cadherin (CDH1) result in a mis-localised cytoplasmic protein that is associated with Crohn's disease[END_REF]. Rs10431923 variant of CDH1 was associated with the increased CD susceptibility [START_REF] Muise | Polymorphisms in E-cadherin (CDH1) result in a mis-localised cytoplasmic protein that is associated with Crohn's disease[END_REF]. They also found that CDH1-associated IBD patients had an abnormal expression of truncated shortened E-cadherin proteins along with their atypical cytoplasmic accumulation [START_REF] Muise | Polymorphisms in E-cadherin (CDH1) result in a mis-localised cytoplasmic protein that is associated with Crohn's disease[END_REF]. These studies suggest that CDH1 is associated with the onset of IBD through affecting intestinal epithelial barrier and eventually leading to a leaky gut.

Ⅰ-1.3 Host immune factors

We now are able to see that immune response plays an important role in host defense against the microorganisms of intestinal flora and is responsible for some diseases, such as IBD, in genetically susceptible individuals [START_REF] Choy | An overview of the innate and adaptive immune system in inflammatory bowel disease[END_REF]. Both innate and adaptive immune responses are considered important to defense the host against microorganisms but also to have a role in the development of IBD. Recent studies showed that innate immune response played an equal role with adaptive immune response in the pathogenesis of IBD (Figure 8) [START_REF] Choy | An overview of the innate and adaptive immune system in inflammatory bowel disease[END_REF]. Indeed abnormal innate immune responses, such as antimicrobial peptides production and innate microbial sensing, is reported to be involved in CD pathogenesis. 

Ⅰ-1.3.1 Innate immune response in IBD

Mammalian gastrointestinal tract is colonized with multiple microbial communities that together, with the intestinal mucosa, form a complex environment where the host and the gut microbiome establish a relationship of homeostasis [START_REF] Choy | An overview of the innate and adaptive immune system in inflammatory bowel disease[END_REF]. The interaction between gut immune system and intestinal microbiota is critical for homeostatic intestinal epithelial barrier function, which protects the host against intestinal inflammation [START_REF] Choy | An overview of the innate and adaptive immune system in inflammatory bowel disease[END_REF]. Intestinal epithelial cells are the first crucial physical barrier interacting with commensal microbiota, and AMP secreted by intestinal epithelial cells are also important for regulating the homeostasis between commensal microbiota and host mucosa (Figure 8) [START_REF] Holly | Defensins in viral infection and pathogenesis[END_REF][START_REF] Allaire | The intestinal epithelium: central coordinator of mucosal immunity[END_REF].

Defensins produced by Paneth cells and epithelial cells are reported to be associated with IBD through regulating a potent antibacterial, antiviral and antifungal activity [START_REF] Holly | Defensins in viral infection and pathogenesis[END_REF].

Patients with ileal CD decrease the expression of α-defensins (HD5 and HD6), which leads to a functionally deficient antimicrobial barrier. The polymorphisms of NOD2 in Paneth cells with the ability to produce HD5 and HD6 is genetically associated with ileal CD, and the decreased expression of HD5 and HD6 is more prominent in patients with NOD2 frameshift susceptibility variants, suggesting that HD5 and HD6 may be responsible for NOD2 associated risk [START_REF] Wehkamp | NOD2 (CARD15) mutations in Crohn's disease are associated with diminished mucosal α-defensin expression[END_REF]. Besides α-defensins, the expression of β-defensins (HBD1, HBD2, HBD3 and HBD4) are decreased in CD compared to healthy patients [START_REF] Nuding | Reduced mucosal antimicrobial activity in Crohn's disease of the colon[END_REF]. In contrast, the expression of HBD2 and HBD3 in patients with UC are increased.

However, the inner mucous layer in UC patients is less sterile compared to the healthy individuals, suggesting that AMP alone are not enough to maintain a sterile environment [START_REF] Swidsinski | Comparative study of the intestinal mucus barrier in normal and inflamed colon[END_REF]. Like defensins, S100A8/A9, as Ca 2+ binding proteins, belong to the S100 family and have an activity against biofilms of bacterial and fungal pathogens [START_REF] Bernerd | Modulation of gene expression induced in human epidermis by environmental stress in vivo[END_REF][START_REF] Pruenster | S100A8/A9: from basic science to clinical application[END_REF]. Previous studies showed that S100A8 and S100A9, identified as an alarming of inflammation, were significantly increased in IBD [START_REF] Bernerd | Modulation of gene expression induced in human epidermis by environmental stress in vivo[END_REF].

In addition, cathelicidins, as a part of innate immune system, show an activity against both bacterial and fungal pathogens and are commonly expressed by various tissues and cells, Introduction 21 including surfaces of epithelium [START_REF] Yoshimura | The antimicrobial peptide CRAMP is essential for colon homeostasis by maintaining microbiota balance[END_REF][START_REF] Sheehan | The Cathelicidin antimicrobial peptide (LL-37) stimulates the growth and pathogenicity of the pulmonary lung pathogen Aspergillus fumigatus[END_REF]. Studies showed that cathelicidins were essential for colon homeostasis and host defense against inflammation by maintaining microbiota balance [START_REF] Yoshimura | The antimicrobial peptide CRAMP is essential for colon homeostasis by maintaining microbiota balance[END_REF][START_REF] Sheehan | The Cathelicidin antimicrobial peptide (LL-37) stimulates the growth and pathogenicity of the pulmonary lung pathogen Aspergillus fumigatus[END_REF]. For example, mice deficient in cathelicidin related antimicrobial peptide (CRAMP) were defective in the development of colon mucosa and were highly sensitive to DSS-induced colitis, as well as azoxymethane-mediated carcinogenesis [START_REF] Yoshimura | The antimicrobial peptide CRAMP is essential for colon homeostasis by maintaining microbiota balance[END_REF]. Pretreatment of CRAMP deficient mice with antibiotics markedly reduced the severity of DSS-induced colitis, suggesting CRAMP as a limiting factor on dysbiosis in the colon [START_REF] Yoshimura | The antimicrobial peptide CRAMP is essential for colon homeostasis by maintaining microbiota balance[END_REF].

Ⅰ-1.3.2 Adaptive immunity

Compared to the innate immunity, the adaptive immunity is characterized by more specific, adaptable and long lasting immunity because it is a complex maturation and development of immune cells [START_REF] Choy | An overview of the innate and adaptive immune system in inflammatory bowel disease[END_REF]. During the immune response, the components of adaptive immunity normally cooperate with each other but also with innate immunity to eliminate the invading pathogens. T cells are major player of adaptive immune response.

Especially, Th0 cells can differentiate into Th1 cells responding to intracellular pathogens, Th2 cells responding to parasite and allergic response, and Th17 cells responding to extracellular pathogens [START_REF] Romagnani | Lymphokine production by human T cells in disease states[END_REF][START_REF] Korn | IL-17 and Th17 Cells[END_REF]. However, the dysregulated T cells can result in an inflammation by an excessive production of cytokines and chemokines. For instance, studies showed that T cell-derived cytokines production was higher in IBD mucosa than in healthy patients, suggesting that T cells might mediate IBD [START_REF] Choy | An overview of the innate and adaptive immune system in inflammatory bowel disease[END_REF]. 

Ⅰ-1.3.2.1 Th1 and Th2 cells in IBD

Th1 cells, induced by IL-12, secrete IFN-γ, IL-2 and TNF, whereas Th2 cells, induced by IL-13, secrete IL-4, IL-5 and IL-13 [START_REF] Romagnani | Lymphokine production by human T cells in disease states[END_REF]. A high level of IL-12 in mucosa trigger an abnormal Th1 immune response, which is thought to result in intestinal inflammation in CD [START_REF] Noguchi | Enhanced interferon-gamma production and B7-2 expression in isolated intestinal mononuclear cells from patients with Crohn's disease[END_REF]Monteleone GI, 1997). For instance, macrophage-derived IL-12 level is increased in CD, and activated T cells from CD patients produce more Th1 cytokines, such as IFN-γ, than T cells from UC patients or healthy individuals [START_REF] Noguchi | Enhanced interferon-gamma production and B7-2 expression in isolated intestinal mononuclear cells from patients with Crohn's disease[END_REF]. Similarly, high levels of IL-5 and IL-13 in mucosa are reported to induce an abnormal Th2 immune response, which is involved in the pathogenesis of UC [START_REF] Fuss | Nonclassical CD1d-restricted NK T cells that produce IL-13 characterize an atypical Th2 response in ulcerative colitis[END_REF][START_REF] Heller | Interleukin-13 is the key effector Th2 cytokine in ulcerative colitis that affects epithelial tight junctions, apoptosis, and cell restitution[END_REF]. In particular, the natural killer T (NKT) cells from UC release more Th2-specific cytokines such as IL-13 than those in patients with CD or healthy individuals [START_REF] Heller | Interleukin-13 is the key effector Th2 cytokine in ulcerative colitis that affects epithelial tight junctions, apoptosis, and cell restitution[END_REF]. Similar observations showed that the levels of IL-5 were higher in UC patients than in CD patients [START_REF] Fuss | Nonclassical CD1d-restricted NK T cells that produce IL-13 characterize an atypical Th2 response in ulcerative colitis[END_REF]. These results suggest that CD is characterized by a Th1 immune response; however, UC is mediated by a Th2 immune response (Figure 9). In addition, different observations of Th1 and Th2 in IBD patients are also described. For instance, biopsies from CD and UC cultured produce high and comparable amounts of IFN-γ [START_REF] Rovedatti | Differential regulation of interleukin 17 and interferon γ production in inflammatory bowel disease[END_REF], which may be due to the difference of immunological pathways between early-stage and late-stage disease.

Ⅰ-1.3.2.2 Th17 cells in IBD

Th17 cells, induced by IL-6 and TGF-β, are reported to produce IL-17A, IL-17F, IL-21 and IL-23, and its expansion is promoted by IL-23 [START_REF] Sarra | Il-23/Il-17 Axis in IBD[END_REF]. Among Th17-specific cytokines, the association of IL-17A and intestinal inflammation has been extensively studied [START_REF] Fujino | Increased expression of interleukin 17 in inflammatory bowel disease[END_REF]Zhang, 2006). In particular, the level of IL-17A is higher in IBD patients than in healthy individuals and its overexpression is also observed in the lamina propria of IBD patients [START_REF] Fujino | Increased expression of interleukin 17 in inflammatory bowel disease[END_REF]. In line, the production of IL-17A is higher in inflamed IBD mucosa than in control mucosa, and the amounts of Th17 cells in lamina propria of IBD patients is higher than in control subjects [START_REF] Rovedatti | Differential regulation of interleukin 17 and interferon γ production in inflammatory bowel disease[END_REF]. For IL-17F, studies showed that IL-17F deficient mice ameliorated DSS-induced colitis (Zhang, 2006), suggesting that IL-17F promoted intestinal inflammation. Similarly, IL-21 and IL-23 were reported to exacerbate intestinal inflammation [START_REF] Yen | IL-23 is essential for T cell-mediated colitis and promotes inflammation via IL-17 and IL-6[END_REF]. For instance, the production of IL-17A and IFN from IBD patients is decreased by the inhibition of IL-21 [START_REF] Monteleone | Interleukin-21 enhances T-helper cell type I signaling and interferon-γ production in Crohn's disease[END_REF]. Consistently, IL-21-deficiency protects the mice from Th1/Th17 cell-driven colitis [START_REF] Fina | Regulation of gut inflammation and th17 cell response by interleukin-21[END_REF]. For the role of IL-23, studies showed that IL-23 treatment promotes Th17 cytokines production and aggravates DSS-induced colitis, while anti-IL-23 antibody administration ameliorates colitis [START_REF] Elson | Monoclonal anti-interleukin 23 reverses active colitis in a T cell-mediated model in mice[END_REF].

Ⅰ-1.3.2.3 Regulatory T cells in IBD

Besides Th1, Th2 and Th17 cells, regulatory T (Treg) cells, expressing Foxp3 and suppressing Th0 cells proliferation, are associated with the maintenance of mucosal immune homeostasis by producing the anti-inflammatory cytokines IL-10 and TGF-β [START_REF] Valencia | TNF downmodulates the function of human CD4+ CD25hi T-regulatory cells[END_REF][START_REF] Chamouard | Diminution of Circulating CD4+ CD25 high T cells in naive Crohn's disease[END_REF]. Treg cells are reported to play an anti-inflammatory action in experimental colitis, whereas amounts of Treg cells are significantly decreased in peripheral blood of active IBD patients compared to healthy individuals [START_REF] Chamouard | Diminution of Circulating CD4+ CD25 high T cells in naive Crohn's disease[END_REF]. In particular, Tang, C. E. et al. (2015) showed that suppressing development of Treg cells by excessive Dectin-1 activation aggravated colitis in mice [START_REF] Tang | Inhibition of Dectin-1 Signaling Ameliorates Colitis by Inducing Lactobacillus-Mediated Regulatory T Cell Expansion in the Intestine[END_REF]. Consistently, inhibiting the signaling of IL-10 produced by Treg induced severe intestinal inflammation, while treatment with recombinant IL-10 ameliorate the colitis [START_REF] Steidler | Treatment of murine colitis by Lactococcus lactis secreting interleukin-10[END_REF].

Ⅰ-1.4 Microbial effect

Mammalian gastrointestinal tract is colonized with multiple microbial communities composed of bacteria, fungi and viruses, which are frequently considered an additional major organ and a vital part of the whole body [START_REF] Richard | Gut fungal microbiota: the Yin and Yang of inflammatory bowel disease[END_REF]. The intestinal mucosa is a complex environment where the host and the gut microbiome establish a relationship of homeostasis [START_REF] Honda | The microbiota in adaptive immune homeostasis and disease[END_REF]. Changes of microbial communities related to human diseases can disrupt gut homeostasis and alter host's immune response to pathogen infection. Indeed, investigators have found a marked reduction in the incidence of Firmicutes (e.g., Lactobacilli and Clostridia) in IBD patients [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. In contrast, the proportion of Proteobacteria and Actinobacteria is increased in patients with UC [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. Significant differences are found in the number of bacteria and fungi that penetrated the mucosal barrier into the intestinal mucosa between patients with IBD and healthy individuals, which may be involved in the formation or development of IBD [START_REF] Dordević | Hydrogen sulfide toxicity in the gut environment: Meta-analysis of sulfate-reducing and lactic acid bacteria in inflammatory processes[END_REF]. Microbial effect in IBD will be developed in the Chapter 2. In health subjects, commensal microbiota occupy the niches and inhibit the proliferation and colonization of exogenous pathogens as well as opportunistic pathobionts via producing metabolites, facilitating host barrier function and activating the immune response. Therefore, commensal microbiota is vital to maintain gut homeostasis. Alteration in commensal microbiota allow the outgrowth of indigenous pathobionts and pathogens, leading to dysregulated immune response, bowel dysfunction, and gut barrier disruption.

Studies have demonstrated that microbial communities can colonize almost all surfaces of the host exposed to the basic environment such as the skin, the lung and the gut [START_REF] Clemente | The impact of the gut microbiota on human health: an integrative view[END_REF][START_REF] Heintz-Buschart | Human gut microbiome: function matters[END_REF]. Among these, the gastrointestinal tract is colonized with the vast majority of microbial communities, consisting of bacteria, archaea, virus and fungi [START_REF] Clemente | The impact of the gut microbiota on human health: an integrative view[END_REF], which is considered to be an important part of the host and represents an ideal habitat for the growth and proliferation of microbiome [START_REF] Heintz-Buschart | Human gut microbiome: function matters[END_REF]. Due to the fact that human gut microbiome is composed of the same number of cells compared to the total host cells and 150 times the human genetic information, the human microbiota is considered to be an integral components of the normal host physiology and has greater genomic potential than its host [START_REF] Sender | Are we really vastly outnumbered? Revisiting the ratio of bacterial to host cells in humans[END_REF]. In particular, the normal gut microbiota exhibits an essential role in diverse biological processes, such as synthesis of vitamins, nutrient processing and maintenance of the intestinal epithelial barrier [START_REF] Clemente | The impact of the gut microbiota on human health: an integrative view[END_REF]. Apart from the functions mentioned above, microbiota can activate and induce the maturation of the intestinal and systemic immune system [START_REF] Lei | The interplay between the intestinal microbiota and the immune system[END_REF]. The host immune system, in turn, plays a crucial role in shaping the structure and function of the gut microbiota, suggesting that factors (such as diets and antibiotic) affecting host may also affect host microbiota. The host-microbiota interactions are important to establish a homeostasis between host immunity and microbiome, which is beneficial to the physical and mental health (Figure 10). However, breaking the balance between immunity and microbiome under defined environmental contexts such as the change of environmental conditions can result in changes in gut microbiota constituents, called the dysbiosis [START_REF] Richard | Gut fungal microbiota: the Yin and Yang of inflammatory bowel disease[END_REF][START_REF] Sartor | Roles for intestinal bacteria, viruses, and fungi in pathogenesis of inflammatory bowel diseases and therapeutic approaches[END_REF].

The gut microbiota dysbiosis contributes to the physiopathology of IBD (Figure 10) [START_REF] Richard | Gut fungal microbiota: the Yin and Yang of inflammatory bowel disease[END_REF][START_REF] Sartor | Roles for intestinal bacteria, viruses, and fungi in pathogenesis of inflammatory bowel diseases and therapeutic approaches[END_REF]. As for IBD, many studies showed that the composition of microbiota in IBD was altered compared with that in healthy subjects [START_REF] Sartor | Roles for intestinal bacteria, viruses, and fungi in pathogenesis of inflammatory bowel diseases and therapeutic approaches[END_REF]. Especially, when the gut microbiota is dysbiotic, the microorganisms with pathogenic potential may contribute to disease in healthy host, while they are harmless to the host under normal conditions [START_REF] Sartor | Roles for intestinal bacteria, viruses, and fungi in pathogenesis of inflammatory bowel diseases and therapeutic approaches[END_REF]. Here we will discuss the role of gut microbiota in the development of IBD, but only the bacterial and the fungal microbiota.

Ⅱ-1 Bacterial microbiota

Among the intestinal microbiota, bacteria is the most abundant and well-studied intestinal microbiota. Evidences showed that bacteria can colonize different parts of the body, but at different concentration [START_REF] Koenig | Succession of microbial consortia in the developing infant gut microbiome[END_REF][START_REF] Matsuoka | The gut microbiota and inflammatory bowel disease[END_REF]. The bacterial community develops from a small community with low diversity in newborns to a highly complex community after being exposed to environmental changes such as the introduction of diets [START_REF] Koenig | Succession of microbial consortia in the developing infant gut microbiome[END_REF]. Human gut bacteria can be grouped into many phyla, but most of the microbiota belongs to the four major phyla, mainly Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria phyla [START_REF] Matsuoka | The gut microbiota and inflammatory bowel disease[END_REF][START_REF] Cimadamore | Microbiome and cancers, with focus on genitourinary tumors[END_REF]. Among the four major phyla of healthy individuals, Firmicutes (49-76 %) and Bacteroidetes (16-23 %) phyla are the most abundant bacterial phyla, followed by, at much less extent, Proteobacteria and Actinobacteria phyla in the gut microbiota (Figure 11) [START_REF] Matsuoka | The gut microbiota and inflammatory bowel disease[END_REF]. As predominant bacteria, bacteria belonging to two phyla Bacteroides and Firmicutes comprise over 90% of the known phylogenetic categories, they dominate the gut microbiota in healthy adults, and play a role in maintaining host health [START_REF] Mukhopadhya | IBD-what role do Proteobacteria play?[END_REF][START_REF] Matsuoka | The gut microbiota and inflammatory bowel disease[END_REF]. Proteobacteria and Actinobacteria phyla are less abundant, however, some bacteria from these two phyla can have a large influence on health maintenance and disease progression [START_REF] Mukhopadhya | IBD-what role do Proteobacteria play?[END_REF][START_REF] Matsuoka | The gut microbiota and inflammatory bowel disease[END_REF]. For example, as a minor component of the colonic microbiota, the pathogens belonging to the phyla proteobacteria such as Escherichia coli (adherent-invasive E. coli -AIEC) and Salmonella as well as sulphate reducing bacteria including Desulfovibrio species are associated with the development of UC [START_REF] Mukhopadhya | IBD-what role do Proteobacteria play?[END_REF]. In addition, bacterial composition shows substantial variations among the individuals from different geographic locations, which may occur because geography is a complex factor including genetics, environment and diet [START_REF] Falony | Population-level analysis of gut microbiome variation[END_REF]. Besides geographic factor, age can significantly affect microbial composition [START_REF] Mariat | The Firmicutes/Bacteroidetes ratio of the human microbiota changes with age[END_REF]. In particular, the ratio of Firmicutes to Bacteoidetes in healthy infants, adults and elderly individuals are 0.4, 10.9 and 0.6, respectively, suggesting that the microbial composition is altered with ageing [START_REF] Mariat | The Firmicutes/Bacteroidetes ratio of the human microbiota changes with age[END_REF].

Similarly, the gut bacterial concentration and diversity along both the axial (mucosal to lumen) and longitudinal (proximal to distal) axes exhibit differences, which might be associated with its function [START_REF] Pflughoeft | Human microbiome in health and disease[END_REF]. However several studies suggested that the gut bacterial microbiota in healthy individuals was stable and resilient with a strong capacity to go back to its initial composition, which was beneficial to host health [START_REF] Sommer | The resilience of the intestinal microbiota influences health and disease[END_REF][START_REF] Fassarella | Gut microbiome stability and resilience: elucidating the response to perturbations in order to modulate gut health[END_REF].

The modification of a stable intestinal microbiota may increase the susceptibility to disease Introduction 28 development of the host microbiota ecosystem [START_REF] Bäckhed | Defining a healthy human gut microbiome: current concepts, future directions, and clinical applications[END_REF][START_REF] Sommer | The resilience of the intestinal microbiota influences health and disease[END_REF][START_REF] Fassarella | Gut microbiome stability and resilience: elucidating the response to perturbations in order to modulate gut health[END_REF]. Indeed, studies showed that factors, such as genetics, dietary changes and antibiotic exposure, can intervene on the gut microbiota and result in the development of human diseases such as IBD [START_REF] Mukhopadhya | IBD-what role do Proteobacteria play?[END_REF][START_REF] Sartor | Roles for intestinal bacteria, viruses, and fungi in pathogenesis of inflammatory bowel diseases and therapeutic approaches[END_REF][START_REF] Sommer | The resilience of the intestinal microbiota influences health and disease[END_REF][START_REF] Fassarella | Gut microbiome stability and resilience: elucidating the response to perturbations in order to modulate gut health[END_REF]. 

Ⅱ-1.1 Gut bacteria and IBD

Increasing evidences showed that both quantitative and qualitative alterations of the gut Introduction 29 microbiota were associated with the development of IBD. Many studies have described the changes in microbiota in different IBD cohorts, showing that bacterial diversity was significantly decreased in UC and CD, particularly in patients in flare compared with healthy subjects [START_REF] Martinez | Unstable composition of the fecal microbiota in ulcerative colitis during clinical remission[END_REF][START_REF] Sheehan | The microbiota in inflammatory bowel disease[END_REF][START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. Especially, the composition of the gut microbiota in IBD patients have decreased abundances of bacterial taxa within the phyla of Firmicutes and increased of Proteobacteria [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. Additionally within the Firmicutes, in the Clostridia group, particularly Lachnospiraceae, were reported to decrease in IBD patients [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. Although various factors have an effect on gut microbiome, the gut microbiota in healthy subjects show little temporal change [START_REF] Sommer | The resilience of the intestinal microbiota influences health and disease[END_REF][START_REF] Fassarella | Gut microbiome stability and resilience: elucidating the response to perturbations in order to modulate gut health[END_REF]. In contrast, the gut microbiota in IBD patients significantly changes and is unstable [START_REF] Dicksved | Molecular analysis of the gut microbiota of identical twins with Crohn's disease[END_REF][START_REF] Martinez | Unstable composition of the fecal microbiota in ulcerative colitis during clinical remission[END_REF]. Increasing evidences showed that the composition of the gut microbiota in IBD patients at active and quiescent stages was different [START_REF] Martinez | Unstable composition of the fecal microbiota in ulcerative colitis during clinical remission[END_REF]. Indeed, a study of gut microbiota longitudinally examined in IBD patients showed that the gut microbiota was unstable even in UC patients in remission (Figure 10) [START_REF] Martinez | Unstable composition of the fecal microbiota in ulcerative colitis during clinical remission[END_REF]. A consistent study showed that microbial diversity was decreased in inflamed tissue compared to non-inflamed tissues in the same patient, and a lower bacterial load was observed at the inflamed regions of CD patients, suggesting a negative relationship between inflammation and microbial diversity [START_REF] Sepehri | Microbial diversity of inflamed and noninflamed gut biopsy tissues in inflammatory bowel disease[END_REF]. Furthermore, a multicenter study in CD samples collected from multiple concurrent gastrointestinal locations showed that changes in bacteria, including increased Pasteurellacaea, Veillonellaceae, Enterobacteriaceae and Fusobacteriaceae, and decreased Erysipelotrichales, Bacteroidales and Clostridiales, were strongly correlated with disease status [START_REF] Gevers | The treatment-naive microbiome in new-onset Crohn's disease[END_REF]. More specifically, Roseburia, Faecalibacterium, Dorea and Blautia abundance are decreased in IBD flare and Ruminococcus gnavus is increased in ileal CD [START_REF] Gevers | The treatment-naive microbiome in new-onset Crohn's disease[END_REF]. Similarly, the study performed by our laboratory also found a decrease of Anaerostipes in IBD and an increase of Streptococcus anginosus in IBD [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. These studies suggest that decreased microbial diversity may be partly associated with the temporal instability of the dominant taxa in IBD. In addition to luminal microbiota, mucosal microbiota is associated with microbial dysbiosis and plays a role in the activation of host immunity. The microbiota in mucosal samples is significantly different from luminal samples [START_REF] Eckburg | Diversity of the human intestinal microbial flora[END_REF].

The luminal microbiota may become a key contributor to fecal microbiota, which may not accurately reflect regional changes in gut microbes. In contrast, due to the close contact of mucosa-associated bacteria with the intestinal surface, it is believed that the mucosa-associated microbiota in IBD is physiologically more important than luminal microbiota. In IBD patients, the concentration of mucosal adhesive microbiota, particularly Bacteroides and Enterobacteriaceae, was increased compared with healthy subjects, and the population of mucosal microbiota was increased with the severity of IBD [START_REF] Swidsinski | Mucosal flora in inflammatory bowel disease[END_REF][START_REF] Walker | High-throughput clone library analysis of the mucosa-associated microbiota reveals dysbiosis and differences between inflamed and non-inflamed regions of the intestine in inflammatory bowel disease[END_REF].

