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these donors are associated with age, sex, smoking habits, certain HLA alleles, FcεRI expression on basophils, and a particular profile of cytokines released in whole blood stimulation assays.

My thesis provides a basis for the in-depth characterization of the immune phenotype of severely allergic patients and contributes to a better understanding of the parameters that associate with serum IgE concentrations in healthy individuals. Additionally, my work draws a comprehensive map of the interactions between IgG from different species and mouse and human FcγRs that will help to anticipate FcγR-dependent effector functions when using IgGs from other species with human or mouse effector cells.
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Abstract

The immune system consists of an innate and an adaptive branch that interact with each other to preserve body homeostasis and defend the organism against invading pathogens. This is partly achieved by the action of antibodies that can bind to antigen via their Fab portion and trigger effector functions with their Fc portion. Produced by cells of the adaptive immune system, antibodies enable cells of the innate immune system to react in an antigen-specific manner. Antibodies are mainly characterized in or generated from animal models that support particular infections, respond to particular antigens or allow the generation of hybridomas. Due to the availability of numerous transgenic mouse models and the ease of performing bioassays with human blood cells in vitro, most antibodies from species other than mice and humans are tested in vitro using human cells and/or in vivo using mice. In my thesis, I undertook a systematic approach to characterize interactions between IgG from different species and mouse and human IgG receptors (FcγRs) that will be a useful reference for the transition from one animal model to preclinical mouse models or human cell-based bioassays.

Non-infectious diseases can arise from an imbalanced immune homeostasis. Allergic conditions are one such example and are in general associated with a Th2-driven IgEdependent physiopathology involving mast cells and basophils. More recently, the contribution of other cellular populations and antibody subclasses to allergic diseases was put forward. To systematically characterize the immune phenotype of allergic patients, we recruited a new cohort of patients severely allergic to wasp venom or amoxicillin. Using fresh blood samples, I analysed steady state and induced immune responses and compared them to healthy individuals. My preliminary data document a trend for elevated Th2 and Th17 cells in allergic individuals and fewer but more mature dendritic cells. They also illustrate a large inter-individual variability in terms of induced immune responses. To identify immunological, genetic and environmental factors that determine the concentration of total serum IgE in healthy individuals, I also explored available data of an extensively analysed cohort of age-and sex-stratified 1000 healthy donors (Milieu Intérieur). My analysis reveals that total serum IgE concentrations in

Résumé

Le système immunitaire est constitué d'une branche innée et d'une branche adaptative qui interagissent ensemble et qui permettent de préserver l'homéostasie et de se défendre contre des agents pathogènes. Ceci dépend notamment de l'action d'anticorps, qui peuvent se lier à des antigènes via leur région Fab et activer des fonctions effectrices grâce à leur région Fc. Produits par les cellules du système immunitaire adaptatif, les anticorps permettent aux cellules du système immunitaire inné de répondre de manière spécifique à un antigène donné. Les anticorps sont principalement caractérisés et synthétisés en laboratoire, à partir de modèles animaux d'infections particulières, répondant à des antigènes d'intérêts, ou permettant la génération d'hybridomes.

Grâce au développement de nombreux modèles de souris transgéniques et de la facilité à effectuer des tests biologiques avec des cellules sanguins humaines in vitro, la plupart des anticorps d'espèces autres que murins et humains sont étudiés in vitro à partir de cellules humaines et / ou in vivo en utilisant des modèles murins. Au cours de ma thèse, j'ai entrepris une approche systématique afin de caractériser les interactions entre les IgG de différentes espèces et les récepteurs aux IgG (FcγR) murins et humains. Ce travail pourra à terme servir de référence pour le passage de modèles animaux à des modèles précliniques utilisant les souris, ou des bio-essais à partir de cellules humaines.

Des maladies non infectieuses peuvent être le résultat d'une homéostasie immunitaire déséquilibrée. Les allergies en sont un exemple, et sont généralement associées à physiopathologie orientée Th2, dépendante des IgE et faisant intervenir mastocytes et basophiles. Récemment, la contribution d'autres populations cellulaires et d'autres sousclasses d'anticorps a été mise en évidence lors de réactions allergiques. Dans le but de caractériser systématiquement le phénotype immun de patients allergiques, nous avons participé au recrutement d'une nouvelle cohorte de patients sévèrement allergiques au venin de guêpe ou à l'amoxicilline. À partir de prélèvements sanguins, j'ai analysé les caractéristiques de leur état basal et lors de l'induction de réactions immunitaires, et les ai comparés à des donneurs contrôles sains.

Mes résultats préliminaires démontrent une tendance à l'augmentation des cellules Th2 et Th17 chez les patients allergiques et suggèrent une diminution de la taille de la population des cellules dendritiques, mais qui sont néanmoins plus matures. Ils Mots-clés : allergie ; phénotype immunitaire, IgE, IgG, FcγRs, interactions inter-espèces.

Introduction

The immune system maintains body homeostasis through many aspects; these include the surveillance and elimination of endogenous and exogenous factors, regulation of inflammation, as well as the repair of damaged tissues. One can distinguish two arms of the immune system that act through different mechanisms: the innate immunity and the adaptive immunity. The innate immunity includes physical and chemical barriers, cellular and humoral components, which non-specifically defend against pathogens. In contrast, the adaptive immune system can specifically recognize and clear pathogens through cell-mediated or/and antibody-mediated immune responses. In addition to its specificity, another essential feature of the adaptive immunity is the immunological memory, which allows a potent and effective recall response to already encountered pathogen.

In the introduction I will first introduce features and functions of a healthy immune response. While I will outline general mechanisms and important aspects of this immune response, it is however important to bear in mind that the exact expression and intensity of the immune response to challenges varies greatly from one individual to another. It is shaped by our genetics, our personal life history and environmental factors each individual is exposed to. In the second part I will give outline key concepts of anunequilibrated immune response by introducing allergy as an example. As my main Ph.D. project focus on allergy, I will start from clinical features of allergic disease, then move to the immunopathogenesis of allergic reactions.

Healthy immune response

Elements in innate immunity

From an evolutionary point of view, the innate immune system is the ancesteral branch of the immune system. Sometimes falsely regarded as "simple" or even "primitive", the innate immune system defends the host against invading pathogens through rapid and well-definded mechanisms. Indeed, these were so successful and effective that the adaptive immune system made its apprearance only in jawed vertebrates [START_REF] Danilova | Going Adaptive[END_REF] .

Innate immunity consists of physical and chemical barriers, cellular and humoral components that non-specifically defend the body against pathogens. Physical barriers include the skin and epithelial surfaces, which separate our body from the outside environment [START_REF] Romo | Innate immunity in vertebrates: an overview[END_REF] Moreover, the dry skin surface avoids the attachment of microbiome, and mucus on the epithelium surface cooperates with cilia, which pushes the pathogen outside of the body 3 . Chemical barriers like gastric acid with low pH inhibit the growth of the pathogens (with Helicobacter pylori as an exception).

In vertebrates, a crucial function of innate immunity exerts through myeloid cells and innate lymphoid cells. Myeloid cells mostly develop in the bone marrow and derive from a common precursor cell the common myeloid progenitor, which gives rise to lineages of megakaryoblast and platelets, erythrocytes, mast cells, granulocytes and monocytes.

Granulocytes include neutrophils, eosinophils and basophils. Monocytes can further differentiate into macrophages or dendritic cells in tissues or lymphoid organs.

Most myeloid cells express different receptors capable of sensing pathogens and for their recruitment to the local site during inflammation. Those receptors include pattern recognition receptors (PPRs) for sensing pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), chemokine receptors guiding the migration of myeloid cells in distinct stages, complement receptors serving as opsonins during the elimination of the pathogen 4 . Among those receptors, Fc receptors (FcRs) that bind the Fc portion of antibodies stand out. FcRs equip cells of the innate immunity with the capacity to react in an antigen-specific manner and hence serve as a link between innate and adapative immunity. There are different types of Fc receptors that bind to distinct antibody classes. For example, in humans FcγRs bind IgG; FcεRI and FcεRII bind IgE, and Fcα/µR binds both IgA and IgM. In my work I especially focused on FcγRs that I will introduce in the following chapter in more detail.

Human FcγRs

In humans, there exist 6 classical FcγRs: 4 activating FcγRs: FcγRI (CD64), FcγRIIA (CD32A), FcγRIIC (CD32C), FcγRIIIA (CD16A); 1 inhibitory FcγR: FcγRIIB (CD32B); 1 FcγR without intracellular signalling motif, FcγRIIIB (CD16B). FcγRIIIB is a glycosylphosphatidylinositol (GPI) anchored protein, which also named human neutrophil antigen (HNAs), and mainly express on neutrophils [START_REF] Daëron | Fc receptor biology[END_REF]6 .

FcγR encoding genes and polymorphism

All genes encoding human FcγRs are found on chromosome 1: FCGR1A, FCGR1B, and FCGR3C at the locus 1q21. The other genes encoding low affinity FcγRs cluster at 1q23 7,8 .

FcγRI is encoded by FCGR1A. FCGR1B and FCGR1C are pseudogenes [START_REF] Mancardi | The high-affinity human IgG receptor FcγRI (CD64) promotes IgG-mediated inflammation, anaphylaxis, and antitumor immunotherapy[END_REF] . The FCGR2A gene arose from gene duplication events, which occured before primate divergence, explaining why gene homology analysis reveals that FCGR2A is unique to humans and primates [START_REF] Hargreaves | Fcγ receptors: Genetic variation, function, and disease[END_REF][START_REF] Lejeune | Evolutionary Story of the Low/Medium-Affinity IgG Fc Receptor Gene Cluster[END_REF] . FCGR2A shows like FCGR3A a polymorphic variation that affect its affinity to IgG. The best-characterized polymorphism of FCGR2A is H131R (rs1801274), which decreased its binding affinity to IgG2 [START_REF] Bruhns | Specificity and affinity of human Fcgamma receptors and their polymorphic variants for human IgG subclasses[END_REF] and is associated with susceptibility to autoimmune disorders [START_REF] Duits | Skewed distribution of IGG FC receptor iia (CD32) polymorphism is associated with renal disease in systemic lupus erythematosus patients[END_REF][START_REF] Haseley | Antibodies to C1q in systemic lupus erythematosus: Characteristics and relation to FcγRIIA alleles[END_REF][START_REF] Williams | Correlation of platelet FcγRIIA polymorphism in refractory idiopathic (immune) thrombocytopenic purpura[END_REF][START_REF] Myhr | Immunoglobulin G Fc-receptor (FcγR) IIA and IIIB polymorphisms related to disability in MS[END_REF][START_REF] Karassa | Role of the Fcγ receptor IIA polymorphism in the antiphospholipid syndrome: An international meta-analysis[END_REF] . More recently, a splice variant of FCGR2A, FcγRIIA (exon6*), has been described [START_REF] Van Der Heijden | A novel splice variant of FcγRIIa: A risk factor for anaphylaxis in patients with hypogammaglobulinemia[END_REF][START_REF] Anania | The Rare Anaphylaxis-Associated FcγRIIa3 Exhibits Distinct Characteristics From the Canonical FcγRIIa1[END_REF] that retains a cryptic exon in the cytoplasmic tail of the receptor. It results in a gain-of-function allele that increases neutrophil sensitivity to IgG stimulation [START_REF] Van Der Heijden | Haplotypes of FcγRIIa and FcγRIIIb polymorphic variants influence IgG-mediated responses in neutrophils[END_REF] . FCGR2C is the product of non-allelic homologous recombination between FCGR2A and FCGR2B, which is only present in human and chimpanzee genomes 8,[START_REF] Hargreaves | Fcγ receptors: Genetic variation, function, and disease[END_REF][START_REF] Lejeune | Evolutionary story of the low/medium-affinity IgG Fc receptor gene cluster[END_REF] . 80% of individuals don't express this receptor, because of a polymorphism introducing a stop codon in its third exon (FcgR2C-Stop) [START_REF] Metes | Expression of functional CD32 molecules on human NK cells is determined by an allelic polymorphism of the Fcγ/RIIC gene[END_REF][START_REF] Van Der Heijden | Phenotypic Variation in IgG Receptors by Nonclassical FCGR2C Alleles[END_REF] . FCGR3A and FCGR3B are paralogous genes and they are orthologous to mouse Fcgr4. For FCGR3A a polymorphism is described inducing an amino acid change in positition 176, F or V [START_REF] Wu | A novel polymorphism of FcγRIIIa (CD16) alters receptor function and predisposes to autoimmune disease[END_REF] . FcγRIIIA-176V

shows an increased binding affinity to most IgG subclasses, which translates into a better therapeutical response to monoclonal antibodies treatments [START_REF] Mendrinou | FCGR3A-V158F polymorphism is a disease-specific pharmacogenetic marker for the treatment of psoriasis with Fccontaining TNFα inhibitors[END_REF][START_REF] Wang | FCGR2A and FCGR3A Genotypes Correlate with Farletuzumab Response in Patients with First-Relapsed Ovarian Cancer Exhibiting Low CA125[END_REF] . For FCGR3B, three variants have been described: NA1 (R36 N65 A78 D82 V106), NA2 (S36 S65 A78 N82 I106), and SH (S36 S65 D78 N82 I106) [START_REF] Bux | Characterization of a new alloantigen (SH) on the human neutrophil Fc gamma receptor IIIb[END_REF] . Those variants don't result in detectable affinity difference to IgGs [START_REF] Bruhns | Specificity and affinity of human Fcgamma receptors and their polymorphic variants for human IgG subclasses[END_REF] for FcγRIIIB.

Human FcγR expression and downstream signaling

Each FcγR shows a unique expression pattern on the different immune cells, and thus contributes to immune responses in a specific fashion. As the only high affinity FcγR in humans, capable of binding monomeric IgG, FcγRI is constitutively expressed on monocytes, macrophages and DCs. There is also minor expression of FcγRI on neutrophils at steady state. Upon in vitro activation by interferon-γ (IFN-γ) or granulocyte colony-stimulating factor, the FcγRI expression can rapidely increase, up to 20 fold on neutrophils [START_REF] Fanger | Cytotoxicity mediated by human Fc receptors for IgG[END_REF][START_REF] Perussia | Immune interferon induces the receptor for monomeric IgG1 on human monocytic and myeloid cells[END_REF][START_REF] Guyre | Monocytes and polymorphonuclear neutrophils of patients with streptococcal pharyngitis express increased numbers of type I IgG Fc receptors[END_REF][START_REF] Repp | Neutrophils express the high affinity receptor for IgG (Fc gamma RI, CD64) after in vivo application of recombinant human granulocyte colony-stimulating factor[END_REF] . In addition, it can be inducible expressed on mast cells [START_REF] Okayama | Expression of a Functional High-Affinity IgG Receptor, FcγRI, on Human Mast Cells: Up-Regulation by IFN-γ[END_REF] .

FcγRIIA is the most abundantly expressed receptor and is present on all myeloid cells including platelets [START_REF] Bruhns | Properties of mouse and human IgG receptors and their contribution to disease models[END_REF] . FcγRIIB is highly expressed on B cells and basophils but poorly expressed on monocytes, neutrophils, macrophages and DCs [START_REF] Magnusson | High synovial expression of the inhibitory FcγRIIb in rheumatoid arthritis[END_REF][START_REF] Veri | Monoclonal antibodies capable of discriminating the human inhibitory Fcγ-receptor IIB (CD32B) from the activating Fcγ-receptor IIA (CD32A): Biochemical, biological and functional characterization[END_REF] . FcγRIIC is expressed by NK cells, monocytes, macrophage [START_REF] Bruhns | Properties of mouse and human IgG receptors and their contribution to disease models[END_REF] in 20% of individuals. FcγRIIIA is expressed by NK cells, monocytes, macrophages and possibly at very low amounts by neutrophils [START_REF] Golay | Human neutrophils express low levels of FcgRIIIA, which plays a role in PMN activation[END_REF] .

FcγRIIIB is mainly restricted to neutrophils. Table 1 summarizes the human FcγRs expression for each FcγR. Upon crosslinking by polymeric ligands, FcγRs transduce signals to the cytoplasma.

Human FcγRIIA and FcγRIIC carry in the cytoplasmic portion their own immunoreceptor tyrosine-based activation motif (ITAM) enabling cell activation. The capacity of FcγRI and FcγRIIIA relies on their association with the accessory FcRγ chain carrying an ITAM. Human FcγRIIB negatively regulates the cell activation through immunoreceptor tyrosine-based inhibition motif (ITIM) [START_REF] Bruhns | Properties of mouse and human IgG receptors and their contribution to disease models[END_REF] . The exact function of FcγRIIIB as a GPI-anchored protein devoid of any signalling motif remains a matter of active debate [START_REF] Wang | Expression, role, and regulation of neutrophil Fcγ receptors[END_REF] . Its abundant expression on the neutrophil surface at steady state, and association with lipid rafts however suggests that it can contribute to cell activation via co-clustering with integrins and by helping FcγRIIA to efficiently capture immune complexes (ICs) [START_REF] Fanger | Cytotoxicity mediated by human Fc receptors for IgG[END_REF][START_REF] Vossebeld | The anti-Fc gamma RIII mAb 3G8 induces neutrophil activation via a cooperative actin of Fc gamma RIIIb and Fc gamma RIIa[END_REF] .

Binding of human IgGs to human FcγRs

In humans four different IgG subclasses exist. The binding specificity and affinity of each human FcγR varies from one IgG subclass to another. Furthermore, most FcγRs display some polymorphic variations that affect its affinity to IgG. By convention and depending on their binding affinity for IgGs, human FcγRs are classified as high affinity and low affinity FcγRs. The only human high-affinity FcγR is FcγRI, which has an equilibrium association constant (KA) for human IgGs higher than 10 7 M -1 . The other FcγRs are low affinity FcγRs, with KA for human IgGs ranging from 10 4 to 10 7 M -1 40 . High affinity FcγRs can bind and retain to human monomeric IgG, whereas the low affinity FcγRs can only reatin IgGs when they are present in immune complexes (ICs) or when opsonizing a surface, which enables binding by avidity. Whether this differentiation is however relevant in vivo remains debated, because immune complexes can rapidely displace monomeric IgG from high-affinity FcγRs [START_REF] Bruhns | Mouse and human FcR effector functions[END_REF] . Table 2 summarizes the binding affinity and specificity of FcγRs for human IgGs. Section 1.2.2 will further introduce human IgGs. 

