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L'acte le plus difficile est celui que l'on croit le plus simple: percevoir, d'un regard en éveil, les choses qui se présentent à nos yeux.
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1 Introduction

The immune system

Human beings are confronted with physical, chemical and (micro-) biological insults throughout their entire lifespan. To preserve their structural and functional integrity, they have evolved a specialized system, the immune system. The main function of the immune system is to recognize self, altered-self and non-self antigens and to decide whether to reject them by initiating a immune response or to accept them by inducing immune tolerance. 1 Historically, the immune system has been divided into an innate and adaptive branche, even thought there is important cross-talk at their interface. The primary lymphoïd organs, i.e.

bone marrow, thymus and spleen, and the secondary lymphoïd organs, i.e. lymph nodes, tonsils and organ-associated lymphoïd tissues, constitute its principal anatomical compartments. 1 Furthermore, in the context of chronic inflammation, the immune system is able to establish tertiary lymphoïd tissues at almost every site of the body. [START_REF] Van De Pavert | New insights into the development of lymphoid tissues[END_REF] Besides an array of secreted molecules, i.e. lipid mediators, interferons, cytokines and chemokines, and their cognate receptors, that are partially shared by both branches, the innate and adaptive immune system comprise particular receptor families, cell populations and their individual effector molecules. 1 Briefly, the innate immune system is build up by epithelial barriers, antimicrobial peptides, danger-associated molecular pattern-and pathogen-associated molecular patternrecognizing molecules and receptors (DAMP-Rs and PAMP-Rs), i.e. pentraxins, complement, innate antibodies, nucleotide-binding oligomerization domain (NOD)-like (NLRs) and Tolllike receptors (TLRs), mast cells, monocyte-macrophages, neutrophil/eosinophil/basophil granulocytes, natural killer (NK) cells and antigen presenting cells (APCs), i.e. plasmacytoïd and myeloïd dendritic cells (pDCs and mDCs) and Langerhans cells. 1 Innate immune responses are triggered by the sensing of DAMPs and PAMPs and initially lead to inflammation, increased effector function and consequently antigen clearance.

Thereafter, the innate immune system downmodulates its inflammatory response and initiates tissue repair. [START_REF] Medzhitov | Origin and physiological roles of inflammation[END_REF] Importantly, the innate immune system triggers and finetunes the adaptive immune response by establishing particular cytokine microenvironments and by processing and presenting antigens. [START_REF] Banchereau | Dendritic cells and the control of immunity[END_REF] The adaptive immune system comprises T cells, B cells and specific antibodies. 1 A central feature of T cells and B cells is the expression of the T cell antigen receptor (TCR) and the B cell antigen receptor (BCR), respectively, that theoretically endow them with the ability to recognize all possible antigens. While the TCR and the BCR are membrane bound, specific antibodies corespond to secreted forms of the BCR. 1 T cells are pivotal to the adaptive immune system as they co-ordinate immune tolerance and efficient adaptive immune responses, aquire antigen-specific effector functions and build up antigen-specific memory. A variety of T cell subpopulations exist, i.e. natural killer T cells (NKTs), mucosa-associated invariant T cells (MAITs), innate-like γδ T cells, and conventional αβ T cells. The latter can be further subdivided into CD4 + helper T cells (T H ), CD4 + CD25 + forkhead box P3 + (FOX-P3 + ) regulatory T cells (T Reg ) and CD8 + cytotoxic T cells (T Cyt ).

B cells contribute to the adaptive immune response by acquiring APC function and by differentiating into specific antibody-secreting plasma cells. 1 To obtain the ability of antigen-specific immune recognition and response, T and B cells pass through unique maturation programms that take place in the thymus and the bone marrow, respectively. [START_REF] Blom | Development of human lymphoid cells[END_REF] The DAMP-Rs and PAMP-Rs of the innate immune system are encoded by entire genes and can be directly expressed in a non-clonal manner. As they have been evolutionarily

selected, they recognize a limited array of conserved molecular patterns, e.g. lipopolysaccharide (LPS), single-strand or double-strand ribonucleic acid (RNA) and deoxyribonucleic acid (DNA), and efficiently discriminate self, altered-self and non-self.