Like luminal microbiota, the composition and abundance of mucosa-associated bacteria vary along the gastrointestinal tract and are significantly impacted by intestinal inflammation in a number of different ways such as intestinal barrier, innate and adaptive immunity systems, and commensal microbiota (Figure 10) [START_REF] Walker | High-throughput clone library analysis of the mucosa-associated microbiota reveals dysbiosis and differences between inflamed and non-inflamed regions of the intestine in inflammatory bowel disease[END_REF].

Ⅱ-1.1.1 Pathogen association with IBD

So far, there have been no specific pathogens strictly associated with IBD development.

However, some known pathogenic or opportunistic bacteria have been identified in some case of IBD flare. For instance, Mycobacterium avium subspecies paratuberculosis found in commercial milk was reported to be suspected as a causative pathogen of CD [START_REF] Feller | Mycobacterium avium subspecies paratuberculosis and Crohn's disease: a systematic review and meta-analysis[END_REF]. In CD patients, paratuberculosis is detected, and the CD patients have a higher positive rates of serum antibody than healthy subjects [START_REF] Feller | Mycobacterium avium subspecies paratuberculosis and Crohn's disease: a systematic review and meta-analysis[END_REF]. However, anti-tuberculosis drugs administration in the clinical trial shows no efficacy in CD patients [START_REF] Selby | Two-year combination antibiotic therapy with clarithromycin, rifabutin, and clofazimine for Crohn's disease[END_REF]. Similarly, most commensal Escherichia coli is harmless to the host and is mutually beneficial [START_REF] Ramos | Escherichia coli as commensal and pathogenic bacteria among food-producing animals: Health implications of extended spectrum β-lactamase (ESBL) production[END_REF]. However, certain strains are pathobiont E. coli strain and cause diseases [START_REF] Rolhion | Adherent-invasive Escherichia coli in inflammatory bowel disease[END_REF][START_REF] Nadalian | Prevalence of the pathobiont adherent-invasive Escherichia coli and inflammatory bowel disease: a systematic review and meta-analysis[END_REF]. For example, the abundance of AIEC strain is increased in IBD, particularly CD, suggesting an association between AIEC and IBD [START_REF] Rolhion | Adherent-invasive Escherichia coli in inflammatory bowel disease[END_REF]. The reason why AIEC strains contribute to the development of IBD is because AIEC are thought to have the ability to adhere to and invade the intestinal epithelial cells and induce the production of proinflammatory cytokines such as TNF-α [START_REF] Morgan | Dysfunction of the intestinal microbiome in inflammatory bowel disease and treatment[END_REF][START_REF] Nadalian | Prevalence of the pathobiont adherent-invasive Escherichia coli and inflammatory bowel disease: a systematic review and meta-analysis[END_REF]. In particular, the clinical trial of anti-inflammatory drug administration to IBD patients ameliorate intestinal Introduction 31 inflammation and decrease the abundance of Escherichia [START_REF] Morgan | Dysfunction of the intestinal microbiome in inflammatory bowel disease and treatment[END_REF]. In support of this, AIEC are demonstrated to have the ability to induce the activation of neutrophil reactive oxygen species (ROS) and contribute to intestinal inflammation under antibiotic conditions [START_REF] Vong | Adherent-invasive Escherichia coli exacerbates antibiotic-associated intestinal dysbiosis and neutrophil extracellular trap activation[END_REF]. Although some bacteria with pathogenic potential contribute to human disease, the commensal microbes protect the host from pathogens infection via colonization resistance, where commensals occupy niches within the host and prevent invasion by pathogens (Figure 10) [START_REF] Kamada | A complex microworld in the gut: Harnessing pathogen-commensal relations[END_REF]. In addition, commensals can also have a functional effects in pathogens through inhibiting virulence-related gene expression [START_REF] Medellin-Peña | Probiotics affect virulencerelated gene expression in Escherichia coli O157:H7[END_REF][START_REF] Pacheco | Fucose sensing regulates bacterial intestinal colonization[END_REF].

Ⅱ-1.1.2 Bacterial protective action

For instance, fucosidase-bearing Bacteroides thetaiotaomicron with the ability to produce fucose can modulates the expression of the virulence factor ler, a master regulator of the locus of enterocyte effacement (LEE) genes, in enterohaemorrhagic E. coli [START_REF] Pacheco | Fucose sensing regulates bacterial intestinal colonization[END_REF].

Although the protective role of commensal microbes is not fully understood, it is believed that it may be due to the presence of protective microorganisms. In particular, there are some protective bacterial groups, such as Lachnospiraceae, Helicobacter pylori, and Faecalibacterium, which are necessary for maintaining gut homeostasis [START_REF] Sokol | Faecalibacterium prausnitzii is an antiinflammatory commensal bacterium identified by gut microbiota analysis of Crohn disease patients[END_REF][START_REF] Cadamuro | Helicobacter pylori infection: host immune response, implications on gene expression and microRNAs[END_REF]Chen, 2017). The relative abundance of these protective bacteria are decreased in IBD patients compared to healthy subjects. These bacteria protect the host from mucosal inflammation through several mechanisms: (i) induction of the production of the antiinflammatory cytokine such as IL-10; (ii) reduction of the production of inflammatory cytokines such as IFN-γ and IL-12; (iii) activation of Treg cells; (iiii) and inhibition of enteric pathogen adhesion/colonization (Figure 12) [START_REF] Sokol | Faecalibacterium prausnitzii is an antiinflammatory commensal bacterium identified by gut microbiota analysis of Crohn disease patients[END_REF][START_REF] Tang | Inhibition of Dectin-1 Signaling Ameliorates Colitis by Inducing Lactobacillus-Mediated Regulatory T Cell Expansion in the Intestine[END_REF]Chen, 2017). It was reported that commensal Lachnospiraceae was a beneficial bacteria that contributes to improve gut inflammation (Chen, 2017). Indeed, the relative abundance of Lachnospiraceae is decreased in IBD, and Lachnospiraceae administration suppresses intestinal inflammation in a DSS-induced colitis model (Chen, 2017;[START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. In particular, elevated intestinal Lachnospiraceae abundance in nucleotide-binding oligomerization domain protein 12 (NLRP12) deficient mice improved DSS-induced colitis by reducing activation of NF-κB and Signal Transducer And Activator Of Transcription 3 (STAT3) (Chen, 2017). They also found that Lachnospiraceae were enriched in the mucosal tissue compared to the lumen, which favored their interaction with residual immune cells in lamina propria and prevented enteric pathogen adhesion/colonization (Chen, 2017). In addition, some studies showed that Lachnospiraceae was also associated with the production of SCFA butyrate in human gut, which promoted peripheral Treg cells generation and colonic cells proliferation [START_REF] Arpaia | Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation[END_REF]Zhang, 2019). These results indicate that Lachnospiraceae protects the host from intestinal inflammation through inhibiting the growth of enteric pathogen and regulating the immune response. Like Lachnospiraceae, Faecalibacterium prausnitzii was reported to play an antiinflammatory role. In patients with CD, the abundance of F. prausnitzii is significantly Introduction 33 decreased (Sokol, 2009), and the low abundance of F. prausnitzii may result in relapse after surgery [START_REF] Sokol | Faecalibacterium prausnitzii is an antiinflammatory commensal bacterium identified by gut microbiota analysis of Crohn disease patients[END_REF]. Alterations in the abundance of F. prausnitzii is also associated with the prolongation of disease remission [START_REF] Sokol | Faecalibacterium prausnitzii is an antiinflammatory commensal bacterium identified by gut microbiota analysis of Crohn disease patients[END_REF][START_REF] Varela | Colonisation by F aecalibacterium prausnitzii and maintenance of clinical remission in patients with ulcerative colitis[END_REF]. For instance, restoration of F. prausnitzii after recurrence is associated with maintenance of clinical remission of UC [START_REF] Varela | Colonisation by F aecalibacterium prausnitzii and maintenance of clinical remission in patients with ulcerative colitis[END_REF]. In vitro experiment, F. prausnitzii administration was reported to induce the production of IL-10 and inhibit the production of inflammatory cytokines, such as IL-12 and IFN-γ [START_REF] Sokol | Faecalibacterium prausnitzii is an antiinflammatory commensal bacterium identified by gut microbiota analysis of Crohn disease patients[END_REF]. In addition, Helicobacter pylori is the bacterium colonized in gastric and associated with the development of IBD [START_REF] Cadamuro | Helicobacter pylori infection: host immune response, implications on gene expression and microRNAs[END_REF]. In particular, geographical studies showed that the decreased H. pylori infection was accompanied by an increased incidence of IBD [START_REF] Shah | Is there a link between H. Pylori and the epidemiology of Crohn's disease?[END_REF].

In line, a lower frequency of H. pylori was observed in the patients with CD (El-Omar, 1994), suggesting an inverse correlation between H. pylori and IBD. Although the mechanism of hostprotective effect of H. pylori infection are low and inconsistent, it is thought that H. pylori induces the development of Treg and impairs DC maturation, with a consequent tolerogenic phenotype [START_REF] Luther | Helicobacter pylori DNA decreases pro-inflammatory cytokine production by dendritic cells and attenuates dextran sodium sulphate-induced colitis[END_REF][START_REF] Müller | The immunomodulatory properties of Helicobacter pylori confer protection against allergic and chronic inflammatory disorders[END_REF]Li, 2019b). For instance, H. pylori infection is demonstrated to reduce the production of pro-inflammatory cytokines (such as IL-12 and IFNγ) in intestinal DC and improve the intestinal inflammation [START_REF] Luther | Helicobacter pylori DNA decreases pro-inflammatory cytokine production by dendritic cells and attenuates dextran sodium sulphate-induced colitis[END_REF]. Consistently, a study in rodent colitis model show that H. pylori infection attenuate the colitis by inhibiting the expression of pro-inflammatory cytokines such as TNF-α and IFN-γ and increasing the percentages of CD19 + IL-10 + regulatory B cells (Li, 2019b). Aside from directly affecting host immunity, bacterial metabolites are involved in the development of IBD by regulating the host immune response and microbial community colonization [START_REF] Lamas | CARD9 impacts colitis by altering gut microbiota metabolism of tryptophan into aryl hydrocarbon receptor ligands[END_REF]Agus, 2018). For instance, the study performed by our laboratory showed that the depletion of microbiota with the ability to metabolize tryptophan into metabolites of AHR ligands impaired the recovery from colitis by reducing IL-22 production in CARD9 deficient mice, whereas the mice supplemented with Lactobacillus capable of metabolizing tryptophan or AHR agonist ameliorated intestinal inflammation [START_REF] Lamas | CARD9 impacts colitis by altering gut microbiota metabolism of tryptophan into aryl hydrocarbon receptor ligands[END_REF].

Similarly, bile acids metabolized by the gut microbiota into secondary bile acid play critical roles in cholesterol metabolism, lipid digestion, and host-microbe interaction (Li, 2015).

Secondary bile acid at physiological levels show anti-inflammatory function by promoting the Introduction 35 production of IL-10, while high physiological levels of secondary bile acid aggravate intestinal inflammation by causing oxidative/nitrosative stress, DNA damage, apoptosis, and mutations [START_REF] Ward | Ursodeoxycholic acid and lithocholic acid exert antiinflammatory actions in the colon[END_REF][START_REF] Vaughn | A pilot study of fecal bile acid and microbiota profiles in inflammatory bowel disease and primary sclerosing cholangitis[END_REF]. Compared to bile acid and AHR ligands, SCFA produced by the fermentation of dietary fiber, mainly acetate, propionate and butyrate, have a very high concentration in the colon and play also an important role in intestinal inflammation (Parada [START_REF] Venegas | Short chain fatty acids (SCFAs)-mediated gut epithelial and immune regulation and its relevance for inflammatory bowel diseases[END_REF][START_REF] Rotondo-Trivette | Reduced fecal short-chain fatty acids in hispanic children with ulcerative colitis[END_REF]. Additionally our work revealed modifications of levels of SCFA in our project, therefore, we will focus on the influence of SCFA in IBD (Figure 13).

Although the concentration of SCFA varies greatly between individuals due to differences in diet and microbiota, acetate is always the most abundant SCFA in healthy individuals, followed by propionate and butyrate [START_REF] Venegas | Short chain fatty acids (SCFAs)-mediated gut epithelial and immune regulation and its relevance for inflammatory bowel diseases[END_REF]. As the most abundant SCFA, acetate is produced by many bacteria, while butyrate and propionate are produced by a limited group of bacteria. Studies showed that acetate and propionate were mainly produced by the members of the Bacteroidetes, while butyrate-producing bacteria were found in the Firmicutes, particularly F. prausnitzii and Clostridium leptum of the Oscillospiraceae family, Eubacterium rectale of the Eubacteriaceae family and Roseburia species of the Lachnospiraceae family in the human gut [START_REF] Louis | Formation of propionate and butyrate by the human colonic microbiota[END_REF]. After absorption, acetate and propionate take part in the synthesis of cholesterol in peripheral tissues and gluconeogenesis in liver, respectively, whereas butyrate primarily acts in the lower bowel. In particular, studies have shown that butyrate can be absorbed by colon cells, not only providing energy for colonic epithelial cells [START_REF] Ahmad | Butyrate and glucose metabolism by colonocytes in experimental colitis in mice[END_REF], but also inducing the activation of anti-inflammatory actions such as promoting Treg generation [START_REF] Louis | Diversity, metabolism and microbial ecology of butyrate-producing bacteria from the human large intestine[END_REF][START_REF] Arpaia | Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation[END_REF], suggesting an important role of butyrate in maintaining intestinal homeostasis. In IBD patients, anti-inflammatory SCFA and its producers have a reduced abundance compared to health controls (Sokol, 2009;[START_REF] Morgan | Dysfunction of the intestinal microbiome in inflammatory bowel disease and treatment[END_REF][START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. For instance, in ileal CD, the butyrate-producing genus Roseburia and Faecalibacterium are decreased (Sokol, 2009;[START_REF] Morgan | Dysfunction of the intestinal microbiome in inflammatory bowel disease and treatment[END_REF][START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. In line, Phascolarctobacterium, an important acetate/propionate-producer, is also reduced in CD, whilst Leuconostocaceae is depleted in UC [START_REF] Morgan | Dysfunction of the intestinal microbiome in inflammatory bowel disease and treatment[END_REF]. Furthermore, the expression and Introduction 36 activity of butyrate metabolism enzymes are suppressed in intestinal inflammation [START_REF] De Preter | Impaired butyrate oxidation in ulcerative colitis is due to decreased butyrate uptake and a defect in the oxidation pathway[END_REF][START_REF] Planell | Transcriptional analysis of the intestinal mucosa of patients with ulcerative colitis in remission reveals lasting epithelial cell alterations[END_REF]. For instance, studies showed that genes related to butyrate metabolism/oxidation enzymes were down-regulated in inflamed mucosa of UC patients [START_REF] De Preter | Impaired butyrate oxidation in ulcerative colitis is due to decreased butyrate uptake and a defect in the oxidation pathway[END_REF][START_REF] Planell | Transcriptional analysis of the intestinal mucosa of patients with ulcerative colitis in remission reveals lasting epithelial cell alterations[END_REF]. In contrast, infliximab (anti-TNF-α antibody) therapy increases the expression of some genes encoding butyrate metabolism/oxidation enzymes in the mucosa of UC patients (Wang, 2021), suggesting that mucosal inflammation inhibit butyrate oxidation, and anti-inflammatory administration may be beneficial to regain homeostasis. In addition, butyrate, together with other SCFA, can ameliorate gut inflammation by modulating immune response in lamina propria [START_REF] Lührs | Butyrate inhibits NF-κB activation in lamina propria macrophages of patients with ulcerative colitis[END_REF][START_REF] Willing | Twin studies reveal specific imbalances in the mucosa-associated microbiota of patients with ileal Crohn's disease[END_REF][START_REF] Venegas | Short chain fatty acids (SCFAs)-mediated gut epithelial and immune regulation and its relevance for inflammatory bowel diseases[END_REF]. Especially, SCFA administration inhibits the activation of NF-κβ, T cell differentiation and the immune response to commensal bacteria and enhances generation of IL-10 + colonic Treg cells [START_REF] Siavoshian | Butyrate inhibits inflammatory responses through NFkappaB inhibition: implications for Crohn's disease[END_REF][START_REF] Lührs | Butyrate inhibits NF-κB activation in lamina propria macrophages of patients with ulcerative colitis[END_REF][START_REF] Raqib | Efficacy of sodium butyrate adjunct therapy in shigellosis: a randomized, double-blind, placebo-controlled clinical trial[END_REF]. For instance, SCFA treatment ameliorate UC, and the combination of butyrate and 5-aminosalicylic acid reduces the severity of 5aminosalicylic acid refractory UC [START_REF] Raqib | Efficacy of sodium butyrate adjunct therapy in shigellosis: a randomized, double-blind, placebo-controlled clinical trial[END_REF]. Similarly, butyrate treatment inhibits the NFκβ activation in both the macrophages from UC patients and mononuclear cells and PBMCs from CD patients [START_REF] Siavoshian | Butyrate inhibits inflammatory responses through NFkappaB inhibition: implications for Crohn's disease[END_REF][START_REF] Lührs | Butyrate inhibits NF-κB activation in lamina propria macrophages of patients with ulcerative colitis[END_REF].

Apart from SCFA, bacteria can also produce branched-chain fatty acids (BCFA) such as isobutyrate and isovalerate, the production of which are by protein fermentation. A recent study showed that isobutyrate production in cecal digesta was positively related to Faecalibacterium and Prevotella (Wang, 2019). Similarly, isovalerate concentration in cecal digesta was associated with Prevotella_9 and unclassified_f_Ruminococcaceae (Wang, 2019). They further found that lentinan administration altered the microbiota composition and increased the production of SCFA such as butyrate, isobutyrate and isovalerate, resulting in a reduction in inflammation (Wang, 2019). In ruminants, studies showed that BCFA (isobutyrate, isovalerate and 2-methyl butyrate) supplementation improved ruminal fermentation by altering microbial composition, increased ruminal total SCFA and acetate production, and promoted growth of calves with promoted hepatic lipid oxidation (Wang, 2015;Liu, 2018). It was also reported that BCFA isovalerate can directly interact with colonic smooth muscle and result in the relaxation of colonic smooth muscle relation through the PKA pathway [START_REF] Blakeney | Branched short-chain fatty acid isovaleric acid causes colonic smooth muscle relaxation via cAMP/PKA pathway[END_REF]. In DSS-induced mice colitis model, sodium-nitroprus-side administration induced a higher relaxation in normal proximal colonic tissue than in inflamed proximal colonic tissue [START_REF] Van Bergeijk | Diminished nitroprusside-induced relaxation of inflamed colonic smooth muscle in mice[END_REF]. These results suggest that isovalerate may contribute to improve intestinal inflammation through promoting the relaxation of colonic smooth muscle. However, the function of other BCFA in the gut is still unclear and needs more investigations.

Altogether, these results suggest that SCFA might play a protective role in gut inflammation.

Ⅱ-2 Fungal microbiota in gut

Comparison with the wealth of information on the bacterial community, there is a lack of information on fungal community in gastrointestinal tract. Research over the last decade has demonstrated that there are more than 400 fungal species belonging to 133 genera in humans [START_REF] Richard | Gut fungal microbiota: the Yin and Yang of inflammatory bowel disease[END_REF]Li, 2018;Richard, 2019). These fungal microbiota can be mainly affiliated to two major phyla: Ascomycota and Basidiomycota [START_REF] Wheeler | Immunity to commensal fungi: detente and disease[END_REF] and found in all gastrointestinal tract of most healthy individuals. The fungal component and the most predominant genera are different between individuals in the same area and between individuals in different geographic areas. Previous studies showed that the predominant genus in healthy individuals were Candida, Penicillium, Saccharomyces, Aspergillus, Cryptococcus and Malassezia, all of which contained at least three different species [START_REF] Richard | Gut fungal microbiota: the Yin and Yang of inflammatory bowel disease[END_REF]Li, 2018).

Especially, Penicillium (13 species) is the most diversified, followed by Candida (12 species), then Aspergillus and Saccharomyces (5 species), and finally Cryptococcus and Malassezia (3 species) [START_REF] Richard | Gut fungal microbiota: the Yin and Yang of inflammatory bowel disease[END_REF]. To explain the identification of Penicillium and Aspergillus genera in the gastrointestinal tract, there are several commonly accepted explanations. One is that they form large quantities of microscopic spores, which are daily inhaled or ingested by thousands.

Additionally, these fungi are commonly found on food product or part of food products production (for flavour and aroma) so they can become a continuous source of contamination.

In contrast, Candida is the most common fungal commensal identified in humans with Introduction 38 numerous species and no reservoir outside the body [START_REF] Richard | Gut fungal microbiota: the Yin and Yang of inflammatory bowel disease[END_REF]. Although Candida is not found outside the body, it has been recently found that Candida abundance varies with the different diets. In particular, [START_REF] Hoffmann | Archaea and fungi of the human gut microbiome: correlations with diet and bacterial residents[END_REF] found that Candida abundance was positively associated with diets high in carbohydrates, but negatively with diets high in amino acids, protein, and fatty acids [START_REF] Hoffmann | Archaea and fungi of the human gut microbiome: correlations with diet and bacterial residents[END_REF]. At the species level, the fungi most frequently pachidermatis, and M. restricta), Penicillium chrysogenum, and Sclerotium sclerotiorum [START_REF] Richard | Gut fungal microbiota: the Yin and Yang of inflammatory bowel disease[END_REF]. Due to no reservoir outside the animal body, the presence of C. albicans, C. tropicalis, C. parapsilosis, and C. glabrata are thought to be natural components of the human microbiome [START_REF] Richard | Gut fungal microbiota: the Yin and Yang of inflammatory bowel disease[END_REF]Li, 2018). In contrast, the species, including S. cerevisiae, G. geotrichum and S. sclerotiorum, can be found outside the animal body, such as food and plant [START_REF] Waghmode | Biodegradation of Rubine GFL by Galactomyces geotrichum MTCC 1360 and subsequent toxicological analysis by using cytotoxicity, genotoxicity and oxidative stress studies[END_REF]. As the primary niche of the mammalian skin microbiome, Malassezia species, are detected in 11 of 14 body sites (the exceptions all being on the foot) [START_REF] Findley | Human skin fungal diversity[END_REF].

And recently, it has been shown that Malassezia species was also present in the gut [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF], and that the strains present on the skin may provide a continuous contamination for the gastrointestinal tract. If Malassezia can survive and colonize the human gut is still an open question [START_REF] Spatz | Overview of the potential role of Malassezia in gut health and disease[END_REF].

Less data sets are available on mice fungal microbiota by comparison with human fungal microbiota. To date, there are only few publications on the fungal diversity and community in mice gastrointestinal tract. [START_REF] Scupham | Abundant and diverse fungal microbiota in the murine intestine[END_REF] showed that the most fungal sequences identified in mice belonged to the genera Acremonium, Scleroderma, Monilinia, Spizellomyces, Cryptococcus/Filobasidium, Fusarium, Catenomyces, Neocallimastix, Powellomyces, Entophlyctis, Mortierella, and Smittium, as well as, the order Mucorales [START_REF] Scupham | Abundant and diverse fungal microbiota in the murine intestine[END_REF].

Recently, a study by Iliev, I. D. et al. (2012) showed that there were more than 100 different well-annotated fungal species belonging to at least 50 genera and more than 100 unannotated fungi, illustrating the fungal diversity and the large uncharacterized nature of the mycobiome in the gut [START_REF] Iliev | Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis[END_REF]. More recently, a study showed that there were twelve major genera Introduction 39 belonging to eight families in colonic samples, and nine of the 12 major genera were present in the mouse diet [START_REF] Qiu | Changes in the composition of intestinal fungi and their role in mice with dextran sulfate sodium-induced colitis[END_REF]. Within the twelve major genera, Aspergillus and Penicillium are closely associated with feces, while Cladosporium, Wickerhamomyces, Alternaria, Cryptococcus, Phialemonium, Candida, and the unidentified Saccharomycetales genus are associated with the mucosa. Compare to 133 taxa identified in human microbiota, the taxa identified in mice show a relatively small overlap. Common genera such as Candida, Aspergillus, or Cryptococcus are also identified in intestinal of most mice, while Penicillium, an extremely common taxon in humans, is identified in few studies in the mouse gut. Notably, the same genera are not represented by the same species. For instance, among Candida, C. tropicalis is the most abundant, whereas C. albicans is extremely rarely detected in mouse [START_REF] Richard | Gut fungal microbiota: the Yin and Yang of inflammatory bowel disease[END_REF]. Totally, the diversity and abundance of fungi is lower than bacteria in gastrointestinal tract of humans and mice, and the composition of fungi is less stable compared with bacteria (Hallen- [START_REF] Hallen-Adams | Fungi inhabiting the healthy human gastrointestinal tract: a diverse and dynamic community[END_REF].