Mouse FcγRs

Mice express only four classical FcγRs [START_REF] Daëron | Fc receptor biology[END_REF][START_REF] Nimmerjahn | FcγRIV: A Novel FcR with Distinct IgG Subclass Specificity[END_REF] . FcγRI, FcγRIII and FcγRIV are activating FcγRs and associate with the ITAM-carrying FcRγ subunit for cell activation. As in humans, mouse FcγRIIB contains an ITIM and is an important negative regulator of cell activation.

Mouse FcγRI is largely restricted to monocyte-derived DCs, and possesses a high affinity for IgG2a, but low affinity to IgG2b 43 and IgG3 [START_REF] Gavin | Cutting Edge: Identification of the Mouse IgG3 Receptor: Implications for Antibody Effector Function at the Interface Between Innate and Adaptive Immunity[END_REF] . FcγRIIB and FcγRIII are expressed on all myeloid cells, but not on platelets. Moreover, FcγRIII also expressed by NK cells and NKT cells, whereas the inhibitory receptor is highly express by B cells. Both FcγRIIB and FcγRIII can bind mouse IgG1, IgG2a and IgG2b with low affinity. Compared to the other FcγRs, FcγRIV shows a restricted expression profile, being only present on macrophages, neutrophils and a subset of monocytes, where it binds IgG2a and IgG2b with high affinity [START_REF] Bruhns | Properties of mouse and human IgG receptors and their contribution to disease models[END_REF] . In opposition to human FcγRs, mouse FcγRIIB, FcγRIII and FcγRIV were reported to also bind IgE. [START_REF] Mancardi | FcγRIV is a mouse IgE receptor that resembles macrophage FcεRI in humans and promotes IgE-induced lung inflammation[END_REF][START_REF] Takizawa | Identification of the low affinity receptor for immunoglobulin E on mouse mast cells and macrophages as FcγRII and FcγRIII[END_REF] . Table 3 summarizes mouse FcγR expression. 3 Mouse FcγR expression pattern. +, Indicates expression; -, no expression; +/-, very low percentages or rare subsets express the receptor; * monocyte-derived DCs. Adapted from [START_REF] Bruhns | Properties of mouse and human IgG receptors and their contribution to disease models[END_REF] .

Adaptive immunity

Two important features of adaptive immunity: specificity and memory In the early 20th century, scientists had already been aware that the adaptive immune system functioned through two main components: the cellular component [START_REF] Gordon | Phagocytosis: The Legacy of Metchnikoff[END_REF] and the humoral (antibody) component [START_REF] Germain | The Cellular Determinants of Adaptive Immunity[END_REF] . However, it was not until the 1960s that the cellular players started to get characterized. In 1961, Miller described that thymectomies in neonatal mice lead to infection and a remarkable paucity of certain lymophocytes in peripheral immune organ [START_REF] Miller | Immunological Function of the Thymus[END_REF] . Based on this observation, he proposed that thymus may regulate the production of these lymphocytes especially in early life, and termed them accordingly T cells. In addition, specially selected lymphocytes leaving from thymus would migrate to other sites at about the time of birth. Only a few years later, these findings were complemented by Cooper, who reported that the removal of a specific organ (the bursa of Fabricius) in chickens lead to the suppression of immunoglobulinproducing cells, suggesting that these cells originate from this organ. He therefore named these cells B cells (for bursa) [START_REF] Cooper | Delineation of the thymic and bursal lymphoid systems in the chicken[END_REF] . Together, those works identify and distinguish the two main populations of cells responsible for the cellular and humoral components of adaptive immunity.

These two lymphocyte populations share a critical feature of the adaptive immune response: i) they exert pathogen-specific recognition and ii) they can give rise to an immunological memory.

Pathogen-specific recognition is achieved through antigen receptors. These are unique receptors that are composed of different gene segments V (variable) D (diversity) J (joining). These gene segments exist in several variants in the genome and their random assembly (VDJ recombination) generates a first level of diversity. Additional diversity is created through the process of end joining, during which the enzymes contributing to this process add nucleotides or delete parts of these regions. Finally, during an immune response, during which an expansion of a specific lymphocyte population is observed, a process termed somatic hypermutation edits already recombined antigen receptors thereby generating mutations of the receptor that may show increased binding to the target (affinity maturation). In this way a comparably small number of genes can generate a vast amount of antigen receptors with different specificities: B cell receptors (BCR or antibodies) can display up to~10 10 specificities, and T cell receptors (TCR) up to ~ 10 12 .

Another crucial feature for adaptive immunity is immunological memory, which relies on the formation of memory T and B cells after immune responses [START_REF] Wherry | Adaptive Immunity: Neutralizing, Eliminating, and Remembering for the Next Time. Viral Pathog[END_REF] . Although the term "immunological memory" started to be widely used in the scientific literature only in the 1950s, the concept has been used in practice long time before [START_REF] Pradeu | Immunological memory: What's in a name?[END_REF] . One example is vaccination. At the end of the 18th century, Edward Jenner formalized the beneficial effects of immunization with cowpox to prevent smallpox infections. 80 years later, Louis Pasteur realized that injection of chickens with less virulent bacterial cultures could protect them from chicken cholera [START_REF] Plotkin | The development of vaccines: How the past led to the future[END_REF] . This observation revolutionized immunology and marked the beginning of fruitful period of Pasteur, during which he pursued vaccine studies against several infectious diseases: In 1881 he developed the vaccine against anthrax; in 1885, he tested his first human vaccine against rabies, which saved (or not) the life of a nine-year-old boy. Today vaccination is commonly used to protect against various infectious diseases, as well as for the prevention against certain types of infection-triggered cancers.

Traditionally, the concept of immunological memory is limited to T cells and B cells, and it is based on the survival and rapid response of cells that have undergone somatic recombination and clonal expansion. Recently, this paradigm has been expanded both in terms of cells capable or acquiring memory as well as in terms of its appearance during evolution. Immunological memory is no longer restricted to adaptive immune cells but is also recognized in innate immune cells like NK cells, monocytes, and macrophages. This was exemplified by the observation that mice deficient in T cells and B cells were capable of responding more rapidly to hapten exposure after sensitization than without. This memory response was mediated by hapten-trained NK cells and could be transferred to naï ve recipients through hapten-trained NK cells [START_REF] O'leary | T cell-and B cellindependent adaptive immunity mediated by natural killer cells[END_REF] . Similar observations have been made for macrophages, which acquire memory through epigenetic programming [START_REF] Saeed | Epigenetic programming of monocyte-tomacrophage differentiation and trained innate immunity[END_REF] .

Adaptive immune cells appeared during evolution in jawed vertebrates. Hence, immunological memory was believed to not exist in more ancient phyla. Recent studies however suggest that some sort of immunological memory may be at work independently of somatic recombination and clonal expansion. For example, immunological memory in Dorsophila was reported to be achieved through RNA interference amplification and dissemination. During viral infections, Drosophila haemocytes are able to convert viral RNA to DNA, which induces the synthesis of virusderived siRNA. Those siRNAs can then be loaded into exosome-like vesicles and transferred to naï ve cells to exert anti-viral immunity [START_REF] Tassetto | Circulating Immune Cells Mediate a Systemic RNAi-Based Adaptive Antiviral Response in Drosophila[END_REF] . Bacteria and archaea protect themselves from phages through the now famous CRISPR (Clustered, regularly interspaced, short palindromic repeats)-Cas system. Once invaded, the DNA from phages was incorporated into CRISPR array, and then CRISPR array transcribed to generate CRISPR RNAs. Finally, CRISPR RNAs guide a Cas protein complex to cut the nucleic acids of the invador [START_REF] Jackson | CRISPR-Cas: Adapting to change[END_REF] .

Cell-mediated adaptive immunity T cells T cells originate from bone marrow progenitors, which migrate into thymus for development [START_REF] Kumar | Human T Cell Development, Localization, and Function throughout Life[END_REF] . In the thymus, progenitor lymphocytes go through a series of developmental steps. Based on their surface expression of CD4 and CD8, developing T lymphocytes are named double negative (CD4 -CD8 -T cells), double positive (CD4 + CD8 + T cells), and single positive (CD4 + T cells or CD8 + T cells) [START_REF] Zúñiga-Pflücker | T-cell development made simple[END_REF] . As double negative cells in the thymic cortex, they start to undergo VDJ recombination before migrating towards the medulla of the thymus. Double positive T cells are selected through positive and negative selection. In this process thymocytes have to interact via their TCR with its binding partner, the major histocompatibility complex (MHC), loaded with self-antigens on the thymic epithelium. During positive selection, a thymocyte bearing a TCR that does not bind to an MHC or bind too weakly will undergo apoptosis. On the other hand during negative selection, thymocytes that recognize self peptid-MHC complexes are eliminated to avoid auto-immunity (central tolerance). After passing both selections, thymocytes expressing either CD8 or CD4 on their surface reach the medulla. Single positive cells then exit from the thymus to circulations as naive T cells [START_REF] Boehmer | Selection of the T-cell repertoire: Receptor-controlled checkpoints in T-cell development[END_REF] .

Naï ve T cells circulate through the blood stream and lymphoid tissue until they encounter MHC complex loaded with a peptide that they recognize, by which they became activated. In humans, the MHC is coded on chromosome 6p21 is composed of 5 regions coding classes of human leukocyte antigen complex (HLA): extended class I, class I, class III, class II and extended class II. Many HLA gene products are components involved in the inflammatory response, antigen processing and presentation [START_REF] Shiina | The HLA genomic loci map: Expression, interaction, diversity and disease[END_REF] . HLA class I molecules,such as HLA-A,-B,-C, are express on all nucleate cells and are responsible for presenting peptides from intracellular pathogens to CD8 + T cells. HLA class II, such as HLA-DP, -DQ, -DR, are exclusively expressed by professional antigen presenting cells, notably dendritic cells, B cells, macrophages, and present peptides from extracellularly derived antigens to CD4 + T cells [START_REF] Lefranc | IMGT, the international ImMunoGeneTics database[END_REF] . Importantly, HLA genes show a high degree of polymorphism. There are 2110 alleles for HLA-A, -B, -C, and 954 alleles on HLA-DP, -DQ, -DR [START_REF] Shiina | The HLA genomic loci map: Expression, interaction, diversity and disease[END_REF] . Detailed numbers of HLA allels are listed in Table 4. Although in each individual expresses only 6 HLA genes, with maximal 12 different alleles, such a gene pool results in a large number of possible variations and therefore heterogeneity in a population. This is important for the overall fitness, because any HLA gene comes with its own limitations and peptid preferences. In a primary immune response, naï ve CD8 T cells are activated when they recognize their cognate antigen presented by MHC class I. Then the activated CD8 + T cells undergo clonal expansion reach to 10 4 -10 6 clones in one week and differentiate into cytotoxic T cells (CTLs) [START_REF] Zhang | CD8(+) T cells: foot soldiers of the immune system[END_REF][START_REF] Badovinac | Initial T cell receptor transgenic cell precursor frequency dictates critical aspects of the CD8(+) T cell response to infection[END_REF][START_REF] Gerlach | Heterogeneous differentiation patterns of individual CD8+ T cells[END_REF] . CTLs not only have the capacity to quickly migrate between lymphoid organs and peripheral tissue, but also have enhanced killing function [START_REF] Masopust | The integration of T cell migration, differentiation and function[END_REF] . CTLs kill target item under unauthorized distribution right cells through a contact-dependent mechanism [START_REF] Halle | Mechanisms and Dynamics of T Cell-Mediated Cytotoxicity In Vivo[END_REF] . Upon recognition CTLs will release perforin and granzyme to target cells to induce cell death. Activation of naï ve CD4 + T cells results in the differentiation of T helper (Th) cells. Th cells regulate and orchestrate the activity of the immune response mainly through the secretion of cytokines.

Depending on the cytokines secretion profile; several types of Th cells can be distinguished: Th1 cells secrete IFN-γ and IL-2, which augment the immune response against the intracellular pathogen; Th2 cells mainly secrete IL-4, IL-5, IL-13 and participate in antibody-mediated immunity; Th17 cells secreted IL-17, IL-22, TNF-α to defend against extracellular bacteria. Of note, other types of T cells, like follicular helper T cells (TFH cells), regulatory T cells (Tregs), as well as Gamma delta T cells (γδ T cells) contribute to the cellular compartment of the adaptive immunity, but will not be introduce in this chapter.

The majority of effector T cells are short-lived. They die after the elimination of the pathogens. Whereas a small fraction of primed T cells enters into a memory phase, which provides long-term protection. Although further researches are still needed to clarify the molecular pathways which determine the effector and memory fate of the T cells, there is already some evidence suggesting that the transcriptional regulators expressed during the early stage of immune response may determine the entry into memory state [START_REF] Yang | The transcriptional regulators Id2 and Id3 control the formation of distinct memory CD8 + T cell subsets[END_REF] . Memory T cells are a heterogeneous cell populations in terms of phenotype, function, and also the anatomic site the locate to [START_REF] Chang | Molecular regulation of effector and memory T cell differentiation[END_REF] . Memory T cells can be subdivided into distinct populations based on their phenotype: stem-cell memory T cells (TSCM, CD45RA + CCR7 + CD95 + CD122 + ), central-memory T cells (TCM, CD45RA -CCR7 + ), effector-memory T cells (TEM, CD45RA -CCR7 -), and terminal effector cells (TEMRA, CD45RA + CCR7 -) [START_REF] Gattinoni | A human memory T cell subset with stem cell-like properties[END_REF][START_REF] Sallusto | Two subsets of memory T lymphocytes with distinct homing potentials and effector functions[END_REF] . Each of these memory subsets has distinct functions. TCSM keeps the stem-cell properties among memory T cells with the least differentiation status; selfrenew capacity and attribute to the other memory T cell subsets [START_REF] Zhang | CD8(+) T cells: foot soldiers of the immune system[END_REF] . TCM express the chemokine receptor CCR7 are prone to migrate to secondary lymphoid tissues to keep central memory. TEM cells exert rapid effector functions and notably cytokine secretion upon reactivation. CD4 + TEM and CD8 + TEM have different cytokine secrection profile.

CD4 + TEM cells secrete high level of IL-4 and IL-5 and IFN-γ. CD8 + TEM only secrete IFNγ [START_REF] Sallusto | Two subsets of memory T lymphocytes with distinct homing potentials and effector functions[END_REF] . TEMRA is a subset exhibiting "terminal effector"function [START_REF] Thome | Emerging concepts in tissue-resident T cells: lessons from humans[END_REF] .

Antibody-mediated immunity B cells B cell development takes place in a primary lymphoid organ (fetal liver and bone marrow). Mature naï ve B cells subsequentially migrate towards secondary lymphoid organ (lymph node and spleen) for functional maturation. Naï ve B cells circulate in the blood and lymphoid tissues until they get activated by antigen [START_REF] Lebien | B lymphocytes: How they develop and function[END_REF] . Depending on the type of antigen, the antibody-mediated (or humoral) immune response can be dependent on or independent of the help of T cells [START_REF] Liu | Sites of specific B cell activation in primary and secondary responses to T cell-dependent and T cell-independent antigens[END_REF] . For T-independent antigens, such as lipopolysaccharides (LPS), B cells elicit rapid antibody response upon activation [START_REF] Coutinho | Thymus-Independent B-Cell Induction and Paralysis[END_REF] . The majority of antigens, however, are T-dependent antigens, which means that such antigens require a presention to T cells through MHC. Antigen presenting cells present peptides of these antigens in their MHC class II to specific CD4 + T cells. Those T cells then help B cells proliferate and differentiate [START_REF] Lanzavecchia | Antigen-specific interaction between T and B cells[END_REF][START_REF] Rock | Antigen presentation by hapten-specific b lymphocytes: I. Role of surface immunoglobulin receptors[END_REF] through secretion of cytokines and direct B cell activating contact signals, such as CD40L expression. B cells can differentiate along distinct pathways. Upon recognition of an antigen via their BCR, a proportion of B cells differentiate into short-lived extrafollicular plasmablasts with the ability to rapidly produce antibodies [START_REF] Liu | Sites of specific B cell activation in primary and secondary responses to T cell-dependent and T cell-independent antigens[END_REF][START_REF] Jacob | In situ studies of the primary immune response to (4hydroxy-3-nitrophenyl)acetyl. I. The architecture and dynamics of responding cell populations[END_REF] . Another fraction of B cells migrate into B cell follicles where they undergo germinal center (GC) reaction [START_REF] Gatto | The germinal center reaction[END_REF] .

In the GC, B cells vigorously proliferate, and their BCR is undergoes somatic hypermutation (SHM), generating thereby new affinities and specificities. Spatially, GC can be divide into the light zone (LZ) and dark zone (DZ) [START_REF] Maclennan | Germinal Centers[END_REF][START_REF] Victora | Germinal Centers[END_REF][START_REF] Mesin | Germinal Center B Cell Dynamics[END_REF] . In the LZ B cells test their BCR affinity to antigens presented by follicular dendritic cells (FDC): B cells with low affinity BCR will undergo apoptosis; whereas high affinity BCR B cells with get sufficiently stimulated and receive survival signals from limited numbers of TFH cells [START_REF] Vinuesa | Follicular Helper T Cells[END_REF] . These B cells can than either migrate from LZ to DZ for another round of clonal expansion or stay in the LZ undergo class-switch recombinant [START_REF] Gatto | The germinal center reaction[END_REF] . During class-switch recombination, the Cμ gene (coding for the constant portion of the IgM heavy chain) is replaced by one of the downstream CH genes: Cγ1-4, Cα1-2, or Cε. Class switch recombination enables the production of the different classes of antibodies with distinct effector functions [START_REF] Stavnezer | IgH Chain Class Switch Recombination: Mechanism and Regulation[END_REF] . Subsequencially, GC B cells differentiate into antibodies secreting cells to participate in humoral immunity.

Human immunoglobulins

There are five classes of human immunoglobulins (Ig): IgM, IgD, IgA, IgG and IgE [START_REF] Zhang | IgY: a key isotype in antibody evolution[END_REF][START_REF] Senger | Antibody isotype switching in vertebrates[END_REF] .They are composed of two pairs of identical light and heavy chains, which are linked together by interchain disulphide bonds [START_REF] Ma | The structure of natural and recombinant antibodies[END_REF] . The light chain consists of one Nterminal variable domain (VL) and one constant domain (CL). The heavy chain has one N-terminal variable domain (VH) [START_REF] Vidarsson | IgG Subclasses and Allotypes: From Structure to Effector Functions[END_REF] with 3 (IgD, IgG, IgA) or 4 (IgM and IgE) constant domains. All immunoglobulin classes (with the excepetion of IgE) possess a hinge region between CH1 and CH2, which increases the flexibility of the molecule. The light chain together with the VH and CH1 of the heavy chain forms the antibody-binding fragment (Fab). Other parts of the heavy chain and the lower hinge region form the fragment crystalline (Fc). The antibody binds to antigen through their variable region [START_REF] Brezski | Immunoglobulin isotype knowledge and application to Fc engineering[END_REF] . Their Fc part can trigger effector function by binding to Fc receptors expressed on or inside the cells or complement components.