Consequently, they can rapidyl initiate immune responses to a narrow antigenic spectrum. [START_REF] Janeway | Innate immune recognition[END_REF] The TCRs and BCRs, however, are encoded in huge genetic loci by particular gene segments and their somatic rearrangement is necessary to express a clonally restricted but highly variable receptor repertoire. As the individual TCRs and BCRs have been selected in somatic cells, they recognize particular epitopes of protein and carbohydrate antigens and their ability to discriminate self, altered-self and non-self is imperfect. Consequently, they can initiate a delayed immune response and immunological memory to virtually all possible antigenic structures. [START_REF] Janeway | Innate immune recognition[END_REF] Throughout the last five decades, the immune system has been extensively investigated in vitro and in animal models such as the murine system. Additionally, studying and taking care of human primary immunodeficiency diseases (PIDs) has been seminal for our understanding of the human immune system's developement, homeostasis, and function (see chapter 1.5.1). [START_REF] Fischer | Human primary immunodeficiency diseases[END_REF] Currently, more than 150 PIDs have been classified by the International Union of Immunological Societies Expert Committee for Primary Immunodeficiency. [START_REF] Al-Herz | Primary immunodeficiency diseases: an update on the classification from the international union of immunological societies expert committee for primary immunodeficiency[END_REF] This immunobiological thesis is aimed to contribute to our knowledge of the human immune system by analyzing disturbed proximal TCR:CD3:ζ-signalling caused by autosomal recessive lymphocyte-specific protein tyrosine kinase (LCK)-, ζ-chain associated protein tyrosine kinase of 70 kDa (ZAP-70)-and interleukin-2-inducible T cell kinase (ITK)deficiency.

TCR:CD3:ζ-signalling

On their cell surface T cells express either a preTCR, or an (invariant) γδ TCR or a clonotypic αβ TCR together with the cluster of differentiation (CD) 3-complex and the associated ζ-chain. [START_REF] Hedrick | Isolation of cDNA clones encoding T cell-specific membrane-associated proteins[END_REF][START_REF] Yanagi | A human T cell-specific cDNA clone encodes a protein having extensive homology to immunoglobulin chains[END_REF][START_REF] Brenner | Identification of a putative second T-cell receptor[END_REF][START_REF] Bonneville | Gammadelta T cell effector functions: a blend of innate programming and acquired plasticity[END_REF] TCR:CD3:ζ-signalling is crucial for T cell development and antigenspecific activation, proliferation, differentiation, effector function and apoptosis of mature T cells. [START_REF] Blom | Development of human lymphoid cells[END_REF][START_REF] Saito | Specific antigen-Ia activation of transfected human T cells expressing murine Ti alpha beta-human T3 receptor complexes[END_REF][START_REF] Snow | The power and the promise of restimulation-induced cell death in human immune diseases[END_REF] Basically, APCs assimilate and process protein antigens and present antigenic peptide fragments bound to major histocompatibility complex (MHC) molecules to T cells. T cells recognize and bind peptide:MHCs (pMHC) with their TCR and signal with their CD3:ζcomplex at a molecular interface termed T cell synapse (TCS). [START_REF] Grakoui | The immunological synapse: a molecular machine controlling T cell activation[END_REF] The TCS can be devided into different anatomical and functional layers, i.e. the receptor layer, the signalling layer, the ion channel and transporter system, and the cytoskeletal layer. [START_REF] Dustin | New insights into the T cell synapse from single molecule techniques[END_REF] The nature of the presented antigenic fragment and the spatiotemporal and molecular composition of the TCS are pivotal for the functional outcome of TCR:CD3:ζ-signalling. [START_REF] Dustin | Understanding the structure and function of the immunological synapse[END_REF] 1.2.1 The TCR:CD3:ζ-complex