Ⅱ-2.1 Gut mycobiota and IBD

The colonization of fungal commensals in human gastrointestinal tract is significant because fungal colonization can affect the microbial ecology [START_REF] Ott | Fungi and inflammatory bowel diseases: alterations of composition and diversity[END_REF]Richard, 2019). Fungal and bacterial microbiota co-evolved during thousands of years in their host, it is thus very likely that both reigns participate to the whole equilibrium [START_REF] Li | Dysbiosis of gut fungal microbiota is associated with mucosal inflammation in Crohn's disease[END_REF][START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF][START_REF] Yang | Intestinal fungi contribute to development of alcoholic liver disease[END_REF][START_REF] Bajaj | Fungal dysbiosis in cirrhosis[END_REF]. Indeed, fungal dysbiosis is demonstrated to be involved in the development of IBD [START_REF] Li | Dysbiosis of gut fungal microbiota is associated with mucosal inflammation in Crohn's disease[END_REF][START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF][START_REF] Yang | Intestinal fungi contribute to development of alcoholic liver disease[END_REF][START_REF] Bajaj | Fungal dysbiosis in cirrhosis[END_REF]. Compared to the healthy individuals, patients with IBD have strong modification of alpha and beta diversity indexes of their gut mycobiota [START_REF] Li | Dysbiosis of gut fungal microbiota is associated with mucosal inflammation in Crohn's disease[END_REF] and an increase of the ratio of fungi to bacteria [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. Indeed, using a large cohort of 235 IBD patients and 38 healthy individuals, after DNA extraction and ampliconbased sequencing (16S and ITS2) our team described the alterations of the fungal microbiota in composition and biodiversity [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. Especially, the sequencing results showed that in patients with IBD flare we observed the increase of the abundance ratio of Basidiomycotato-Ascomycota, the decrease of the proportion of S. cerevisiae, and the increase of the Introduction 40 proportion of C. albicans compared with healthy subjects [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. A study by Ott, S. J. et al. (2008) showed that UC patients, accompanying with the alteration of fungal biodiversity and composition, were heavily colonized with C. albicans, which aggravated mucosal injury and generation of anti-S. cerevisiae antibodies (ASCA) [START_REF] Ott | Fungi and inflammatory bowel diseases: alterations of composition and diversity[END_REF][START_REF] Colombel | Secukinumab failure in Crohn's disease: the yeast connection?[END_REF]. Similarly, investigators showed that the genus Dioszegia and species C. glabrata predominate especially during a disease flare whereas Trichosporon and Leptosphaeria genera were decreased in patients with CD [START_REF] Hansen | The Role of the Fungal Microbiota in the Pathogenesis of De-Novo Pediatric Inflammatory Bowel Disease Using Next Generation Sequencing[END_REF][START_REF] Liguori | Fungal Dysbiosis in Mucosa-associated Microbiota of Crohn's Disease Patients[END_REF]. In treatment-naive CD patients accompanied with mycobiota dysbiosis, CD-associated taxa belonged to the Basidiomycota phylum, and all depleted taxa belonged to the Ascomycota phylum [START_REF] Chehoud | Fungal signature in the gut microbiota of pediatric patients with inflammatory bowel disease[END_REF]. Consistently, this shift in the composition of the gut fungal communities is also observed in general IBD patients [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF], suggesting that an inflammation-driven perturbation of the core fungal community is independent of the IBD therapeutic regimen (Li, 2019c). These studies suggest that active inflammation seems to promote the alteration of the mycobiota composition in luminal-and mucosal-associated intestinal microbiota in human [START_REF] Liguori | Fungal Dysbiosis in Mucosa-associated Microbiota of Crohn's Disease Patients[END_REF][START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. Among the gut fungi differentially affected by IBD, Candida species appear to be consistently abundant in IBD [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF], and the frequencies of circulating C. albicans-reactive T cells is higher in CD patients than in healthy individuals [START_REF] Bacher | Human anti-fungal Th17 immunity and pathology rely on crossreactivity against Candida albicans[END_REF]. Based on these data, it is thought that intestinal fungi may induce innate immune responses of intestinal epithelial cells, which contribute to the maturation of mesenteric or intestinal lymphatic immune system [START_REF] Lionakis | CX 3 CR1-dependent renal macrophage survival promotes Candida control and host survival[END_REF][START_REF] Leonardi | CX3CR1+ mononuclear phagocytes control immunity to intestinal fungi[END_REF]. For instance, a recent study showed that C-X3-C Motif Chemokine Receptor 1 (CX3CR1) + mononuclear phagocytes (MNPs)-expressing fungal patternrecognition receptors can induce the activation of antifungal immune in a Spleen tyrosine kinase (SYK)-dependent manner in both human and mice [START_REF] Lionakis | CX 3 CR1-dependent renal macrophage survival promotes Candida control and host survival[END_REF][START_REF] Leonardi | CX3CR1+ mononuclear phagocytes control immunity to intestinal fungi[END_REF]. In particular, inhibition of CX3CR1 + signaling increased the fungal burden and aggravated DSSinduced colitis that is rescued by antifungal treatment [START_REF] Leonardi | CX3CR1+ mononuclear phagocytes control immunity to intestinal fungi[END_REF]. These studies suggest that CX3CR1 + MNPs play an important role in sensing fungi and mediating the interaction between host immunity and fungal microbiota. In support of this, patients with a missense mutation of CX3CR1 have a higher susceptibility to systemic candidiasis than healthy individuals [START_REF] Lionakis | CX 3 CR1-dependent renal macrophage survival promotes Candida control and host survival[END_REF].

Ⅱ-2.1.1 Fungal pathogen association with IBD

Like bacteria, the fungal microbiota have a distinct dysbiosis in IBD, which characterized by modifying its biodiversity and composition [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. Especially, the abundance of pathogenic fungi such as C. albicans in inflamed mucosa is increased compared to non-inflamed mucosa [START_REF] Li | Dysbiosis of gut fungal microbiota is associated with mucosal inflammation in Crohn's disease[END_REF][START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF], and the increased pathogenic fungi may cause aggravated mucosal injury and generation of ASCA [START_REF] Mckenzie | Antibody to selected strains of Saccharomyces cerevisiae (baker's and brewer's yeast) and Candida albicans in Crohn's disease[END_REF][START_REF] Colombel | Secukinumab failure in Crohn's disease: the yeast connection?[END_REF]. In mouse colitis model, the expansion of opportunistic fungi such as Candida and Trichosporon are also observed in severe colitis [START_REF] Qiu | Changes in the composition of intestinal fungi and their role in mice with dextran sulfate sodium-induced colitis[END_REF]. In support of this, if C. tropicalis, the most abundance fungal species in mice, is gastrointestinally delivered in Dectin-1 or Dectin-3 deficient mice the results is an aggravation of the outcome of DSS-induced colitis, and its shown that fluconazole administration ameliorate the intestinal inflammation [START_REF] Iliev | Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis[END_REF][START_REF] Tang | Inhibition of Dectin-1 Signaling Ameliorates Colitis by Inducing Lactobacillus-Mediated Regulatory T Cell Expansion in the Intestine[END_REF]. These data suggest that overgrowth of pathogenic fungal microbiota may be associated with severe gut inflammation. In vitro experiments showed that C. albicans treatment promoted the secretion of IL-1β and IL-23 by inducing the activation of NF-κB [START_REF] Saijo | Dectin-2 recognition of alpha-mannans and induction of Th17 cell differentiation is essential for host defense against Candida albicans[END_REF]. These results indicate that C. albicans may contribute to the development of IBD by inducing the activation of NF-κB. A study performed by our laboratory showed that Malassezia genus abundance was increased in patients with IBD symptoms [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. Consistently, a recent study reported that the abundance of M. restricta and M. globose were increased in basidiomycetes in CD patients [START_REF] Limon | Malassezia Is Associated with Crohn's Disease and Exacerbates Colitis in Mouse Models[END_REF]. They further showed that administration of M. restricta exacerbated colitis induced by DSS in WT and gnotobiotic mice [START_REF] Limon | Malassezia Is Associated with Crohn's Disease and Exacerbates Colitis in Mouse Models[END_REF]. In mouse bone marrow derived dendritic cells (BMDC), M. restricta stimulation promoted the production of inflammatory cytokines such as IL-6, TNF-α in CARD9 dependent manner [START_REF] Limon | Malassezia Is Associated with Crohn's Disease and Exacerbates Colitis in Mouse Models[END_REF].

These results suggest that intestinal colonization with C. albicans or M. restricta may contribute to intestinal inflammation although they might not be the triggering signal but more likely elements of the vicious circle amplifying the inflammation.

Ⅱ-2.1.2 Protective fungi

In addition to the pathogenic potential, commensal fungi may play a protective role by inducing the activation of host immunity, promoting colonic cell proliferation and inhibiting the growth of enteric pathogens (Figure 12). S. boulardii, a yeast strain very close to S. cerevisae, is demonstrated to have beneficial effects on the intestinal epithelial barrier and digestive immune response [START_REF] Schneider | Effects of Saccharomyces boulardii on fecal short-chain fatty acids and microflora in patients on long-term total enteral nutrition[END_REF][START_REF] Dalmasso | Saccharomyces boulardii inhibits inflammatory bowel disease by trapping T cells in mesenteric lymph nodes[END_REF]. Indeed, S. boulardii CNCMI-745 treatment increased fecal SCFA concentration (especially butyrate) in patients on long-term total nutrition induced diarrhea [START_REF] Schneider | Effects of Saccharomyces boulardii on fecal short-chain fatty acids and microflora in patients on long-term total enteral nutrition[END_REF], and the increased SCFA contribute to the growth of colonic epithelium cells and inhibit the inflammation (Parada Venegas, 2019). The effect of S. boulardii on intestinal inflammation is controversial, but several clinical trials indicate that S. boulardii is beneficial as a therapy in patients with CD and mild to moderate clinical flare-up of UC during maintenance treatment with mesalamine [START_REF] Plein | Therapeutic effects of Saccharomyces boulardii on mild residual symptoms in a stable phase of Crohn's disease with special respect to chronic diarrhea--a pilot study[END_REF][START_REF] Guslandi | Saccharomyces boulardii in maintenance treatment of Crohn's disease[END_REF][START_REF] Guslandi | A pilot trial of Saccharomyces boulardii in ulcerative colitis[END_REF]. In line, S. boulardii CNCMI-745 administration ameliorated intestinal inflammation in phocyte-transferred severe combined immunodeficiency through inducing the accumulating in mesenteric lymph nodes and inhibiting the infiltration of Th1 cells in the inflamed colon [START_REF] Dalmasso | Saccharomyces boulardii inhibits inflammatory bowel disease by trapping T cells in mesenteric lymph nodes[END_REF]. Similarly, S. boulardii (Richmond Hill, ON, Canada) gastrointestinal delivery attenuate intestinal inflammation induced by Citrobacter rodentium infection in mice by reducing the adhesion of C. rodentium to epithelial cells and inhibiting the expression of potent virulent factors responsible for inflammation [START_REF] Eckmann | Animal models of inflammatory bowel disease: lessons from enteric infections[END_REF][START_REF] Wu | Saccharomyces boulardii ameliorates Citrobacter rodentium-induced colitis through actions on bacterial virulence factors[END_REF]. Consistently, S. boulardii CNCMI-745 administration ameliorated DSS-induced colitis in mouse model by increasing bacterial diversity and regulating microRNAs expression(Rodríguez-Nogales, 2018). In addition, S. boulardii can also inhibit pathogenic growth, adhesion and biofilm formation (Murzyn, 2010b, a). Indeed, S. boulardii CNCMI-745 and its secretion such as capric acid was able to inhibit C. albicans SC5314 hyphae formation, candidal adhesion and biofilm formation (Murzyn, 2010b). In line, in vitro experiment showed that S. boulardii CNCMI-745 not only inhibited C. albicans SC5314 adhesion to Caco-2 cells, but also reduced the expression of IL-8 (Murzyn, 2010a). Consistently, col-cultivation of Lactobacillus rhamnosus GG (CNCMI-4798) and Saccharomyces cerevisiae boulardii (CNCMI-1079) enhanced their ability to inhibit the growth of E. coli (LMG2092) and the production level of toxin [START_REF] Moens | Lactobacillus rhamnosus GG and Saccharomyces cerevisiae boulardii exert synergistic antipathogenic activity in vitro against enterotoxigenic Escherichia coli[END_REF]. These result indicate that the beneficial effects of S. boulardii are achieved by enhancing intestinal epithelial barrier, inhibiting the main regulators of inflammation such as NF-κB and MAPK, modifying the microbiota composition such inhibiting the growth of C. rodentium and C. albicans [START_REF] Eckmann | Animal models of inflammatory bowel disease: lessons from enteric infections[END_REF][START_REF] Sougioultzis | Saccharomyces boulardii produces a soluble anti-inflammatory factor that inhibits NF-κB-mediated IL-8 gene expression[END_REF]Murzyn, 2010b).

Similarly, S. cerevisiae plays a protective role in intestinal inflammation by enhancing barrier function, inhibiting the production of pro-inflammatory cytokines and the growth of pathogens. Especially, S. cerevisiae treatment protects against inflammation and pathogens infection through the regulation of the immune response and the interaction with microbiota [START_REF] Sivignon | Saccharomyces cerevisiae CNCM I-3856 prevents colitis induced by AIEC bacteria in the transgenic mouse model mimicking Crohn's disease[END_REF][START_REF] Jiang | Commensal fungi recapitulate the protective benefits of intestinal bacteria[END_REF][START_REF] Gabrielli | Saccharomyces cerevisiae-based probiotic as novel anti-fungal and anti-Bibliography 145 inflammatory agent for therapy of vaginal candidiasis[END_REF]. In particular, S. cerevisiae CNCM I-3856 protected CEABAC6-expressing mice from colitis by inhibiting the colonization and adhesion of AIEC LF82, promoting the expression of pore-forming tight junction claudin-2 responsible for restoration of barrier function, and reducing the production of pro-inflammatory cytokines such as IL-6, IL-1β and keratinocyte chemoattractant [START_REF] Sivignon | Saccharomyces cerevisiae CNCM I-3856 prevents colitis induced by AIEC bacteria in the transgenic mouse model mimicking Crohn's disease[END_REF]. In line, S. cerevisiae CNCM I-3856 suppressed the expression of virulence traits of C. albicans (CA-6) such as aspartyl proteinases (SAPs), as well as hyphae-associated proteins Hwp1 and Ece1 in the vaginal cavity, and the influx of neutrophils caused by the fungus into the vaginas of the mice [START_REF] Im | Recent advances in Saccharomyces boulardii research[END_REF]. Similarly, S. cerevisiae MYA797, gastrointestinal delivery was reported to activate the host immunity to defense against pathogenic infection in antibiotics-and fluconazoletreated mice [START_REF] Jiang | Commensal fungi recapitulate the protective benefits of intestinal bacteria[END_REF].

Ⅱ-3 Interaction between bacteria and fungi association with IBD

While bacteria and fungi affect the gut health individually, it is also very likely that the interaction between the two reigns influence the gut healthy directly or indirectly. As such, direct and/or indirect interactions between bacterial and fungal communities have been described in the gut, which might be associated with gut inflammation (Figure 10). For instance, in the absence of opportunistic fungi, Dectin-1 deficient mice are protected against experimental colitis by reducing the production of S100A8 and S100A9 associated with the growth of L. murinus in the gut, while the protective effect is abrogated in the mice treated with C. tropicalis [START_REF] Iliev | Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis[END_REF][START_REF] Tang | Inhibition of Dectin-1 Signaling Ameliorates Colitis by Inducing Lactobacillus-Mediated Regulatory T Cell Expansion in the Intestine[END_REF]. In line, the presence of Dectin-1 and/or zymosan treatment promote the expression of S100A8 in mice colon [START_REF] Tang | Inhibition of Dectin-1 Signaling Ameliorates Colitis by Inducing Lactobacillus-Mediated Regulatory T Cell Expansion in the Intestine[END_REF], stating that C. tropicalis aggravate intestinal inflammation by inhibiting the growth of L. murinus. Similarly, our laboratory study found that E. coli treatment allowed the colonization of S. boulardii and C. albicans and restored both beneficial effects of S. boulardii and pathogenic effects of C. albicans on colitis severity in the mice treated with specific antibiotic [START_REF] Sovran | Enterobacteriaceae are essential for the modulation of colitis severity by fungi[END_REF]. These results suggest that the interaction between bacteria and fungi could influence the community of intestinal microbiota, which, in return, influences physiological functions of the host directly or indirectly [START_REF] Iliev | Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis[END_REF]Li, 2018).

Ⅲ-Microbial sensing and recognition in the gut

As described in the previous chapters, intestinal microbiota has an immense impact on the human wellbeing, disruption of the equilibrium can result in numerous pathologies.

Crosstalk between the immune system and the microbiota will shape the microbiota structure and thus participate to the health of the host. Additionally, studies revealed that intestinal microbiota was the main factor resulting in morbidity and mortality of immunocompromised patients [START_REF] Clemente | The impact of the gut microbiota on human health: an integrative view[END_REF][START_REF] Heintz-Buschart | Human gut microbiome: function matters[END_REF], comforting the idea that health, host immunity and intestinal microbiota were tightly associated. Therefore, the studies on the interaction between microbiota and immune response, particularly the recognition of microbiota by host immunity, are of paramount importance. Myeloid immune cells as the first line of defense during infection were reported to sense invaders though pattern recognition receptors (PRRs), including Toll-like receptors (TLRs), C-type lectin receptors (CLRs), NODlike receptors (NLRs) and retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), recognizing conserved structural motifs from invasive microbes [START_REF] Patin | Pattern recognition receptors in fungal immunity[END_REF]. Over the last two decades, the biology of PRRs in antimicrobial immunity has been extensively studied. Amongst those PRRs, some of them sense various fungal microorganisms with the detection of fungal cell wall components such as β-glucans, mannans, mannoproteins and chitin as well as fungalderived RNA and unmethylated DNA [START_REF] Patin | Pattern recognition receptors in fungal immunity[END_REF]. Upon the recognition of their respective ligands, these receptors induce innate immune responses for immediate protection or to orchestrate the activation of adaptive immunity [START_REF] Bryant | International Union of Basic and Clinical Pharmacology. XCVI. Pattern recognition receptors in health and disease[END_REF][START_REF] Patin | Pattern recognition receptors in fungal immunity[END_REF]. In this chapter we will describe the current knowledge on the main receptors involved with a particular focus on CLRs in relation with the experimental work.

CLRs are defined as a family of carbohydrate-binding receptors, containing over 1000 soluble and membrane-bound receptors, grouped into at least 17 clusters according to their structures and functions [START_REF] Zelensky | The C-type lectin-like domain superfamily[END_REF][START_REF] Veldhuizen | The carbohydrate recognition domain of collectins[END_REF][START_REF] Medve | On-Chip screening of a glycomimetic library with C-Type lectins reveals structural features responsible for preferential binding of dectin-2 over DC-SIGN/R and langerin[END_REF]. They are mainly expressed by myeloid cells and play a role in the fine tuning of both innate and adaptive immunity. CLRs can be considered classical with conserved carbohydrate-binding motifs present in the C-type lectin-like domain (CRD), such as the Glu-Pro-Asn (EPN) motif (which confers binding to mannose, N-acetylglucosamine, l-fucose, and glucose) and the Gln-Pro-Asp (QPD) motif (which confers recognition of galactose and N-acetylgalactosamine) or nonclassical binding non-carbohydrate ligands [START_REF] Veldhuizen | The carbohydrate recognition domain of collectins[END_REF][START_REF] Medve | On-Chip screening of a glycomimetic library with C-Type lectins reveals structural features responsible for preferential binding of dectin-2 over DC-SIGN/R and langerin[END_REF]. For classical CLRs, the extended binding sites often display a higher affinity towards larger glycan structures due to additional interactions occurring in the vicinity of the primary Ca 2+ site [START_REF] Medve | On-Chip screening of a glycomimetic library with C-Type lectins reveals structural features responsible for preferential binding of dectin-2 over DC-SIGN/R and langerin[END_REF].

However, the non-classical CLRs lack the coordinated Ca 2+ ions but they are still able to recognize carbohydrates but independently of Ca 2+ [START_REF] Medve | On-Chip screening of a glycomimetic library with C-Type lectins reveals structural features responsible for preferential binding of dectin-2 over DC-SIGN/R and langerin[END_REF]. CLRs recognize not only pathogen-derived ligands to protect against infection, but also endogenous ligands such as selfcarbohydrates, proteins, or lipids to control homeostasis and tissue injury [START_REF] Chiffoleau | C-type lectin-like receptors as emerging orchestrators of sterile inflammation represent potential therapeutic targets[END_REF].

CLRs as an important family of PRRs are involved in the induction of specific gene expression profiles to specific pathogens, either by modulating receptor signaling or by directly inducing gene expression [START_REF] Dzharullaeva | Stimulation of Dectin-1 and Dectin-2 during parenteral immunization, but not mincle, induces secretory IgA in intestinal mucosa[END_REF]Li, 2019a). Among the CLRs, Dectin-1, Dectin-2, Dectin-3 and Mincle are well demonstrated to recognize Pathogen Associated Molecular Patterns (PAMPs) expressed on certain fungal cell walls and induce innate and adaptive immune responses [START_REF] Dzharullaeva | Stimulation of Dectin-1 and Dectin-2 during parenteral immunization, but not mincle, induces secretory IgA in intestinal mucosa[END_REF]Li, 2019a). Fungal recognition by Mincle, TLRs, RIG-I and NODs will not be treated in this introduction, we will describe the two receptors linked to our experimental work: Dectin-1 and Dectin-2.

Ⅲ-1 Dectin-1

Dectin-1 (gene symbol Clec7a; Clecsf12, β-glucan receptor BGR) is a member of the group V CLRs and encoded in both the mouse chromosome 6 and human chromosome 12 genome [START_REF] Plato | C-type lectin-like receptors of the dectin-1 cluster: ligands and signaling pathways[END_REF].

Ⅲ-1.1 Dectin-1 structure, cell specificity and function

Ⅲ-1.1.1 Structure

These glycosylated type II transmembrane receptors have a similar structure that is all with a single extracellular CRD, a stalk region, a transmembrane domain and a cytoplasmic tail (Ariizumi, 2000b;Gupta, 2012a;[START_REF] Plato | C-type lectin-like receptors of the dectin-1 cluster: ligands and signaling pathways[END_REF]. Among several hydrophobic side chains exposed to solvent, amino acids (Trp 221 and His 223 ) participate in the recognition of β-glucan and are conserved in all Dectin-1 homologues, which are consistent with the results that the mutations at Trp 221 and His 223 decreases ligand binding (Ariizumi, 2000b;Gupta, 2012a;[START_REF] Plato | C-type lectin-like receptors of the dectin-1 cluster: ligands and signaling pathways[END_REF]. In the stalk region, Dectin-1 does not contain cysteine residues involved in covalent homo-or hetero-dimerization via disulfide bond formation, such as Dectin-1 can function as a monomer in vitro (Ariizumi, 2000b). The N-terminal cytoplasmic tail varies in length and commonly contains internalization motif, an immunoreceptor tyrosine-based activation motif (ITAM)-like motif (also termed a hem-ITAM) involved in activating downstream signaling pathways following ligand recognition and binding, or binding sites for cytosolic proteins [START_REF] Kerrigan | Syk-coupled C-type lectin receptors that mediate cellular activation via single tyrosine based activation motifs[END_REF][START_REF] Plato | C-type lectin-like receptors of the dectin-1 cluster: ligands and signaling pathways[END_REF] (Figure 14). mRNA of Dectin-1 can be alternatively spliced into two major Dectin-1 isoforms and a number of minor isoforms [START_REF] Willment | Characterization of the human β-glucan receptor and its alternatively spliced isoforms[END_REF][START_REF] Heinsbroek | Expression of functionally different dectin-1 isoforms by murine macrophages[END_REF]. In humans, eight isoforms of the homologue of Dectin-1 have been described. However, only isoform A and B, which is the stalk-less counterpart of isoform A, are structurally similar to each of the murine isoforms, and are able to interact with extracellular ligands [START_REF] Willment | Characterization of the human β-glucan receptor and its alternatively spliced isoforms[END_REF][START_REF] Heinsbroek | Expression of functionally different dectin-1 isoforms by murine macrophages[END_REF] (Figure 14). Furthermore, studies showed that the expression of these two isoforms of Dectin-1 were cell-specific in both human and mouse [START_REF] Willment | The human β-glucan receptor is widely expressed and functionally equivalent to murine Dectin-1 on primary cells[END_REF][START_REF] Carvalho | Dectin-1 isoforms contribute to distinct Th1/Th17 cell activation in mucosal candidiasis[END_REF]. Human monocytes express both isoform A and isoform B, but during maturation to macrophage, the expression levels of isoform A decrease with time. Despite the expression of these two isoforms are cellspecific, both isoform A and isoform B in humans and murine are involved in the recognition of yeast particles in a β-glucan-dependent manner [START_REF] Heinsbroek | Expression of functionally different dectin-1 isoforms by murine macrophages[END_REF][START_REF] Sonck | Immunomodulation of porcine leukocytes and dendritic cells by β-(1, 3) glucans[END_REF].

Interestingly, Dectin-1 isoforms contribute to distinct antifungal mucosal immunity via activating different signaling pathways. In particular, Dectin-1 protects the C57BL/6 mice from gastrointestinal and vaginal candidiasis through promoting the production of IL-17A and IL-22 and activation of Th1 responses, while in BALB/c mice, Dectin-1 decreases the production of IL-17A and IL-22 and suppresses the activation of Th1/Treg immune responses that provide immunological memory [START_REF] Carvalho | Dectin-1 isoforms contribute to distinct Th1/Th17 cell activation in mucosal candidiasis[END_REF]. Evidences suggest that Dectin-1 isoforms are functionally distinct and indicate that differential isoform usage may represent a mechanism of Introduction 49 regulating cellular responses to β-glucans [START_REF] Carvalho | Dectin-1 isoforms contribute to distinct Th1/Th17 cell activation in mucosal candidiasis[END_REF].

Ⅲ-1.1.2 Cell specificity of Dectin-1

Figure 15. The distribution of Dectin-1 in mouse and human.

Dectin-1 is widely expressed in a variety of human and mouse tissues with the exception of brain and muscle.

In human skin, the expression of Dectin-1 is detected, while its expression in mouse skin is absent. S-and Lintestine represent small and large intestine, respectively Dectin-1 is initially thought to be a DC-restricted receptor (Ariizumi, 2000b), but it is now known to be primarily expressed by innate immune cells including neutrophils, monocytes, macrophages, DC and a subset of T cells such as gamma-delta (γ-δ) T cells [START_REF] Taylor | The β-glucan receptor, dectin-1, is predominantly expressed on the surface of cells of the monocyte/macrophage and neutrophil lineages[END_REF][START_REF] Willment | The human β-glucan receptor is widely expressed and functionally equivalent to murine Dectin-1 on primary cells[END_REF][START_REF] Reid | Pattern recognition: recent insights from Dectin-1[END_REF]. The surface expression of Dectin-1 is at high levels on populations of myeloid cells such as monocyte/macrophage and neutrophil lineages, and to a lesser extent on DC and a subpopulation of T cells [START_REF] Taylor | The β-glucan receptor, dectin-1, is predominantly expressed on the surface of cells of the monocyte/macrophage and neutrophil lineages[END_REF]. In addition, the receptor also Introduction 50 expresses on B cells, eosinophils, and mast cells in humans, and recent reports also find expression of this receptor on murine microglia [START_REF] Willment | The human β-glucan receptor is widely expressed and functionally equivalent to murine Dectin-1 on primary cells[END_REF][START_REF] Asamaphan | C-Type Lectin Receptors in Immunity[END_REF].

Consistent with a potential role in immune surveillance, Dectin-1 is expressed at high levels at portal of pathogen entry such as lung and intestine [START_REF] Taylor | The β-glucan receptor, dectin-1, is predominantly expressed on the surface of cells of the monocyte/macrophage and neutrophil lineages[END_REF][START_REF] Martin | Expression of the β-glucan receptor, Dectin-1, on murine leukocytes in situ correlates with its function in pathogen recognition and reveals potential roles in leukocyte interactions[END_REF]. Moreover it is also expressed in most murine tissues with the exception of brain, muscle and skin [START_REF] Taylor | The β-glucan receptor, dectin-1, is predominantly expressed on the surface of cells of the monocyte/macrophage and neutrophil lineages[END_REF], and the highest expression is in the liver and thymus (Figure 15) [START_REF] Martin | Expression of the β-glucan receptor, Dectin-1, on murine leukocytes in situ correlates with its function in pathogen recognition and reveals potential roles in leukocyte interactions[END_REF].