Immunoglobulins are glycoproteins, which are composed of 82%-96% protein and 4%-18% of carbohydrate. These carbohydrate structures are critical determinants for their biological activity. Immunoglobulins exert their function through different mechanisms, such as antibody-dependent cell-mediated cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP), or complement-dependent cytotoxicity (CDC).

Among the five Ig classes, IgG is the most abundant in the blood, the concentration goes up to 10-15 mg/mL [START_REF] Gonzalez-Quintela | Serum levels of immunoglobulins (IgG, IgA, IgM) in a general adult population and their relationship with alcohol consumption, smoking and common metabolic abnormalities[END_REF] IgG3 shows potent binding to all FcγRs and is also a strong inducer of the complement system. However, their effector functions are limited by their short half-life, which is only 7 days (as compared to an average of 21 days for IgG1) and due to the presence of an arginine at position 435 instead of a histidine, which is found in all other IgG subclasses. This amino acid change reduces IgG3 interactions with the receptor for antibody recycling named neonatal Fc receptor (FcRn) [START_REF] Stapleton | Competition for FcRn-mediated transport gives rise to short half-life of human IgG3 and offers therapeutic potential[END_REF] . Additionally, IgG3 has a long hinge region containing up to 11 disulfide bridges in its core region, which makes it susceptible to proteolytic cleavage [START_REF] Stapleton | Competition for FcRn-mediated transport gives rise to short half-life of human IgG3 and offers therapeutic potential[END_REF] .

IgG4 is mainly produced during long-term antigen exposure. It generally presents a minor component of the Ig pool in the circulation (around 0,5 g/L). IgG4 is a poor inducer of Fc-dependent and independent Ig effector functions. In vivo, IgG4 can furthermore undergo Fab-arm exchange, thereby generating bi-specific, functional monovalent antibodies [START_REF] Aalberse | IgG4 breaking the rules[END_REF] . As a consequence, this bi-specific IgG4 show a diminished capacity to form immune complexes (IC) that require cross-linking of antigens.

Together, this endows IgG4 with a possible anti-inflammatory role. The main characteristics of human Ig subclasses are summerized in Table 5.

Table 5 Human IgGs properties. a Depending on the allotype; b for A/A isomer; c After repeated encounters with protein antigens, often allergens. Adapted from [START_REF] Vidarsson | IgG subclasses and allotypes: From structure to effector functions[END_REF] .

Mouse IgGs

Similar to humans, there exist 4 IgG subclasses in mice: IgG1, IgG2a/c, IgG2b and IgG3 94- 96 . Whether a mouse expresses IgG2c (C57BL/6, NOD, SJL) or IgG2a (Balb/c and many other strains) depends on the strain [START_REF] Morgado | Further evidence that BALB/c and C57BL/6 gamma 2a genes originate from two distinct isotypes[END_REF][START_REF] Collins | IgG subclass co-expression brings harmony to the quartet model of murine IgG function[END_REF] . IgG subclasses expression is influenced by many factors, such as cytokine profile and the nature of antigen. Th1 cytokines and protein antigen elicit T cell-dependent antibody production of IgG2a, IgG2b and IgG3.

Th2 cytokines induce the expression of IgG1>>IgG2a [START_REF] Yan | Cytokines, IgG subclasses and costimulation in a mouse model of thyroid autoimmunity induced by injection of fibroblasts coexpressing MHC class II and thyroid autoantigens[END_REF] . Carbohydrate antigen elicits Tindependent immune responses favoring the production of IgG3.

Rat IgGs

In rat, there are also four IgG subclasses: IgG1 99 , IgG2a 100,101 , IgG2b 100,101 , IgG2c 102 . It has been proposed that rat and mouse Cγ gene probably evolved from a common set of ancestral genes: the rat γ2c gene shows homology to mouse γ3; the rat γ2a/γ1 pair to mouse γ1; and the rat γ2b is homologous to mouse γ2a/2b. Functionally, all of the rat IgGs can bind to complement component C1q, with rat IgG2b being the most effective and rat IgG2c showing reduced activity [103][104][105] . In order to anticipate therapeutic success of antibodies tested and developed in animal models, a precise understanding of binding capacity between human and mouse FcγRs and IgGs from various species is therefore of critical importance.

Memory B cells

In 2): eosinophils and plasma cells attached to stromal cells through chemokines (CXCR4 to CXCL12) and adhesion molecules (VLA-4 to VCAM-1); components of the extracellular matrix, like hyaluronic acid and fibronectin, are also involved in these interactions; the interaction between CD28 and CD80 promotes plasma cells survival; plasma cells secrete Ig that binds to eosinophils and stimulates their production of cytokines like IL-1 and TGF-β. These cytokines in turn induce stromal cells to secrete IL-6 and CXCL12 required for the survival of plasma cells, and IL-5 and GM-CSF for the maturation of eosinophils 114 . Although the majority of long-lived plasma cells were found in the bone marrow, other organs or tissues may also provide a niche for their survival. Indeed, intestinal stromal cells expressed adhesion molecules like VCAM-1 and ICAM-1 and some cells in intestinal mucosa (monocytes, macrophages, dendritic cells and also regulatory T cells) express abundantly APRIL, the proliferation-inducing ligand 115 , suggesting that the intestine could also serve as an survival niche for long-lived plasma cells. Furthermore, certain item under unauthorized distribution right disease conditions may promote plasma cell survival outside the bone marrow. This has for example been suggested for multiple sclerosis patients, in which the presence of non-proliferating plasma cells in the central nervous system (CNS) was observed 116 , or in spleen biopsies of patients with primary warm autoimmune hemolytic and treated with rituximab 117 . More studies are however needed to clarify the presence of plasma cell survival niches outside of bone marrow in healthy and pathological conditions. Antigens at the origin of allergic diseases are termed allergens. Depending on the route of exposure to an allergen, allergic patients will develop local symptoms: inhaled allergens composed of pollen, fungi, animal products (from mammalian and arthropod), dust and other small particles are likely to induce coughing, wheezing and shortness of breath; ingested allergens like food or drugs, rather provoke swelling of the tongue (Quincke's edema), vomiting, and diarrhea. There exist also contact allergens (nickel, chemicals/drugs applied topically) that often induce dysesthesia, pruritus, or purpura on the exposed skin. In the case of drugs, venom or saliva of insects the allergens may be injected and frequently trigger pruritus or erythema. In rare cases, allergies can be overwhelming and evolve from locally restricted reactions to systemic manifestations that can be life threatening. This is the case for anaphylaxis. "Anaphylaxis is a severe, life-threatening generalized or systemic hypersensitivity reaction." 119 In Europe, 0.3% of the population will experience anaphylaxis throughout their lives 120 . In the US, the prevalence of anaphylaxis is even reported to be 5.1% 120 . Food, drugs, and hymenoptera venom are the most common triggers of the anaphylaxis 120 .

Allergy diagnosis

Overview

The diagnosis of allergic diseases always starts with a careful patient history and 

Provocation tests

Compare to all the tests mentioned above, allergen challenge tests might be of the biggest diagnostic use, but also bare the largest potentiel of causing adverse reactions 123 .

Provocation tests are based on the controlled introduction of the allergen through inhalation, application, injection and ingestion and can be done as bronchial challenges (especially in occupational asthma), nasal challenges for the diagnosis of allergic rhinitis, oral challenges for the food or drug allergy and also injections for drug or insect sting allergy. Due to the associated risk they need to be performed in appropriate supportive care units. Challenge tests are especially useful in the absence of all classical signs of IgEdriven allergies (specific IgE, positive BAT and skin test), in order to establish a diagnosis.

Allergens composition and example of allergic disease

As mentioned before, allergies can develop towards nearly every molecule the human body is exposed to. With the exception of drugs, most allergy-inducing substances are composed of different molecules that can alone or in combination trigger the reaction. In my thesis, I was particularly focused on allergies to wasp venom and the beta-lactam antibiotics amoxicilline that I will introduce in more detail below. The three major components in vespid/wasp venom are: VesV1, VesV2, and VesV5. VesV1 is a phospholipase A1, which participates in the hydrolysis of phosphatidylcholine. VesV2 is an enzyme hydrolyzing high molecular weight hyaluronic acid to derive smaller oligosaccharides.

VesV5 is a member of the CAP (cysteine-rich secretory protein/antigen 5/pathogenesis related-1) family with unknown function 124 . Penicillin belongs to beta-lactam antibiotic, which shares the common feature in their structure: the 3-carbon and 1-nitrogen ring (beta-lactam ring) 125 . Penicillin group includes penicillin G, penicillin V, ampicillin, amoxicillin and methicillin. Their structural difference is based on R group on the acyl side chain 126 . Like most of the drugs, penicillin is too small to be immunogenic; the allergic response to penicillin is against the complexes of penicillin products covalently bound to self-proteins. The penicillin allergen component derived from beta-lactam ring or a specific side chain R group. Upon administration, the beta-lactam ring opens and forms several breakdown products.

Among those products, the major allergenic determinant is penicilloyl. In some cases, individuals do not react to beta-ring products but react to R-chain groups 127 , which means they could be sensitized to amoxicillin without developing allergic reaction to penicillin G. Diagnosis of hymenoptera sting allergy is based on information about the date of sting, the severity of the symptoms, the interval between sting and symptoms, ideally the insect itself in combination with the general allergic testing (epicutaneous or the intracutaneous test; allergen-specific IgE test; other in vitro tests like basophil activation test and leukotriene release test 124 ). Patients that experienced a severe reaction will be proposed to undergo venom immunotherapy, the only treatment able to reduce the severity of allergic reactions. This therapy is effective in 77%-84% of patients with allergies to honeybee venom, and 91%-96% of patients with wasp venom allergy 132 .

Mechanisms of allergen specific immunotherapy will be further discussed in section 4.3. 39

Notably, patients allergic to beta-lactam may be sensitized to several antibiotics from the same family, while being tolerant to others. For those patients, it is not recommended to prohibit the whole group of beta-lactams but carefully evaluate reactivity to each molecule. Finally, for multi-sensitized patients there is the possibility to move to alternative antibiotic families, such as cephalosporins that show little crossreactivity 137 . For all the above-mentioned reasons, immunotherapy is usually not proposed to patients allergic to beta-lactams.

Current allergy treatments and their limitations

To limit the clinical signs associated with allergic diseases, there exist three major strategies: avoidance, control of symptoms by pharmacotherapy and allergen-specific immunotherapy (AIT). Without doubt the most effective way to prevent the occurrence of allergic reactions is to avoid any contact with allergen. Depending on the allergen, however, this strategy can be anything ranging from easily achieved to inapplicable in everyday life. Amoxicillin allergy is a good example for the first case. Amoxicillin is generally not required on a daily basis and additionally it can be rather easily replaced The resolution of the crystal structure of omalizumab: IgE complex revealed that omalizumab-Fab binds to the middle part of the IgE Cε3 domain, its heavy chain interacts with a reagent proximal to the CD23 binding site and its light chain with a segment proximal to FcεRI binding sites 142 . This explains its capacity to only bind free IgE. On average Omalizumab is administered at a dose of 75-375 mg every 2-4 weeks in the case of asthma and at 150 mg or 300 mg every 4 weeks for urticaria. At a price of 541$/150mg, the monthly cost of Omalizumab treatment therefore ranges between $541-$2706, which is a heavy economic burden.

Last year, a second generation high-affinity humanized monoclonal anti-IgE antibody named Ligelizumab has been tested in a phase 2b trail for chronic spontaneous 

Allergen specific immunotherapy

Allergen specific immunotherapy (AIT) has been used for around 100 years 161 . Its application has been approved for respiratory allergies, venom hypersensitivity as well as more recently for food allergy 162 . The concept of AIT is to "desensitize" the immune system by gradually increasing the allergen exposure until reaching a maintenance dose, which is often comparable to the dose of exposure to the allergen upon a natural encounter. In comparison to drugs that control allergic symptoms or mAbs, patients receiving AIT generally show long-term remission of symptoms after discontinuation. This is due to the profound modulation of the immune system that is induced by AIT.

Generally, AIT consists of two phases: a build-up phase and a maintenance phase 163 .

Depending on the protocol, the build-up phase can last between days and months. For example, in ultra-rush venom immunotherapy (VIT), the build-up phase is performed in a single day with repeated incremental injections, whereas in the conventional protocol, this phase lasts for four months with injections at defined intervals. After reaching the maintenance dose, AIT enters a maintenance phase, which generally lasts for 3 to 5 years. AIT administration can be done subcutaneously, sublingually, or orally 132,164,165 .

Subcutaneous injections and oral immunotherapy during build-up stage require specialized clinical settings as severe adverse reactions can occur in rare cases that require immediate medical assistance. Sublingual immunotherapy is considered to be sufficiently safe to be self-administered by the patient at home.

AIT re-establishes tolerance towards a given antigen or sometime even group of antigens. It acts through different immune pathways that show considerable variations between patients and as a function of the protocol employed. AIT was reported to reduce Th2 cell and ILC2 numbers, and with them the production of IL-4 and IL-13 166 .

AIT was also described to induce both T and B regulatory cells and thus to increase secretion of IL-10 167,168 . B regulatory cells display an immunoregulatory receptor profile, with the expression of CD25, PD-L1, SOCS3 168 . Antibody responses are also modified during AIT, notably an increase of allergen-specific IgG4 can be observed, that is considered to compete with IgE for allergen binding and to "neutralize" the antigen due to its poor capacity to induce Fc-dependent effector functions [169][170][171][172] . In the build-up phase of AIT, there is often a transient increase of allergen-specific IgE to be observed that gradually decreases during AIT [173][174][175] , but does not necessarily go back to baseline levels. AIT was finally reported to decrease mast cells and basophils degranulation 176,177 , as well as eosinophil infiltration to sites of allergic inflammation 178 .

Compared to therapeutic mAbs, AIT has a low cost and together with its long-lasting beneficial effects could be considered the treatment of choice for all allergic diseases, but in practice the use of AIT is limited for several reasons: Firstly, a complete cycle of AIT lasts years, which can be as such a reason for some patients not to initiate the treatment or for discontinuation. Adherence, however, notably to VIT is high 132 , which might be due to the patients' fear of reliving a severe allergic reaction if left untreated, or the perspective a suffering life-long from allergic rhinitis. Secondly, the causative allergen for a given allergy needs to be identified and available as a high-quality, standardized allergen extract or recombinant protein needed for AIT. Together these factors limit the actual application of AIT. Finally, an important disadvantage of AIT lies in that fact that there exist no validated biomarkers that could inform on the success of the therapy. As a consequence patients treated with AIT often continue to live as if they were still allergic. Also there are no markers defined that allow to estimate the chances of a successful AIT for a given patient. Several biological parameters, including cell populations or antibodies response have been reported to be different before and after AIT and could be candidates for such "prediction" or "AIT success markers" in inhaled allergen immunotherapy. They are summarized in Table 7 179 . 

Immunopathogenesis of allergic disorders

In an attempt to clarify the immunopathologic mechanism of hypersensitivity, Gell and Coombs classified the reactions into four different groups: Type I (immediate or anaphylactic), Type II (cytotoxic, or cytolytic), Type III (antigen-antibody complex), and

Type IV (delayed or cell-mediated) 180 . During hypersensitivity reactions only one or several reaction types can be at play at the same time. For example, the major reaction in the immediate phase of penicillin allergy is Type I, and the Type IV pattern participates in the late phase reaction 123 . In addition to the cells mentioned above, there is also other types of cells involved in this classical pathway, which will be discussed in section 4.1.

Allergen recognition

Recognition of allergens by specific antibodies can occur in different manners, depending on the abundance and structures of the recognized epitope: 1) allergens like polysaccharides often present several repeated epitopes sufficient to cluster IgE-bound FcεRI ; 2) very small molecules, such as haptens, have only one epitope are incapable of cross-link antibodies by themselves; 3) Some allergens may have several different epitopes with different binding specificity to antibodies; 4) for some allergens, the epitopes could be the mixture of the three conditions 188 . In addition, the distance between epitope have an influence on the shape of the immune complex, thus this distance can determine the strength of effector cell activation 189 . 

Alternative anaphylaxis pathway

Many studies addressed the contribution of IgE-dependent mast cells and basophils activation in the physiopathology of anaphylaxis. However, several arguments support the hypothesis that anaphylaxis can occur without contribution of the classical type I hypersensitivity reaction: 1) anaphylaxis can be induced in IgE-deficient mice immunized with ovalbumin 212 ; 2) γ1-antibodies were found to be capable of sensitizing mice in cutaneous anaphylaxis 213 ;3) mast cell activation was not required in an anaphylaxis mouse model 214 and histamine antagonists are not sufficient to prevent anaphylactic symptoms in most models of anaphylaxis 215 .

Among IgE-independent anaphyalxis pathways, probably the best described one is IgG dependent anaphyalxis. A large body of evidence support its existence in mice [215][216][217][218] .

Interestingly, whereas there seems to be a consensus on the fact that IgG (and FcgR) can be at the origin of anaphylactic symptoms in mice, the effector cell population(s) contributing to the reaction seems to vary depending on the model used 219 .

Among the four mouse FcγRs, FcγRIII is the activating IgG receptor with the largest expression and not suprisingly was found to be the dominant contributor to IgG1-, IgG2a-, and IgG2b-trinitrophenyl immune complex induced passive systemic anaphylaxis. FcγRIV can also contribute at high doses of IgG2-induced reactions.

Depending on the IgG-subclass used to trigger the reaction, mast cells, basophils, neutrophils, and monocyte/macrophages participate to different extends and hence the reaction depends on histamine and/or platelet activating factor (PAF) 220 . In a mouse human IgG receptors (hFcγR KI mice). The article describing these findings is attached to this thesis (Annex 7.1). Similar findings were reported in mice that express hFcγRIIA in WT mice 226 . In addition, in the mouse strain comprising both low affinity activating human FcγR (hFcγRIIA, hFcγRIIIA, and hFcγRIIIB) and inhibitory (hFcγRIIB), the contribution of anaphylaxis is predominantly by hFcγRIIA, which is abundant on neutrophils. Also, in this mouse strain, depletion of neutrophils protected the mice from hypothermia 227 .