The mature TCR is build up by a disulfide-linked heterodimer of either one TCRαand one TCRβ-or one TCRγ-and one TCRδ-glycoprotein. The TCRα-has sequence homology to the TCRδ-and the TCRβ-to the TCRγ-chain, respectively. [START_REF] Saito | A third rearranged and expressed gene in a clone of cytotoxic T lymphocytes[END_REF][START_REF] Chien | A new T-cell receptor gene located within the alpha locus and expressed early in T-cell differentiation[END_REF] Additionally, during T cell development thymocytes transiently express the preTCR consisting of a TCRβchain and the invariant pre T cell antigen receptor α (pTα) -chain, that serves as a surrogate for the TCRα-chain (Fig. 1A). [START_REF] Blom | Development of human lymphoid cells[END_REF][START_REF] Groettrup | A novel disulfide-linked heterodimer on pre-T cells consists of the T cell receptor beta chain and a 33 kd glycoprotein[END_REF][START_REF] Borowski | Pre-TCRalpha and TCRalpha are not interchangeable partners of TCRbeta during T lymphocyte development[END_REF] Figure adapted from Call ME, Wucherpfennig KW, Annu Rev Immunol, 2005. 22 Each TCR-chain contains an extracellular domain, a transmembrane region and a short intracellular domain. The extracellular domain comprises a variable (V) and constant (C) immunoglobuline (Ig)-like domain, the transmembrane region contains three conserved basic amino acid residues, i.e. one arginine (R) and two lysines (K), and the short intracellular domain lacks intrinsic signalling activity. [START_REF] Yanagi | A human T cell-specific cDNA clone encodes a protein having extensive homology to immunoglobulin chains[END_REF] The pTα-chain comprises a single extracellular Iglike domain and a transmembrane region, both of which resemble that of the TCRα-chain, and an intracellular domain. In contrast to the TCRα-chain, the intracellular domain of the pTα-chain possesses two phosphorylation sites, suggesting a CD3:ζ-complex independent signalling capacity of the preTCR. [START_REF] Saint-Ruf | Analysis and expression of a cloned pre-T cell receptor gene[END_REF][START_REF] Aifantis | A critical role for the cytoplasmic tail of pTalpha in T lymphocyte development[END_REF] The prototypical and clonotypic αβ TCR is expressed by conventional T cells, such as CD4 + T H , CD4 + CD25 + FOX-P3 + T Reg and CD8 + T Cyt , and recognizes antigenic peptides, that are presented by classical and polymorphic MHC class I or class II molecules. [START_REF] Rudolph | How TCRs bind MHCs, peptides, and coreceptors[END_REF] The αβ TCR IgV-like domain binds diagonally over the entire pMHC. [START_REF] Garboczi | Structure of the complex between human T-cell receptor, viral peptide and HLA-A2[END_REF] Each αβ TCR IgV-like domain consists of three hypervariable complementarity determining regions (CDRs). CDR1 and CDR2 are determined by germline V gene segments while CDR3 is determined by germline diversity (D) and joining (J) gene segments and junctional diversity (see chapter 1.3.3). [START_REF] Malu | Role of non-homologous end joining in V(D)J recombination[END_REF] The CDR3α and CDR3β loops interact with the central part and the CDR1α and CDR1β with the amino-terminal and carboxy-terminal part of the presented peptide, respectively. The MHC molecule principally is bound by CDR1αβ and CDR2αβ loops but CDR3αβ loops as well can form minor contacts. [START_REF] Wucherpfennig | Structural biology of the T-cell receptor: insights into receptor assembly, ligand recognition, and initiation of signaling[END_REF] Semi-invariant αβ TCRs are expressed by invariant NKT (iNKT) cells and bind lipid antigens presented by MHC class I like CD1 molecules by only partially contacting the binding groove and parallel to its long axis. The NKT cell TCR Vα24Jα18 binds the glycosyl head group of α-galactosylceramide with CDR1α and CDR3α that are germline-encoded by Vα24 and Jα18, respectively. [START_REF] Borg | CD1dlipid-antigen recognition by the semi-invariant NKT T-cell receptor[END_REF][START_REF] Bendelac | The biology of NKT cells[END_REF] Mucosa-associated invariant T cells (MAITs) express a semi-invariant TCR Vα7.2Jα33 that is restricted by the evolutionarily conserved major histocompatibility complex class I-related (MR1) molecule and recognize bacterially infected cells in a MR1-dependent manner. [START_REF] Porcelli | Analysis of T cell antigen receptor (TCR) expression by human peripheral blood CD4-8-alpha/beta T cells demonstrates preferential use of several V beta genes and an invariant TCR alpha chain[END_REF][START_REF] Gold | Human mucosal associated invariant T cells detect bacterially infected cells[END_REF] The lipid antigen α-mannosylceramide has been proposed as the specific MR1ligand but in silico modelling favours a hydrophilic compound. [START_REF] Bourhis | Antimicrobial activity of mucosal-associated invariant T cells[END_REF][START_REF] Shimamura | Modulation of Valpha19 NKT cell immune responses by alpha-mannosyl ceramide derivatives consisting of a series of modified sphingosines[END_REF] Invariant γδ TCRs are expressed by γδ T cells with an innate-like phenotype and bind as yet poorly defined bacterial phosphoantigens presented by non-polymorphic MHClike molecules. This interaction differs strongly from that of TCRαβ:pHMC as the γδ TCR binds sideways to the nonclassical MHC-like molecule and only one CDR, namely the CDR3δ, contacts the binding groove. [START_REF] Shin | Antigen recognition determinants of gammadelta T cell receptors[END_REF][START_REF] Adams | An autonomous CDR3delta is sufficient for recognition of the nonclassical MHC class I molecules T10 and T22 by gammadelta T cells[END_REF] Thus, polymorphic αβ TCRs, semi-invariant αβ TCRs and (invariant) γδ TCRs are MHC or MHC-like restricted and this is due to germline encoded sequence and structure homologies that have co-evolved between the MHC molecules and the particular TCR V Iglike domains. [START_REF] Garcia | The molecular basis of TCR germline bias for MHC is surprisingly simple[END_REF][START_REF] Huseby | How the T cell repertoire becomes peptide and MHC specific[END_REF] One monovalent heterodimeric TCR is noncovalently associated with the monomorphic CD3γ-, CD3δ-, CD3ε-and ζ-chain that are not involved in antigen recognition but responsible for signal transduction. The stoichiometry of the TCRαβ:CD3:ζ-complex is TCRαβ:CD3γε:CD3δε:ζζ while that of the TCRγδ:CD3:ζ-complex is TCRγδ:CD3γε:CD3δε:ζζ. [START_REF] Manolios | Pairwise, cooperative and inhibitory interactions describe the assembly and probable structure of the T-cell antigen receptor[END_REF][START_REF] Borst | Complexity of the human T lymphocytespecific cell surface antigen T3[END_REF][START_REF] Call | Stoichiometry of the T-cell receptor-CD3 complex and key intermediates assembled in the endoplasmic reticulum[END_REF][START_REF] Call | The organizing principle in the formation of the T cell receptor-CD3 complex[END_REF][START_REF] Siegers | Different composition of the human and the mouse gammadelta T cell receptor explains different phenotypes of CD3gamma and CD3delta immunodeficiencies[END_REF] The definitive stoichiometry of the human preTCR has not yet been resolved (Fig. 1 B and C). [START_REF] Hayes | An architectural perspective on signaling by the pre-, alphabeta and gammadelta T cell receptors[END_REF] For correct assembly and surface expression the TCRαβ-, the CD3γε-, CD3δε-and the ζζ-chains are necessary and sufficient. [START_REF] Call | Stoichiometry of the T-cell receptor-CD3 complex and key intermediates assembled in the endoplasmic reticulum[END_REF][START_REF] Call | The organizing principle in the formation of the T cell receptor-CD3 complex[END_REF] The TM regions of the TCRαβ-heterodimer contain three conserved basic amino acid residues and the TM regions of the CD3γε-,CD3δεand ζζ-dimers two conserved acidic amino acid residues, i.e. aspartic and glutamic acid.