However, a strong PCR signal is detected in skin-resident DC isolated from BALB/c mice, and the expression of Dectin-1 is subsequently found in the XS52 Langerhans cell-like line but not in cell lines derived from other epidermal cell populations, suggesting that Dectin-1 mRNA is expressed constitutively and preferentially by Langerhans cells in the epidermis (Ariizumi, 2000b). Similar to the tissue distributions of this receptor in mouse, Dectin-1 is also widely expressed in a variety of human immune and non-immune tissues with the exception of brain and muscle [START_REF] Willment | Characterization of the human β-glucan receptor and its alternatively spliced isoforms[END_REF]. The highest expression is detected in spleen and in peripheral blood leukocytes, which is different from the expression in mice [START_REF] Willment | Characterization of the human β-glucan receptor and its alternatively spliced isoforms[END_REF].

Ⅲ-1.1.3 Dectin-1 function and signaling

Ligands recognition

As a member of PRRs, CLRs play a critical function in the recognition of self-and nonself-ligands [START_REF] Vautier | C-type lectin receptors and cytokines in fungal immunity[END_REF][START_REF] Asamaphan | C-Type Lectin Receptors in Immunity[END_REF]. Dectin-1 is the best characterized example of a non-TLRs PRRs that can mediate its own intracellular signals, and is indeed the first receptor identified in this class [START_REF] Brown | Dectin-1: a signalling non-TLR pattern-recognition receptor[END_REF]. A number of studies have shown that Dectin-1 have the ability to recognize β-1, 3-linked and/or β-1, 6-linked glucans (β-glucans) [START_REF] Taylor | The β-glucan receptor, dectin-1, is predominantly expressed on the surface of cells of the monocyte/macrophage and neutrophil lineages[END_REF][START_REF] Vautier | C-type lectin receptors and cytokines in fungal immunity[END_REF]. So far, Dectin-1 has been demonstrated differentiating between glucan ligands based on structural determinants and interacting with both natural product and synthetic glucan ligands [START_REF] Palma | Ligands for the β-glucan receptor, Dectin-1, assigned using "designer" microarrays of oligosaccharide probes (neoglycolipids) generated from glucan polysaccharides[END_REF][START_REF] Adams | Differential high-affinity interaction of dectin-1 with natural or synthetic glucans is dependent upon primary structure and is influenced by polymer chain length and sidechain branching[END_REF]. The minimum unit ligand for Dectin-1 is between 11 and 13 glucose monomers and the affinity of its interaction with these carbohydrates is influenced by Introduction 51 side chain branching [START_REF] Palma | Ligands for the β-glucan receptor, Dectin-1, assigned using "designer" microarrays of oligosaccharide probes (neoglycolipids) generated from glucan polysaccharides[END_REF][START_REF] Adams | Differential high-affinity interaction of dectin-1 with natural or synthetic glucans is dependent upon primary structure and is influenced by polymer chain length and sidechain branching[END_REF], suggesting that Dectin-1 can be used as a target for examining the immunomodulatory properties of β-glucans for therapeutic drug design.

β-glucans are predominantly found in a wide-range of mushrooms, seaweeds, yeasts and pathogenic fungi [START_REF] Brown | Fungal β-glucans and mammalian immunity[END_REF][START_REF] Tang | Inhibition of Dectin-1 Signaling Ameliorates Colitis by Inducing Lactobacillus-Mediated Regulatory T Cell Expansion in the Intestine[END_REF][START_REF] Höft | Signaling C-Type Lectin Receptors in Antifungal Immunity[END_REF]. Studies have demonstrated that Dectin-1 was involved in the recognition of a number of fungal species such as Candida, Aspergillus, Coccidioides, Penicillum, Saccharomyces and Pneumocystis [START_REF] Saijo | Dectin-1 is required for host defense against Pneumocystis carinii but not against Candida albicans[END_REF][START_REF] Werner | Requisite role for the dectin-1 β-glucan receptor in pulmonary defense against Aspergillus fumigatus[END_REF][START_REF] Ganesan | Caspase-8 Modulates Dectin-1 and Complement Receptor 3-Driven IL-1β Production in Response to β-Glucans and the Fungal Pathogen, Candida albicans[END_REF][START_REF] Chang | Dectin-2 is a primary receptor for NLRP3 inflammasome activation in dendritic cell response to Histoplasma capsulatum[END_REF][START_REF] Roesner | Human thioredoxin, a damage-associated molecular pattern and Malassezia-crossreactive autoallergen, modulates immune responses via the C-type lectin receptors Dectin-1 and Dectin-2[END_REF]. Furthermore, Dectin-1 was demonstrated to be the primary receptor for β-glucans, at least on leukocytes [START_REF] Brown | Dectin-1: a signalling non-TLR pattern-recognition receptor[END_REF]. Besides fungi, Dectin-1 can also recognize other non-fungal species such as Haemophilus influenzae, Salmonella typhimurium, Mycobacterium tuberculosis, Leishmania infant, Lactobacillus casei and Bifidobacterium bifidum strain PRI1 [START_REF] Rothfuchs | Dectin-1 interaction with Mycobacterium tuberculosis leads to enhanced IL-12p40 production by splenic dendritic cells[END_REF][START_REF] Lee | Innate immune responses to Mycobacterium ulcerans via toll-like receptors and dectin-1 in human keratinocytes[END_REF][START_REF] Lefèvre | The C-type lectin receptors dectin-1, MR, and SIGNR3 contribute both positively and negatively to the macrophage response to Leishmania infantum[END_REF]Lin, 2013;[START_REF] Speciale | Bifidobacterium bifidum presents on the cell surface a complex mixture of glucans and galactans with different immunological properties[END_REF]. For instance, Dectin-1 was reported to interact with Leishmania infant, Lactobacillus casei and Bifidobacterium bifidum strain PRI1, through the recognition of bacterial exopolysaccharides [START_REF] Rothfuchs | Dectin-1 interaction with Mycobacterium tuberculosis leads to enhanced IL-12p40 production by splenic dendritic cells[END_REF][START_REF] Lefèvre | The C-type lectin receptors dectin-1, MR, and SIGNR3 contribute both positively and negatively to the macrophage response to Leishmania infantum[END_REF]Lin, 2013;[START_REF] Heyl | Dectin-1 is expressed in human lung and mediates the proinflammatory immune response to nontypeable Haemophilus influenzae[END_REF][START_REF] Jackson | Recognition of Salmonella by Dectin-1 induces presentation of peptide antigen to type BT cells[END_REF][START_REF] Speciale | Bifidobacterium bifidum presents on the cell surface a complex mixture of glucans and galactans with different immunological properties[END_REF]. For the recognition of Mycobacteria, it was thought that there may still be unidentified exogenous ligands of Dectin-1 due to the absence of β-glucans in the cell wall components of Mycobacteria.

In addition to exogenous ligands, Dectin-1 can also interact with endogenous ligands.

Dectin-1 is initially identified as a receptor recognizing an endogenous undefined ligand on the surface of T lymphocytes and promoting the proliferation of T cells in the presence of anti-CD3 monoclonal antibody (Ariizumi, 2000b). In addition to T lymphocytes recognition, Dectin-1 can recognize some other endogenous ligands. In particular, Dectin-1 was reported to bind the intermediate filament protein, vimentin, and galectin-9, through which the receptor may be involved in driving lipid oxidation in atherosclerosis [START_REF] Thiagarajan | Vimentin is an endogenous ligand for the pattern recognition receptor Dectin-1[END_REF][START_REF] Lima-Junior | Dectin-1 activation during Leishmania amazonensis phagocytosis prompts Syk-dependent reactive oxygen species production to trigger inflammasome assembly and restriction of parasite replication[END_REF]. The global Dectin-1 signaling triggers two signaling cascades, the SYK-dependent and SYK-independent intracellular-signaling cascades to induce immune responses [START_REF] Asamaphan | C-Type Lectin Receptors in Immunity[END_REF]) (Figure 16).
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For the SYK-dependent pathway, SYK family kinases are recruited to the ITAM-like motif of Dectin-1 upon ligand binding [START_REF] Rogers | Syk-Dependent Cytokine Induction by Dectin-1 Reveals a Novel Pattern Recognition Pathway for C Type Lectins[END_REF][START_REF] Mócsai | The SYK tyrosine kinase: a crucial player in diverse biological functions[END_REF]. The recruitment of SYK results in autophosphorylation of the tyrosine residues in SYK interdomains to create docking sites for interactions with other signaling molecules [START_REF] Rogers | Syk-Dependent Cytokine Induction by Dectin-1 Reveals a Novel Pattern Recognition Pathway for C Type Lectins[END_REF][START_REF] Mócsai | The SYK tyrosine kinase: a crucial player in diverse biological functions[END_REF] notably phospholipase C-gamma 2 (PLCγ 2) [START_REF] Peng | Fungus induces the release of IL-8 in human corneal epithelial cells, via Dectin-1-mediated protein kinase C pathways[END_REF]. In this pathway, cascades of activations will occur with the phosphorylation of CARD9 and the formation of a protein complex involving CARD9, B-cell lymphoma 10 (BCL10) and Mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1) [START_REF] Peng | Fungus induces the release of IL-8 in human corneal epithelial cells, via Dectin-1-mediated protein kinase C pathways[END_REF][START_REF] Parihar | Protein kinase C-delta (PKCδ), a marker of inflammation and tuberculosis disease progression in humans, is important for optimal macrophage killing effector functions and survival in mice[END_REF]. Active CARD9 then induce the activation of Iκβ kinase (IKK), releasing NF-κβ subunits p65 and c-Rel : p50, which are translocated into the nucleus, where they regulate gene transcription [START_REF] Peng | Fungus induces the release of IL-8 in human corneal epithelial cells, via Dectin-1-mediated protein kinase C pathways[END_REF][START_REF] Parihar | Protein kinase C-delta (PKCδ), a marker of inflammation and tuberculosis disease progression in humans, is important for optimal macrophage killing effector functions and survival in mice[END_REF].

Aside from the canonical NF-κB activation pathway, Dectin-1 also mediates a non-canonical pathway utilizing NF-κβ-inducing kinase (NIK)-dependent, but CARD9-independent, activation of IKKα leading the production of subunit RelB and P52, which translocate into the nucleus and induce transcription [START_REF] Geijtenbeek | Signalling through C-type lectin receptors: shaping immune responses[END_REF]Gringhuis, 2009). In addition, Dectin-1 can also directly activate caspase-8 inflammasome to cleave pro-IL-1β through SYK, CARD9, MALT1 and the non-receptor tyrosine kinase Tec [START_REF] Gringhuis | Dectin-1 is an extracellular pathogen sensor for the induction and processing of IL-1β via a noncanonical caspase-8 inflammasome[END_REF][START_REF] Ganesan | Caspase-8 Modulates Dectin-1 and Complement Receptor 3-Driven IL-1β Production in Response to β-Glucans and the Fungal Pathogen, Candida albicans[END_REF]. These studies suggest that the signaling pathway involved in Dectin-1, SYK and CARD9 is crucial for the cytokine induction and immunity against fungal infection.

Besides Dectin-1-SYK-CARD9 pathway, Dectin-1 signaling can modulate the gene expression via activation of nuclear factor of activated T cells (NFAT). Especially, Dectin-1 signals through the classic calcineurin/NFAT pathway through SYK activation of PLCγ, which induces calcineurin activation and consequently, dephosphorylation of NFAT and translocation into the nucleus [START_REF] Goodridge | Dectin-1 stimulation by Candida albicans yeast or zymosan triggers NFAT activation in macrophages and dendritic cells[END_REF][START_REF] Del Fresno | Interferon-β production via Dectin-1-Syk-IRF5 signaling in dendritic cells is crucial for immunity to C. albicans[END_REF][START_REF] Peng | Fungus induces the release of IL-8 in human corneal epithelial cells, via Dectin-1-mediated protein kinase C pathways[END_REF]. Indeed, Dectin-1-triggered NFAT activation can regulate IL-2, IL-10 and IL-12 p70 production by zymosan-stimulated DC, suggesting that NFAT activation in myeloid cells plays a role in regulation of innate antimicrobial immunity [START_REF] Goodridge | Dectin-1 stimulation by Candida albicans yeast or zymosan triggers NFAT activation in macrophages and dendritic cells[END_REF]. Additionally, Dectin-1 is able to mediate antifungal responses through phagocytosis [START_REF] Schweighoffer | Dectin-1 utilizes novel mechanisms for yeast phagocytosis in[END_REF], ROS production and inflammasome activation, which are essential in the cleavage and activation of inactive pro-IL-1β to active IL-Introduction 54 1β [START_REF] Asamaphan | C-Type Lectin Receptors in Immunity[END_REF][START_REF] He | Mechanism and regulation of NLRP3 inflammasome activation[END_REF]. For instance, the production of IL-1β is shown to require collaboration between Dectin-1 and the nucleotide-binding oligomerization domain-like receptor family members containing pyrin domain 3 (NLRP3) inflammasome, an essential mediator of host immune responses through the activation of caspase-1 and IL-1β [START_REF] He | Mechanism and regulation of NLRP3 inflammasome activation[END_REF].

NLRP3 is activated in response to β-glucans (such as curdlan), and this is dependent on Dectin-1 and SYK [START_REF] Kankkunen | 1, 3)-β-Glucans activate both dectin-1 and NLRP3 inflammasome in human macrophages[END_REF][START_REF] He | Mechanism and regulation of NLRP3 inflammasome activation[END_REF].

Aside from the SYK-dependent signaling pathway, Dectin-1 also mediates signals in a SYK-independent manner. Recent evidences showed that Dectin-1 could induce a SYKindependent pathway through inducing the activation of the serine-threonine kinase Raf-1 inhibiting the non-canonical NF-κB activation pathway [START_REF] Geijtenbeek | Signalling through C-type lectin receptors: shaping immune responses[END_REF].

These studies indicate that two independent signaling pathways, one through SYK and one through Raf-1, induced by Dectin-1 are important for protection against fungi.

Ⅲ-1.2 Interaction with other receptors

Finally, previous studies showed that Dectin-1 can interact with other CLRs such as Dectin-2, complement receptor 3 (CR3) and Mincle [START_REF] Robinson | Dectin-2 is a Syk-coupled pattern recognition receptor crucial for Th17 responses to fungal infection[END_REF][START_REF] Ribbing | Mast cells generated from patients with atopic eczema have enhanced levels of granule mediators and an impaired Dectin-1 expression[END_REF][START_REF] Wevers | Fungal engagement of the C-type lectin mincle suppresses dectin-1-induced antifungal immunity[END_REF]. In particular, Dectin-1 was found to functionally cooperate with Dectin-2 to induce an optimal Th17 response to C. albicans [START_REF] Robinson | Dectin-2 is a Syk-coupled pattern recognition receptor crucial for Th17 responses to fungal infection[END_REF]. A recent study showed that stimulation of human monocyte-derived DC or macrophages with human thioredoxin resulted in the production of IL-1β and IL-23, while in either Dectin-1 or Dectin-2 deficient DC, the administration of human thioredoxin significantly reduced the production of IL-1β, suggesting that both Dectin-1 and Dectin-2 have an effect on the secretion of IL-1β [START_REF] Roesner | Human thioredoxin, a damage-associated molecular pattern and Malassezia-crossreactive autoallergen, modulates immune responses via the C-type lectin receptors Dectin-1 and Dectin-2[END_REF]. Apart from the synergistic effect, there is another kind of cooperation between Dectin-1 and Dectin-2 to defend against fungal infection. Indeed, a recent study showed that in the presence of Dectin-2, Histoplasma capsulatum could induce NLRP3 inflammasome activation and IL-1β production via Dectin-2, but not Dectin-1 [START_REF] Chang | Dectin-2 is a primary receptor for NLRP3 inflammasome activation in dendritic cell response to Histoplasma capsulatum[END_REF]. However, in the absence of Dectin-2, Dectin-1 can induce IL-1β production although to a lesser degree than Dectin-2 [START_REF] Chang | Dectin-2 is a primary receptor for NLRP3 inflammasome activation in dendritic cell response to Histoplasma capsulatum[END_REF].

Dectin-1 can also cooperate with CR3 in response to H. capsulatum. This was reported to Introduction 55 produce a protective adaptive anti-fungal immune response to H. capsulatum through enhancing activation of a SYK-JNK-AP-1 pathway that resulted in robust TNF and IL-6 production [START_REF] Huang | CR3 and Dectin-1 collaborate in macrophage cytokine response through association on lipid rafts and activation of Syk-JNK-AP-1 pathway[END_REF]. In contrast to the synergistic effect, the interaction between Dectin-1 and Mincle have a negative consequence. Especially, Fonseceae monophora was reported to induce IL-12p70 production via Dectin-1, whereas signaling via Mincle counteracts this response and blocks IL12A transcription and subsequent Th1 responses [START_REF] Wevers | Fungal engagement of the C-type lectin mincle suppresses dectin-1-induced antifungal immunity[END_REF]. In addition, Dectin-1 can also collaborate with many myeloid differentiation primary-response gene 88 (MyD88)-coupled TLRs including TLR2, TLR4, TLR5, TLR7 and TLR9 [START_REF] Jia | CARD9 mediates Dectin-1-induced ERK activation by linking Ras-GRF1 to H-Ras for antifungal immunity[END_REF][START_REF] Khan | Dectin-1 controls TLR9 trafficking to phagosomes containing β-1, 3 glucan[END_REF].

Ⅲ-1.3 Dectin-1 in host defense

Ⅲ-1.3.1 Defense against fungal infections

In mouse models, Dectin-1 was demonstrated to be required to initiate host immune responses to various fungal pathogens. Particularly, Dectin-1 was reported to mediate the recognition of several important fungal pathogens, including Candida, Aspergillus and Pneumocystis that may be associated with human diseases [START_REF] Saijo | Dectin-1 is required for host defense against Pneumocystis carinii but not against Candida albicans[END_REF][START_REF] Werner | Requisite role for the dectin-1 β-glucan receptor in pulmonary defense against Aspergillus fumigatus[END_REF][START_REF] Ganesan | Caspase-8 Modulates Dectin-1 and Complement Receptor 3-Driven IL-1β Production in Response to β-Glucans and the Fungal Pathogen, Candida albicans[END_REF][START_REF] Chang | Dectin-2 is a primary receptor for NLRP3 inflammasome activation in dendritic cell response to Histoplasma capsulatum[END_REF][START_REF] Roesner | Human thioredoxin, a damage-associated molecular pattern and Malassezia-crossreactive autoallergen, modulates immune responses via the C-type lectin receptors Dectin-1 and Dectin-2[END_REF]. Among these Candida species, C. albicans have been extensively studied, particularly focusing on the role of Dectin-1 in the host defense against C. albicans infection. It is reported that Dectin-1 can mediate phagocytosis, ROS production, cytokine production (e.g. TNF, IL-6), inflammasome activation and Th1 and Th17 responses in response to yeast form of C. albicans in vitro [START_REF] Gantner | Dectin-1 mediates macrophage recognition of Candida albicans yeast but not filaments[END_REF][START_REF] Suram | Regulation of cytosolic phospholipase A2 activation and cyclooxygenase 2 expression in macrophages by the β-glucan receptor[END_REF]Gupta, 2012a). Consistently, in vivo experiment showed that Dectin-1 deficient mice inoculated intravenously with C. albicans SC5314 showed reduced recruitment of neutrophils and macrophages, and a decreased production of ROS and TNF [START_REF] Taylor | Dectin-1 is required for β-glucan recognition and control of fungal infection[END_REF]. However, Dectin-1 deficient mice infected with another C. albicans IFO1385 strain display a normal susceptibility to this fungus both in vivo and in vitro [START_REF] Saijo | Dectin-1 is required for host defense against Pneumocystis carinii but not against Candida albicans[END_REF], suggesting that Dectin-1 defense against C. albicans might depend on the strains.
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Similarly, in in vivo experiments, it has been shown that Dectin-1 deficient mice showed higher mortality than control mice upon infection with A. fumigatus associated with decreased production of cytokines and chemokines, which results in poor neutrophil recruitment and fungal killing [START_REF] Werner | Requisite role for the dectin-1 β-glucan receptor in pulmonary defense against Aspergillus fumigatus[END_REF]. Similarly, studies found the same type of increased susceptibility to fungal infection in D-1KO mice with Pneumocystis jirovecii with a significant reduction of the production of ROS and TNF in in vitro tests [START_REF] Saijo | Dectin-1 is required for host defense against Pneumocystis carinii but not against Candida albicans[END_REF][START_REF] Vera | The CD5 ectodomain interacts with conserved fungal cell wall components and protects from zymosan-induced septic shock-like syndrome[END_REF].

In summary, these observations indicate that Dectin-1 deficient mice are more susceptible to fungal infection, suggesting that Dectin-1 is vital for host defense against fungal infection partly through the induction of the respiratory burst, and also through the production of protective inflammatory cytokines and chemokines, including TNF and CXC-chemokine ligand 2 (CXCL2) [START_REF] Chang | Dectin-2 is a primary receptor for NLRP3 inflammasome activation in dendritic cell response to Histoplasma capsulatum[END_REF]. Whilst much progress has been made in the last several decades, there is still a lot to study, as the immune mechanisms and role of Dectin-1 with many pathogenic fungi are still unclear.

Ⅲ-1.3.2 Defense against bacterial infections

Although Dectin-1 is best known for its role in antifungal immunity, it can also recognize other non-fungal pathogens. For instance, [START_REF] Lefèvre | The C-type lectin receptors dectin-1, MR, and SIGNR3 contribute both positively and negatively to the macrophage response to Leishmania infantum[END_REF] showed that Dectin-1 was crucial for the defense against Leishmania infantum in macrophages through the activation of SYK-p47phox needed for ROS production and also triggered SYK-coupled signaling for caspase-1-induced IL-1β secretion [START_REF] Lefèvre | The C-type lectin receptors dectin-1, MR, and SIGNR3 contribute both positively and negatively to the macrophage response to Leishmania infantum[END_REF]. Similarly, cell wall extract of Lactobacillus casei (LCWE) was demonstrated to induce the activation and infiltration of Dectin-1 (+) macrophages with increased production of IL-6, TNF-α, and MCP-1 in vitro and in vivo, whereas inhibition of Dectin-1 signaling significantly inhibited LCWE-induced IL-6 and MCP-1 production both in vitro and in vivo (Lin, 2013). However, the role of Dectin-1 in immunity to most of these organisms is not yet fully understood. For example, Dectin-1 was showed to be required for IL-12 responses to mycobacteria in vitro, but loss of this receptor had no effect on anti-mycobacterial immunity in vivo [START_REF] Drummond | Signalling C-type lectins in antimicrobial immunity[END_REF]. Introduction 57

Ⅲ-1.4 Dectin-1 involvement during gut inflammation

Besides the function of preventing fungal infections, Dectin-1 is reported to be associated with intestinal inflammation in humans and mice. In particular, Iliev, I. D. et al.

(2012) revealed that in humans, compared to healthy controls, AG haplotype, rs2078178-rs16910631, was strongly associated with medically refractory ulcerative colitis (MRUC) but not non-MRUC, shorter time to surgery and thus with a more severe UC, suggesting that the AG haplotype was associated with severe disease [START_REF] Iliev | Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis[END_REF]. In mouse model of UC, they also found that blocking Dectin-1 resulted in increased susceptibility to colitis via promoting the production of TNF-α, IFN-γ and IL-17, and fluconazole administration ameliorated DSSinduced colitis in Dectin-1 deficient mice, suggesting that Dectin-1 protected against colitis development by limiting fungal invasion in gut [START_REF] Iliev | Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis[END_REF]. In contrast, a study by Tang, C. E. et al. (2015) showed that inhibition of Dectin-1 signaling protected the mice from DSS-induced colitis by decreasing S100A8 and S100A9 antimicrobial peptide production, which allowed the overgrowth of L. murinus, inducing Treg cells expansion in the absence of opportunistic commensal fungi, and thus a reduce gut inflammation [START_REF] Tang | Inhibition of Dectin-1 Signaling Ameliorates Colitis by Inducing Lactobacillus-Mediated Regulatory T Cell Expansion in the Intestine[END_REF]. Additionally, these two studies in independently generated Dectin-1 deficient mice model showed that Dectin-1 deficient mice treated with C. tropicalis aggravated DSS-induced colitis [START_REF] Iliev | Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis[END_REF][START_REF] Tang | Inhibition of Dectin-1 Signaling Ameliorates Colitis by Inducing Lactobacillus-Mediated Regulatory T Cell Expansion in the Intestine[END_REF], suggesting that Dectin-1 played a dual role in DSS-induced colitis depending on the basal fungal microbiota composition. In addition to suppressing and aggravating colitis, Dectin-1 deficient macrophages significantly reduce the production of TNF-α and IL-10, while the intestinal inflammation induced by acute DSS-and chronic Helicobacter hepaticus is not affected in Dectin-1 deficient mice [START_REF] Heinsbroek | Genetic deletion of dectin-1 does not affect the course of murine experimental colitis[END_REF]. These results may be due to the fact that during intestinal inflammation other PRRs compensate for the lack of Dectin-1 or that Dectin-1 involvement in intestinal inflammation is overwhelmed by responses towards the bacterial component. In rat model of CD, the treatment of β-glucans for 21 days increase Dectin-1 expression levels and alleviate the colitis by time-dependent modification of autophagy and apoptosis [START_REF] Kopiasz | Effects of dietary oat beta-glucans on colon apoptosis and autophagy through tlrs and dectin-1 signaling pathways-crohn's disease model study[END_REF]. These results suggest Dectin-1 is involved in the development of intestinal inflammation depending on the basal microbiota composition, and [START_REF] Kingeter | C-type lectin receptor-induced NF-κB activation in innate immune and inflammatory responses[END_REF][START_REF] Shiokawa | C-type lectin receptors in anti-fungal immunity[END_REF]. Interestingly both in human and mice Dectin-2 gene is co-localized with two other C-type lectin receptors: Dectin-3 and Mincle (Figure 17A) [START_REF] Shiokawa | C-type lectin receptors in anti-fungal immunity[END_REF]. Ⅲ-2.1 Dectin-2 structure, cell specificity and function

Ⅲ-2.1.1 Structure

Dectin-2 proteins have a single CRD in the extracellular region, a stalk region, a transmembrane region, and a short cytoplasmic tail (with the exception of Dcir) (Figure 17B) [START_REF] Kingeter | C-type lectin receptor-induced NF-κB activation in innate immune and inflammatory responses[END_REF][START_REF] Yabe | Dectin-2 in Antimicrobial Immunity and Homeostasis. C-Type Lectin Receptors in Immunity[END_REF]. Unlike Dectin-1, the short cytoplasmic tail has no obvious signaling motif, which results in the inability to directly transduce its signals [START_REF] Kingeter | C-type lectin receptor-induced NF-κB activation in innate immune and inflammatory responses[END_REF].