Building on the results obtained from mouse data, a clinical study could recently provide new lines of evidence for a contribution of IgG-dependent pathway to human druginduced anaphylaxis. Human anaphylaxis severity was correlated with elevated antidrug IgG levels, FcgR downregulation on neutrophils, and associated with neutrophil and platelet activation 225,228 . Collectively, these examples illustrate that multiple pathways can be at play in human anaphylactic reactions and therefore probably in allergies in general. anaphylaxis. This latter study was a side project and I therefore I decided to include the article summarizing our findings in the annex.

Summary and objectives

Until

Results

Part I Environmental, immunological and genetic parameters associated with total serum IgE concentration in healthy individuals

The term "Milieu Intérieur" was coined in1859 by Claude Bernhard to describe the internal environment, which is at the basis of a "free and independent life." The immune system plays a key role in maintaining this internal environment through its capacity to prevent infections and malignant transformations as well as through its role in tissue homoeostasis. Whenever this equilibrium is perturbed, inflammatory processes are initiated that can either be resolved in a timely manner or trigger the onset of diseases if they result in a permanent disequilibrium of the internal environment. Parameters that determine the magnitude of this inflammation and the speed of its resolution are still ill defined and include intrinsic, environmental, and genetic determinants.

The Milieu Intérieur (MI) project aims to determine what genetic and environmental factors drive the human immune response. To do so, extended epidemiological and biological data was collected from 1,000 healthy donors with a homogeneous ethnic background, stratified across gender (50% men/women) and age (20 to 69 years). In order to minimize pre-analytical biases, a huge effort has been made in the establishment of standardized and robust procedures. In this context, a suite of whole blood, syringe-based assay systems have been developed, thus permitting reproducible assessment of induced innate and adaptive immune responses. The final goal is to define healthy donor reference values for induced inflammatory genes and propose an analytical strategy for deconvoluting inter-cellular interactions. This approach may help identify new applications for therapeutic inhibition of selected cytokine pathways

The Milieu Interieur project set out to characterize the boundaries of a healthy immune response, to reveal natural variations between individuals and to determine how immune responses are influenced by environmental and genetic factors. To this aim, the consortium recruited 1000 healthy donors spanning 5 decades of life with an equal representation of men and women. Extended epidemiological and biological data were collected and efforts made to establish standardized and robust analysis procedures.

Notably, a collection of whole blood, syringe-based assay systems were developed to allow reproducible assessment of induced innate and adaptive immune responses (these procedures were likewise adapted to the WASPenIP study presented in chapter 3.

2). The gathered information on the 1000 healthy donors were stored in a dataware house and made accessible to members of the Milieu Interieur consortium. Figure 8 presents an overview on the collected samples and analysis effectuated for each individual. The following summarizes my findings in the form of an article, which will be submitted to a scientific journal, as soon as we will have the green light from the Milieu Interieur Consortium.

Part II -Characterizing the immune phenotype of allergic individuals

WASPenIP study

Introduction

Allergic diseases are often consider to be the result of a biased Th2/Th1 response, resulting in the overproduction of Th2 cytokines (IL-4, IL-5 and IL-13) that favor IgE secretion from B cells 199 . These IgE are then bound by high affinity FcεRI on mast cells and basophils, thus arming them for immediate responses upon encounter of a cognate allergen. However, this concept has been considerably extended by our growing understanding of immunology. Apart from Th2 cells, other cells types have been described to significantly contribute to allergy 166 . For example, innate lymphoid cells, which contribute to Th2 response through their production of IL-5 and IL-13 229 and promoting activated dendritic cells to drain lymph nodes for Th2 cell differentiation 230 .

Another study showed that infants suffering from food allergy had a higher CD14 + monocytes/CD4 + T cell ratio in their cord blood at birth. 231 For the reason that CD14 + monocytes suppressed CD4 + T cells IL-2 secretion; the absence of IL-2 decreased activated natural regulatory T cells and promoted the differentiation of Th2 cells 231 .

Furthermore, allergic patients are known to respond differently to allergic specific immunotherapy (AIT). AIT is frequently used in patients with pollen or insect sting allergy and has proven effective in most patients to prevent or at least ameliorate allergic symptoms. (Advanced discussion about benefit and limitation of AIT is in section 4.

3) It follows that the mechanisms underlying allergic diseases are much more complicated than previously thought and it highlights the necessity to reconsider allergy as a systemic change of immune phenotype.

To systematically identify characteristic features of the allergic immune phenotype, including immune particularities of steady state, induced immune responses, and to what extand it is influenced by environmental and genetic factors, we applied an adapted methodology from the Milieu Interieur cohort analysis to a newly recruited cohort of severely allergic patients, the WASPenIP cohort. Over a period of 3 years, we aimed at recruiting two groups of severely allergic, but otherwise healthy patients: i) 30

individuals with wasp venom allergy, ii) 15 individuals with allergy to amoxicillin. This clinical study was designed to achieve two goals: 1) the characterization of the immune phenotype of allergic patients; and 2) the definition of novel biomarker candidates that would allow prediction of the success of AIT.

The scope of this project unfortunately had to be revised several times throughout my PhD: First, due to the delay in the legal validation, patient inclusions could only start with a 6-month delay (May 2017 instead of December 2016). Secondly, whereas estimations suggested that we would be able to recruit 20-30 patients a year, only four patients could be included over the first year in our affiliated center. In order to adapt to this situation, we opened our second recruitment center at the Hopital Bichat. Thirdly and completely unexpected by all allergologists, there was a stock rupture of authorized clinical grade wasp venom for diagnosis in the French market, putting all new inclusions on ice for a period of nearly 9 months. Finally, our clinical lead collaborator left the recruitment center, requiring 1) a new submission of legal forms to the ethics committees, 2) the opening of a third center and 3) further delays.

For all the above reasons, only eight patients were included in this cohort, with three wasp venom allergic patients and five amoxicillin allergic patients. To complement this group of allergic patients, eight healthy donors were included as controls from the Clinical Investigation and Access to BioResources platform (ICAReB) at the Institut Pasteur.

As a consequence, the initial scope of my PhD project had to be revised and this translational project only describes some of this preliminary work I have undertaken to characterize the immune phenotype of allergic patients. All results reported in this chapter are preliminary and reflect the state of the project at this moment (March 2020).

Due to the small number of inclusions the analyses lack statistical power, but allow a glimpse of what can be a possible outcome if confirmed with higher patient numbers.

In addition, to facilitate future mechanistic studies on wasp venom allergy and to complete findings from the clinical cohort, I established a mouse model of experimental wasp venom allergy that will be introduced in the second part of this chapter. 

Materials and methods

Study design

Patients underwent two consecutive visits: At visit V0 (enrolment), which was conducted at least 6 weeks after exposure to the allergen, general demographic data, serology and health parameters were recorded. Furthermore, an antigen-dependent basophil activation test (BAT) was conducted in the laboratory of Pr. Sylvie Chollet-Martin at the Bichat hospital. If the BAT for wasp venom or amoxicillin, respectively, was negative, the patient would not be recruited for a V1 visit. The laboratory of Pr. Sylvie

Chollet-Martin at the Bichat hospital monitored the presence of allergen-specific IgE antibodies in the serum of patients. Although this parameter could confirm an allergic phenotype, it would not be considered an exclusion criterion, if no allergen-specific IgE antibodies could be detected; as long as the BAT yields a positive result. At visit V1

(inclusion) a detailed medical historiy and questionnaires collecting lifestyle and family health history were collected. Furthermore, after blood drawing for immune assays and genetic analysis, skin tests were undertaken to confirm the specific allergy and would allow final diagnostics.

For patients with suspicion of allergy to amoxicillin:

Intra dermal skin testing was performed with diluted antibiotic solution. To this aim dilutions of amoxicillin were prepared (1:100 to 1:10000) 232 . Following, intradermal injection of physiological saline (control solution) and the amoxicillin solution were injected in distinct sites, with minimal distances of 2 cm between the drops on the palmar forearm. A positive skin reaction was characterised by the formation of a papule with characteristic look of "orange peel". After 15 to 20 min, the readings were done in the same way as the prick test.

For patients with suspicion of allergy to wasp venom:

In subjects with a history of anaphylactic sting reaction, sensitization was confirmed by the demonstration of venom sensitization by a skin test reaction to venom. Skin tests were performed by skin prick or intradermal testing with stepwise incremental venom skin tests. When the patient had a conclusive reaction at a set concentration the test can be stopped. For skin prick test venom concentrations of 0.01-100 µg/ml were used.

Intradermally a 0.02 ml venom concentration ranging from 0.001 to 1 µg/ml was injected into the volar surface of the forearm. The techniques were described in the European position paper 124 .

Based on the results of V0 (BAT, wasp-specific IgE) and V1 (skin test) the decision was taken if the patient receives immunotherapy to wasp venom or not.

Flow cytometry analysis

Flow cytometry procedures were adapted from the Milieu Interieur study 233 . In brief, 2 mL fresh whole blood samples were collected on Li-heparin and washed by mixing with PBS at a 1:1 ratio, followed by centrifugation at 1500 rpm for 5 min at room temperature. The supernatant was aspirated and discarded, followed by the addition of fresh PBS taking it to the same final volume as input whole blood. Antibody premixes 1.

Truculture stimulation

Preloaded TruCulture tubes (null, CD3/CD28, LPS, poly I:C) were purchased from RBM

Myriad and maintained at -20 °C until use. Wasp venom (Citeq biologics) and amoxicillin (Sigma) were aliquoted and added freshly to a set of null tubes on the day of analysis. Within 15 min after blood collection, 1 ml of fresh whole blood drawn on Naheparine was added to each pre-warmed TruCulture tube (37 °C), mixed by several inversions and incubated in a dry block incubator at 37 °C (± 1 °C) in room air for 22 h.

At the end of the incubation period, tubes were opened and a plunger was inserted to separate the sedimented cells from the supernatant. Supernatant were aliquot and frozen at -80 °C until protein analysis. Pellets were mixed with 1.6 mL of Trizol (Sigma), votexed at RT for 10 min and then frozen at -80 °C.

Truculture basophil activation test

A 600 μl sample of Truculture tubes containing wasp venom and amoxicillin was taken after 1 hour of incubation at 37 °C. Li-heparin blood was used as negative control. The samples were washed using 600 μl of PBS, centrifuged at 1500 rpm for 5 min at room temperature and the pellet resuspended in 200 μl fresh PBS. The staining procedure was the same as described above. The basophils were defined as CCR3 + SSC low FcεRI + cells. The up-regulation of CD63 + or CD203c + basophils were calculated as previously described 234 and showed in Figure 1. 
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MCP-1/CCL2; MIP-1 alpha/CCL3; MIP-1 beta/CCL4; RANTES/CCL5; SDF1 alpha/CXCL12; TNF alpha and TNF beta/LTA simultaneously. We used Droparrays® plates (Curiox), that allow the use of a single reagent batch for all tested samples. The experimental procedure was prescribed in more detail in 235 .

Data analysis and statistical methods

Unless stated otherwise, I used unpaired Student's t-test and power test for flow cytometry data; t-SNE analysis of cytokine responses were performed using the tsne package in R. Graphs were generated with the graphical packages ggplot2 v.2.1.0, ggpubr v.0.2.4 and GraphPad Prism 6. 

Phenotype of blood cell populations in allergic individuals

To determine immune phenotypes in steady state conditions, I performed flow cytometry analyses on the major cell populations in freshly drawn blood. The 7 flow cytometry panels to monitor the blood cell populations included: 1) major cell lines in blood, 2) T helper (Th) cells, 3) Memory T cell subsets, 4) Treg cells, 5) DCs, 6) granulocytes, and 7) the panel corresponding to the basophil activation test (BAT).

These panels were designed in consideration of the limited amount of available blood and to mirror to the best of our possibilities the panels used in the initial Milieu

Interieur study, while extending a number of parameters that seemed appropriate to characterize blood samples from allergic patients (Figure 2) The gating strategy to define cells populations are indicated in supplementary Figure1-6. 
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Because of the low number of allergic patients included, I had to pool the two groups:

wasp veom allergy and amoxicillin allergy together for statistical analysis. In the following figures, I will therefore represent each individual donor to account for their heterogeneity. Among all measured flow cytometry data (see Supplementary table 2), only a couple of parameters showed a differential behavior that I will present in the following:

As allergic conditions are often characterized by a Th2-biased immune response, I first evaluated their T helper cell subsets. The three wasp venom allergic patients had increased Th2 cell numbers compared to amoxicillin allergic patients and healthy donors (Figure 3A); and all allergic donors had increased Th17 cell numbers (Figure 3B).

Only there was a trend in wasp venom allergic patients had higher percentages of Th2

and Th17 among all CD4 T cells (Figure 3C,3D). There was no significant difference between the cohort and control groups when I pooled the data from the two allergic groups together. Interstingly, I could only detect increased HLA-DR expression on naive CD4 + T cells from allergic donors (Figure 4A), which could suggest that they stay in a priming state in naï ve stage. Moreover, CD8 + TCM, TEM, TEMRA from allergic patients expressed less CCR7

on their surface than their corresponding population from healthy donors (Figure 4B-4D). CCR7 is expressed by DCs, B cells, and also memory T cells subsets and is critical for homing of immune cells to secondary lymphoid organs 117 . It has been proposed that CD8 + CCR7 + T cells suppress CD4 + T cells proliferation and cytokine production in vitro 236 . Thus the lower CCR7 expression on CD8 T cells from allergic donors may translate into a reduced suppressive function from CD8 + T cells to CD4 + T cells.

Since the allergic immune response could also reflect a failure to maintain tolerance towards a specific allergen 237 , I also compared the absolute number, percentage and subsets (naï ve, memory, activated) of T regulatory cells (Tregs) (Supplementary table 2).

Unexpectedly, most allergic donors had increased percentages of Tregs among total cells (Figure 5). This difference however did not appear when looking at absolute numbers.

Because another study showed that Tregs from allergic donors inhibited less efficiently neutrophils by IgG immune complexes triggers their internalization. However, for this to happen in measurable proportions, there must be a certain amount of circulating immune complexes in the blood. Here, however, the blood was taken at a distance from any allergic event that may include the generation of allergen immune complexes with anti-allergen IgG in these individuals that are otherwise healthy. It is therefore remarkable that an increased CD32 expression of neutrophils could be observed in the allergic individuals of our cohort compared to healthy donors. Neutrophils express large amounts of CD16/ FcγRIIIB on their surface, which is also named neutrophil antigens (NAs) [START_REF] Daëron | Fc receptor biology[END_REF]6 . Its abundant expression on the neutrophil surface at steady state, and association with lipid rafts suggests that it can contribute to cell activation via coclustering with integrins and by helping FcγRIIA to efficiently capture immune complexes (ICs) [START_REF] Fanger | Cytotoxicity mediated by human Fc receptors for IgG[END_REF][START_REF] Vossebeld | The anti-Fc gamma RIII mAb 3G8 induces neutrophil activation via a cooperative actin of Fc gamma RIIIb and Fc gamma RIIa[END_REF] .

Together an increased CD10 and CD32 expression could indicate a possible regulatory role of neutrophils: on the one hand, neutrophils may contribute to regulate T cell proliferation by increased CD10 expression; on the other hand, increased CD32 could trap more allergen-IgG immune complexes on neutrophils and thereby decrease the chance of allergen capture by FcεRI-bound IgE on mast cells or basophils. Paralleling to the observation on neutrophils, I also found an increased expression of CD16 (Figure 7C) and CD32 (Figure 7D) on eosinophils of allergic patients. A similar finding was reported for eosinophils from asthmatic patients, which was interpreted as a sign of eosinophil priming associated with systemic inflammatory response during late asthmatic response 244 . In steady state, basophils from allergic donors express low amounts of CD63 and CD203c on their surface. Among the 5 amoxicillin allergic individuals only 1 showed increased CD63 + and CD203c + expression on basophils upon amoxicillin stimulation (Figure 8A) in this adapted BAT and 1 wasp venom allergic patients out of three showed increased CD203c but no increased CD63 expression on their basophils after wasp venom stimulation (Figure 8B). On the other hand, all of these patients showed a positive response in the classical BAT performed at the hospital. Basophil reactivity is influenced by many factors 122 , such as time between blood collection and BAT; anticoagulants used, whether IL-3 is used to prime basophils; and finally the range and quality of the allergen. The cut-off values for a classical BAT used in amoxicillin allergy diagnostics is a minimum of 5% CD63 + basophils, with 55% sensitivity and 80% specificity 234 . For wasp venom allergy, it was described as 2.5-fold increase in the number of activated basophils (>25%) as compared with the negative control (10%), with 85.3% sensitivity and 83.3% specificity 245 . The low sensitivity of this adapted BAT could be due to the absence of IL-3 during the stimulation or the quantity (100ng/mL) or quality (wasp venom extract) of allergen used.

Cytokines and chemokines concentration upon stimulation

In addition to the phenotyping of blood cells populations in steady state conditions, the WASPenIP study included the assessment of whole blood stimulation assays that aimed to capture differences in induced immune responses between allergic patients and healthy donors. To minimize variations between samples, we used preloaded Truculture tubes, in which 1 ml of blood was added within 30 minutes of sampling. Six different stimuli were included in the study: a null tube to measure baseline activation, LPS as a mimic of a gram-negative bacterial infection, α-CD3/α-CD28 as a T cells stimulus, poly I:C as a surrogate for a viral infection, and finally two tubes loaded with wasp venom, and amoxicillin, respectively. After 22 hours incubation at 37°C, the supernatant was recovered and, after a storage period at -80°C, subjected to quantification of 34 cytokines and chemokines using luminex technology.

My analysis shows that the inter-individual variations in such a small sample number is too big to detect any significant differences using supervised statistical. Nevertheless, I will describe some of the observed trends that seem interesting paths for future investigations.

In the Milieu Interieur cohort approximately 1 out of 3 donors failed to fully respond to stimulation with α-CD3/α-CD28 246 . It was therefore not unexpected that in our cohort 2 allergic patients and 2 healthy individuals failed to produce IL-2 (Figure 9A), 2 allergic patients and 4 healthy individuals failed to produce IL-6 (Figure 9B) in response to α-CD3/α-CD28 stimulation. All of the donors in our cohort and control group were capable of producing IFN-γ (Figure 9C). To question whether allergic patients in the cohort show a pronounced Th2 bias, I compared Th2 cytokines following α-CD3/α-CD28 stimulation to the null condition.