Probably by forming pairwise ionic interactions, these putatively charged residues are crucial for correct TCR:CD3:ζ-complex association. [START_REF] Manolios | Transmembrane helical interactions and the assembly of the T cell receptor complex[END_REF] The CD3-and ζ-chains have cytoplasmic tails containing immunoreceptor tyrosinebased activation motifs (ITAMs) that are phosphorylated upon receptor triggering and that recruit further signalling molecules. [START_REF] Reth | Antigen receptor tail clue[END_REF][START_REF] Straus | Genetic evidence for the involvement of the lck tyrosine kinase in signal transduction through the T cell antigen receptor[END_REF][START_REF] Iwashima | Sequential interactions of the TCR with two distinct cytoplasmic tyrosine kinases[END_REF][START_REF] June | Increases in tyrosine phosphorylation are detectable before phospholipase C activation after T cell receptor stimulation[END_REF] The entire TCRαβ:CD3:ζ-complex contains ten ITAMs and each ITAM contains two conserved tyrosine, one acidic and two aliphatic amino acid residues. The ITAM consensus sequence is D/Ex 0-2 YXXL/IX 6-8 YXXL/I (with D denominating aspartic acid, E glutamic acid, Y tyrosine and X any amino acid residue with the lower case number indicating their variable frequencies) and the CD3γ-, CD3δ-and CD3ε-chains each contain one ITAM while the ζ-chain contains three tandem ITAMs (Fig. 2). [START_REF] Reth | Antigen receptor tail clue[END_REF] The cytoplasmic tails of the CD3ε-and the ζ-chain interact with acidic phospholipids of the inner plasma membrane leaflet and it has been proposed that in an untriggered TCRαβ:CD3:ζ-complex the ITAMs might remain in a lipid-bound stage being inaccesible for activating protein tyrosine phosphorylation. [START_REF] Aivazian | Phosphorylation of T cell receptor zeta is regulated by a lipid dependent folding transition[END_REF][START_REF] Xu | Regulation of T cell receptor activation by dynamic membrane binding of the CD3epsilon cytoplasmic tyrosine-based motif[END_REF] Even though there are different models of how initial TCR triggering is transduced into intracellular signalling, the TCR might be a mechanotransductor and TCR:CD3:ζcomplex interaction with pMHC might induce conformational changes that render the ITAMs accessible for protein tyrosine phosphorylation. [START_REF] Kim | The alphabeta T cell receptor is an anisotropic mechanosensor[END_REF] Once the TCR:CD3:ζ-complex has been triggered by pMHC, possible mechanisms of signal termination are dephosphorylation, internalisation and ubiquitin-mediated degradation in the lysosomal compartment. 