For the signals transduction by Dectin-2, the intracellular signaling is initiated by coupling with an adapter molecule, the Fc receptor γ chain (FcRγ, gene symbol: Fcer1g) containing ITAMs, to transduce its signals [START_REF] Sato | Dectin-2 is a pattern recognition receptor for fungi that couples with the Fc receptor γ chain to induce innate immune responses[END_REF][START_REF] Kingeter | C-type lectin receptor-induced NF-κB activation in innate immune and inflammatory responses[END_REF]. Unlike other FcRγ-coupled receptors, Dectin-2 associates with FcRγ chain not via the arginine residue containing adaptor molecules in the transmembrane region, but instead is dependent on the cytoplasmic tail of Dectin-2 [START_REF] Sato | Dectin-2 is a pattern recognition receptor for fungi that couples with the Fc receptor γ chain to induce innate immune responses[END_REF].

Ⅲ-2.1.2 Cell specificity of Dectin-2

Dectin-2 is initially found as a Langerhans cell specific CLR (Ariizumi, 2000a), but its expression has been subsequently found in myeloid cells, including monocytes, tissue macrophages, neutrophils, several DC subsets and B lymphoid cells [START_REF] Taylor | Dectin-2 is predominantly myeloid restricted and exhibits unique activation-dependent expression on maturing inflammatory monocytes elicited in vivo[END_REF][START_REF] Yabe | Dectin-2 in Antimicrobial Immunity and Homeostasis. C-Type Lectin Receptors in Immunity[END_REF].

Consistent with cells distribution, the tissue distribution of Dectin-2 is tightly restricted to myeloid cells of the macrophages and DC lineages (Gupta, 2012b). In human, the expression of Dectin-2 is found in lung, spleen, lymph node, and peripheral blood leukocytes [START_REF] Kanazawa | Molecular Cloning of Human Dectin-2[END_REF][START_REF] Gavino | Identification and expression profiling of a human C-type lectin, structurally homologous to mouse dectin-2[END_REF]. Among lymphoid tissues, Dectin-2 is expressed the highest in spleen and leukocytes, less in bone marrow, lymph node, and tonsil, but undetectable in fetal liver and thymus [START_REF] Fernandes | Characterization of a novel receptor that maps near the natural killer gene complex: Demonstration of carbohydrate binding and expression in hematopoietic cells[END_REF]. Interestingly, undetectable expression of Dectin-2 in human thymus Introduction 61 differs with expression of Dectin-2 in mouse thymus [START_REF] Gavino | Identification and expression profiling of a human C-type lectin, structurally homologous to mouse dectin-2[END_REF].

Ⅲ-2.1.3 Dectin-2 function and signaling

Ligands recognition

Dectin-2 have been demonstrated to play a role in shaping the development of immunity through the recognition of fungal pathogens. Evidences showed that the cell wall component of fungal pathogens such as mannose, glucose/N-acetylglucosamine and fucose can be recognized by Dectin-2 due to the presence of EPN amino acid triplet in its extracellular CRD [START_REF] Graham | The Dectin-2 family of C-type lectins in immunity and homeostasis[END_REF][START_REF] Yabe | Dectin-2 in Antimicrobial Immunity and Homeostasis. C-Type Lectin Receptors in Immunity[END_REF][START_REF] Patin | Pattern recognition receptors in fungal immunity[END_REF]. Recently, Dectin-2 was reported to be involved in the recognition of O-antigens of gram-negative bacterial LPS [START_REF] Wittmann | Dectin-2 recognizes mannosylated Oantigens of human opportunistic pathogens and augments lipopolysaccharide activation of myeloid cells[END_REF]. The binding of Dectin-2 to the ligands is inhibited by the chelation of calcium, suggesting that the recognition is in a calcium-dependent manner [START_REF] Fernandes | Characterization of a novel receptor that maps near the natural killer gene complex: Demonstration of carbohydrate binding and expression in hematopoietic cells[END_REF][START_REF] Yabe | Dectin-2 in Antimicrobial Immunity and Homeostasis. C-Type Lectin Receptors in Immunity[END_REF].

For the recognition of exogenous ligands, a study using a glycan array revealed that Dectin-2 could recognize a wide range of species, such as fungi, bacteria and parasites through binding to the high-mannose structure [START_REF] Mcgreal | The carbohydrate-recognition domain of Dectin-2 is a C-type lectin with specificity for high mannose[END_REF]. Candida spp., Malassezia spp., Aspergillus fumigatus, Paracoccidioides brasiliensis, Histoplasma capsulatum, Saccharomyces cerevisiae, non-encapsulated Cryptococcus neoformans, Trichophyton rubrum and Microsporum audouinii, can be recognized by Dectin-2 [START_REF] Saijo | Dectin-2 recognition of alpha-mannans and induction of Th17 cell differentiation is essential for host defense against Candida albicans[END_REF][START_REF] Saijo | Dectin-1 and Dectin-2 in innate immunity against fungi[END_REF][START_REF] Ishikawa | Identification of distinct ligands for the C-type lectin receptors Mincle and Dectin-2 in the pathogenic fungus Malassezia[END_REF][START_REF] Miyasaka | Dectin-2-dependent NKT cell activation and serotype-specific antibody production in mice immunized with pneumococcal polysaccharide vaccine[END_REF][START_REF] Loures | Recognition of Aspergillus fumigatus hyphae by human plasmacytoid dendritic cells is mediated by dectin-2 and results in formation of extracellular traps[END_REF][START_REF] Chang | Dectin-2 is a primary receptor for NLRP3 inflammasome activation in dendritic cell response to Histoplasma capsulatum[END_REF]. Among these fungi, the interaction between Dectin-2 and C. albicans and Malassezia has been better studied than the others. For the recognition of C. albicans, studies showed that Dectin-2 could recognize C. albicans through recognizing the cell wall mannans [START_REF] Saijo | Dectin-2 recognition of alpha-mannans and induction of Th17 cell differentiation is essential for host defense against Candida albicans[END_REF]. For Malassezia recognition, Dectin-2 was initially reported to recognize Malassezia by its hydrophilic components [START_REF] Ishikawa | Identification of distinct ligands for the C-type lectin receptors Mincle and Dectin-2 in the pathogenic fungus Malassezia[END_REF]. Subsequently, it was identified that a distinct Dectin-2 ligand in Malassezia was the O-linked mannobiose-rich glycoprotein, fractionated from the Malassezia cell wall [START_REF] Ishikawa | Identification of distinct ligands for the C-type lectin receptors Mincle and Dectin-2 in the pathogenic fungus Malassezia[END_REF].

In addition to the recognition of fungal species, Dectin-2 was reported to have an important role in sensing bacteria that express mannosylated structures on their surface Introduction 62 [START_REF] Yonekawa | Dectin-2 is a direct receptor for mannose-capped lipoarabinomannan of mycobacteria[END_REF][START_REF] Wittmann | Dectin-2 recognizes mannosylated Oantigens of human opportunistic pathogens and augments lipopolysaccharide activation of myeloid cells[END_REF]. For instance, Dectin-2 was found to recognize Mycobacterium through recognizing mannose-capped lipoarabinomannan (Man-LAM), which is a cell wall component [START_REF] Yonekawa | Dectin-2 is a direct receptor for mannose-capped lipoarabinomannan of mycobacteria[END_REF]. Similarly, a recent study showed that administration of mannosylated O-antigens of Hafnia alvei LPS and Escherichia coli O9a LPS in BMDC induced the production of TNF-α and IL-10, while these cytokines production was suppressed in Dectin-2 deficient BMDC, suggesting that mannosylated O-antigens was a novel glycan ligand of Dectin-2 [START_REF] Wittmann | Dectin-2 recognizes mannosylated Oantigens of human opportunistic pathogens and augments lipopolysaccharide activation of myeloid cells[END_REF].

Besides exogenous ligands, Dectin-2 can recognize endogenous ligands. Particularly, Dectin-2 was reported to recognize glycosylated protein with mannose-related structure [START_REF] Mori | C-type lectin receptor Dectin-2 binds to an endogenous protein β-glucuronidase on dendritic cells[END_REF]. Similarly, it was reported that Dectin-2 can interact with unidentified molecule expressing on the surface of T cells, which mediate the immunosuppression induced by UV [START_REF] Aragane | Involvement of dectin-2 in ultraviolet radiation-induced tolerance[END_REF]. For instance, the sensitized mice that were sensitized through UV-exposed skin after soluble fusion protein of Dectin-2 administration were resensitized with 2, 4dinitrofluorobenzene (DNFB) 2 weeks after the first sensitization, in contrast the mice that had not received soluble fusion protein of Dectin-2 show no response to resensitization, suggesting Dectin-2 mediates UV-induced tolerance to DNFB.

These studies indicate that Dectin-2 not only plays an important role in preventing pathogen infection, but also plays an important role in maintenance of UV-induced tolerance to DNFB. However, the molecular mechanism of Dectin-2 mediating antifungal immunity is not fully characterized.

Introduction 64

As stated above, unlike Dectin-1, Dectin-2 mediates its intracellular signals through coupling with an intermediate, the FcRγ that contains ITAMs [START_REF] Sato | Dectin-2 is a pattern recognition receptor for fungi that couples with the Fc receptor γ chain to induce innate immune responses[END_REF][START_REF] Kingeter | C-type lectin receptor-induced NF-κB activation in innate immune and inflammatory responses[END_REF]. Thus, upon pathogens binding, Dectin-2 begins to couple with the ITAM-containing adaptor molecule FcRγ, and phosphorylated SYK are then recruited, which initiates a series of cellular response, such as phagocytosis, the respiratory burst and cellular activation [START_REF] Sato | Dectin-2 is a pattern recognition receptor for fungi that couples with the Fc receptor γ chain to induce innate immune responses[END_REF][START_REF] Yabe | Dectin-2 in Antimicrobial Immunity and Homeostasis. C-Type Lectin Receptors in Immunity[END_REF]. Similarly to Dectin-1, SYK, a vital kinase in Dectin-2 signaling, is also essential for mediating signal transduction and cytokines production (Figure 18) [START_REF] Kerrigan | Syk-coupled C-type lectins in immunity[END_REF][START_REF] Saijo | Dectin-1 and Dectin-2 in innate immunity against fungi[END_REF]. For instance, C. albicans can induce the production of IL-2, IL-10, and TNF by BMDC, whereas the cytokines production is eradicated in response to the stimulation in SYK deficient BMDC [START_REF] Robinson | Dectin-2 is a Syk-coupled pattern recognition receptor crucial for Th17 responses to fungal infection[END_REF]. Upon ligands binding, phosphorylated SYK leads to activation of CARD9-BCL10-MALT1 complex [START_REF] Bi | CARD9 mediates dectin-2induced IκBα kinase ubiquitination leading to activation of NF-κB in response to stimulation by the hyphal form of Candida albicans[END_REF][START_REF] Kerrigan | Syk-coupled C-type lectins in immunity[END_REF], which subsequently induces the activation of NF-κB [START_REF] Bi | CARD9 mediates dectin-2induced IκBα kinase ubiquitination leading to activation of NF-κB in response to stimulation by the hyphal form of Candida albicans[END_REF]. Signaling from Dectin-2 mediated by SYK, CARD9-BCL10-MALT1 complex and NF-κB pathway can lead to the production of several cytokines and chemokines, including TNF, IL-2, IL-10, IL-23, IL-1β, IL-6 and IL-12 [START_REF] Bi | CARD9 mediates dectin-2induced IκBα kinase ubiquitination leading to activation of NF-κB in response to stimulation by the hyphal form of Candida albicans[END_REF][START_REF] Gringhuis | Selective C-Rel activation via Malt1 controls anti-fungal TH-17 immunity by dectin-1 and dectin-2[END_REF]. More specifically, in Dectin-2-SYK-(CARD9-BCL10-MALT1)-NF-κB pathway, active CARD9-BCL10-MALT1 complex selectively activate the c-Rel subunit of NF-κB via MALT1, which promote the production of Th17-polarizing cytokines including IL-23 and IL-1β [START_REF] Gringhuis | Selective C-Rel activation via Malt1 controls anti-fungal TH-17 immunity by dectin-1 and dectin-2[END_REF]. Aside from CARD9, Dectin-2 can induce the production of ROS, which plays a crucial role in the direct killing of pathogen [START_REF] Graham | The Dectin-2 family of C-type lectins in immunity and homeostasis[END_REF][START_REF] Yabe | Dectin-2 in Antimicrobial Immunity and Homeostasis. C-Type Lectin Receptors in Immunity[END_REF] and activation of the NLRP3 inflammasome that enhances processing of pro-IL-1β into mature IL-1β [START_REF] Ritter | Schistosoma mansoni triggers Dectin-2, which activates the Nlrp3 inflammasome and alters adaptive immune responses[END_REF]. In support of this, a recent study showed that the administration of H. capsulatum promoted caspase-1 activation and IL-1β production through inducing the activation of NLRP3 inflammasome in DC, and Dectin-2 deficiency impaired the production of IL-1β [START_REF] Chang | Dectin-2 is a primary receptor for NLRP3 inflammasome activation in dendritic cell response to Histoplasma capsulatum[END_REF].

Like other receptors, active Dectin-2 signaling can induce a number of cytokines production, which not only play a role in defense against pathogens infection, but also play a role in regulating host immunity. A study by [START_REF] Robinson | Dectin-2 is a Syk-coupled pattern recognition receptor crucial for Th17 responses to fungal infection[END_REF] showed that the Th17 response to C. albicans was markedly reduced in mice treated with anti-Dectin-2, independent of Dectin-1 deficiency [START_REF] Robinson | Dectin-2 is a Syk-coupled pattern recognition receptor crucial for Th17 responses to fungal infection[END_REF]. Because IL-17A-deficient mice are highly susceptible Introduction 65 to systemic Candida infection, Dectin-2 is required for driving the Th17 response to the organism [START_REF] Robinson | Dectin-2 is a Syk-coupled pattern recognition receptor crucial for Th17 responses to fungal infection[END_REF]. In contrast, Dectin-1, but not Dectin-2, is reported to contribute to Th1 cell differentiation in response to C. albicans [START_REF] Robinson | Dectin-2 is a Syk-coupled pattern recognition receptor crucial for Th17 responses to fungal infection[END_REF]. These results suggest that Dectin-1 and Dectin-2 may have distinct signaling requirements, which could lead to the differences in downstream responses. Additionally, Dectin-2 can also promote the production of several eicosanoids, some of which are associated with inducing Th2 immunity [START_REF] Barrett | Dectin-2 mediates Th2 immunity through the generation of cysteinyl leukotrienes[END_REF]. Indeed, Dectin-2 can activate Th2 immunity to Dermatophagoides farina-elicited eosinophilic and neutrophilic pulmonary inflammation through cytokines production, indeed the cytokines production is significantly decreased in mice deficiency of Dectin-2, indicating that Dectin-2 can also mediate Th2 immunity to defense against pathogen infection [START_REF] Barrett | Dectin-2 mediates Th2 immunity through the generation of cysteinyl leukotrienes[END_REF].

In addition, it was reported that β-elimination products of M. furfur cell wall and Man-LAM of the Mycobacterium tuberculosis cell wall can induce the production of IL-10 (Ishikawa, 2013;[START_REF] Yonekawa | Dectin-2 is a direct receptor for mannose-capped lipoarabinomannan of mycobacteria[END_REF]. The production of IL-10 via the Dectin-2 signaling might lead to the severe pathogenicity through suppressing the host immune response and phagosome-lysosome fusion [START_REF] Yonekawa | Dectin-2 is a direct receptor for mannose-capped lipoarabinomannan of mycobacteria[END_REF][START_REF] Yabe | Dectin-2 in Antimicrobial Immunity and Homeostasis. C-Type Lectin Receptors in Immunity[END_REF]. For example, M. tuberculosis can induce the production of IL-10 in Dectin-2 dependent manner to suppress host immune system and phagosomelysosome fusion, which results in severe pathogenicity of M. tuberculosis [START_REF] Yabe | Dectin-2 in Antimicrobial Immunity and Homeostasis. C-Type Lectin Receptors in Immunity[END_REF]. In support of this, Del [START_REF] Del Sero | Antifungal type 1 responses are upregulated in IL-10-deficient mice[END_REF] found that IL-10 deficient mice were actually more resistant to C. albicans gastrointestinal colonization, which reduced the fungal-associated inflammatory responses [START_REF] Del Sero | Antifungal type 1 responses are upregulated in IL-10-deficient mice[END_REF]. These results suggest that Dectin-2 is a PRR for fungi and is involved in regulating DC function and the nature of the adaptive immune response to fungal infection. As mentioned above, Dectin-2 plays a crucial role in triggering host immunity to protect against pathogen infection.

Ⅲ-2.2 Interaction with other receptors

Due to the conserved cysteine residue in its stalk region, Dectin-2 often form disulfidelinked homodimer by ligand recognition (Figure 19). Besides forming the homodimer, Dectin-Introduction 66 2 can also form a heterodimer with other receptors, such as Dectin-3 and Mincle, linked by the FcRγ [START_REF] Zhu | C-type lectin receptors Dectin-3 and Dectin-2 form a heterodimeric pattern-recognition receptor for host defense against fungal infection[END_REF][START_REF] Yabe | Dectin-2 in Antimicrobial Immunity and Homeostasis. C-Type Lectin Receptors in Immunity[END_REF][START_REF] Kalantari | CD209a synergizes with Dectin-2 and Mincle to drive severe Th17 cell-mediated schistosome egg-induced immunopathology[END_REF]. For instance, Zhu. et al. (2013) showed that Dectin-2 can form a heterodimeric complex with Dectin-3, and the affinity of this heterodimer to the ligands was stronger than the homodimer [START_REF] Zhu | C-type lectin receptors Dectin-3 and Dectin-2 form a heterodimeric pattern-recognition receptor for host defense against fungal infection[END_REF]. Moreover, in RAW264.7 cells stimulated with C. albicans hyphae, co-expression of Dectin-2 and Dectin-3 receptors enhanced hyphae-induced NF-kB (p65) nuclear translocation compared to that with expression of either receptor alone, and this enhanced response was almost completely blocked by pretreating cells with antibodies to either Dectin-3 or Dectin-2 [START_REF] Zhu | C-type lectin receptors Dectin-3 and Dectin-2 form a heterodimeric pattern-recognition receptor for host defense against fungal infection[END_REF]. Similarly, Dectin-2 was reported to form heterodimer with Mincle, which enhanced the host immunity to fungal infection [START_REF] Kalantari | CD209a synergizes with Dectin-2 and Mincle to drive severe Th17 cell-mediated schistosome egg-induced immunopathology[END_REF]. In particular, both Mincle and Dectin-2 can induce DC activation in response to M. furfur, while the production of TNF in response to M. furfur was decreased in the absence of Mincle or Dectin-2 [START_REF] Ishikawa | Identification of distinct ligands for the C-type lectin receptors Mincle and Dectin-2 in the pathogenic fungus Malassezia[END_REF].

These results suggest that when Dectin-2 is working in collaboration with other receptors, it can play a more important role in the defense against pathogen infection than individually. 

Ⅲ-2.3 Dectin-2 in host defense

Ⅲ-2.3.1 Defense against fungal infections

The studies of human Dectin-2 are restricted and most of the work studying Dectin-2 has been performed in mouse.
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Due to mannans, but not β-glucans, exposed on the outer most layer of C. albicans fungal cell wall, Dectin-2 seems to play a more important roles in mediating immune responses to C. albicans infection than Dectin-1 receptor [START_REF] Höft | Signaling C-Type Lectin Receptors in Antifungal Immunity[END_REF]. Dectin-2-deficient mice showed decreased survival of the infection of three different strains C. albicans due to the increased fungal growth in the kidney [START_REF] Saijo | Dectin-2 recognition of alpha-mannans and induction of Th17 cell differentiation is essential for host defense against Candida albicans[END_REF]. Dectin-2, as a PRR for fungi, appears to exhibit preferential recognition of hyphal over conidial forms [START_REF] Yabe | Dectin-2 in Antimicrobial Immunity and Homeostasis. C-Type Lectin Receptors in Immunity[END_REF]. However, for C. albicans, Dectin-2 was reported to recognize both the yeast and hyphal forms of C. albicans and induce the protective immune responses toward C. albicans infection. For instance, in vitro experimental results showed both hyphal and yeast forms of C. albicans can induce the production of IL-1β and IL-23 through the activation of NF-κB, while the cytokines production were inhibited in response to both hyphal and yeast forms of C. albicans in the absence of Dectin-2 [START_REF] Bi | CARD9 mediates dectin-2induced IκBα kinase ubiquitination leading to activation of NF-κB in response to stimulation by the hyphal form of Candida albicans[END_REF][START_REF] Saijo | Dectin-2 recognition of alpha-mannans and induction of Th17 cell differentiation is essential for host defense against Candida albicans[END_REF]. In addition, the activation of Th17 cells by Dectin-2 can induce the production of pro-inflammation cytokines, granulocyte colony-stimulating factor, neutrophil-attracting chemokines and AMP such as β-defensins, cathelicidins and S100 proteins, which protect against fungal and other pathogen infections by activating immune cells or directly killing pathogens [START_REF] Ye | Requirement of interleukin 17 receptor signaling for lung CXC chemokine and granulocyte colony-stimulating factor expression, neutrophil recruitment, and host defense[END_REF][START_REF] Gaffen | IL-17 signaling in host defense against Candida albicans[END_REF][START_REF] Gallo | Epithelial antimicrobial defence of the skin and intestine[END_REF].

Like Candida, Malassezia genus, as part of the skin microflora under normal conditions, may become pathogenic when skin homeostasis is disrupted. In our laboratory, we found that Malassezia genus abundance was increased in patients with IBD symptoms [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF].

Consistent with this, it was reported that Malassezia genus, particularly M. restricta and M. globosa, were increased in CD [START_REF] Limon | Malassezia Is Associated with Crohn's Disease and Exacerbates Colitis in Mouse Models[END_REF]. Dectin-2 was reported to have the ability to recognize Malassezia [START_REF] Ishikawa | Identification of distinct ligands for the C-type lectin receptors Mincle and Dectin-2 in the pathogenic fungus Malassezia[END_REF]. In vitro study showed that Malassezia stimulation induced the production of TNF and IL-10 in BMDC from WT, while these cytokines production are almost completely suppressed in Dectin-2 deficient cells [START_REF] Ishikawa | Identification of distinct ligands for the C-type lectin receptors Mincle and Dectin-2 in the pathogenic fungus Malassezia[END_REF], suggesting that Dectin-2 might play a crucial role in defense against Malassezia infection.

Previous studies showed that Dectin-2 can recognize A. fumigatus and play an important role in the development of protective inflammatory responses to A. fumigatus infection [START_REF] Sun | Activation of NF-κB and respiratory burst following Aspergillus fumigatus stimulation of macrophages[END_REF][START_REF] Loures | Recognition of Aspergillus fumigatus hyphae by human plasmacytoid dendritic cells is mediated by dectin-2 and results in formation of extracellular traps[END_REF]. For instance, it was reported that Dectin-2, a receptor on plasmacytoid Introduction 69 dendritic cells (pDC), can recognize A. fumigatus hyphae and contribute to cytokines generation and antifungal activity [START_REF] Loures | Recognition of Aspergillus fumigatus hyphae by human plasmacytoid dendritic cells is mediated by dectin-2 and results in formation of extracellular traps[END_REF]. Similarly, in macrophages, Dectin-2 was reported to induce IκBα kinase phosphorylation, NF-κB activation, and ROS production following A. fumigatus stimulation, while the killing of A. fumigatus conidia and ROS production were significantly affected by Dectin-2 deficiency [START_REF] Sun | Activation of NF-κB and respiratory burst following Aspergillus fumigatus stimulation of macrophages[END_REF]. A recent study showed that a homozygous deletion mutation of hDectin-2 were unable to mount a cytokine response to A. fumigatus [START_REF] Griffiths | A human Dectin-2 deficiency associated with invasive aspergillosis[END_REF].

Finally, it has been shown that Dectin-2 was involved in the recognition of C. neoformans [START_REF] Tanno | Dectin-2-mediated signaling triggered by the cell wall polysaccharides of Cryptococcus neoformans[END_REF]. Indeed, C. neoformans can interact with Dectin-2 in a dosedependent manner and strongly induce the production of TNF-α and IL-12p40 in DC, while the cytokines production was inhibited in the absence of Dectin-2 [START_REF] Tanno | Dectin-2-mediated signaling triggered by the cell wall polysaccharides of Cryptococcus neoformans[END_REF]. Interestingly, in in vivo experiment, the susceptibility and immune responses, particularly Th1 and Th17, to C. neoformans were not affected in Dectin-2 deficient mice [START_REF] Nakamura | Dectin-2 deficiency promotes Th2 response and mucin production in the lungs after pulmonary infection with Cryptococcus neoformans[END_REF] suggesting that parallel defense pathways exist to control C. neoformans infection. In human study, it was reported that Dectin-2 polymorphism was associated with pulmonary cryptococcosis [START_REF] Hu | Dectin-2 polymorphism associated with pulmonary cryptococcosis in HIV-uninfected Chinese patients[END_REF].

Ⅲ-2.3.2 Defense against bacterial infections

To date, only recognition of ligands from Mycobacteria have been reported for nonfungal microorganism as mention in the previous section with the recognition of Man-LAM.

Ⅲ-2.4 Dectin-2 involvement during gut inflammation

By comparison with Dectin-1, the relationship between Dectin-2 and gut inflammation was rarely reported. Although the relationship is not yet clear, some data suggest that Dectin-2 may affect indirectly the development of intestinal inflammation. For instance, a recent study showed that the abundance of M. restricta was increased in CD patients with a disease-linked polymorphism in CARD9, and M. restricta supplementation aggravated DSS-induced colitis in Introduction 70 mice in the presence of CARD9 [START_REF] Limon | Malassezia Is Associated with Crohn's Disease and Exacerbates Colitis in Mouse Models[END_REF]. In in vitro experiment, the production of TNFα and IL-6 is significantly decreased in Dectin-2 or CARD9 deficient BMDC stimulated with M. restricta, suggesting that Dectin-2, a receptor that signal through CARD9, might be involved in the development of IBD through controlling the colonization of M. restricta in gut [START_REF] Limon | Malassezia Is Associated with Crohn's Disease and Exacerbates Colitis in Mouse Models[END_REF] but as many parameters influence IBD development this cannot be considered as a strict causality link. These results indicate that Dectin-2 might be involved in the development of some case of intestinal inflammation. However, to date, there is no more available data of Dectin-2 involvement during intestinal inflammation making our work of strong interest for the scientific community.