Importantly my flow cytometry data revealed that there was no statistical difference in Without stimulation, there were no differences in IL-4, IL-5 and IL-13 concentrations between the groups (Figure 10A). T cells stimulation induced measurable Th2 cytokine concentrations irrespectively of the test group, but it appears that the blood from allergic donors produced slightly more IL-4, IL-5 and IL-13 than cells from the control group (Figure 10B). These data therefore suggest that allergic donors may respond stronger after induction of Th2 cytokines upon T cells stimulation, in agreement with Th2 biased immune responses.

Based on my observation that allergic donors show higher ratios of Th17 cells -CD4 T cells in my flow cytometry analysis, I next investigated whether this difference would also functionally translate into augmented cytokine concentrations typically associated with Th17 cells upon T cells stimulation (Figure 11). As expected, there were little Th17 cytokines detected without stimulation (Figure 11A). The hygiene hypothesis postulates that a the loss of infection pressure on the population leading to the reduction of Th1 immunity, and as a consequence to an imbalance of Th1/Th2 immunity, resulting in a higher incidence of allergic disorders 247 . Although I did not observe a reduction of Th1 cells in allergic donors, I wanted to compare their Th1 cytokine profile without stimulation, as well as following surrogate bacteria and virus infection stimulants with LPS and poly I:C respectively (Figure 12). In the IgE association study, I could show that individuals with high serum IgE concentrations secreted more of the regulatory cytokine IL-10 upon T cell stimulation with α-CD3/α-CD28. I therefore tested whether the IL-10 secretion was also augmented in allergic individuals and compared the 6 conditions of stimulation (Figure 13).

Surprisingly, there is no difference between the null, T cell stimulation and LPS stimulation. However, the wasp venom allergic individuals had even lower IL-10 secreted in Poly I: C, wasp venom and amoxicillin stimulation compared to the null condition. With so few samples it is again difficult to determine a trend from these results. Notably in the amoxicillin group there was a larger heterogeneity that was already visible in the null condition. Surprisingly, in samples from wasp venom allergic individuals there seemed to be lower IL-10 secreted upon poly I:C, wasp venom and amoxicillin stimulation than in the null condition and less than in the controls and amoxicillin allergic groups.

Indeed, for most of the chemokines tested, there was no difference between healthy controls and the two groups of allergic patients, as exemplified for Eotaxin, an eosinophil chemotactic protein (Figure 14). Remarkably, however, the two groups of allergic donors showed a distinct response from each other in certain conditions and for some released proteins. Of course, one has to keep in mind the very low sample number, but to give just two examples: amoxicillin allergic donors tended to produce more CCL5 (Figure 15) and CXCL12 (Figure 16) than Of course, this behaviour needs to be confirmed with a bigger number of included patients. Our limited data concluded that in the steady state, allergic donors had increased Th2 cells, Th17 cells as well as Tregs, although there was no difference in their related cytokines been observed in our 6 conditions of stimulation. Of note, the amoxicillin allergic patients had high CCL5 concentrations upon relevant and nonrelevant allergen stimulation. CCL5 was expressed by T cells upon stimulation 248 , which had been shown to play a critical role in recruiting leukocytes 249 . The high CCL5 concentrations in amoxicillin allergic patients indicated that in amoxicillin allergic conditions, leukocytes were prone to be recruited in the circulation upon stimulation and induced systematic reaction; while in wasp venom allergy, the situation was reverse.

The sensitization route in these two types of allergies could also explain such difference: oral/injection sensitization in amoxicillin allergy and skin sensitization (through insect sting) in wasp venom allergy. Moreover, another potent leukocytes activator CXCL12 was also increased in amoxicillin allergic patients 250 .

In the next step, since the high inter-individuals variations could not provide us more evidence on difference between allergic and healthy individuals from single cytokine detected. I applied a machine-learning algorithm to visualize proximity of these multidimensional samples in a two-dimensional space. For each of the conditions, I performed a t-distributed stochastic neighbour embedding (t-SNE) analysis (Figure 17). As expected allergic patients and controls showed an almost perfect mixing in the null condition with no clusters that could be identified (Figure 17A). But also in the other conditions the groups stayed mostly mixed and no distinct clusters could be identified that would allow separation of the patient groups (Figure 17). This failure to separate the two or three groups is mostly due to the low sample number and the rather large inter-individual variations.

Conclusion WASpenIP

Taken together, my analysis of the WASPenIP study remains preliminary due to the small numbers of inclusions and the resulting limited statistical power. My results seem to suggest that allergic patients present with increased Th2 cells and Th17 cells ratios, augmented expression of HLA-DR in naive T cells, and CD86 on cDC2s and pDCs, suggestive of a more mature/activated phenotype. My data further reveal a higher expression of CD32 by neutrophils as well as CD16 and CD32 eosinophils and a higher expression of CD10 on neutrophils. Finally, the analysis of induced immune responses failed so far to identify different immune phenotype between allergic individuals and healthy donors, it however seems to be in accordance with the data from the flow cytometry analyses. Interestingly, analysis of induced responses points towards distinct immune responses of wasp venom and amoxicillin allergic patients that need to be confirmed with greater patient number.

Wasp venom allergy mouse model:

Clinical studies in humans remain often descriptive and it was my goal to accompany the WASPenIP study with some fundamental research in a mouse model to tackle some more mechanistic questions. Surprisingly there were only 2 reports on mouse models of wasp venom allergy 251,252 ; both were both done in Balb/c mice, a mouse strain known to favour Th2-driven immune responses.

To be able to mechanistically investigate the physiopathology involved in sensitization during wasp venom allergy, I chose to complement my research project with a wasp venom allergy mouse model in C57Bl/6 mice. This would allow me to use transgenic mice that are mostly on this background to address questions about the antibody subclass, the effector cell type and the antibody receptors responsible for the reaction.

A wasp injects between 15μg-50 μg of wasp venom per sting 128 . Wasp venom is a natural product of several components, the relative contribution of which may vary from one preparation to another. After a first series of failed immunizations using only wasp venom at natural sting doses via the subcutaneous route, I applied a standard immunization procedure including adjuvant. I augmented the venom dose and added an adjuvant to obtain a good and reproducible level of immunization. I decided to use Freund's Complete adjuvant/ Freund's Incomplete adjuvant (CFA/IFA), that induces a similar antibody secretion profile in C57BL/6J mice as does alum adjuvant in Balb/c mice (internal communication, unpublished). I used 100 μg of wasp venom in presence of CFA/IFA to immunize mice via an intraperitoneal (i.p.) route. After a first injection of wasp venom in CFA, three boosts of venom in IFA were separated by 2-4 weeks (Figure 18). Although all mice showed similar wasp venom specific antibody levels following immunization, only two-thirds of mice developed hypothermia after challenge (Figure 20/19). The heterogeneity in response could be caused by the already mentioned variations in wasp venom composition, but also by differences in induced anti-wasp venom antibody classes, notably IgE vs IgG. As our tools did not allow separating these two phenomena, we decided to change the experimental approach and to focus on immunizations elicited against only one component of wasp venom. To this aim, I first tried to produce the major wasp venom allergens, Ves V 1 and Ves V 5 in insect cells using a baculovirus infection approach 253 . However, despite a promising production at low scale, it was impossible to obtain sufficient intact protein for immunization of larger groups of mice. Building on the laboratory's expertise in Expi293 liquid culture transfections, I then developed a mammalian expression system and could successfully obtain large amounts of Strep-tagged Ves V 5. Supernatant from transfected cells was purified on a streptactin column (Iba) and dialysed to remove biotin used for protein elution. Currently, the immunizations are ongoing and first results will be presented during my oral PhD defence. The Ves V 5 sensitization mouse model would provide a tool for the mechanistical studies of wasp venom allergy. Once established, we will apply our immunization protocol in the mice expressing human FcεRI, human IgE and human FcγRs, human IgG mouse model to clarify the contribution of classical pathway and alternative pathway in wasp venom allergy. Moreover, Strep-tagged Ves V 5 could be a tool to label B cells specific for Ves V 5 in immunized mice or patient samples (as done now in our lab), which would help in identifying the antibody repertoires against Ves V 5. In the second results part of my thesis, I attempted to compare the immune phenotypes of severely allergic patients with healthy controls. However, due to the limited number of recruited patients, this part of my PhD remains preliminary. Until today, I could observe some immune characteristics of allergic donors that are in agreement with previously reported findings (e.g. increased Th2 and Th17 cells), but also made some new observations that were previously not described (increased HLA-DR in naï ve CD4 + T cells and decreased CCR7 on CD8 + TCM, TEM and TEMRA). Notably, some of the measured immune parameters appear to be different in amoxicillin allergy and wasp venom allergy, indicating that many pathways may lead to allergies, involving different cellular actors and cytokines and are hence affected differently by environmental and genetic parameters. I will discuss in chapter 4.2 whether it is possible to define one allergic immune phenotype to regroup all the individual causes that may underlie allergy.

Finally, in the last chapter 4.3 of the discussion I will come back to my results of the interspecies IgG-FcγR cross-binding study that I undertook during the last part of my thesis. Beyond the discussion that is already integrated in the article, I will discuss the results on the observed interaction patterns from an evolutionary point of view, highlighting expected relationships and surprising results.

I will then conclude my work and provide some outlooks into future steps of this research in the perspectives.

One allergic immune phenotype fits all?

One of the major goals of the WASPenIP cohort is to answer the question whether all wasp venom allergic individuals have a similar immune phenotype, when compared to healthy controls; and whether this immune phenotype resemble the one of amoxicillinallergic donors. In other words: does an allergic immune phenotype exists that extends over a specific allergy and embraces all causes of allergy that have in common to potentially cause severe systemic reactions, such as anaphylaxis? And even all types of allergies, be it hay fever, food allergies, atopic dermatitis or even allergic asthma? The simplified model of allergy as a Th2 biased, IgE-dependent immune response would indeed suggest so, however my preliminary data from the WASPenIP study suggest that allergic donors show an individually dysregulated immune phenotype with a more or less pronounced involvement of the different immune compartments. In this chapter, I will discuss the implication of these different cellular players in allergic diseases.

My results show that the variations of immune parameters tested were larger among amoxicillin allergic patients than among wasp venom allergic patients, suggesting that amoxicillin allergy shows a more heterogeneous phenotype.

Although allergic diseases are characterized by Th2 response, however, in the two types of allergies we tested, their Th2 cell numbers and percentage of Th2 cells among all the CD4 + T cells did not a show significant difference compared to healthy donors. One reason for this might be that we analysed these blood samples more than 6 weeks after allergen exposure, at a time when allergen-triggered immune reactions are thought to have come back to baseline levels. In addition, in contrast to exposure with other types of allergens such as house dust mite or pollen, the contact of amoxicillin and wasp venom can be avoided in daily life. It was therefore even more surprising that, unlike Th2 cells, Th17 cells in both allergic groups were augmented. Furthermore, to reduce airway inflammation, corticosteroids can be given locally or systematically. In nowadays inhaled corticosteroid are one of the major medicines to control asthma crises. However, 10% of asthma patients are resistant to this therapy 275 .

Implication of Th17 cells in allergic diseases

Some of these patients show a high degree of neutrophil infiltration in the lungs, together with elevated IL-17 levels in the airway tissues or in the bronchoalveolar lavage fluids, suggesting that IL-17 could be causal in this neutrophil accumulation.

Corticosteroids have been suggested to exert anti-apoptotic effects on neutrophils and thus prolong their survival, whereas they seem to have the opposite effect on eosinophils 276 . It has also been reported that the infiltration of neutrophils resulted from corticosteroid therapy 277 . In the WASPenIP cohort, I could not observe elevated neutrophil numbers that accompanied the augmented Th17 cells. This might be due to the fact that I sampled blood and not tissue from allergic sites or by the fact that the allergies I was studying are not chronic conditions like asthma (in which the neutrophil accumulation could be escalated by the corticosteroid therapy).

Monocytes/ macrophages

Human monocytes are a heterogeneous cell population of mononuclear cells that circulate in the blood. Two subsets are generally distinguished based on their expression of CD16 on their surface. Classical monocytes are CD14 ++ CD16 -278 , they exert multiple functions to preserve homeostasis, and contribute to pathogen defence and tissue repair. Inflammatory monocytes express CD16 on their surface and notably expand during inflammatory conditions 279,280 . Depending on the expression level of CD16, these can be further divided into two subsets with proinflammatory properties: intermediate CD14 ++ CD16 + monocytes and non-classical CD14 + CD16 ++ monocytes 278 .

Interestingly, the percentage of CD14 ++ CD16 + monocytes was reported to increase in the blood of patients with severe asthma as compared to patients with mild/moderate asthma 281 . In the WASPenIP study, I also included the detection of monocyte subsets in the flow cytometry analysis panels. However, I could not observe the increase of CD16 + blood monocytes. A possible reason could be that CD16 + monocytes depend on sustained allergen stimulation for their expansion. K. Kowal and colleagues showed that house dust mite allergic patients had elevated CD14 ++ CD16 + monocytes upon bronchial challenges in the blood 282 . Another possibility could be that CD16 + monocytes only contribute to severe asthma instead of amoxicillin allergy or wasp venom allergy. Upon Importantly, although allergic donors had increased Th17 cells, pDCs and Tregs in their blood, their Th1 cytokines, Th2 cytokines, Th17 cytokines and IL-10 were comparable with healthy donors in the six whole blood stimulation conditions. This could be a consequence from the above-described homeostasis between inflammatory and antiinflammatory responses, which restrict exaggerated responses by any of these cell types. In contrast to the comparable cytokine levels, some of the chemokines showed distinct expression between healthy donors and allergic patients in certain stimulatory conditions. Amoxicillin allergic patients had a tendency to release more CCL5 and CXCL12 upon stimulation with relevant allergens. CCL5 is chemotactic for T cells, eosinophils, and basophils and CXCL12 for T cells and monocytes, suggesting that these patients could show enhanced leukocyte mobilization into the circulation. As mentioned in the chapter 3.2, this difference may be related to the sensitizing route: amoxicillin sensitization occurs most likely systemically, whereas wasp venom sensitization happens in skin.

In conclusion, and as summarized in Figure 9, multiple cellular players contribute to allergic diseases and their respective contribution may differ from one allergic disease to another, and more importantly from one patient to another. While some features may be shared between different allergic conditions and/or patients it is unlikely that a unique immune phenotype is at the origin or these diverse conditions, which indicated that on allergic immune phenotype could not fit all of the allergic conditions. item under unauthorized distribution right 4.3. From antibody evolution to application.

In the last part of my thesis, I evaluated the binding of IgG (sub) classes from different species to human and mouse FcγRs. This allowed me to draw a comprehensive map of interspecies cross-binding interactions that allows inferring FcγR effector functions triggered by each of these IgG subclasses in in vitro studies using human cells or in vivo when using mouse models. In the following chapter, I would like to discuss these results from an evolutionary point of view. I will therefore begin this chapter with a brief introduction to the evolution of immunoglobulins and FcγRs.

The evolution of immunoglobulins

The diversity of the adaptive immune system relies on immunoglobulins (Ig), T cell The evolutionary relationships of these species is mostly conserved on the level of IgG immunoglobulins, with maybe the exception of rabbit/rabbit IgG that appear closer related to rodents in the species tree and whose IgG forms a (badly supported) node with primates. It is noteworthy that IgG subclasses from a given animal showed sometimes a closer relationship with the same subclass from a closely related species (e.g. mouse, rat and hamster IgG1), and sometimes with other IgG subclasses within a given animal (rat IgG1 and IgG2a) (Figure 12). For all these species we again only had access to whole purified IgG. Unexpectedly, IgG complexes from these three species showed different binding to human and mouse Muridae was twice as long as the split between mouse and rat; this could explain the rather poor binding of complexed hamster IgGs to mouse (and human) FcγRs (Figure 10 and 301 ).

As indicated in the introduction, it has been proposed that mouse and rat IgGs derived from a common set of ancestral genes: with rat γ2c gene showing homology to mouse γ3; the rat γ2a/γ1 pair to mouse γ1; and the rat γ2b is homologous to mouse γ2a/2b. Our results partially support this hypothesis: complexed mouse IgG1, and rat IgG1 showed the same binding pattern to mouse and human FcγRs, rat IgG2a, however only showed very weak interactions with FcγRs; mouse IgG2a/2b/2c binding resembled the pattern observed with rat IgG2b.

Macaques are widely used non-human primates for studies on vaccination and infection diseases, especially HIV. Cynomolgus monkeys have four IgG subclasses. Their intronexon organization is similar to their human counterparts and also their amino acid sequences share 86.3-90.3% with human IgGs. Macaque IgG1-4 carry however a number of amino acid changes which are thought to be potentially affecting their effector functions 302 . In agreement with their evolutionary proximity, we found the macaque IgGs shared overall a very similar binding pattern with their human counterparts.

IgG-FcγRs cross binding between human and mouse

The phylogenetic analysis of human and mouse FCGR genes in Figure 13 reveals the sometimes misleading denomination of these genes in the two species, which mixes historical discovery with functional resemblance. The FCGR1 locus separated from the low affinity IgG receptor locus and indeed mouse and human FCGR1 are closely related.

Thus one could expect that mouse and human FcγRI show similar binding patterns to IgGs from different species. Indeed, both FcγRIs bound to all human complexed IgGs with lowest binding to human IgG2; and to mouse IgG2a/c and IgG3 and much weaker or not to mouse IgG1 and IgG2b. Human FcgRIIA, IIB and IIC derived from gene duplication and exon swapping events. Albeit the closer evolutionary relationship of mouse FcgRIIB to human FcgRIIB, than to human FcgRIIA, the binding pattern of mouse FcγRIIB showed higher overlap to the one observed for human FcγRIIA (H131).

Other than what one may think from the common denomination mouse and human FcγR do not show many similarities. Indeed, mouse FcγRIII is rather related to mouse FcγRIIB and the human FcγRIIIA and FcγRIIIB show commonality with mouse FcgRIV. Among This also explains why some well-documented polymorphisms of human FcγRs show such a strong impact on IgG binding of the receptors. FcγRIIA H131 is generally described to show better binding to human IgG2 than hFcγRIIA, except for mouse IgG1.

Additionally, I could confirm that the human FcγRIIIA V176 variant showed more binding to all human IgGs tested, and extend this observation to IgGs from other species. Collectively, my data adds interesting insights into the co-evolution of IgGs and FcγRs and identifies crossbinding patterns between IgGs from different species and human and mouse FcγRs that allow inferring FcγR effector functions.

Perspective

The results of my thesis can be summarized by three major outcomes:

In healthy individuals, total serum IgE concentrations are associated with age, sex, smoking habits, certain HLA alleles, FcRI expression on basophils, and a particular profile of cytokines released in whole blood stimulation assays. The observation that the group of individuals with high IgE concentrations contained a two times higher proportion of individuals with a reported family history of allergic diseases (12.4 % instead of 6 % in the overall cohort), suggests that this group is "at-risk" of developing allergies. This should be particularly true for individuals that present with persisting high IgE concentrations, because their "milieu interieur" may be permanently challenged by augmented cytokine productions and notably cytokines of the Th2 type.

My preliminary data from the analysis of the WASPenIP cohort suggest that classical features of an allergic immune phenotype are conserved in this cohort. Data from induced immune responses, however, are yet too preliminary to draw solid conclusions.

This study will continue after my PhD. We expect that we will be able to present a complete description on immune phenotypes of these two types of allergies at the end of the study. Furthermore, the WASPenIP study will in the future include the analysis of wasp venom allergic individuals before and after 1 year of VIT, which will shed light on the changes induced by this therapy in these allergic patients. It will be particularly interesting to test whether we can define biomarker candidates that will allow measuring the success of VIT, and/or predict the appropriateness of this therapy for individual patients. As VIT is unsuccessful in 10% of treated patients after 2-3 years of therapy, it would be very informative to determine, which immune parameters preclude successful VIT, in order to propose to these patients' alternative treatment approaches before engaging into this long therapeutic process.

The wasp venom allergy mouse model that I have established will further provide a valuable tool for more mechanistic studies of wasp venom allergy. To my knowledge, it is the first model working in C57BL/6 mice, the genetic background on which most genetically modified lines were generated. Using these transgenic mice will enable to identify key components of the effector phase of this allergy model. Furthermore, this model will help to answer the following questions:

 Where is anatomical IgE production site and does it depend on the location of antigen exposure?

 How are allergen-specific memory B cells produced?

 Can we detect allergen-specific long-lived plasma cells?

Indeed, as outlined in my introduction the mechanisms underlying IgE memory are still very much debated and this model may help to elucidate the generation of allergenspecific memory B cells and antibody producing cells, because we have in the laboratory the capability to functionally phenotype these cell types using microfluidics-based single cell approaches to identify specific antibody producing cells in droplets using fluorescently labelled recombinant antigen(s).

Lastly, my analysis of the binding of IgG from various species to human and mouse FcγRs provide a comprehensive map of their interactions that provides a useful reference for the transition from one animal model to preclinical mouse models or human cell-based bioassays. It allows inferring FcγR-dependent effector mechanisms at play when using IgG(s) from "exotic" species in mice or in vitro on human cells. It adds also to our understanding of IgG and FcγR co-evolution. In the future, it would be interesting to test isolated subclasses from species from which only pooled total IgG could be tested during my PhD. Furthermore, the aggregation of IgGs using F(ab')2 anti-IgG F(ab')2, but even more so using F(ab')2 anti-IgG (H+L), is suboptimal and probably shows limited steric resemblance with antigen-induced IgG aggregation. It would therefore be interesting to test the binding of immune complexes formed with these antibodies to mouse and human FcγRs, to comfort the observations made with F (ab'2)

aggregates.
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  illustrent également une grande variabilité interindividuelle lors de l'induction de réponses immunitaires. Pour identifier les facteurs immunologiques, génétiques et environnementaux qui déterminent la concentration d'IgE sériques totales chez des individus sains, j'ai également étudié les données disponibles d'une cohorte de 1000 donneurs sains stratifiés par âge et par sexe (Milieu Intérieur). Mon analyse révèle que les concentrations sériques totales d'IgE chez ces donneurs sont corrélés à des facteurs tels que l'âge, le sexe, le tabagisme, certains allèles HLA, l'intensité d'expression de Fc RI sur les basophiles et un profil particulier de cytokines libérées lors de tests de stimulation du sang total. Ma thèse fournit ainsi une base pour la caractérisation approfondie du phénotype immunitaire des patients gravement allergiques et contribue à une meilleure compréhension des paramètres associés aux concentrations sériques d'IgE chez des individus sains. De plus, mon travail dresse une carte complète des interactions entre les IgG de différentes espèces et les FcγR murins et humains, qui aideront à terme à anticiper les fonctions effectrices dépendantes de FcγR lors de l'utilisation d'IgG d'autres espèces avec des cellules effectrices humaines ou murines.

Figure 1

 1 Figure 1 Proposed model for the evolution of rat and mouse C γ genes. Adapted from 103 .

Figure 2

 2 Figure 2 Possible interactions between the stromal reticulum, plasma cells, and eosinophils. Reprinted from 114 .

  physical examination. When an allergic disorder is suspected, a series of tests can be conducted to confirm the presence of hallmarks of allergic physiopathology. Those tests include allergen-specific IgE assay, basophil activation assay, skin tests, and in some circumstances even challenge tests. Additional criteria listed in box I further apply in the special case of anaphylaxis: Box I: Adapted from 121 .Allergen-specific IgE assayAllergen-specific IgE is generally considered to be a necessity for the occurance of most allergies. Its clinical deterction is based on the incubation of patients' samples, generally serum, with allergens coupled to a solid phase, with subsequent specific detection and quantification.Basophil activation testBasophils are besides mast cells the prototype of allergic effector cells. Whereas mast cells are tissue resident cells and hence difficult to obtain, basophils can be directly tested in fresh blood samples of patients. Both cell types express high-affinity IgE receptors (FcεRI) that capture circulating IgE enabling them to instantaneously react upon exposure to allergens. In contrast to the allergen-specific IgE assay, the basophil activation test (BAT) is a functional assay, which evaluates the response of basophils to exposure with allergen. The principle of BAT is based on the detection of basophil activation markers, such as CD63, CD203c, CD13, and CD69 by flow cytometry. There is little consensus about gold standard conditions in which BATs should be executed and as a consequence many clinical laboratories have established their own protocol and criteria. Variations include use of whole blood or isolated peripheral blood mononuclear cells (PBMCs), allergen concentrations tested, activation markers evaluated, addition of IL-3 for basophil priming, and the formula to quantify BAT positivity. The sensitivity of BAT varies from 55% to 97.6% depending on the allergen type 122 .Skin testSkin tests are the most widely used functional in vivo tests in allergy diagnosis. In analogy to the BAT that test IgE-loaded basophils, skin tests directly monitor the response of resident mast cells. Upon challenge with the allergen, cross-linking of allergen-specific IgE-loaded mast cells will degranulate and release mediators that induce local vasodilation and increased capillary permeability. As a consequence, wheal-and-flare reactions appear within 15 min to 20 min upon challenge that can be quantified by the allergologist. There are two types of skin tests: epicutaneous and intracutaneous. The epicutaneous test is easy and rather safe to perform and causes little pain. The intracutaneous test is 100 to 1000 more sensitive than epicutaneous test and is more reproducible 123 .

  includes any allergic reaction cause by the sting of Hymenoptera insects 128 . 55%-95% of individuals are stung at least once by a hymenoptera species in their lifetime 129 . The resulting reaction can range from local to systemic anaphylactic 124 with large local reactions and systemic anaphylactic reactions being the most frequent ones. A large local reaction is defined as a swelling exceeding a diameter of 10 cm and lasting for longer than 24 hours. The systemic anaphylactic reaction includes generalized skin symptoms such as flushing, urticaria, dizziness, dyspnea, and even cardiac or respiratory arrest. Systemic anaphylactic reactions are further classified in different grades of severity according to Mueller 130 and Ring and Messmer 131 .

  item under unauthorized distribution rightBeta-Lactam drug allergy Drugs are the most frequent trigger of anaphylaxis in adults 133 . Among those drugs, beta-lactam antibiotics are the most common causative drugs. About 8% of individuals in the USA are reported to have a history of penicillin allergy 134 . Depending on the time interval between drug administration and the onset of allergic reactions, drug allergic reactions can be classified as immediate, accelerated, and delayed 135 . Typical symptoms for the immediate reaction include urticaria, angioedema, and even anaphylaxis. The diagnosis for beta-lactam drug allergy is difficult and includes skin testing, allergenspecific IgE, drug provocation test, and BAT. It is however noteworthy that the BAT frequently returns a negative result. Furthermore, it is frequently observed that reintroduction of penicillin in individuals with reported penicillin allergy do not elicit allergic reactions. Due to the diagnostic difficulties the European Network for Drug Allergy and EAACI interest group on drug hypersensitivity recommended two diagnostic algorithms: the short algorithm and the long algorithm 136 . The short algorithm is depicted in Figure3.

Figure 3

 3 Figure 3 Short algorithm for beta-lactam allergy diagnoses. BPO: benzylpenicilloyl; MDM: minor determinants mixture; DPT: drug provocation test; (1) If chronology unknown for uncertain check for late reading; (2) If positive clinical history and long interval of the reaction. Adapted from 136 .

  by an alternative drug of a different chemical class, when there is an indication for antibiotic therapy. On the contrary, it is close to impossible to avoid exposure to host dust mite-related allergens in daily life or pollen during flower season. Both types of allergens spread through the air in such quantities that they are present everywhere in the environment. In such cases, clinical signs of allergic diseases can be reduced by pharmacotherapy. Currently, there are several kinds of anti-allergy medicines on market: blockers or competitors of the most prominent allergic players, such receptor antagonists of histamine or platelet activating factor (PAF) receptors, anti-IgE monoclonal antibodies (mAbs), and mAbs interfering with IL-4/IL-13 signalling or the IL-5 pathway. Finally, in some cases of allergy (e.g. hymenoptera venom and some cases of food or pollen allergy), in which the causative allergen has been identified, AIT can be applied aiming to profoundly alter the immune response of the patients to an allergen. It can sustainably induce immune tolerance, allowing patients to re-expose themselves to their allergic trigger without any or only mild adverse reactions; sometime even years after cessation of AIT.Pharmacotherapy to reduce symptoms associated with allergies Bioactive mediators released from mast cells or basophils during allergic reactions are at the origin of various clinical signs associated to allergies. For example, mast cellderived histamine binds to histamine 1 receptors (H1Rs) expressed by smooth muscle cells, endothelium and sensory nerves in the periphery, resulting in bronchoconstriction, vasodilation and hyper-nociception. Therefore antihistamines (or better H1R antagonists) are widely used to control the symptoms of allergic disease. However, H1R are not only expressed in the periphery but also in the central nervous system and additionally to H1R three other histamine receptor exist that may be blocked concomitantly if the drugs used are not specific enough to only block H1R. This is the reason, why the first generation of antihistamines often caused side effects, including dizziness, blurred vision, nausea and vomiting. The second antihistamine drugs were designed to reduce their passage through the blood-brain barrier and thus somnolence as a side effect, undesired effects on the periphery however remain a matter of concern. Compared to the second generation, the third generation of antihistamines further reduced those side effects, and show for examples no more cardiac toxicity 138 . Anti-IgE monoclonal antibodies (Omalizumab and Ligelizumab) Because IgE plays a central role in allergic reactions, reducing the amount of IgE in an allergic individual became one of lead strategy to reduce allergic symptoms. Omalizumab (Xolair®; Novartis) is humanized IgG1,κ anti-IgE mAb, which binds to the heavy chain Cε3 domain of free IgE, thus preventing its binding to FcεRI 139 . It triggers the clearance of IgG-bound IgE, thereby leading to an immediate reduction of tIgE levels. Because FcεRI requires binding of IgE to be stabilized on the cell surface, Omaluzimab treatment also reduces in the long run FcεRI-expression levels on mast cells and basophils 140 and hence mediator release and symptoms of allergic crises. This observation is in agreement with my observation that serum IgE concentrations positively correlate with basophil FcεRI expression. Omalizumab has been approved in 2003 for the treatment of severe allergic asthma and chronic idiopathic urticaria 141 .

  urticaria143 . Compared to Omalizumab, patients needed 10 times lower doses of Ligelizumab to achieve the same effect on IgE reduction. It could therefore present an interesting alternative to Omaluzimab treatment.Furthermore, Omaluzimab has been described to trigger adverse reactions and notably anaphylaxis in 0.1-0.2% fraction of patients144,145 . It also was reported to transiently increase basophil sensitivity146 . It is therefore recommended to be used only when IgE titers are lower than 500-700 IU/mL 147 . Our laboratory has recently published a Fcengineered Omalizumab which has the equivalent IgE blocking efficacy without inducing FcγR-dependent adverse effect 148 . In extension, a similar approach could be applied to make Ligaluzimab safer.Blockade of IL-4 and IL-13 signaling (Dupilumab) IL-4 and IL-13 are critical cytokines involved in Th2 biased allergic reactions. They are predominantly secreted by Th2 cells, ILC2s and basophils and trigger class-switch reactions to IgE in antibodies secreting cells. In addition, they enhance the contractility of smooth muscles in the airways, mucus production and expression of inducible nitric oxide synthase in airway epithelial cell. Il-4 has furthermore been described to upregulate collagen and fibronectin synthesis in fibroblasts thus participating to tissue remodelling, which is hallmark of severe asthma 149 . Besides IL-4 and IL-13, Th2 cells also produce large quantities of other cytokines, such as IL-5 and IL-9 150 . IL-5 promotes eosinophil egress from the bone marrow in cooperation with eotaxin 151 . IL-9 attracts mast cells to tissues and promotes their growth 152 . Together these cytokines are involved in many key aspect of the allergy pathology.IL-4 and IL-13 exert their biological activity through binding to a heterodimeric receptor, composed of the IL-4 receptor α-subunit and the IL-13 receptor α1-subunit (IL-4Rα/IL-13Rα1)153 . IL-4 can additionally induce signal transduction through a receptor complex made of IL-4Rα and the common gamma (γC) chain, shared among many cytokine receptors. IL-13-driven cell activation can be counter-balanced through expression of the IL-13 receptor α2 chain (IL-13Rα2), which does not contain a intracellular signalling domain and competes with the activating receptor154 . It follows that productive IL-4 and IL-13 signalling requires in all cases the IL-4Rα, which makes it a prime target to contain exaggerated Th2-driven immune responses.In 2017, the FDA has approved Dupilumab (Dupixent® ), a human IgG4 anti-IL-4Rα mAb 149 for the treatment of moderate-to-severe atopic dermatitis. Its application was since extended to moderate-to-severe asthma, and inadequately controlled chronic rhinosininusitis with nasal polyps in adults. The administration of Dupilumab significantly reduces Th2 associated cytokines, IgE levels and fractional exhaled NO (FENO) concentration (as a measure for the extent of eosinophilic inflammation) in asthma patients. However, it was also reported to transiently induce eosinophilia in a fraction of the patients 149 . In addition, persistent anti-drug antibodies were also observed in Dupilumab-treated patients, limiting its effect and use 155 . The list price for Dupilumab exceeds with $3110 per month of treatment the costs of Omalizumab treatment.Anti-IL-5/ anti-IL-5R monoclonal antibodies(Mepolizumab, Reslizumab, and Benralizumab) As mentioned above, IL-5 plays an essential role in eosinophil production and survival, which made IL-5 and its receptor an attractive therapeutic target in allergic disease. IL-5, IL-3 and GM-CSF belong to the β common chain (βc) cytokine family. They all bind to a heterodimeric receptor consisting of the βc and a cytokine specific α chain 156 .Unlike IL-3 and GM-CSF, IL-5 is a homodimeric cytokine. It first binds to the IL-5Rα chain in its homodimeric form and then this tertiary complex associates with the βc subunit. In addition to Th2 cells and ILC2s, IL-5 can be secreted by eosinophils as an autocrine growth factor or by mast cells. The IL-5 receptor is highly expressed on eosinophils and their precursors, as well as on neutrophils and basophils in humans.Eosinophil infiltration is one of the often-cited hallmarks of several allergic diseases and notably asthma. In some asthma patients, eosinophil infiltration of the airways results in reduced responses to bronchodilator therapy and inhaled corticosteroids. Two anti-IL-5 and one anti-IL-5R mAbs are available for the treatment of eosinophilic asthma.Mepolizumab is a humanized IgG1 anti-IL-5 monoclonal antibody 157 . The administration of Mepolizumab to severe eosinophilic asthma patients significantly reduces asthma exacerbations and markedly decreases blood eosinophil numbers. No anti-drug antibodies were described. Reslizumab is another anti-IL-5 mAb, it comes in the format of a human IgG4. A recent study shows Reslizumab has higher binding affinity for IL-5 and a greater IL-5 inhibition potency in vitro than Mepolizumab 158 .Benralizumab is an anti-IL-5Rα mAb, which entered the market in 2017. The administration of Benralizumab decreases the blood eosinophil numbers in patients with baseline blood eosinophils> 300 cells per μL 159 and reduces the annual number of asthma exacerbations. However, compared to Mepolizumab and Reslizumab, Benralizumab shows a high rate of adverse reactions with around 10% of patients experiencing serious adverse events during treatment 160 .

Figure 4

 4 Figure 4 Summary of the four types of hypersensitivity reaction. Type I: mast cells or basophils (not shown) bind to IgE through FcεRI. Surface-bound IgE is cross-linked by allergen, which leads to the actication of mast cells or basophils. Activated cells release mediators. Type II: Antibodies directly bind antigen on target cells, which leads to CDC or cytotoxicity by killer cells. Type III: Immune complexes are deposited in the tissue, and induce complement activation, attract polymorphonuclear cells causing local damage. Type IV: Antigen-specific T cells release cytokines, which attract and activate macrophages leading to the damage. Reprinted from google: https://clinicalgate.com/immediate-hypersensitivitytype-i/

Figure 5

 5 Figure 5 Models of mast cell bound IgE binding to antigens. Two IgE molecules on FcεRI receptors attached to a mast cell can bind to (A) a single antigen with multiple identical epitopes (B) an oligomeric antigen with identical epitopes on the subunits, (C) a single antigen with two different epitopes and (D) two different antigens with different epitopes. Adapted from 188 . The structure of FcεRI will introduce in the following section.

Figure 6

 6 Figure 6 IgE receptors. The high-affinity IgE receptor FcεRI is expressed in its tetrameric form (left) a trimeric form (middle). CD23, the low-affinity IgE receptor, is a type II transmembrane protein (Nterminus intracellular) assembled as a multimer with α-helical coiled-coil stalks terminating in IgEbinding C-type lectin heads. Adapted from 190 .