OBJECTIVES

As described in the introduction, the gut microbiome as a vital part of the whole is involved in the pathogenesis of IBD. However, the exploration of the gut microbiome has focused on bacterial and very little has been done on other communities such as viral and fungal communities. Here we focused on the effect of fungal community, also called the mycobiota, on intestinal inflammation. In the past decade, commensal fungi have been associated with IBD [START_REF] Heinsbroek | Genetic deletion of dectin-1 does not affect the course of murine experimental colitis[END_REF][START_REF] Iliev | Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis[END_REF]Wang, 2016). However, the role of Dectin-2 in DSS-induced colitis model has not yet been investigated. In addition, no data is yet available on the phenotype of the double Dectin-1 and Dectin-2 knockout (D-1/2KO) mice or any other double or triple KO mice either during gut inflammation. Therefore, it is important to continue the characterization of this signaling pathway in order to understand how the immune response to fungi is structured and the global consequences of such modifications on gut inflammation, microbiota eubiosis, etc.

To achieve this aim, we designed the following program:

-Getting mice Dectin-1KO and Dectin-2KO and produce littermates of WT, Dectin-1KO, Dectin-2KO and Dectin-1/2KO genotypes.

-In vitro characterization of the immune response of each genotype in response to several stimuli for a general description of the consequences of the receptor's deficiency.

-Description of the effect of Dectin knock-out in a mouse model of colitis.

-Analysis of the modulation of the microbiota after Dectin deletions.

-Identification of potential metabolic or microbial markers influenced by the receptor's deficiency.
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RESULTS

IBD, a group of chronic intestinal inflammation, affects 2 million Americans, 3 million people in Europe, and several hundred thousand more worldwide, most of whom are diagnosed at a young age (20-30 years old) [START_REF] Khor | Genetics and pathogenesis of inflammatory bowel disease[END_REF][START_REF] Roberts-Thomson | Uncovering the cause of ulcerative colitis[END_REF]. It has emerged as a global public health challenge due to its increasing frequency of incidence across the globe and protracted nature. Intestinal microbiota has been demonstrated to be a crucial factor involved in the development of IBD, however the response to fecal microbiota transplantation is still not clear [START_REF] Lopez | Fecal microbiota transplantation for inflammatory bowel disease[END_REF]. The role of bacterial microbiota in IBD have been described in many previous studies, while the role of fungi in the intestinal microbiota is poorly understood.

Furthermore, very little has been done on the role of C-type lectin receptors in intestinal inflammation. In particular, the role of on Dectin-2, and both Dectin-1 and -2 deficiency in their implications on intestinal inflammation have not been reported. This study was developed in this context.

In our previous study, we found that CARD9, a signaling adaptor of Dectin-1 and Dectin-2 known to regulate innate immune activation, was associated with the development of intestinal inflammation [START_REF] Lamas | CARD9 impacts colitis by altering gut microbiota metabolism of tryptophan into aryl hydrocarbon receptor ligands[END_REF]. The severe colitis was associated with an alteration of the gut microbiota in CARD9 deficient mice, particularly the incapacity of microbiota to metabolize tryptophan into the metabolites that active aryl hydrocarbon receptor (AHR), resulting in the inability to maintain epithelial renewal, barrier integrity, and immune cell activation. Subsequently, a distinct fungal microbiota dysbiosis characterized by the alterations in composition and biodiversity was observed in IBD patients [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. Especially, the abundance ratio of Basidiomycota-to-Ascomycota and the proportion of C. albicans and Malassezia genus were increased, the proportion of S. cerevisiae was decreased in IBD patients compared with healthy individuals [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. Following-up on this signaling pathway:

Dectin receptors -Card9 adaptor -Gene regulation -Colitis susceptibility; we studied the effect of single Dectin-2 and double Dectin-1 and Dectin-2 (D-1/2KO) deficiency in DSS-induced colitis. Using fecal microbiota transplantation, microbiota sequences analysis and specific in vitro and in vivo assays, we showed that D-1/2KO mice were strongly affected in their response to inflammatory conditions and that it was surprisingly due to a strong modification of the bacterial microbiota in the mice. These results are presented in the following manuscript recently submitted to BMC Microbiome.

Conclusions: Deletion of both Dectin-1 and -2 receptors triggers a global shift of the microbial gut environment, and surprisingly mainly of the bacterial population, driving protective effects in colitis. Members of the Lachnospiraceae family seem to play a central role in this protection.

These findings provide new insights into the role of Dectin receptors described to date to only affect the fungal population in intestinal physiopathology and in IBD.

Background

The scientific findings over the last decade demonstrated that the impact of the gut microbiota on human health is considerable but that there are still many functions to uncover. A tremendous amount of data on the bacterial portion of the microbiota is accumulating since this microbial population is by far the largest one in the gut. Nevertheless, the scientific community is now widening the scope of their investigations and novel data appear on other components of the Human microbiota (bacteriophages, viruses, archae, fungi, etc). The fungi, although in lower numbers, are significant components of the ecosystem and thus part of its equilibrium, and therefore became gradually a new area in microbiota investigation. Fungal cells are 10-fold longer and 100-fold larger in volume than bacterial cells, suggesting that the fungal biomass and fungal-derived metabolites cannot be compared to bacteria by considering cell counts only.

To date, many results point to a potential link between fungal gut microbiota and inflammatory bowel disease (IBD) like Crohn's disease or ulcerative colitis. For instance, we have recently shown, following the bacterial and fungal composition of (i) the fecal microbiota of patients with IBD or (ii) the mucosa-associated microbiota of patients with Crohn's disease, that during IBD flare there was a fungal dysbiosis similar to bacterial dysbiosis, with alterations of the biodiversity and composition of the mycobiota [START_REF] Liguori | Fungal Dysbiosis in Mucosa-associated Microbiota of Crohn's Disease Patients[END_REF][START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF]. An increasing amount of data have recently been produced regarding the crosstalk between the host and the mycobiota through the different actors of the host immune system. First, among the genetic polymorphisms associated with IBD, Single nucleotide polymorphism (SNP) are detected in CARD9, a cytoplasmic protein that plays a central role in integrating signals downstream of fungi-recognizing receptors like Dectin-1 and Dectin-2. Hence, our group previously showed that mice devoid of CARD9 were more sensitive to colitis and had increased intestinal fungal burden, whereas antifungal treatment reduced this hypersensitivity [START_REF] Iliev | Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis[END_REF][START_REF] Sokol | Card9 mediates intestinal epithelial cell restitution, T-helper 17 responses, and control of bacterial infection in mice[END_REF]. We also demonstrated in a recent publication that bacterial-fungal interactions are central in the development of gut inflammation, in particular regarding the effect of fungi on this inflammation [START_REF] Sovran | Enterobacteriaceae are essential for the modulation of colitis severity by fungi[END_REF]. Since then, further work has been done on the involvement of Dectin-1 and Dectin-2 receptors in the crosstalk with the host, especially regarding their impact on susceptibility to gut inflammation. Dectin-1 and Dectin-2 are two C-type like receptors described for their capacity to recognize cell wall fungal ligands, beta-glucan and mannans respectively. The literature on Dectin-1 is controversial since publications showed opposite behaviors of the Dectin-1KO mice under gut inflammation model.

While Iliev et al. presented increased susceptibility of Dectin-1KO mice, Tang and co-workers observed protection [START_REF] Iliev | Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis[END_REF]. Interestingly, further analysis of both works by Iliev D.I. in a following comment letter proposed a model to reconcile the two studies. In this comment the author suggested that the basal composition of the fungal microbiota was crucial on the outcome of the colitis [START_REF] Iliev | Dectin-1 Exerts Dual Control in the Gut[END_REF]. In the presence of opportunistic fungi, the absence of Dectin-1 results in their overgrowth that will participate in the increased gut inflammation [START_REF] Iliev | Dectin-1 Exerts Dual Control in the Gut[END_REF]. In Tang et al. work, in the absence of opportunistic fungi, a completely different mechanism is proposed, involving decreased levels of anti-microbial peptides (AMP) S100a8 and S100a9, impacting the bacterial microbiota and particularly the overgrowth of Lactobacillus murinus in the absence of Dectin-1 which has a positive effect on Treg cells and consequently on the colitis development [START_REF] Tang | Inhibition of Dectin-1 Signaling Ameliorates Colitis by Inducing Lactobacillus-Mediated Regulatory T Cell Expansion in the Intestine[END_REF].

Another publication by Heinsbroek S.E.M. et al. showed no effect of Dectin-1 deletion on mice susceptibility in two models of gut inflammation and infection with Helicobacter hepaticus [START_REF] Heinsbroek | Genetic deletion of dectin-1 does not affect the course of murine experimental colitis[END_REF].

These publications suggest that the effect of Dectin-1 is greatly impacted by other parameters, one of them being the basal mycobiota and others not identified so far. Nothing is known about the effect of Dectin-2 in colitis, although several studies have been published on its role in fungal infections [START_REF] Saijo | Dectin-2 recognition of alpha-mannans and induction of Th17 cell differentiation is essential for host defense against Candida albicans[END_REF][START_REF] Taylor | Activation of neutrophils by autocrine IL-17A-IL-17RC interactions during fungal infection is regulated by IL-6, IL-23, RORgammat and dectin-2[END_REF].

Here, we studied the effect of Dectin-2 deletion as well as of the double Dectin-1 and -2 deletion on gut inflammation in a DSS-induced-colitis model. We showed that the Dectin-1 and -2 double knock-out (D-1/2KO, produced for this work) were strongly protected from gut inflammation and that this protection was mainly driven by the modification of the bacterial gut microbiota and not the mycobiota. Further analysis allowed the identification of potential probiotic bacteria mainly from the Lachnospiraceae family, like Blautia hansenii, which showed a protective effect when administered to mice before and during DSS-induced colitis. Animale" (COMETHEA C2EA -45, Jouy en Josas, France). Every experiment was repeated at least two times.

Material and Methods

Mice

Genotyping of Dectin-1 and Dectin-2 mutants

Mice ear samples were collected. Ear DNA was extracted according to the recommended method. Briefly, 300 μL lysis buffer and 1.5 μL proteinase K were added into the tube containing mouse tissue and mix well. The mixture were incubated overnight at 56°C with agitation until a homogeneous solution was obtained. The solution were next incubated at 95°C

for 20 min to inactivate proteinase K and then centrifuged at 10,000g for 5 min, genomic DNA was recovered from the supernatant and stored at -20°C. Subsequently, the DNA was amplified using Dectin-1 and Dectin-2 primers in Supplemental Table 1. PCR products were then run on 1.5 % agarose gel to confirm the mice genotype.

Induction of colitis with Dextran sodium sulfate (DSS)

Mice were given 2% (wt/vol) DSS (molecular weight, 36,000-50,000; MP Biomedicals, Solon, OH) dissolved in drinking water ad libitum for 7 days, followed by a recovery period (water only) of 5 days. Animals were monitored daily for weight loss and disease activity index (including three parameters: weight loss, stool consistency, and presence of blood in feces).

Fecal microbiota transfer (FMT)

Microbiota transfer was performed by feces gavage using a modified version of a previously described protocol [START_REF] Wrzosek | Transplantation of human microbiota into conventional mice durably reshapes the gut microbiota[END_REF] as follows: fresh stool samples were recovered from 10 mice (WTj or D-1/2KO mice) and immediately stored in an anaerobiosis generator (Genbox, Biomérieux, Capronne, France) to favor the preservation of anaerobic bacteria. Samples were processed within 6 h in an anaerobic chamber. Feces were rapidly diluted 100-fold in LYHBHI (brainheart infusion) medium (BD Difco, Le Pont De Claix, France) supplemented with cellobiose (1 mg/ml; Sigma-Aldrich, St. Louis, MO, USA), maltose (1 mg/ml; Sigma-Aldrich), and cysteine (0.5 mg/ml; Sigma-Aldrich). This ready-to-use fecal suspension was used for FMT to mice.

Mice were fasted 1 h and then subjected to bowel cleansing by oral-gastric gavage with PEG (polyethylene glycol, Macrogol 4000, Fortrans, Ipsen Pharma, France). Four hours later, mice received the FMT by intragastric gavage (200 μl of resuspended feces prepared as described above). Mice were then allowed free access to food and water. FMT was repeated twice a week for two weeks before the induction of colitis and continue until the end of the protocol. Bowel cleansing was only performed on day 1.

To exclude that repeated force-feeding of the intestinal microbiota had an effect per se on the phenotype, WTj mice were transplanted with their own fecal microbiota (WTj WTj ) and used it as the control. Additionnaly, we choose to use WT from Janvier to have a completely different microbiota baseline and not from cohoused mice.

Gavage with fungi and bacteria

Candida tropicalis ATCC 750 (ATCC, Molsheim, France) and Malassezia restricta CBS7877 (Westerdijk Insitute, Utrecht, Netherland) were used in this study. C. tropicalis was grown on yeast extract peptone dextrose (YEPD) medium (BD Difco, Le Pont De Claix, France) for 24h at 37°C under agitation. M. restricta was grown statically on modified Dixon (mDixon) medium (BD Difco, Le Pont De Claix, France) for 72h at 34°C. The cultures were then washed twice in PBS and a yeast suspension of 10 7 CFU/mL in 200 µL of PBS or control medium (PBS) was administered daily to mice by intragastric gavage for 7 days before the induction of colitis and continue until the end of the protocol.

Lachnospiraceae strains were also used in the study. Marvinbryantia and Lachnospiraceae bacterium WCA-9-b2 were isolated from feces of D-1/2KO mice. Blautia hansenii ATCC grown overnight on BHIS medium at 37°C in static incubator under anaerobic conditions and then aliquoted at 5×10 8 CFU/mL and stored at -80°C until use. Mice were fasted 1 h and then subjected to bowel cleansing by oral-gastric gavage with PEG (Macrogol 4000, Fortrans, Ipsen Pharma, France). Four hours later, mice received bacterial suspension of 10 8 CFU in 200 µL of PBS or control medium. Bacterial gavage was administered daily to mice by intragastric gavage for 7 days before the induction of colitis and continue until the end of the protocol. Bowel cleansing was only performed on day 1.

Fluconazole treatment

For the antifungal treatment, fluconazole (0.5 mg/mL, Sigma-Aldrich, St. Louis, MO, USA) or control vehicle (PBS) were delivered to mice by drinking water for 7 days before the induction of colitis and continued until the end of the protocol.

Short-chain fatty acids (SCFA) administration

Isobutyric acid (0.25 mol/L, Sigma-Aldrich, St. Louis, MO, USA), valeric acid (0.25 mol/L, Sigma-Aldrich, St. Louis, MO, USA), isovaleric acid (0.25 mol/L, Sigma-Aldrich, St. Louis, MO, USA) or control vehicle (PBS) were daily administered to mice by intragastric gavage for 7 days before the induction of colitis and continued until the end of the protocol.

Tissues and samples

Mice were euthanized. Distal colon was fixed in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) and proximal colon was flushed and frozen for further RNA extraction. Cecal contents were collected and frozen for SCFA quantification. Fecal samples were collected at day 0, day 7 and at the end of the protocol (day 12) and frozen for gut microbiota analysis and fecal lipocalin levels measurements. All samples were stored at -80°C until use.

Histology

Colon samples for histological studies were maintained at 4 °C in 4% paraformaldehyde and then embedded in paraffin. 4-μm sections (three sections per sample) were stained with hematoxylin and eosin (H&E, Sigma-Aldrich, Saint Louis, USA) and then examined in a blinded manner using a BX43 Olympus microscope to determine the histological score according to previously described methods [START_REF] Dieleman | Chronic experimental colitis induced by dextran sulphate sodium (DSS) is characterized by Th1 and Th2 cytokines[END_REF][START_REF] Lamas | CARD9 impacts colitis by altering gut microbiota metabolism of tryptophan into aryl hydrocarbon receptor ligands[END_REF][START_REF] Tamaki | Human Thioredoxin-1 Ameliorates Experimental Murine Colitis in Association With Suppressed Macrophage Inhibitory Factor Production[END_REF].

SCFA analysis in cecal samples

Samples were water-extracted and proteins were precipitated with phosphotungstic acid. A volume of 0.1 μl of the supernatant was analyzed as to SCFA on a gas-liquid chromatograph (Nelson 1020; Perkin-Elmer, St. Quentin en Yvelines, France), equipped with a split-splitless injector, a flame-ionisation detector and a capillary column (15 m × 0.53 mm, 0.5 μm) impregnated with SP 1000 (FSCAP Nukol; Supelco, Saint-Quentin-Fallavier, France). Carrier gas (He) flow rate was 10 ml/min and inlet, column and detector temperatures were 175, 100 and 280°C, respectively. 2-Ethylbutyrate was used as the internal standard. Data were collected and peaks integrated using the Turbochrom v6 software (Perkin Elmer, Courtaboeuf, France).

Cecal SCFA concentrations are expressed as µmol/g of stool.

Quantification of fecal lipocalin-2 (LCN2) levels

Frozen fecal samples were weighted and suspended in cold PBS. Samples were then agitated on a Precellys (Bertin Corp., France) for 40 s on a setting 5000 rpm using 4.5-mm glass beads to obtain a homogenous fecal suspension. Samples were then centrifuged for 5 min at 10,000g

(4°C) and clear supernatants were collected and stored at -20°C until analysis. LCN2 levels were estimated using a DuoSet murine LCN2 ELISA kit (R&D Systems, Minneapolis, USA)

as per the manufacturer's instructions and expressed as ng/mg of stool

RNA extraction and gene expression analysis using quantitative reverse-transcription PCR (qRT-PCR)

Total RNA was isolated from colon samples using a RNeasy Mini Kit (Qiagen, Hilden, Germany), including a DNAse treatment step, according to the manufacturer's instructions.

Quantitative RT-PCR was performed using Luna® Universal One-Step RT-qPCR Kit (New England Biolabs, Massachusetts, USA) followed by a qPCR using a Luna® Universal qPCR Master Mix (New England Biolabs, Massachusetts, USA) in a StepOnePlus apparatus (Applied Biosystems, Foster City, CA, USA) with specific mouse oligonucleotides. Amplification was initiated with an enzyme activation step at 95°C for 10 min, followed by 40 cycles consisting of a 15 s denaturation step at 95°C, a 60 s annealing step at 60°C, and a melting curve consisting of a 15 s at 95°C step, a 60 s at 60°C step and a 15 s at 95°C step. The primer sequences of amplified target are listed in Supplemental Table 1. We used the 2 -ΔΔCt quantification method with mouse GAPDH as a control.

Fecal DNA extraction

Fecal total DNA was extracted from weighed stool samples as previously described [START_REF] Godon | Molecular microbial diversity of an anaerobic digestor as determined by small-subunit rDNA sequence analysis[END_REF], with modifications. After nucleic acid precipitation with isopropanol, DNA suspensions were incubated overnight at 4°C and centrifuged at 20,000g for 30 min. The supernatants were transferred to a new tube containing 2 μL of RNase (RNase A, 10 mg/ml; EN0531; Fermentas, Villebon sur Yvette, France) and incubated at 37°C for 30 min. Nucleic acids were precipitated by the addition of 1 ml of absolute ethanol and 50 μl of 3 M sodium acetate and centrifuged at 20,000g for 10 min. The DNA pellets were washed with 70% ethanol, 3 times, dried and resuspended in 100 μl of Tris-EDTA (TE) buffer. The DNA suspensions were stored at -20°C for real-time qPCR analysis of the 16S rDNA or ITS2 sequences.

Fungal and bacterial quantification via quantitative PCR (qPCR)

Fecal extracted DNA was subjected to qPCR by using a Luna® Universal qPCR Master Mix (New England Biolabs, Massachusetts, USA) for quantification of all fungal sequences or by using TaqMan Gene Expression Assays (Life Technologies) for quantification of all bacterial sequences. For all fungal quantification, amplification was initiated with an enzyme activation step at 95°C for 5 min, followed by 45 cycles consisting of a 15 s denaturation step at 94°C, a
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step and a melting curve consisting of a 15 s at 95°C step, a 60 s at 60°C step and a 15 s at 95°C

step. For all bacteria quantification, amplification was initiated with an enzyme activation step at 50°C for 2 min and 95°C for 10 min, followed by 40 cycles consisting of a 15 s denaturation step at 95°C, and 60 s annealing step at 60°C. The probes and primers for the bacterial or for the fungal genes are listed in Supplemental Table 1. We used the 2 -ΔΔCt quantification method with feces weight and calibrated the assay to the control group.

16S DNA gene and ITS2 sequencing

Bacterial diversity was determined for each sample by targeting a portion of the ribosomal genes. PCR were performed to prepare amplicons using V3-V4 oligonucleotides (PCR1F_460:

5' CTTTCCCTACACGACGCTCTTCCGATCTACGGRAGGCAGCAG 3', PCR1R_460: 5' GGAGTTCAGACGTGTGCTCTTCCGATCTTACCAGGGTATCTAATCCT 3'). Amplicon quality was verified by gel electrophoresis and they were sent to the @BRIDGe plateform for sequencing protocol on an Illumina MiSeq (Illumina, San Diego, CA, USA).

A similar approach was used for fungi microbiota using the primers ITS2 (sense) 5′-GTGARTCATCGAATCTTT-3′ and (antisense) 5′-GATATGCTTAAGTTCAGCGGGT-3′ and the optimized and standardized ITS2-amplicon-library preparation protocol (Metabiote, GenoScreen).

For 16S sequences, the sequences were demultiplexed and quality filtered using the QIIME2 version 2021.2.0 software package [START_REF] Roesner | Human thioredoxin, a damage-associated molecular pattern and Malassezia-crossreactive autoallergen, modulates immune responses via the C-type lectin receptors Dectin-1 and Dectin-2[END_REF]. The sequences were then assigned to OTUs using the UCLUST algorithm [START_REF] Chang | Dectin-2 is a primary receptor for NLRP3 inflammasome activation in dendritic cell response to Histoplasma capsulatum[END_REF] with a 97% pairwise identity threshold and classified taxonomically using the Greengenes reference database (version 13.8) [START_REF] Summerton | Faecal calprotectin: a marker of inflammation throughout the intestinal tract[END_REF]. Rarefaction was performed on both datasets and used to compare the relative abundance of OTUs across samples. Alpha diversity was estimated using the Shannon diversity index or the number of observed species.

Beta diversity was measured by a Jaccard distance matrix and was used to build principal coordinates analysis (PCoA) plots. The linear discriminant analysis (LDA) effect size (LEfSe) algorithm was used to identify taxa that were specific to a genotype [START_REF] Segata | Metagenomic biomarker discovery and explanation[END_REF].

For ITS2 sequences, data were processed using FROGS pipeline (available from: http://frogs.toulouse.inra.fr), established in Toulouse France [START_REF] Escudie | FROGS: Find, Rapidly, OTUs with Galaxy Solution[END_REF] for sequence quality control, filtering and affiliation of taxa. The sequences were assigned to OTUs with 97% threshold of pairwise identity and classified taxonomically using the UNITE ITS database (version 8_2) [START_REF] Nilsson | The UNITE database for molecular identification of fungi: handling dark taxa and parallel taxonomic classifications[END_REF]. Phyloseq Package for R analysis was used for alpha and beta diversity analyses as well as all illustrations. Deseq2 package for R analysis was used for differential analysis of OTUs in respect to the different phenotypes [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF]. The LEfSe algorithm was used to identify taxa that were specific to genotype.

Deposition of the raw sequence data in the European Nucleotide Archive is in process; the accession number is pending.

Bone marrow-derived dendritic cells (BMDC) preparation and stimulation

Primary culture of BMDC were obtained from WT, D-1KO, D-2KO, and D-1/2KO mice as previous described [START_REF] Madaan | A stepwise procedure for isolation of murine bone marrow and generation of dendritic cells[END_REF] with minor modifications. Briefly, bone marrow cells isolated from mice tibia and femur were washed with Roswell Park Memorial Institute (RPMI) 1640 and passed through 40 um cell filters (Falcon, USA). Cells were then cultured and differentiated in petri dishes in 10 mL RPMI 1640 with 10% (vol/vol) FCS (Eurobio Scientific), 100 U/mL Penicillin and 100 μg/mL Streptomycin (Sigma-Aldrich) and 20 ng/mL murine granulocytemacrophage colony-stimulating factor (GM-CSF Peprotech, Germany) for 9 days at 37°C, 5%

CO2.

On day 9, immature BMDC were harvested and seeded into 96-well plates at 10 5 cells/well. For stimulation, the cells were stimulated with bacterial strains (1:5 cell to bacteria ratio) killed by UV, lipopolysaccharide (LPS) (150 ng/mL), zymosan depleted (100µg/mL, InvivoGen) and yeast mannan (100µg/mL, Sigma-Aldrich) overnight at 37°C. The culture supernatants were collected and the levels of IL-6 and TNFα were measured by ELISA kits (Thermo Fisher Scientific) according to the manufacturer's protocol.

Statistical analysis

GraphPad Prism version 7 (San Diego, CA, USA) was used for all analyses and preparation of graphs. For all data displayed in graphs, the results are expressed as the mean ± SEM (n = 4 to 16 per group). For comparisons between two groups, a two-tailed Student's t test for unpaired data or a nonparametric Mann-Whitney test was used. For comparisons among more than two groups, one-way analysis of variance (ANOVA) and a post hoc Tukey test or a nonparametric Kruskal-Wallis test followed by a post hoc Dunn's test was used. For comparisons with multiple factors, two-way ANOVA and a post hoc Tukey test was used. For all statistical tests, differences with a p value less than 0.05 were considered to be statistically significant: *p <0.05, **p <0.01, ***p<0.001.

characteristic of a better tissue condition (Fig. 1E) and a significantly lower histology score (Fig. 1F).

Quantification of lipocalin, a fecal marker of intestinal inflammation, showed a reduced level at Day7 and Day12 in D-1/2KO compared to the WT mice, although the difference was not statistically significant (Fig. 1G). Identically, the colonic expression of the pro-inflammatory cytokine IL-6 was decreased in D-2KO and D-1/2KO mice, while the anti-inflammatory IL-10 gene expression was unchanged (Fig. 1H). In link with previous work published on Dectin-1KO mice, we quantified the two anti-microbial peptides (AMP) S100a8 and S100a9 gene expression in the colon of WT and KO mice and showed that the level of expression was significantly reduced in the double KO mice at Day12 for both markers, and that the reduction was significant only for S100a8 for D-2KO (Fig. 1I), suggesting a lower inflammation and potential effects on the gut microbiota composition. However, these differences were not visible at baseline before DSS challenge (Supp. Fig. 1A). Altogether these data confirmed deep modifications of the local host environment in D-1/2KO compared to the WT mice in colitis setting, with a lower global inflammatory status in the double KO mice all along the inflammation.

The microbiota of D-1/2KO mice is associated with DSS-induced colitis protection

Modification of the host immune response directly influences the microbiota since the equilibrium between microbiota and host cells is a subtle balance mainly regulated by the innate response pathways. The principal effectors are the AMP produced by the host cells. We thus investigated the effect of combined Dectin-1 and -2 deficiency on global bacterial and fungal loads at different time points. We first observed on the WT microbiota a global effect of DSS treatment after 7 days, before the recovery phase, with reduced adundance of both bacterial and fungal populations. The two populations were coming back to normal after the recovery at Day12. However, D-1/2KO exhibited no modification of the bacterial adundance even at Day7, while a significant increase of the fungal load was observed at the end (Day12) of the DSSinduced colitis (Fig. 2A).