Figure 7

 7 Figure 7 Modeled structure of the entire IgE molecule in different biological contexts. Acutely and rigidly bent IgE bound to FcεRIα (left), membrane bent IgE as part of the BCR (middle); extended IgE conformation as part of the BCR (right). Adapted from 195 .

  model deficient for FcεRI, FcεRII, FcγRI, FcγRIIb and FcγRIII (5KO mice), active anaphylaxis was dependent on neutrophil FcγRIV leading to the release of PAF 221 . Other groups have suggested that basophils were the main inducers of IgG1 dependent anaphylaxis 215 , which was put into question with the appearance of a new basophildeficient mouse model 222 . And macrophages were suggested to be the main players in anti Goat-IgD immunized mice challende with goat IgD 223As already introduced (chapter 1.2.1 and 1.2.2), human and mouse IgG-FcγRs have different properties in terms of binding affinities and expression profile. The use of mice expressing humanized FcγRs in the absence of mouse FcγRs, enabled my lab to demonstrate that human FcγRIIA is sufficient to trigger both passive and active anaphylaxis. Human FcγRIIA dependent anaphylaxis was associated with IgG-activation of monocytes/macrophages and neutrophils leading to the release of PAF.224,225 As part of my thesis I contributed to further investigate the role of FcγRIIA-expressing cells in this model. Notably, we focussed on the role of platelets that express FcγRIIA in humans, but no IgG receptor in mice. We found that activation of FcγRIIA-expressing platelets were activated by IgG ICs in vivo, leading to their aggregation and activation. This translated into a severe thrombocytopenia and the release of serotonin by platelets, which critically contributed to the severity of anaphylaxis225 . Interestingly platelet depletion prior to anaphylaxis was sufficient to prevent the reaction in mice expressing exclusively hFcγRIIA, whereas it only reduced the allergic reaction in mice expressing all

  today it is largely unknown what events drive the development of allergies. The same stimuli and exposure may trigger their occurrence in one individual, while others remain tolerant. The goal of my thesis was to gain new insights into what makes a person allergic and in which way the immune system of an allergic individual differs from the one of a healthy person. To this aim, I evaluated the immune phenotype in a small number of allergic patients insteady state as well as in induced immune responses and compared them to the phenotype of healthy individuals. I could also profit from the available data of the Milieu Interieur cohort, an extensively analysed cohort of 1000 healthy donors to question which immunological, genetic and environmental factors determine the concentration of serum IgE. Additionally, in an attempt to better predict desired and adverse reactions to therapeutic antibodies and to guide the choice of target formats, I evaluated the capacity of IgG from different species to bind human and mouseFcγRs. Finally, I contributed to unveal the role of FcgRIIA-bearing platelets in IgG

  Figure 8 The scheme of the Milieu Interieur Project. Reprinted from:http://www.milieuinterieur.fr/en/project/project-overview.

  Samples came from the WASPenIP Cohort, which was approved by the Comité de Protection des Personnes -Sud-Ouest et outre mer II (Committee for the protection of persons) on April 7th, 2016. The study was sponsored by Institut Pasteur (Pasteur ID-RCB Number: 2016-A02013-48), and was conducted as a multi-centres interventional study with minimal risks and constraints (RIPH 2). The original protocol was registered under ClinicalTrials.gov (study# NCT01699893). The study planned to recruit two groups of allergic individuals (30 allergic individuals to wasp venom the other 15 to amoxicillin, aged [20 -69]) having experienced either an anaphylactic reaction of >= grade 3 or a quincke edema that are otherwise healthy. Patients were informed and their consent obtained prior to inclusion. Until today, all allergic patients were recruited at the Medical Center of the Institut Pasteur by Dr. Nhan Pham Ti and Dr. Alice Seringulian. Blood samples from healthy individuals were obtained from the ICAReB platform (Institut Pasteur) as part of their CoSImmGEn cohort.

  were prepared and 100 μl/ 200 μl of the resuspended cells was aliquoted into tubes containing the pre-mixed antibody cocktail. The samples were shortly vortexed and incubated 20 min in the dark at room temperature. Thereafter, all samples, irrespective of the panel used, were resuspended in 2 ml of 1x RBC lysing solution(BD Biosciences, ref. 349202), shortly vortexed and incubated 15 min at RT protected from light. After centrifugation for 5 min at 1500 rpm, the supernatant was aspirated; the samples were washed by 1mL of PBS and then resuspended in 200 μl PBS and immediately acquired on a MACSQuant analyzer. Calibration of the instruments was done using MacsQuant calibration beads(Miltenyi, ref. 130-093-607) and samples were acquired using bank setting to avoid variation during sample processing in different days. Flow cytometry antibodies were purchased from BD Bioscience or MiltenyiBiotec and listed in the Supplementary Table

Figure 1

 1 Figure 1 Quantitation of CD203c and CD63 up-regulation in basophils. Basophils were identified as CCR3 + SSC low cells (A). Up-regulation of CD203c in basophils was quantified as percentage of CD203c + cells (FcεRI + CD203c + ) after stimulation (D) compared with no stimulation (B). Up-regulation of CD63 in basophils was quantified as percentage of CD63 + cells (FcεRI + CD63 + ) after stimulation (E) compared with no stimulation (C).

Figure 2

 2 Figure 2 Immunophenotype included in WASPenIP study. Flow cytometry was used to analyze major blood cells populations. The panels used for the measurement of a cell subsets are color-coded: blue fill color -lineage panel; outlines of dark green -Th panel; light green -T cells panel; purple -Treg panel; orange -DC panel; red -PMN panel; and pink as fill color for the BAT panel. Multiple outlines indicate cells populations analysed in different panels.

Figure 3

 3 Figure 3 Number and phenotype of T cells subsets in WASPenIP cohort and healthy control subjects. Number of Th2 cells (A) and Th17 cells (B) per mL blood and percentage of Th2 cells (C) and Th17 (D) cells in CD4 + T cells and were represented as individual measurements from amoxicillin allergic patients (blue squares), wasp venom allergic patients (red triangles) and healthy individuals (grey dots). Unpaired t-test on grouped allergic donors vs healthy subject were performed and P values were indicated.

Figure 4

 4 Figure 4 Phenotype of memory T cells subsets in WASPenIP cohort and healthy control subjects.MFI of HLA-DR on naï ve CD4 + T cells (A) and CCR7 on CD8 + TCM cells (B), CD8 + TEM cells (C), CD8 + TEMRA cells (D) were represented as individual measurements from amoxicillin allergic patients (blue squares), wasp venom allergic patients (red triangles) and healthy individuals (grey). Unpaired t-test on grouped allergic donors vs healthy subject were performed and P values were indicated.

Figure 5

 5 Figure 5 Percentage of memory Tregs cells subsets in WASPenIP cohort and healthy control subjects. Data were represented as individual measurements from amoxicillin allergic patients (blue squares), wasp venom allergic patients (red triangles) and healthy individuals (grey). Unpaired t-test on grouped allergic donors vs healthy subject were performed and P values are indicated.

Figure 6

 6 Figure 6 Percentage and phenotype of cDC2 and pDC in WASPenIP cohort and healthy control subjects. Percentage of cDC2s (A) and pDCs (B) among total DCs and Mean fluorescence intensity (MFI) of HLA-DR and CD86 on cDC2s (C, E) and pDCs (D,F), were represented as individual measurements from amoxicillin allergic patients (blue squares), wasp venom allergic patients (red triangles) and healthy individuals (grey). Unpaired t-test on grouped allergic donors vs healthy subject were performed and P values are indicated.

Figure 7

 7 Figure 7 Phenotype of neutrophils and eosinophils in WASPenIP cohort and healthy control subjects. Mean fluorescence intensity (MFI) of CD10 (A) and CD32 (B) on neutrophils, and MFI of CD16 (C) and CD32 (D) on eosinophils were represented as individual measurements from amoxicillin allergic patients (blue squares), wasp venom allergic patients (red triangles) and healthy individuals (grey).Unpaired t-test on grouped allergic donors vs healthy subject were performed and P values were indicated.

Figure 8

 8 Figure 8 Basophil activation tests in WASPenIP cohort. Percentage of increased CD63 + basophils and CD203c + basophils upon stimulate with amoxicillin (A) or wasp venom (B) were represented as individual measurements from amoxicillin allergic patients (blue squares) and wasp venom allergic patients (red triangles).

Figure 9 IL- 2 ,

 92 Figure 9 IL-2, IL-6 and IFN-γ concentration in whole blood stimulation assay following α-CD3/α-CD28 stimulation. Dot plots with individual measurements for induced IL-2 (A), IL-6 (B) and IFN-γ (C) in response to incubation of whole blood with α-CD3/α-CD28 in allergic patients (wasp venom allergic patients: red triangles, amoxicillin allergic patients: blue squares) and healthy subjects (grey dots). Mean and SEM were indicated by overlaid horizontal bar and whiskers.

  , and Th2 cell percentage between healthy donors and allergic patients in steady state, a difference could therefore only arise from cell intrinsic effects.

Figure 10

 10 Figure 10 Measurement of Th2 cytokine concentrations in Truculture supernatant. Dot plot with individual measurements indicated IL-4, IL-5 and IL-13 concentration in response upon incubation of whole blood without stimuli (A) and with α-CD3/α-CD28 (B) stimulation in allergic patients (wasp venom allergic patients: triangles; amoxicillin allergic patients: blue squares) and healthy subjects (grey dots) Incomplete responders are indicated with an x in the symbol. Mean and SEM were indicated by overlaid horizontal bar and whiskers.

Figure 11

 11 Figure 11 Measurement of Th17 cytokine concentrations in Truculture supernatant. Dot plot with individual measurements indicated IL-1A, IL-B, IL-17A, IL-22 and IL-23 concentration in response upon incubation of whole blood without stimuli (A) and with α-CD3/α-CD28 (B) stimulation in allergic patients (wasp venom allergic patients: triangles, amoxicillin allergic patients: blue squares) and healthy subjects (grey dots). Mean and SEM were indicated by overlaid horizontal bar and whiskers.

I

  however observed a tendency for augmented IL-17 and IL-22 secretion in blood samples from allergic donors compared to controls, in agreement with my flow cytometry data revealing augmented Th17 /CD4 T cell ratios. Inter-individual variations within each group were high, precluding any analysis of significance.

Figure 12

 12 Figure 12 Measurement of Th1 cytokine concentrations in Truculture supernatant. Dot plot with individual measurements indicated IFN-γ and IL-12p70 concentration in response upon incubation of whole blood without stimuli (A, D) and with α-CD3/α-CD28 (B, E) stimulation, with LPS (C, F) stimulation in allergic patients (wasp venom allergic patients: triangles, amoxicillin allergic patients: blue squares) and healthy subjects (grey dots). Mean and SEM were indicated by overlaid horizontal bar and whiskers.

Figure 13

 13 Figure 13 Measurement of IL-10 concentrations in Truculture supernatant. Dot plot with individual measurements indicated IL-10 concentration in response upon incubation of whole blood without stimuli (A) and with α-CD3/α-CD28 (B) stimulation, with LPS (C) stimulation, with Poly I: C stimulation (D), with wasp venom (E) and with (amoxicillin) in allergic patients (wasp venom allergic patients: red triangles, amoxicillin allergic patients: blue squares) and healthy subjects (grey dots). Mean and SEM were indicated by overlaid horizontal bar and whiskers.

Figure 14

 14 Figure 14 Measurement of Eotaxin concentrations in Truculture supernatant. Dot plot with individual measurements indicated induced CCL5 levels in response upon incubation of whole blood without stimuli (A), with α-CD3/α-CD28 (B), with LPS (C), with poly I: C (D), with wasp venom (E) and with amoxicillin (F) in allergic patients (wasp venom allergic patients: red triangles, amoxicillin allergic patients: blue squares) and healthy subjects (grey dots). Mean and SEM were indicated by overlaid horizontal bar and whiskers.

  donors in relevant and non-relevant allergen stimulation conditions.

Figure 15 Figure 16

 1516 Figure 15 Measurement of CCL5 concentrations in Truculture supernatant. Dot plot with individual measurements indicated induced CCL5 levels in response upon incubation of whole blood without stimuli (A), with α-CD3/α-CD28 (B), with LPS (C), with poly I: C (D), with wasp venom (E) and with amoxicillin (F) in allergic patients (wasp venom allergic patients: red triangles, amoxicillin allergic patients: blue squares) and healthy subjects (grey dots). Mean and SEM were indicated by overlaid horizontal bar and whiskers.

Figure 17 T

 17 Figure 17 T-SNE analysis of induced immune response in WASPenIP cohort. Data used for t-SNE approach were cytokines and chemokine levels from null stimulation condition (A), CD3/CD28 stimulation condition (D), LPS stimulation condition (B), poly I:C condition (E), wasp venom condition (C), and amoxicillin condition (F). Each dot represented result calculated from one individual. Healthy individuals are depicted in grey; amoxicillin allergic patients in blue; and wasp venom allergic patients in red.

Figure 18

 18 Figure 18 Mouse model of wasp venom allergy. Wasp venom (100 μg) in emulsion with Complete Freud's adjuvant (CFA) was injected i.p. on day 0, followed by three boosts with wasp venom in Incomplete Freud's adjuvant (IFA) on day 14, 42 and 56. Blood was collected 7 days before each immunization and challenge. Challenge was performed on day 70 with 100 μg of i.p. Injected wasp venom. Rectal temperature measurements were taken over the course of the experiment using a digital thermometer (YSI).

Figure 19

 19 Figure 19 Heterogenous hypothermia responses in mice sensitized and challenged with wasp venom. Changes in body temperature in each time points after challenge with wasp venom in wasp venom sensitized (red and blue dots) or PBS treated mice (black dot). N=4 in PBS treated group; 8 mice showed hypothermia after challenge (red dots); 4 mice didn't response to wasp venom challenge. T-test was performed between responder group and control group separately in each time points. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

Figure 20

 20 Figure 20 Relative wasp venom specific kappa levels. Blood was taken before immunization as B0 and after the first immunization B1, first boost B2, second boost B3 and last boost B4. The wasp venom specific kappa ELISA were tested by coating plate with 10ug/mL wasp venom and detected with 1:4000 dilutions anti-mouse kappa antibody. Relative kappa level was calculated by dividing the OD values in each sample to the standard sample (pooled serum from the immunized mice).

  )) to bind to human and mouse FcγRs by flow cytometry. F(ab′)2-aggregated IgG and immune complexes (ICs, TNP-BSA -anti-TNP IgG) were used in parallel. My results document the specific binding patterns for each of these IgG (sub)classes and will be a useful reference for the transition from one animal model to preclinical mouse models or human cell-based bioassays.The results of my work are presented in form of an article. It will be submitted for publication in a scientific journal once a limited number of control experiments have been done.4. Discussion:Until today, it is still unclear how the switch in immunity occurs that renders a given individual allergic. One possibility is that these individuals are prone to develop allergies, and that factors like lifestyle, environmental exposure but also genetic factors may pre-dispose otherwise healthy individuals to develop an allergic condition throughout their lifes 254 . As many allergic diseases are characterized by a Th2 biased IgE mediated immune response, we hypothesized that elevated total serum IgE (tIgE) concentration may identify in a cohort of healthy donors, individuals at risk for developing allergies. Unexpectedly, I identified in a 1000-healthy donor cohort a large variability of the tIgE concentrations among individuals, ranging from 1-3,000 IU/mL, and around 20% of the participants with a serum IgE concentration above the normal range 114 IU/mL. This is different to other studies that reported 21-83 IU/mL. This observation drove me to question which intrinsic and extrinsic factors lead to high tIgE concentration in these donors and I will discuss the question whether this elevated tIgE could serve as an indicator of a transitional immune state towards an allergic condition in chapter 4.1.

  Th17 cells are characterized by the capacity to secrete IL-17 cytokines 267 . The IL-17 cytokine family consist of IL-17A, IL-17B, IL-17C, IL-17D, IL-17E, IL-17F and contributes to immunity through the induction of chemokines such as CXCL1, CXCL2 and CXCL8, which attract myeloid cells 268 and cytokines such as IL-6 and GM-CSF that promote inflammation269 . Although Th17 cells are the major source of IL-17, other cells like CD8 + T cells, natural killer T cells, γδ T cells, and ILC3s can also produce IL-17270 .Recently, there is increasing evidence for the participation of the Th17 pathway in allergic diseases, and especially in severe asthma. In severe asthma patients the number of IL-17 producing cells presented in the bronchoalveolar lavage fluid, lung biopsies, sputum, and in the blood was positively correlated with asthma severity and accompanied by neutrophil infiltration 271 . Furthermore, gene expression analysis from endobronchial tissues of asthmatic patients separated patients into three phenotypical clusters, which were Th2-high, Th17-high, Th2 and Th17 low 272 . Notably, both of the Th2-high and Th17-high phenotypes were associated with both neutrophil and eosinophil infiltration 272 . It possible that co-induction of Th2 and Th17 reflects a compensatory mechanism aiming at limiting an unbalanced cytokine production. Other in vitro and in vivo studies suggested that Th2 cytokines are negatively regulated Th17 cytokines273,274 , which could explain why I could not detect elevated numbers of Th2 cells in the WASPenIP cohort, characterized by increased Th17 cells numbers. Previous research further demonstrated that asthma patient's infiltration of neutrophils in the lung resistant to corticosteroid therapy 158 .

  extravasation and migration into tissues, monocytes can differentiate into macrophages.Depending on the microenvironment, macrophages can polarize into classically activated macrophages (M1) or alternatively activated macrophages (M2)283 . Similar to the concept of Th1-Th2, M1 macrophages are induced by LPS and exert proinflammatory functions, such as the release of IFN-γ, in response to clearance of intracellular pathogens; on the contrary M2 macrophages will be induced by exposure to IL-4 and IL-13 and play important roles in clearance of damaged cells as well as in wound healing284 . Increased M2 macrophage polarization has been observed in a mouse model of allergic airway inflammation 285 and in human asthma, M2 macrophages were reported to become a major source of IL-13, thus driving the amplification of Th2 response 283 . In the WASPenIP cohort I only had access to blood samples and therefore could not analyse tissue macrophages. However, in the wasp allergic mouse model, we could evaluate the role of M2 macrophages in the future.Dendritic cellsIt has been proposed that pDCs balance allergic inflammatory conditions through induction of T regulatory cells by the release of retinoic acid and the induction of retinaldehyde dehydrogenase enzymes. Several lines of research have shown a role for tolerogenic pDCs in allergic diseases including allergic asthma. In a clinical study, it was found that the number of pDCs in infancy inversely correlates with asthma development during the first five years of life 286 . A recent study shows that human tonsilar pDCs suppress effector T cell through the induction of Tregs 287 . In mice, the depletion of pDC caused the lung inflammation in asthma model 243 , and the increased number of pDC could alleviate the asthma-like symptoms288 . Moreover, other study also showed the tolerogenic roles of pDC in food allergy289 . In our study, I observed an increased percentage of pDC and a decrease percentage of cDC2 in the blood of allergic patients as compared to healthy donors. This observation was surprising, because cDCs were described to participate in the initiation of Th2 responses and to attract eosinophils into tissues 290 . On the other hand, I observed that cDCs in the allergic donors were more activated and expressed elevated levels of CD86 and HLA-DR, which makes them more proficient in activating naï ve T cells.