Both bacterial and fungal intestinal microbiotas have been identified as important players in IBD. We considered that the absence of both Dectin-1 and Dectin-2 receptors can be associated with specific alterations of the intestinal microbiota that may result in the protection of D-1/2KO mice. To test the potential involment of the microbiota in the phenotype of D-1/2KO mice, we transplanted the fecal microbiota of wild-type mice from Janvier laboratory (WTj) or D-1/2KO mice into conventional WTj mice and induced a DSS colitis (Fig. 2B). Compared to WTj mice receiving WTj mice microbiota (WTj WTj ), those receiving the D-1/2KO mice microbiota (WTj D-1/2KO ) showed significantly reduced colitis severity, as evaluated by reduced body weight loss (Fig. 2C) and DAI (Fig. 2D), increased colon length (Fig. 2E), reduced levels of fecal lipocalin (Fig. 2F) and histological score (Fig. 2G and supp. Fig. 2A).

We then assessed the role of the genotype on the protection by testing whether transplanting a wild-type microbiota into D-1/2KO would revert the protection. With this aim, we transplanted the intestinal microbiota of conventional mice into D-1/2KO mice before induction of DSS colitis (Fig. 2H). D-1/2KO receiving the WTj mice microbiota (D-1/2KO WTj ) showed an increased severity of colitis at Day8, characterized by significantly stronger weight loss (Fig. 2I), higher DAI (Fig. 2J), colon shortening (Fig. 2K), histology damage (Fig. 2L and supp. Fig. 2B) and increased lipocalin levels (Fig. 2M) compared to the control mice D-12KO transplanted with their own fecal microbiota (D-1/2KO D-1/2KO ).

These two experiments demonstrate that the protection of D-1/2KO mice regarding DSSinduced colitis was largely due to the intestinal microbiota.

The fungal microbiota is not involved in D-1/2KO mice protection

Our data using FMT showed that the protection of D-1/2KO mice was due to an altered intestinal microbiota. As Dectin-1 and Dectin-2 are known for their role in fungal recognition, we evaluated how a modification of the fungal population would affect the DSS-induced susceptibility. With this aim, we used two commensal fungi Candida tropicalis and Malassezia restricta, described for their potential pro-inflammatory effect on DSS-induced colitis model [START_REF] Tang | Inhibition of Dectin-1 Signaling Ameliorates Colitis by Inducing Lactobacillus-Mediated Regulatory T Cell Expansion in the Intestine[END_REF][START_REF] Limon | Malassezia Is Associated with Crohn's Disease and Exacerbates Colitis in Mouse Models[END_REF] (Fig. 3A). Surprisingly, daily gavage of D-1/2KO with both fungi 7 days before and during the DSS treatment had no effect on the different macroscopic markers, weight loss, DAI or colon length (Fig. 3B).

In our first experiment (Fig. 2A), feces analysis in D-1/2KO mice showed an increase in fungal abundance, so we reasoned that the phenotype observed with D-1/2KO mice could be due to the modification of the fungal microbiota load. In order to test this hypothesis, we treated the D-1/2KO mice with a broad-spectrum antifungal drug (fluconazole) and characterized the effect of this treatment on the DSS-induced colitis (Fig. 3C). Again, as illustrated in Figure 3D the modification of the fungal population did not affect the susceptibility of D-1/2KO to colitis.

These data suggest that even though Dectin-1 and Dectin-2 are two fungal receptors, their effects on the susceptibility of D-1/2KO mice to DSS-induced colitis did not seem to be linked to an effect on the fungal population.

To go further in the characterization of the fungal microbiota in mice deficient for both Dectin-1 and Dectin-2, we investigated the effect of the double Dectin deficiency on the fungal microbiota composition by amplicon-based sequence analysis targeting ITS2. We analyzed the mycobiota of D-1/2KO and WTj mice at baseline. Surprisingly, the analysis showed that D-1/2 deficiency did not induce global or specific fungal dysbiosis, since no difference between groups based on alpha-diversity (Fig. 3E) nor beta-diversity (Fig. 3F) were observed. Test for the identification of specific fungi that would affect the phenotype by bioinformatic differential analysis using different statistical tools did not give any significative results (data not shown), confirming the absence of modification of the fungal microbiota in D-1/2KO mice.

Lack of Dectin-1 and -2 is associated with an altered bacterial microbiota

Since the microbiota seems central to the gut protection in the D-1/2KO mice (see FMT treatment), after we proved that the fungal microbiota was not essential in the protective phenotype, we investigated whether the bacterial microbiota differed between these mice and the control. Fecal 16S sequencing and analysis showed that the bacterial microbiota in D-1/2KO mice clustered significantly differently than the gut microbiota from WTj mice (Fig. 4A).

Alpha-diversity analysis with the Shannon index also illustrated a significant global modification of the bacterial microbiota (Fig. 4B). In order to identify if particular bacteria were responsible for this dysbiosis and potentially involved in the protection against gut inflammation, we performed a differential analysis using several independent tools. As illustrated in Figure 4C, Linear discriminant analysis (LEfSe) showed significant differences in several taxonomic ranks, one of the stronger signals was the increase of Blautia sp. and more generally of bacteria from the Lachnospiraceae family in D-1/2KO mice compared to WTj mice.

As illustrated in Figure 4D, the bacterial microbiota of WTj D-1/2KO mice was modified and was intermediate between the microbiota of donor D-1/2KO mice and recipient WTj mice suggesting a partial implantation of the donor microbiota that was sufficient for the protection against gut inflammation.

Lachnospiraceae strains role in D-1/2KO resistance against gut inflammation

Based on the data reported above, we next explored the biological impact of the Lachnospiraceae family increase in D-1/2KO mice.

As Lachnospiraceae family is known to produce Short-chain fatty acids (SCFA) [START_REF] Vacca | The Controversial Role of Human Gut Lachnospiraceae[END_REF], we quantified cecal SCFA production at baseline in D-1/2KO and WTj mice. No differences were observed between D-1/2KO mice and WTj for the three dominant SCFA (butyrate, acetate and propionate) (Supp Fig. 3A left panel). However, branched-SCFA (isobutyrate, valerate and isovalerate), a class of fatty acids present in much lower concentrations in the feces were significantly increased in D-1/2KO mice compared to the control group (Supp Fig. 3A right panel). To determine if these branched-SCFA could protect from the DSS-induced colitis, we gave isobutyric acid, valeric acid and isovaleric acid to WTj mice (Supp Fig. 3B). Neither of these acids improved the colitis severity (Supp Fig. 3C-E), even though isovaleric acid-treated mice showed a significantly lower DAI from Day9 (Supp Fig. 3D).

As a single metabolite might not be responsible for the complete phenotype, we reasoned that using Lachnospiraceae isolated from the D-1/2KO feces might allow the identification of potential probiotic strains. Fecal samples from D-1/2KO mice enriched in Lachnospiraceae were used for several rounds of isolation of Lachnospiraceae bacteria for subsequent in vitro and in vivo experiments. The need for strict anaerobic conditions and complex medium composition hampered the selection of a large number of isolates. However, we were able to isolate 5 different bacteria from the Lachnospiraceae family. Blautia genus was the strongest hit identified by our LEfSe analysis (Fig. 4C), but we were unable to isolate any Blautia strains from D-1/2KO feces. Thus, for the purpose of our analysis, we used later in our study a Blautia strain from an international collection: Blautia hansenii ATCC 27752.

Before in vivo experiments we used an in vitro screening on BMDC cells to select the best strains with potential anti-inflammatory effects. From this screen, we selected the strains BM38, BM62 and Blautia hansenii ATCC 27752 for in vivo experiments (Fig. 5A and Supp Fig. 4A) since these were the strains that elicited the lower IL-6 production after co-incubation with BMDC.

BM38, BM62 isolates were identified using 16S sequence blast against NCBI databases. BM38

was identified as Marvinbryantia sp. and BM62 as Sporofaciens musculi (novel genus and species formerly called Lachnospiraceae bacterium WCA-9-b2).

In order to test whether these strains might have a protective effect during DSS-induced colitis we gavaged the 3 Lachnospiraceae strains to WTj mice prior DSS-induced colitis (Fig. 5B).

After DSS treatment and recovery we identified no potential protective role for Marvinbryantia sp. or Sporofaciens musculi (BM38 and BM62 respectively). However, Blautia hansenii ATCC 27752 strain induced a decreased severity of colitis from Day6, characterized by a significantly lower weight loss (Fig. 5C), lower DAI (Fig. 5D) and reduced colon shortening (Fig. 5E).

Overall, these results suggest that the lack of Dectin-1 and -2 in DSS-induced colitis in mice is associated with a specific bacterial microbiota modification, resulting in the protection of D-1/2KO mice. The Lachnospiraceae family seems to play a role in this protection.

While many data were available on Dectin-1's impact on gut microbiota and host health, very little was known on the other receptors. Especially on Dectin-2 for which, to our knowledge, no data was available in the literature. Additionally, interactions have been shown

among CLRs: between Dectin and Mincle but also between Dectin receptors. For instance, Dectin-2 and Dectin-3 interactions have been reported in the recognition of Candida albicans in vitro [START_REF] Zhu | C-type lectin receptors Dectin-3 and Dectin-2 form a heterodimeric pattern-recognition receptor for host defense against fungal infection[END_REF]. While Dectin-2 and Dectin-3 seem to physically interact at the cell surface in order to trigger the signaling cascade, Dectin-2 and Dectin-1 either cooperate or have redundancy functions for the global immune signaling. For instance, Dectin-1 was found to functionally collaborate with Dectin-2 to induce an optimal Th17 response to C. albicans [START_REF] Robinson | Dectin-2 is a Syk-coupled pattern recognition receptor crucial for Th17 responses to fungal infection[END_REF]. Furthermore, with H. capsulatum [START_REF] Chang | Dectin-2 is a primary receptor for NLRP3 inflammasome activation in dendritic cell response to Histoplasma capsulatum[END_REF], consequently this study is the first to describe D-1/2KO mice phenotype in a model of gut inflammation.

a
Strickingly, D-1/2KO mice were robustly and significantly protected against gut inflammation in this colitis model. Markers related to the gut microbiota also highlighted manifest changes in D-1/2KO mice. First, with no surprise, abundance of fungi was higher in D-1/2KO mice, as both Dectin-1 and Dectin-2 are receptors for fungi, regulation of fungal load was thus less stringent in their absence. We also confirmed the lower immune response of the D-1/2KO immune cells when interacting with beta-glucan and mannan in in-vitro assay. On the other hand, bacterial abundance quantification showed no clear modification, while the concentrations of AMP (S100a8/9) were significantly decreased, suggesting a broader modification of the gut microbiota not limited to the fungal population. S100a8/9 the two components of the calprotectin, a protein present in very high concentration in neutrophil's cytoplasm are also considered as good markers of gut inflammation in human, possibly new diagnostic marker [START_REF] Summerton | Faecal calprotectin: a marker of inflammation throughout the intestinal tract[END_REF]. However, their role in microbiota composition regulation has been recently highlighted in the modulation of the neonatal microbiota as these proteins are in high concentration in maternal milk [START_REF] Willers | S100A8 and S100A9 Are Important for Postnatal Development of Gut Microbiota and Immune System in Mice and Infants[END_REF]. Consequently, low secretion of S100a8/9 in D-1/2KO mice could be a sign of low inflammation but could also affect the microbiota itself in a vicious or virtuous circle.

We thus reasoned that the microbiota might be modified in the D-1/2KO mice. A way to test causality for the role of the microbiota in the phenotype was to perform fecal material transfer experiments. Interestingly, the transfer of D-1/2KO microbiota in completely independent mice was enough to transfer the complete protecting phenotype, with all markers showing clear effect on the host during gut inflammation. We confirmed that the microbiota was the element changing the susceptibility to inflammation by replacing the D-1/2KO microbiota in D-1/2KO mice by a wild-type microbiota, and showing that the mice were then just as sensitive as wild type mice. These results were showing that the role of the genotype during the inflammation procedure was negligible, but that all the protecting elements were brought by the bacterial microbiota itself. Remarkably, this was not the case in the study of Dectin-1KO alone done by Iliev et al. where the transfer itself was not enough to transfer the deleterious phenotype while it was the case in the work of Tang and co-workers where the transfer of the microbiota also transferred the protection [START_REF] Iliev | Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis[END_REF][START_REF] Tang | Inhibition of Dectin-1 Signaling Ameliorates Colitis by Inducing Lactobacillus-Mediated Regulatory T Cell Expansion in the Intestine[END_REF]. And this protection was driven by a modified bacterial microbiota with an enrichment in Lactobacillus murinus in this case [START_REF] Iliev | Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis[END_REF].

As Dectin-1 and Dectin-2 were initially described as receptors to fungal ligands and regulating the fungal population, we hypothesized that the fungal population was the most likely responsible for the resistance phenotype. To test this hypothesis, two experiments were set up, either by adding fungal pro-inflammatory strains (C. tropicalis or M. restricta) like it was done in connected studies by Tang et al. or Limon et al. [7,[START_REF] Limon | Malassezia Is Associated with Crohn's Disease and Exacerbates Colitis in Mouse Models[END_REF] or completely modifying the fungal population by treatment with an antifungal drug (Fluconazole treatment). To our surprise, none of the two experiments have changed the resistance phenotype in D-1/2KO mice, suggesting that if the fungal population was impacting the phenotype it was in a very indirect way. Our analyses of the gut mycobiota confirmed that no modification in the quality of the fungal microbiota was observed.

However, a very strong modification of the bacterial microbiota was detected. Detailed analysis of the differences between the two microbiota showed an enrichment in several bacterial strains amongst which were bacteria from the Lachnospiraceae family as Blautia sp. but not the Lactobacillacaeae. We used the fecal samples of the D-1/2KO mice to isolate bacterial strains from the Lachnospiraceae family in order to test a possible protective effect. From the several strains tested only Blautia hansenii strains that came from our laboratory collection, but not the mouse feces, was able to recapitulate the protecting phenotype.

Our data suggest that deletion of both major dectin receptors, Dectin-1 and Dectin-2, influences greatly the susceptibility to DSS-induced colitis. It appears that although Dectin receptors are mainly described to recognize fungal epitopes, the double deletion did not affect the fungal microbiota, but strongly impacted its counterpart the bacterial microbiota, a result already observed in Tang et al. work. This modified bacterial microbiota is the causative actor of the DSS resistance and might be due to the enrichment in Lachnospiraceae such as Blautia hansenii strains. In the literature, the interest in the potential effect of Blautia sp. is slowly growing. A recent review gathered the current knowledge on this growing genus that was joined by former Ruminoccocus and Clostridium genera [START_REF] Liu | Blautia-a new functional genus with potential probiotic properties?[END_REF]. As several Blautia sp. have been associated with metabolic and inflammatory diseases, the question of its potential probiotic role is open, although in the literature a direct role between Blautia abundance and amelioration of the health status is not yet proven. This study is the first one confirming a potential direct effect of one Blautia sp. in protecting against gut inflammation. Further studies are needed to explore the mechanisms involved in this protection. In addition, we do not know yet the mechanism by which Dectin-1 and -2 deletion influence so strongly the bacterial microbiota, the hypothesis of an indirect effect of the fungal population on the bacterial community seems unlikely with our current results. The more plausible hypothesis would be a modification of the broad spectrum innate response that would affect mostly the bacteria suggesting a direct recognition of bacterial ligands by Dectin-1 and -2 or more complex indirect effects on the innate response equilibrium. These results show a complete extinction of the signal in the double D-1/2KO, suggesting that whatever the rescue pathway, it needs at least one of the two receptors. This is confirmed by the fact that in the single KO mice, the signal is affected in some case but never reduce to nothing. For C. albicans infection, Dectin-2 seems to be able to work in the absence of Dectin-1, to note Dectin-1 can reduce the IL-6 production even if it is not significantly different from the WT BMDC production. We can observe the opposite effect with M. restricta infection which is logical knowing that the fungi do not show the same epitopes. Both receptors seem to form a pattern recognition receptor for host to defense against infection by fungi.
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A.2 C. tropicalis and M. restricta supplementations do not influence intestinal inflammation in D-2KO mice

Unlike Dectin-1, nothing is known about the role of Dectin-2 in colitis (see Introduction), although several effects on fungal infections have been reported [START_REF] Saijo | Dectin-2 recognition of alpha-mannans and induction of Th17 cell differentiation is essential for host defense against Candida albicans[END_REF][START_REF] Sun | Activation of NF-κB and respiratory burst following Aspergillus fumigatus stimulation of macrophages[END_REF][START_REF] Loures | Recognition of Aspergillus fumigatus hyphae by human plasmacytoid dendritic cells is mediated by dectin-2 and results in formation of extracellular traps[END_REF]. Dectin-2, as a fungal receptor, was shown to play a crucial role in the recognition of C. albicans and M. restricta through recognizing mannans exposed on the outer most layer of cell wall and O-linked mannobiose-rich glycoprotein, respectively [START_REF] Saijo | Dectin-2 recognition of alpha-mannans and induction of Th17 cell differentiation is essential for host defense against Candida albicans[END_REF][START_REF] Ishikawa | Identification of distinct ligands for the C-type lectin receptors Mincle and Dectin-2 in the pathogenic fungus Malassezia[END_REF]. Indeed, upon binding of hyphae C. albicans, Dectin-2 displayed an important Th17inducing activities including the recruitment and activation of neutrophils in response to C. albicans [START_REF] Sato | Dectin-2 is a pattern recognition receptor for fungi that couples with the Fc receptor γ chain to induce innate immune responses[END_REF], while the lack of Dectin-2 displayed decreased survival of C. albicans infection due to the fungal expansion in the kidney [START_REF] Saijo | Dectin-2 recognition of alpha-mannans and induction of Th17 cell differentiation is essential for host defense against Candida albicans[END_REF]. To investigate if fungal microbiota could affect intestinal inflammation in D-2KO mice as it does in D-1KO mice (see Introduction) [START_REF] Tang | Inhibition of Dectin-1 Signaling Ameliorates Colitis by Inducing Lactobacillus-Mediated Regulatory T Cell Expansion in the Intestine[END_REF], C. tropicalis and M. restricta were used to treat the D-2KO mice in a DSS-induced colitis model. We used C. tropicalis for comparison with the data from the literature especially the strong effect showed in the work of Tang and co-workers [START_REF] Tang | Inhibition of Dectin-1 Signaling Ameliorates Colitis by Inducing Lactobacillus-Mediated Regulatory T Cell Expansion in the Intestine[END_REF].

The weight loss, DAI and colon length were not significant different between the control mice (PBS) and the mice treated with C. tropicalis or M. restricta (Figure 20). These results indicated that fungal microbiota at baseline had no effect on DSS-induced colitis in D-2KO mice, as we observed on D-1/2KO mice in our article and in opposition with D-1KO in the literature where addition of fungal pathogen triggered a more severe gut inflammation [START_REF] Tang | Inhibition of Dectin-1 Signaling Ameliorates Colitis by Inducing Lactobacillus-Mediated Regulatory T Cell Expansion in the Intestine[END_REF]. 

DISCUSSIONS AND PERSPECTIVES

IBD as a chronic intestinal inflammation are becoming a global health issues due to its increasing incidence across the globe and the fact that it is to date incurable [START_REF] Khor | Genetics and pathogenesis of inflammatory bowel disease[END_REF][START_REF] Roberts-Thomson | Uncovering the cause of ulcerative colitis[END_REF]. Evidences have demonstrated that gut microbiome was involved in the pathogenesis of IBD by regulating the host immune response. Amongst the gut microbiome, bacterial microbiota was demonstrated to play an important role in establishing a balance between host immune response and IBD. Compared to bacteria, the role of fungi in the intestinal microbiota is poorly studied and understood, but like bacterial community, fungal microbiota is also associated with the development of IBD [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF][START_REF] Sovran | Enterobacteriaceae are essential for the modulation of colitis severity by fungi[END_REF]. Dectin-1 and Dectin-2 are known to be pattern recognition receptors shaping the immune responses to fungal pathogens through the induction and modulation of cytokines and antimicrobial proteins [START_REF] Vautier | C-type lectin receptors and cytokines in fungal immunity[END_REF] The second issue we had was the use of the DSS colitis model in the case of D-2KO mice essentially but also more globally. First, the DSS colitis model is an in vivo model that can be greatly influenced by the batch of DSS used which means that sometimes the DSS was stronger than expected imposing to stop the experiments earlier and with high mice mortality.

But sometimes the DSS was weaker and trigger very little inflammation and weight loss. In addition to that, in the case of D-2KO mice, we observed 2 types of phenotype in the DSS induced colitis model with either no protection or better recovery. These two variables imposed many repetitions of this DSS model with our strains increasing again a lot the length, initially envisioned, of the experiments.

In terms of experimental results this 3 years' work PhD provided very original results, confirming the complexity of the forces driving the equilibrium of the gut microbiota and opening new direction of research no envisioned thus far.

Dectin-1 and -2 knock-out strongly modified the recognition of fungal strains

The first part of our results confirmed the role of both receptors in fungal recognition and also proved that without both of them the detection of fungi was strongly impaired. Indeed, C-type lectin receptors function as pattern recognition receptors playing an important role in defense against fungal infection [START_REF] Chiffoleau | C-type lectin-like receptors as emerging orchestrators of sterile inflammation represent potential therapeutic targets[END_REF]. For instance, [START_REF] Wang | Dectin-3 deficiency promotes colitis development due to impaired antifungal innate immune responses in the gut[END_REF] showed that Dectin-3 deficiency reduced cytokines production in BMDMs stimulated with C. tropicalis (Wang, 2016). Similarly, we found that in BMDC stimulated with C. [START_REF] Chang | Dectin-2 is a primary receptor for NLRP3 inflammasome activation in dendritic cell response to Histoplasma capsulatum[END_REF]. These data suggested that Dectin-1 and Dectin-2 can collaborate with each other to defend against fungal infection. In particular, D-1/2KO showed almost no production of pro-inflammatory cytokines, while the decreased production of pro-inflammatory cytokines in the absence of Dectin-1 or Dectin-2 can be partly rescued by the other to defense against fungi. This suggests that Dectin-3 or Mincle in the absence of both receptors cannot rescue the signal of fungal detection. In vivo experiment showed that the single deletion of Dectin-1 and Dectin-2 did not strongly modified severity of DSS-induced colitis, while D-1/2KO significantly protected the mice from intestinal inflammation, suggesting that beside defense against fungal infection, the collaboration between Dectin-1 and Dectin-2 might be associated with broader effect on the host.

The bacterial gut microbiota is central to Dectin-1/2KO protection against DSS-induced colitis

We proved that the effects were associated with the modification of the D-1/2KO microbiota by experimental transfer of the microbiota in different mice genetic background.

WT mice receiving D-1/2KO mice microbiota were resistant to DSS-induced colitis, in contrast D-1/2KO mice receiving WT mice microbiota were susceptible to DSS-induced colitis, indicating that D-1/2KO mice protection against intestinal inflammation was due to a modulated gut microbiota, and very little was due to the host genotype. We initially thought that fungal microbiota might mediate the intestinal inflammation because Dectin-1 and Dectin-2 function as fungal receptor shaping the immune responses to fungal pathogens. Previous studies in human showed that IBD were accompanied by fungal microbiota dysbiosis [START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF] and the modification of fungal microbiota can in turn affect intestinal inflammation was not strong enough and not stable enough to be studied further, so we did not for instance characterized its bacterial and fungal microbiota, although one may consider that it might give us some insight to this variability of phenotype. In addition, no analysis was done in the D-1KO gut microbiota since it has been thoroughly studied and published. With the strong modification of the gut microbiota identified in the D-1/2KO mice we can now logically question the microbiota modulation induced by D-2KO. At least from the phenotype associated to DSS colitis, the modification if they exist do not seem strong enough to influence the susceptibility to gut inflammation, but it would be interesting to see if the D-2KO microbiota is intermediate between a WT microbiota and a D-1/2KO microbiota.

Figure 22. Proposed model for the role of Dectin-1 in the Gut (Iliev, 2015).

In the absence of opportunistic fungi, Dectin-1 aggravates experimental colitis by increasing S100A8/S100A9 antimicrobial peptide production, which inhibits L. murinus-mediated the expansion of regulatory T cell (left panel). However, in the present of opportunistic fungi, Dectin-1 protects the host from experimental colitis by preventing the overgrowth of fungi (right panel).

Since intestinal microbiota mediate the protective role of D-1/2KO mice and fungi were not at least directly linked to the protection, we guessed that bacterial microbiota from D-1/2KO mice might be involved in the protective role. The abundance of the bacterial microbiota did not change significantly between WT and D-1/2KO mice, even after DSS-induced colitis.

However, 16S sequencing analysis showed that bacterial microbiota from D-1/2KO mice was strongly impacted. In particular, alpha-diversity of bacterial microbiota from D-1/2KO mice showed a clear modification compared to the bacterial microbiota from WT mice. Differential analysis of the sequencing data allowed the identification of the Lachnospiraceae family and more specifically of Blautia sp., as bacteria differentially present in the gut microbiota of D-1/2KO mice compared to WT mice. In support of this, it was reported that the relative abundance of Lachnospiraceae is decreased in IBD, and elevated intestinal Lachnospiraceae abundance improved DSS-induced colitis by preventing enteric pathogen adhesion /colonization (Chen, 2017;[START_REF] Sokol | Fungal microbiota dysbiosis in IBD[END_REF], suggesting that Lachnospiraceae may play a broader role in the gut ecosystem as well as in the host health.

However, two important questions remained unanswered after this study: (i) why deletion of both Dectin-1 and Dectin-2 receptors affect so strongly the bacterial microbiota and not the mycobiota composition? And (ii) by which mechanism Lachnospiraceae positively affect gut inflammation in order to protect the mice during DSS induced colitis?

Dectin-1 and Dectin-2 strongly affect the bacterial microbiota

Concerning the first question, the hypotheses are diverse from a direct modification of the bacterial recognition in the absence of both receptors, or an indirect effect on the host immune response with large scale consequences on the microbiota composition. We studied the interaction between bacterial microbiota and Dectin-1 and Dectin-2, by testing recognition of BMDC of whole live or dead bacteria, or bacterial cell surface ligands. We did not see any significant modification of the signal in the double KO suggesting that at least for usual ligands the recognition was not hampered. Additional test on more specific ligands are required in order to give a full picture of the modification of the host response to bacteria in D-1/2KO mice.

However, the data on the level of S1008/9A after DSS are strongly modified suggesting a modification of the host response at least in some specific conditions. By itself this cannot explain our data since the level of S1008/9A at base line in D-1/2KO strains is normal but it reveals modifications of at least one marker and thus suggest possible unseen modification of the immune response.

To try to understand this microbiota modulation which seem to be at least partially due (ii) characterize the global response of the immune cells present in the colon lamina propria.

After extraction of the cells of the lamina propria, they will be labelled for flow cytometry analysis in order to describe the different immune cell population present, and their immune response orientation.

Lachnospiraceae are possibly involved in the protection against DSS-induced colitis

Mechanisms that could explain the effect of Lachnospiraceae are very diverse ranging from direct effect of metabolites on the host with bile acids, SCFA or AhR ligands for instance, or indirect effects on the gut equilibrium that affect the host. Additionally, these effects can be mediated by bacterial secreted molecules or requires physical interactions, etc.

In a first attempt to characterize these mechanisms we focus on the capacity of Lachnospiraceae to produce SCFA. SCFA are associated with improving intestinal inflammation by promoting peripheral Treg cells generation and colonic cells proliferation.

Accordingly, we quantified cecal SCFA production at baseline in D-1/2KO and WT mice. The results showed a significantly increase of branched-SCFA but not the SCFA including butyrate, acetate and propionate. However, in vivo experiment, the administration of these branched-SCFA showed inconsistent results, suggesting that if the protective role of D-1/2KO gut microbiota was via the production of these branched-SCFA it was not the main and only actor.

On the other hand, Lachnospiraceae are reported to promote transforming primary bile acids to secondary bile acids, which can be associated with the resistance to intestinal inflammation [START_REF] Weingarden | Microbiota transplantation restores normal fecal bile acid composition in recurrent Clostridium difficile infection[END_REF]. Unfortunately, for timing reason we did not quantify the secondary bile acids and test their effect in DSS-induced colitis, however this is something that will be followed in the lab in the next semester.

Finally, CARD9, as an important signaling adaptor of Dectin-1 and Dectin-2, was reported to affect intestinal inflammation by altering the composition of the gut microbiota.

Indeed, a study performed by our laboratory showed that CARD9-deficient mice increased the susceptibility to DSS-induced colitis, which was accompanied by an increased fungal microbiota and impaired host immune response [START_REF] Lamas | CARD9 impacts colitis by altering gut microbiota metabolism of tryptophan into aryl hydrocarbon receptor ligands[END_REF]. Furthermore, the study also found that bacterial microbiota altered by CARD9 deficiency played an important role in intestinal inflammation. Particularly, the altered bacterial microbiota failed to metabolize tryptophan into metabolites that acted as AHR ligands, affecting the host's immune response and amplifying dysbiosis in a vicious cycle that leaded to the loss of intestinal homeostasis. We can reason that since CARD9 is integrating the signal of Dectin-1 and Dectin-2 the phenotype between Card9-KO and the double KO could be the same, which was not the case since CARD9-KO mice inflammation is worse under DSS while Dectin-1/2-KO is protected. This suggest that the mechanisms at play here are completely different. We also confirmed that, first by showing that the microbiota of D-1/2KO and CARD9-KO were not alike and secondly by a test for AhR ligand metabolite functionality in our cellular model where we observed no difference between feces from D-1/2KO and WT mice (data not shown).

Bile acids are also regularly sited for their role in the gut homeostasis and host health [START_REF] Weingarden | Microbiota transplantation restores normal fecal bile acid composition in recurrent Clostridium difficile infection[END_REF]. Characterization of their composition provide very important information on the gut microbiota status since some of them are the results of microbial biosynthesis. A thorough analysis of the bile acids composition in the cecum or the feces of the D-1/2KO mice compared to the control mice would thus provide interesting data susceptible to pinpoint possible effectors of the resisting phenotype.

In the specific case of Blautia effect, it would be interesting to first follow how well the strain colonizes the gut and if it strongly persists after gavage or not. Specific qPCR in a

designed experiment could answer this question. Testing culture supernatant as well as dead bacteria in a DSS model is also important in order to define which element of the bacteria are truly useful for the protection against inflammation. At this time only one strain of Blautia has been tested and not one of the D-1/2KO mice, so it would be interesting to insist in selecting some from D-1/2KO microbiota or at least testing more strains from human collection.

In conclusion this work opened very interesting new areas of research confirming how little we know on the role of the host response on the equilibrium of the gut microbiota and probably many other microbiotas. It also underlines that with the large redundancy of the signaling pathways, the study of double or triple KO genotype can unravel regulating mechanisms unseen with the study of the single KO. Gut microbiota dysbiosis has been identified as being involved in the pathogenesis of inflammatory bowel disease (IBD). Host-bacterial interactions have been shown to affect the development of IBD, while the role of host-fungal interactions in IBD is poorly described. C-type lectins are receptors involved in the recognition of patterns of the mycobiota and shape the immune responses to fungal pathogens. We evaluated the impact of the deficiency of the receptors Dectin-1 (D-1KO), Dectin-2 (D-2KO) and dual deficiency (D-1/2KO) in intestinal inflammation. The absence of D-1 or D-2 did not alter the severity of intestinal inflammation, whereas D-1/2KO mice were resistant to colitis. The protective role of D-1/2KO was confirmed in WT mice receiving the gut microbiota of D-1/2KO by fecal transfer, suggesting that protection was largely due to the gut microbiota. Analysis of the microbiota of D-1/2KO mice demonstrates that the bacterial microbiota, and in particular the Lachnospiraceae family, but not the mycobiota, showed a strong change compared to the microbiota of the WT mice. Blautia hansenii supplementation was also able to provide protection, supporting the hypothesis that this protection was largely mediated by the bacterial microbiota and not the fungal microbiota. These results demonstrate that D-1/2KO deficiency protect mice from DSS-induced colitis via modulation of the bacterial gut microbiota.
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  Enfin, nous avons tenté de comprendre les interactions entre nos récepteurs aux champignons et les bactéries du microbiote intestinal et de définir si Dectin-1 et Dectin-2 étaient IV capables de reconnaître les composants de la paroi cellulaire bactérienne. Pour cela, nous avons stimuler des BMDC issues de souris D-1KO, D-2KO et D-1/2KO, avec du lipopolysaccharide (LPS), de l'acide lipotéichoïque (LTA) de Staphylococcus aureus et du peptidoglycane (PGN) de Bacillus subtilis, Methanobacterium sp. et Micrococcus luteus. Nous n'avons pas observé de différence dans la production de cytokines (IL-6 et TNF-α) entre les BMDC WT et D-1/2KO, indiquant que ces composants de la paroi cellulaire bactérienne ne sont pas reconnus par les récepteurs Dectin-1 et Dectin-2, et donc que la modification du microbiote bactérien n'est pas le résultat direct d'une modification de la reconnaissance de ces ligands bactériens.
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 2 Figure 2. CD (upper panel) and UC (lower panel) incidence (per 100,000) map between 1990-2016
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 3 Figure 3. Incidence of CD (upper panel) and UC (lower panel) by age group and gender in Olmsted
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 45 Figure 4. Pathophysiology of IBD.In the most popular hypothesis, inflammatory bowel diseases result from the interaction of several factors, including genetic susceptibility, gut microbiota, immune responses and environmental factors.

Figure 5 .

 5 Figure 5. Environmental factors implicated in IBD pathogenesis. Diets and lifestyle, as the member of environmental factors, are involved in the development of IBD (Arrows; black = increased risk of IBD, red = decreased risk of IBD) (PUFAS = polyunsaturated fatty acids).
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 67 Figure 6. Host genetic factors influenced the development of IBD. Abnormal genetic background may influence or interfere the epithelial barrier and immune response, which could directly or indirectly cause the intestinal inflammation.

Introduction 19 Figure 8 .

 198 Figure 8. Interactions between microbiota and host immunity. Three immunological barriers -mucosa, epithelium and lamina propria -contribute to maintain intestinal homeostasis, while abnormal immunity can cause IBD. The mucosal layer contains multiple immune mediators such as antimicrobial peptides (AMP), which interact with intestinal microbiota (including bacteria, fungi and viruses). The epithelial layer contains multiple pattern recognition receptors (PRRs), such as tolllike receptors (TLRs) and C-type lectin receptors (CLRs), which directly interact with microbiota invading the intestinal tissue. The layer of lamina propria containing multiple immune cells is responsible for the monitoring and clearance of enteric microbes.
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Figure 9 .

 9 Figure 9. Adaptive immunity in IBD (Jakubczyk, 2020). In CD, an abnormal Th1 immune response is observed. Similarly, an abnormal Th2 immune response result in the development of UC. The Th17 and Treg cells population are decreased regarding the Th1 or Th2 population. The disturbance of subpopulation triggers the loss of tolerance for microbiota and the privilege of the pro-inflammatory processes. In turn, microbiota modulates the Treg population and has an antiinflammatory effect.

Figure 10 .

 10 Figure 10. Gut homeostasis and dysbiosis.

Figure 11 .

 11 Figure 11. The major phyla and genera of human gut bacterial microbiota[START_REF] Cimadamore | Microbiome and cancers, with focus on genitourinary tumors[END_REF].The colors of purple, brown, pink and blue represent the genera belong to Firmicutes, Actinobacteria, Bacteroidetes and Proteobacteria, respectively.

Figure 12 .

 12 Figure 12. The influence of probiotic microbiota on IBD. Probiotic microbiota protect against intestinal inflammation by enhancing gut barrier, inhibiting the growth of enteric pathogens, and regulating the host immune response
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 13 Figure 13. The interaction between gut microbiota, metabolites, immune response and IBD.

  identified are C. albicans and Saccharomyces cerevisiae, followed by C. tropicalis and Galactomyces geotrichum, and finally C. parapsilosis, Malassezia sp. (M. globosa, M.

Introduction 48 Figure 14 .

 4814 Figure 14. The basic structure of Dectin-1 major isoforms in mouse and human. Full length and stalk-less Dectin-1 showing the single extracellular C-type lectin domain, a transmembrane domain and a cytoplasmic tail. Both of murine isoforms have two N-linked glycosylation site in the CRD, whereas in human, only isoform A has N-linked glycosylation site in its stalk region.

Figure 16 .

 16 Figure 16. The signaling pathway induced by Dectin-1. Upon ligand binding, Dectin-1 can induce both SYK-dependent and SYK-independent pathways. SYK activates the canonical (c-Rel and p65) and non-canonical RelB subunit of NF-κB, and is primarily responsible for the production of numerous inflammatory cytokines which in turn promotes antifungal defense through Th1 and Th17 responses. SYK-independent Raf-1 pathway enhances p65 phosphorylation independently. SYK-dependent pathway also induce the activation of NFAT pathway. In addition, Dectin-1 also mediates antifungal responses through phagocytosis, ROS production and inflammasome activation, which are essential in the cleavage and activation of inactive pro-IL-1β to active IL-1β.

  gene symbol: Mus musculus Clec4n, Homo sapiens CLEC6A), a type II transmembrane receptor, is encoded in the mouse chromosome 6F and in the syntenic region on human chromosome 12q13

Figure 17

 17 Figure 17 Dectin-2 cluster and their structures. A. Organization and orientation of the genes transcription in the mouse and human Dectin-2 cluster. Dectin-2 cluster is encoded at the telometric end of the natural killer gene complex. Linkage, relative size and

  67

Figure 19 :

 19 Figure 19: Homodimers or heterodimers formed by Dectin-2. Dectin-2 presents as a homodimer through a disulfide bond or in association with FcRγ. Dectin-2 and Dectin-3 can form heterodimers via association with FcRγ.

  and have been shown to influence local and peripheral immune responses. C-type lectin receptors, including Dectin-1, Dectin-2 and Dectin-3, operate as pattern recognition receptors of the mycobiota shaping the immune responses to fungal pathogens through the induction and modulation of cytokines and antimicrobial proteins. Investigators have explored the role of Dectin-1 and Dectin-3 in intestinal inflammation. On the one hand, Dectin-3 showed a protection against intestinal inflammation by triggering the immune response to fungal microbiota in gut, while on the other hand Dectin-1 deficiency displayed opposite effects on intestinal inflammation due to the difference of basal mycobiota microbiota and others unidentified parameters

Dectin- 1

 1 deficient mice (D-1KO) were kindly provided by Gordon D. Brown and Dectin-2 deficient mice (D-2KO) were kindly provided by Mihai G. Netea, and used to fund our colonies of dectin-KO, including double-deficient for Dectin-1 and -2 mice (Dectin-1/2 deficient -D-1/2KO), and control animals (wild-type -WT). These mice were generated in a C57BL/6 background and included in the protocol at eight weeks old. Eight-week-old female wild-type mice were purchased from Janvier laboratory (Le Genest, France) and used 1 week after reception (WTj). Animals were kept in humidity and temperature-controlled rooms, on a 12hour light-dark cycle and had access to a chow diet and water ad libitum. All experiments were done with appropriate control groups, from the same batch of mice. All experiments were performed in accordance with the ethic committee "Comite d'Ethique en Experimentation

  recent study showed that stimulation of human monocyte-derived dendritic cells (DC) or macrophages with human thioredoxin resulted in the production of IL-1β and IL-23, while it did not, either in Dectin-1 or Dectin-2 deficient DC, suggesting that both Dectin-1 and Dectin-2 have an effect on the secretion of IL-1β[START_REF] Roesner | Human thioredoxin, a damage-associated molecular pattern and Malassezia-crossreactive autoallergen, modulates immune responses via the C-type lectin receptors Dectin-1 and Dectin-2[END_REF]. Apart from the synergistic effect, both dectin receptors can work as a rescue alternative in the absence of the other. Indeed, a recent study showed that in the presence of Dectin-2, Histoplasma capsulatum can induce NLRP3 inflammasome activation and IL-1β production via Dectin-2, but not Dectin-1. However, in the absence of Dectin-2, Dectin-1 induces IL-1β production, although to a lower degree than Dectin-2[START_REF] Chang | Dectin-2 is a primary receptor for NLRP3 inflammasome activation in dendritic cell response to Histoplasma capsulatum[END_REF]. Altogether, these data suggest that following the phenotype of the double mutant would give a particularly interesting insight in the global role of these CLRs receptors in the crosstalk between host and gut microbiota. Thus, we initiated our study by investigating wildtype (WT), Dectin-1KO (D-1KO), Dectin-2KO (D-2KO) and double Dectin-1KO/Dectin-2KO Results-Article 102 (D-1/2KO). To date only one publication is available on D-1/2KO mice in infectious disease

  AMP: anti-microbial peptides ANOVA: one-way analysis of variance BM38, BM62 or Blautia : Lachnospiraceae strains BMDC : bone marrow-derived dendritic cells C. albicans : Candida albicans C. trop ; C. tropicalis: Candida tropicalis WTj: wild-type mice purchased from Janvier laboratory WTj WTj : wild-type mice from Janvier laboratory transplanted with their own intestinal microbiota WTj D-1/2KO : wild-type mice from Janvier laboratory transplanted with the intestinal microbiota of Dectin-1/2 deficient mice CARD9: Caspase recruitment domain-containing protein 9 CFU: Colony-forming unit D-1/2KO: Dectin-1 and Dectin-2KO mice D-1/2KO WTj : Dectin-1/2 deficient mice transplanted with the intestinal microbiota of wildtype mice from Janvier laboratory D-1/2KO D-1/2KO : Dectin-1/2 deficient mice transplanted with their own intestinal microbiota D
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 123 Figure 1: Dectin deficient mice react differently to DSS-induced colitis.

Figure 19 .

 19 Figure 19. D-1/2KO BMDC impair the production of IL-6 and TNF-α. BMDC from WT, D-1KO, D-2KO and D-1/2KO mice were stimulated with C. albicans and M. restricta (1:5 cell to fungi ratio) overnight. The production levels of IL-6 (upper panel) and TNF-α (lower panel) in the supernatants were assayed using ELISA. Data are presentative of at least two independent experiments. *p <0.05, **p <0.01, *** p<0.001, **** p<0.0001.

Figure 20 .Figure 4

 204 Figure 20. C. tropicalis and M. restricta supplementations have no influence on intestinal inflammation in D-2KO mice. D-2KO mice were supplemented with C. tropicalis (C. trop) and M. restricta (M. res), followed by 2% DSS in drinking water for 7 days and 5 day of water. A. Experimental design for the administration of M. res and C. trop. B. Weight of DSS-exposed mice. C. Disease activity index (DAI) of DSS-exposed mice. D. Length of the colons of mice treated with DSS.

Figure 21 .

 21 Figure 21. Dectin-1 and Dectin-2 do not recognize bacterial ligands. BMDC from WT and D-1/2KO mice were stimulated with Lipopolysaccharide (LPS), Lipoteichoic acid (LTA, 10 μg/mL), Peptidoglycan from Bacillus subtilis (PGN1, 30 μg/mL), Peptidoglycan from Methanobacterium sp. (PGN2, 30 μg/mL) and Peptidoglycan from Micrococcus luteus (PGN3, 30 μg/mL) overnight. The production levels of IL-6 (upper panel) and TNF-α (lower panel) in the supernatants were assayed using ELISA. Data are presentative of at least two independent experiments.

  . Compared to Dectin-1, the role of Dectin-2 in DSS-induced colitis model has not yet been investigated, and no data is available on the phenotype of Double Dectin-1/2deficient mice. In this thesis we decided to describe the involvement of D-2KO and D-1/2KO in gut inflammation. To do so we produced the D-1/2KO mice using D-1KO mice and D-2KO mice coming from external sources. In vitro and in vivo experiments were used to characterize the different mutants in contact with fungi or bacteria and during in vivo colitis model. Technical and practical issues encountered during the PhD During this PhD two major technical problems were encountered that delayed part of the progress expected. A large part of the time at the beginning of the PhD was used to produce the 4 genotypes: WT, D-1KO, D-2KO and D-1/2KO mice. The strategy used was simple with the crossing between D-1KO and D-2KO mice to form the F1 population homogenously heterozygote for both locus and then to cross F1 population to obtain the 4 genotypes. F1crossings gave easily D-1KO and D-2KO however the two other genotypes were much more difficult to obtain with the necessity in most case to use specific F2 strains, and cross them to achieve our goal. The production of the double KO mice was the most difficult and in total almost 500 genotypes were done to obtain enough male and female of each genotype to begin the breeding. This process took about a year with hundreds of genotype experiments. It is likely that the genomic environment of Dectin-1 and Dectin-2 was specific and reduce the chance of obtaining mutation in both chromosomes.

  albicans and M. restricta, D-1KO and D-2KO BMDC had a reduced cytokines production compared to WT BMDC, and cytokines production were almost abrogated in D-1/2KO BMDC, suggesting that Dectin-1 and Dectin-2 played an important role in recognizing C. albicans and M. restricta. Furthermore, cytokines levels in D-1/2KO BMDC were lower than in either D-1KO or D-2KO BMDC, suggesting Dectin-1 and Dectin-2 might collaborate with each other to respond to C. albicans and M. restricta colonization. In line, a study performed by Robinson, et al. (2009) demonstrated that H. capsulatum administration in either D-1KO or D-2KO DC can induced IL-1β production through NLRP3 inflammasome, while IL-1β production was abolished in D-1/2KO DC

  to the host response further experiments are necessary. Deciphering what are the global change in the host response could orientate our research of possible mechanism. To do so we can propose to: (i) analyze the genes regulation in the colon at baseline but also at day 12 after DSS treatment and recovery in order to identify potential gene regulations specific to D-1/2KO mice;
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Signaling cascades Figure 18. Signaling pathway induced by Dectin-2.

Upon ligand binding, Dectin-2 couples with FcRγ chain, an ITAM-containing adaptor, and recruits phosphorylated SYK to ITAM, following the activation of the CARD9-BCL10-MALT1 complex. ROS production is also induced in SYK-dependent manner, resulting in fungal killing and the activation of caspase-1and/or 8 to process pro-IL-1β into mature IL-1β. At the same time, the phosphorylated SYK can induce the activation of PLCγ2 and MAPKs.

Abstract

Background: Innate immunity genes have been reported to affect susceptibility to inflammatory bowel diseases (IBD) and colitis in mice. Dectin-1, a receptor for fungal wall βglucans, has been clearly implicated in gut microbiota modulation and modification of the susceptibility to gut inflammation. Here we explored the role of Dectin-1 and Dectin-2 (another receptor for fungal cell wall molecules) defiency in intestinal inflammation.

Design: Susceptibility to Dextran sodium sulfate (DSS)-induced colitis was assessed in wildtype, Dectin-1 knock-out (KO), Dectin-2KO and double Dectin-1KO and Dectin-2KO (D-1/2KO) mice. Inflammation severity, as well as bacterial and fungal microbiota compositions, were monitored.

Results:

While deletion of Dectin-1 or Dectin-2 did not strongly modified DSS-induced colitis, double deletion of Dectin-1 and Dectin-2 significantly protected the mice from colitis. The protection was largely mediated by the gut microbiota, as demonstrated by fecal transfer experiments. Supplementation of D-1/2KO mice with opportunistic fungal pathogens or antifungal treatment did not affect the protection against gut inflammation, suggesting no role for the fungal microbiota in the protective phenotype. Amplicon-based microbiota analysis of D-1/2KO fecal bacterial and fungal microbiota confirmed the absence of alteration of the mycobiota but a strong modification of the bacterial microbiota. We showed that bacteria from the Lachnospiraceae family were at least partly involved in this protection and that treatment with Blautia hansenii was enough to recapitulate the protection.

Discussion

The human gut microbiota has been the subject of in-depth analysis over the past decade, identifying this community of microorganisms as a new actor in health and (in many) diseases, notably IBD. While the role of the bacterial gut microbiota in IBD has been intensively studied, the gut fungal microbiota (mycobiota) is now also recognized for its role in gut inflammation [START_REF] Richard | The gut mycobiota: insights into analysis, environmental interactions and role in gastrointestinal diseases[END_REF]. Indeed, previous works from our group and D.M. Underhill's team showed that mice defective for genes involved in innate immunity toward fungi (Dectin-1 and Card9) are more susceptible to intestinal inflammation, highlighting the potential role of fungal receptors in IBD [START_REF] Iliev | Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis[END_REF][START_REF] Sokol | Card9 mediates intestinal epithelial cell restitution, T-helper 17 responses, and control of bacterial infection in mice[END_REF]. Since then, many works have been initiated to decipher the crosstalk between the host and the fungal microbiota through the study of the complex network of fungal receptors and the associated signaling pathways. Amongst the receptors detecting fungal ligands, C-type lectin receptors (Dectin-1, Dectin-2, Dectin-3 and Mincle) are the most studied since they have been initially linked to the immune response against fungal infections.

In this work we studied the Dectin-1KO, Dectin-2KO and double Dectin-1KO/Dectin-2KO mice and particularly the effects of the knock-out on the susceptibility to gut inflammation. We showed that, while Dectin-1KO was not impacted and Dectin-2KO had a slightly modified course of colitis compared to WT mice, the Double Dectin-1KO and Dectin-2KO strain was strongly protected in a model of DSS colitis. Interestingly, we showed that this protection was due to a modified bacterial, rather than fungal, microbiota.
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Results

Additional results

A. Fungal recognition of Dectin KO mice and their effect on DSS induced colitis

C. albicans, C. tropicalis and M. restricta are fungal strains detected in the human gut with potential pathogenic consequence on the host. We used them to test their effect on the different mutant strains in vitro and in vivo in order to characterize how the fungal recognition was modified in these mutants and how that would influence the gut health.

A.1 In vitro fungal recognition pattern using BMDC and both fungi

Literature data suggest that Dectin-1 can interact with Dectin-2 and that one or the other can compensate the absence of one of them [START_REF] Chang | Dectin-2 is a primary receptor for NLRP3 inflammasome activation in dendritic cell response to Histoplasma capsulatum[END_REF]. Additionally, Dectin-2 is also described as interacting with Dectin-3 in several situations (see Introduction sections on Dectin-1 and Dectin-2) [START_REF] Zhu | C-type lectin receptors Dectin-3 and Dectin-2 form a heterodimeric pattern-recognition receptor for host defense against fungal infection[END_REF]. As such, the deletion of both Dectin-1 and Dectin-2 might supposedly have larger consequences on the fungal recognition since that would block several signaling pathways leaving only secondary pathways using the Mannose receptor or Mincle. restricta administration. [START_REF] Leonardi | Fungal trans-kingdom dynamics linked to responsiveness to fecal microbiota transplantation (FMT) therapy in ulcerative colitis[END_REF]. In mice, it was reported that Dectin-1 displayed opposite roles such as protection [START_REF] Iliev | Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis[END_REF] and aggravation [START_REF] Tang | Inhibition of Dectin-1 Signaling Ameliorates Colitis by Inducing Lactobacillus-Mediated Regulatory T Cell Expansion in the Intestine[END_REF] in intestinal inflammation, and its function in mice colitis was associated with the existence of opportunistic fungi in the gut (Figure 22). Unlike Dectin-1, studies of Dectin-2 were focused on defense against fungal infections. Here, we are the first to study the role of Dectin-2 in DSS-induced colitis in mice.

In this study, D-2KO showed variable effects in DSS-induced colitis, half of the experiment showed no effect while the other half showed a slightly better recovery. These variable results suggested that in D-2KO mice, we might be in a situation comparable to D-1KO mice with a strong impact of the basal fungal microbiota on the susceptibility to induced colitis. To identify if fungal microbiota was responsible for this variability, D-2KO mice were supplemented with M. restricta and C. tropicalis. However, the fungal administration did not affect the severity of intestinal inflammation in D-2KO mice.

We were not surprised to see that the absence of Dectin-1 and Dectin-2 increased the abundance of fungal microbiota compared to WT mice. Consistently, a study performed by Iliev, I. D. et al. (2012) on Dectin-1KO, showed an increased fungal burden and phylogenic fungal diversity [START_REF] Iliev | Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis[END_REF]. To further study whether the fungal microbiota affected the intestinal inflammation in D-1/2KO mice, fungal and anti-fungal administration were used to treat the D-1/2KO mice. In stark contrast with the results that fungal administration aggravated colitis and anti-fungal administration were resistant to colitis published in Dectin-1KO background [START_REF] Iliev | Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis[END_REF][START_REF] Tang | Inhibition of Dectin-1 Signaling Ameliorates Colitis by Inducing Lactobacillus-Mediated Regulatory T Cell Expansion in the Intestine[END_REF], administration of M. restricta, C. tropicalis or depletion of the fungal population with fluconazole showed no effect on DSS-induced colitis in D-1/2KO mice (Figure .   3 of our article). Moreover, sequencing analysis showed no global or specific fungal dysbiosis because both alpha-diversity and beta-diversity of fungal microbiota in WT and D-1/2KO mice at baseline were not different. Furthermore, no differences of specific fungal microbiota in D-1/2KO and WT mice were observed (Figure . 3 of our article), in contrast, Dectin-1 deficiency increased opportunistic fungi response to aggravate colitis [START_REF] Iliev | Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis[END_REF]. Thus, it was very surprising that the fungal microbiota was not involved in the development of intestinal resistance to the inflammation in D-1/2KO mice. The phenotype of D-2KO mice in our model