Figure 9

 9 Figure 9 Molecular mechanisms in allergic inflammation. Reprinted from 291 .

  receptors (TCR), and MHC. Expression of both Ig and TCR requires somatic recombination of germline-coded gene segments and evolved in vertebrates almost 500 million years ago. With the exception of agnatha (lamprey and hagfish), all vertebrates possess Ig of the M class (Figure10) that exist in both a membrane-bound as well as in a secreted form[START_REF] Danilova | Going Adaptive[END_REF] , revealing that IgM are the evolutionary oldest and most successful Ig still found in mammals today. Cartilaginous fish have three types of immunoglobulins IgM, IgW, and IgNAR (new antigen receptor). Their IgM is an orthologue to mammalian IgM and can be present as monomers or pentamers. IgW has two membrane-expressed forms and two secreted forms with different CH length. Compare to IgM and IgW, IgNAR appears to be the most recent isotype and shows some homology to mammalian IgD.The ray-finned fish also has three immunoglobulin classes IgM, IgD, and IgZ (catfish lack IgZ). IgZ is a smaller than IgM and possesses only limited complement activation function. Interestingly, the ray-finned fish Cδ locus is already linked to Cμ, and therefore presents a similar organisation as observed in mammals. In amphibians, such as Xenopus tropicalis, five immunoglobulin classes can be found: IgM, IgD, IgX, IgY, and IgF. IgX appears to be an analogue of mammalian IgA, whereas IgF and IgY show sequence similarities, with IgF and IgY having two and three constant domains, respectively. IgY indeed is thought to be a key isotype during immunoglobulin evolution[START_REF] Zhang | IgY: a key isotype in antibody evolution[END_REF] . It has been suggested that it originates from an IgM gene duplication event and is present in reptiles, together with IgM, IgD, and IgX, and in chicken alongside with IgA and IgM[START_REF] Zhang | IgY: a key isotype in antibody evolution[END_REF] .Artiodactyla (ruminants: cow/Bos taurus, goat/Hircus capra and sheep/Ovis aries), Lagomorpha (rabbit/ Oryctolagus cuniculus), Rodents (hamster/ Cricetinae, guinea pig/ Cavia porcellus, rat/ Rattus and mouse/ Mus musculus), and Primates (Cynomolgus monkey/ Macaca fascicularis and human/ Homo sapiens). The overall phylogenetic relationship between the species used in my work is depicted in Figure11.

Figure 11

 11 Figure 11 Species tree generated with PhyloT. Representation in ITOL IgG/Fc R tree. Fasta sequences aligned using ClustalW with standard settings for slow/accurate alignment of Protein sequences. Species trees were generated using the PhyML Bootstrap method.

Figure 12

 12 Figure 12 Phylogenetic analyses of selected mammalian IgG and chicken IgY. Protein sequences were aligned using ClustalW with standard settings for slow/accurate alignment of Protein sequences. Trees were generated using the PhyML Bootstrap method. Alignements were done on the whole constant region sequence, including CH1, hinge, CH2, CH3 (and CH4 for Gallus). * Indicates hypothetical/predicted protein, # indicates truncated sequences after CH3 domain.

FcγRs: sheep

 sheep IgG did not bind to either mouse or human FcγRs, whereas goat and cow IgG complexes showed the same binding pattern, with binding to human FcγRI, FcγRIIA H131, FcγRIIIA V131, and all the mouse FcγRs. How can we reconcile this discrepancy? Indeed, in order to aggregate IgGs, I used anti-IgG F(ab')2 fragments. Whenever available, I used F(ab')2 fragments directed against the F(ab')2 fragment of the target antibody. For sheep, cow, horse, guinea pig and chicken these were, however, not available. I therefore used for anti-IgG (H+L) to aggregate IgG from these species that could bind to the Fc portion of these IgGs and interfere or even block the interaction site with FcγRs Rabbit only have one IgG subclass 297 that bound to all mouse and human activating FcγRs except human FcγRI, consistent with the use of rabbit IgG to trigger human FcγR-expressing cells in vitro 298 . Guinea pig has two IgG subclasses 299 , but we could only retrieve the sequence of one of them. The phylogenetic analyses showed that those two Guinea pig IgG subclasses are next to each other. Rabbit IgG was closer to human IgG, whereas guinea pig IgG are closer to mouse IgGs. Thus it is not a surprise to us that the binding patterns of those rabbit and guinea pig IgGs are similar, with rabbit IgGs showing a boarder binding profile to human FcγRs. Nevertheless, it is interesting to see that guinea pig IgGs have also a potent binding avidity for human FcγRs. Syrian hamsters used in laboratories are believed to have originated from only three to four littermates captured in 1930 300 . All the hamster IgGs I could test (Syrian hamster total IgG, Armenian hamster IgG1, Armenian hamster IgG3, Armenian hamster total IgG), Syrian hamster IgG, Armenian hamster IgG1, and Armenian hamster IgG bound to mouse FcγRIII and weakly to human FcγRIIA R131. Armenian hamster IgG3 did not bind to any human or mouse FcγRs. The divergent evolutionary time of hamster from

the 4 mouse

 4 FcγRs, mouse FcγRIII displayed the broadest binding profile: interacting with all complexed human and mouse IgGs. However, its counterpart human FcγRIIIA and FcγRIIIB selectively bound to mouse IgGs: human FcγRIIIA F176 bound to mouse IgG2c; FcγRIIIA F176 bound to mouse IgG2a/c and IgG3; FcγRIIIB did not bind any mouse IgGs.While these similarities may explain some of the observed binding patterns, they can not explain all the observations, I have made during this study. On example is the mouse FcγRIV: Although the amino acid sequence clusters with human FcγRIIIA and FcγRIIIB, its binding pattern to mouse IgGs rather resembles the one of human FcγRIIB. Indeed, the phylogenetic analysis is based on the alignment of the whole amino acid sequence of the different receptors whereas the binding to IgG is mediated by certain regions of the receptor and strongly depends on a couple of amino acids 303 .

Figure 13

 13 Figure 13 Phylogenetic analyses of human and mouse FcgR proteins. FcgR protein sequences were aligned using ClustalW with standard settings for slow/accurate alignment of Protein sequences. Trees was generated using the PhyML Bootstrap method detailed below.

  

  

  

  

  

  

  

  

  

  

Table 1 Human FcγRs expression pattern

 1 

. +, indicates expression; -, no expression; +/-, very low percentages or rare subsets express the receptor; * In Fcgr2c-ORF persons; † Detectable and functional expression in nonconventional Fcgr2c-Stop persons. Adapted from 37 .

Table 2 Binding affinity of IgGs to FcγRs.

 2 

a Multivalent binding to transfected cells; b Depend on allotype. Adapted from

[START_REF] Vidarsson | IgG Subclasses and Allotypes: From Structure to Effector Functions[END_REF] 

Table

  

Table 4 Number of HLA alleles Category. This

 4 information was obtained from IMGT/HLA Database release 2.22. Bold letters show the HLA genes with classical functions. Reprinted from Shiina T. J. Hum.

	Genet. 2009 60 .

  IgG1 is the most abundant IgG subclass in circulation. IgG1 is capable of binding to all of the IgG receptors and can induce ADCC, ADCP and CDC[START_REF] Vidarsson | IgG Subclasses and Allotypes: From Structure to Effector Functions[END_REF] . Of note, IgG1 is the most commonly used IgG subclass for the development of therapeutic antibodies.

	. In humans, IgG can further subdivide into four subclasses IgG1, IgG2, IgG3, and IgG4 89 . Human IgG subclasses (www.antibodysociety.org /resources/approved-antibodies/). IgG2 are the dominat Ig class produced in response to bacterial capsular polysaccharide antigens 90 . Compared with IgG1, IgG2 show a weaker binding to FcγRs. They can elicit monocyte-mediated ADCC and macrophage-mediated ADCP. Their hinge region is rigid when compared to IgG1, making it the most proteolytic cleavage resistant IgG subclass 87 . Until today, there are 10 approved IgG2 therapeutic antibodies (www.antibodysociety.org /resources/approved-antibodies/) that target mainly Among all IgGs, Until now, there are 55 IgG1 therapeutic antibodies approved in EU or US autoimmune diseases and metabolism disorders.

  adaptive immunity, B cell memory plays critical role in humoral immune response. As

	plasma cells. It provides factors and ligands (including IL-5, IL-6, TNF-α, BAFF, APRIL,
	CXCL12) crucial for plasma cell survival 114 . It has been proposed that plasma cells,
	previously mentioned, many memory B cells are produced during GC reactions. One stromal cells and eosinophils engaged in a complicated interplay necessary for the
	hypothesis proposes that the BCR affinity and antigen avidity determine the fate of B survival of plasma cells (Figure
	cells in GC reaction: GC B cells with low-affinity BCRs differentiated into memory B cells;
	those with high-affinity BCR differentiate into plasma cells and the intermediate-affinity
	ones re-enter the GC reaction 106 . Besides, B cells with high-affinity BCR would get more
	potent T cell help through CD40 signaling, when this help presented over prolonged
	periods of time, B cells differentiate into plasma cells 107 . In the re-activation phase,
	memory B cells differentiate into plasma cells or re-enter GC. Although it still debated
	how the memory fate decision is made, it plausible to think that it may depend on the
	location of the memory B cell and/or the Ig isotype it expresses. Memory B cells with Ig
	switched isotype may thus directly differentiate into plasma cells, whereas memory B
	cells with an IgM isotype would re-enter GC, where they undergo affinity maturation and
	further differentiated into memory B cells or plasma cells 108-110 . However, this view was
	challenged by the observation that IgM memory B cells appeared to have much less GC
	forming capacity than Ig switched memory B cells that rapidly re-form GCs upon antigen
	re-exposure, leading to further diversification of their BCRs 111 . Furthermore, in malaria
	rechallenge, IgM memory B cells were reported to directly differentiate into plasma cells
	enabling them to rapidly secrete antibodies 112 . .
	Plasma cells
	Antibody-secreting cells mark the terminal stage in B cell differentiation, which includes
	plasmablasts and plasma cells. Plasmablasts are antibody-secreting cells with the
	capacity to divide and migrate. They can further differentiate into plasma cells. Plasma
	cells are terminally differentiated B cells with the ability to secrete large amounts of
	antibodies 113 . The current paradigm proposes that two populations of plasma cells
	existed: Short-lived plasma cells and long-lived plasma cells. Like memory B cells, long-
	lived plasma cells are another cell population that through their existence keep the
	memory of previous immunological challenges. The bone marrow provides niche for

1.2. Example of an immune system out of balance -allergy

  

	1.2.1. Clinical features of allergic diseases
	Allergic diseases regroup a rather large spectrum of afflictions, including allergic asthma,
	rhinitis and conjunctivitis, as well as atopic dermatitis, and hypersensitivity towards
	food, drugs, insect stings and others. Common to all allergic conditions is the
	overreaction of the immune system to a generally harmless trigger. The prevalence of
	allergic diseases is rising dramatically worldwide in both developed and developing
	countries. Allergies are now the most common chronic afflictions in Europe and affect
	up to 20% of the population 118 . The European Academy of Allergology and Clinical
	Immunology (EAACI) defines allergy as "a hypersensitivity reaction initiated by specific
	immunologic mechanisms." 119 The term hypersensitivity is used to describe:

"Objectively reproducible symptoms or signs initiated by exposure to a defined stimulus at a dose tolerated by normal person" 119 .

Table 6 (a) Classification of systemic reactions to insect stings by Mueller, (b) classification of systemic reactions modified according to Ring and Messmer.

 6 

Table 7 Biomarkers for the prognosis of inhaled allergen immunotherapy. Adapted from 179 .

 7 

  Generation of IgE memoryHow exactly IgE memory is kept is still a matter of active debate. One of the reasons is that IgE + B cells and plasma cells are rare and particularly difficult to distinguish from other types of B cells due to their expression of CD23 that can also bind IgE. Among all plasma cells in blood, IgE + plasma cells account for only 0.32% in allergic patients and only 0.06% in healthy individuals205 . By analyzing blood B cell IGH repertoires from healthy individuals and allergic patients, Looney et al. concluded that IgE + B cells can derive from IgM + B cells either through direct switching or from IgG-expressing B cells following at least two sequential recombination events (IgM-IgG-IgE)206 . Blood, however, does not seem to be a good source of IgE + B cells, because another study suggested that in allergic patients, the majority of allergen-specific IgE were produced locally, in allergen-exposed tissues207 . In line with this observation, IgE-producing cells were observed in human nasal mucosa, adenoids, tonsils, the lung, spleen and bone marrow 208 . It remains however an open question, whether these cells are capable to constitute an IgE memory cell pool. In mouse models, several studies have tried to solve this question and reached seemingly contradictory conclusions: While Yang et al. described IgE + B cells in germinal centers, these decreased in numbers after day 6 of immunization and notably showed different patterns of mutations than IgE-producing plasma cells 197 , suggesting that GC IgE B cells were not the precursors of IgE-producing plasma cells. In addition, Huizhong Xiong et al. reported that IgE inherits fingerprints of somatic hypermutation of IgG1 GC B cells 209 . On the contrary, Talay et al. observed IgE + GC B cells 35 days after parasite infection. They also visualized a dynamic population of IgE-switched B cells in the draining lymph node 13 days after infection by two-photon microscopy 210 and thus proposed that IgE + GC B cells gave rise to IgE memory B cells and IgE plasma cells. As a consequence, it is still unclear whether IgE memory is maintained in the form of IgG1

+ memory cells

197,209 

that require switching to yield new IgE-producing cells or directly as IgE + memory cells

210 

. In my opinion it is a caveat of many of the cited studies that they used transgenic mice infected with parasites to study IgE memory. Parasites are indeed well-known to induce a strong pan IgE responses that are not targeted to a given antigen 211 .

Table 1 Demographic information inWASPenIP cohort and healthy control subjects

 1 

. AD, allergic donor; HC, healthy control; F, female; M, male; N.C. not conducted.

Table 2

 2 Immunephenotypes determined by flow cytometry

	responders
	non-responders

. Part III IgG-FcγRs interspecies cross-binding

  Different animal models have been widely used in researches for the reason that they shared some similarities with human. In the studies involved in antibodies and antibodies receptor functions, it was inevitable that the human antibodies may bind to the antibodies receptors expressed by the animal model, or the human cells with antibodies receptor expression could bind to the endogenous antibodies produced by animal model. Additionally, we also used antibodies from different species in in vitro and in vivo experiment. The choice of host species or antibodies subclasses sometimes influenced the experiment results. Thus, it is important to know the interspecies antibodies-antibodies receptor-binding pattern, especially for IgG and FcγRs.

In analogy to the previous work from my group, I evaluated the capacity of complexed IgG from various species (human, mouse, macaque, rat, hamster, guinea pig, rabbit, goat, horse, sheep, bovine and chicken (IgY

4.1. High total serum IgE, an indicator for individuals at-risk to develop an allergic condition? item under unauthorized distribution right item under unauthorized distribution right item under unauthorized distribution right

Results and Discussion:

WASPenIP study

Cohort description

Until January 2020, we could only recruit eight allergic patients for the WASPenIP cohort, with three wasp venom allergic patients and five amoxicillin allergic patients.

Those eight patients included five women and three men, aged 33 to 64. Among these eight patients, only two patients declared they had family members affected by allergic diseases (Table 1). Much information on each patient's lifestyle including work and living environment, eating habits, physical parameters and medical history were available through the questionnaire. The low number of patients, however, did not allow at this point identifying socio-demographic parameters associated with an allergic immune phenotype with statistical significance. I therefore reported in the table below only the intrinsic factors identified in the IgE study in chapter 3.1. Supplementary Figure 1 Gating strategy used in panel 1 to define major cells populations in blood Supplementary Figure 2 Gating strategy used in panel 2 to define Th cells.

Supplementary Table 1 Antibodies used in Flow cytometry

Supplementary Figure 3 Gating strategy used in panel 3 to define Tregs subsets and phenotype.

Supplementary Figure 4 Gating strategy used in panel 4 to define memory T cells subsets and phenotype.

Supplementary Figure 5 Gating strategy used in panel 5 to define DC subsets and phenotype.

Supplementary Figure 6 Gating strategy used in panel 6 to define neutrophils and eosinophils and phenotype.

appeared in mammals (the duck-billed platypus) and are thought to have derived from IgY 292 . 

IgG in mammals

As one of the most recent immunoglobulin classes, IgG plays an important role in the immune homeostasis in circulation. During my thesis, I investigated crossbinding of IgGs from different mammalian species and the chicken IgY to mouse and human FcγRs. I focused on species that are among the most relevant models used in immunology to develop models of infections, test antibody-related hypotheses or generate hybridomas.

Among mammalian IgG, I tested IgGs from Perissodactyla (horse/Equus caballus), item under unauthorized distribution right

Abstract

The immune system consists of an innate and an adaptive branch that interact with each other to preserve body homeostasis and defend the organism against invading pathogens. This is partly achieved by the action of antibodies that can bind to antigen via their Fab portion and trigger effector functions with their Fc portion. Produced by cells of the adaptive immune system, antibodies enable cells of the innate immune system to react in an antigen-specific manner. Antibodies are mainly characterized in or generated from animal models that support particular infections, respond to particular antigens or allow the generation of hybridomas. Due to the availability of numerous transgenic mouse models and the ease of performing bioassays with human blood cells in vitro, most antibodies from species other than mice and humans are tested in vitro using human cells and/or in vivo using mice. In my thesis, I undertook a systematic approach to characterize interactions between IgG from different species and mouse and human IgG receptors (FcγRs) that will be a useful reference for the transition from one animal model to preclinical mouse models or human cellbased bioassays.

Non-infectious diseases can arise from an imbalanced immune homeostasis. Allergic conditions are one such example and are in general associated with a Th2-driven IgE-dependent physiopathology involving mast cells and basophils. More recently, the contribution of other cellular populations and antibody subclasses to allergic diseases was put forward.