The receptor layer

The receptor layer is the cell membrane compartment where antigen:receptor-and receptor:receptor-interactions take place. It contains the TCR:CD3:ζ-complex and coreceptors as well as co-stimulatory, co-inhibitory and adhesions molecules. [START_REF] Dustin | New insights into the T cell synapse from single molecule techniques[END_REF] Additionally, TCR:CD3:ζ-signalling is mediated by a network of ion channels and transporters partially located in the receptor layer (Fig. 3). 55 Figure adapted from Dustin ML, Depoil D, Nat Rev Immunol, 2012, andBalagopalan L, et al, Cold Spring Harb Perspect Biol, 2010. 16, 56 1.

The T cell synapse

The TCS, also termed immunological synapse, lies at the heart of the receptor layer and anatomically is organized in concentric supramolecular activation clusters (SMACs), i.e.

the inner central SMAC (cSMAC), the intermediate peripheral SMAC (pSMAC) and the outer distal SMAC (dSMAC). Basically, SMAC formation is due to lateral segregation of particular molecules. [START_REF] Monks | Three-dimensional segregation of supramolecular activation clusters in T cells[END_REF] Upon pMHC-recognition, 11-17-valent TCR:CD3:ζ-microclusters form in the pSMAC and move centripetally towards the cSMAC. [START_REF] Varma | T cell receptor-proximal signals are sustained in peripheral microclusters and terminated in the central supramolecular activation cluster[END_REF] Additionally, the cSMAC contains microclusters of the co-recptors CD4 and CD8 and of co-stimulators such as CD28. [START_REF] Varma | T cell receptor-proximal signals are sustained in peripheral microclusters and terminated in the central supramolecular activation cluster[END_REF][START_REF] Yokosuka | Spatiotemporal regulation of T cell costimulation by TCR-CD28 microclusters and protein kinase C theta translocation[END_REF] Adhesion molecules, such as the integrin leukocyte function-associated antigen 1

(LFA-1), form microclusters as well but localize to the pSMAC. [START_REF] Kaizuka | Mechanisms for segregating T cell receptor and adhesion molecules during immunological synapse formation in Jurkat T cells[END_REF] Inhibitory proteins, such as the protein tyrosine phosphatase (PTP) receptor type C (PTPRC, CD45) and the PTP receptor type J (PTPRJ, CD148), are excluded from the cSMAC and the pSMAC and locate to the dSMAC. [START_REF] Monks | Three-dimensional segregation of supramolecular activation clusters in T cells[END_REF] How precisely lateral segregation is achieved, remains a matter of debate. The size of the separated molecules seems to be important as the intercellular APC:T cell-distance spanned by a pMHC:TCR:CD3:ζ-complex is about 15 nm while that of a LFA-1:intercellular adhesion molecule 1 (ICAM-1)-complex is about 40 nm. [START_REF] Springer | Adhesion receptors of the immune system[END_REF] Moreover, once the TCR:CD3:ζmicroclusters have reached the cSMAC, they loose their interactions with the actin cytoskeleton while the integrin-microclusters of the pSMAC maintain these interactions, that are necessary for their stabilization. It has therefore been proposed, that the cSMAC functions as a drop-off basin that includes microclusters with the right size that rest assembled without stabilizing contacts to the cytoskeleton. [START_REF] Kaizuka | Mechanisms for segregating T cell receptor and adhesion molecules during immunological synapse formation in Jurkat T cells[END_REF][START_REF] Hartman | Cluster size regulates protein sorting in the immunological synapse[END_REF] The classical view of TCR:CD3:ζ-signalling being located to the cSMAC has recently been challenged by the observations that TCR:CD3:ζ-micorclusters already signal in the pSMAC and that the cSMAC might instead be the place of signal termination via receptor internalisation. Moreover, the intracellular domains of CD4 and CD8 bind the protein tyrosine kinase (PTK) LCK and recruit it to the TCR:CD3:ζ-complex, thus crucially contributing to the initiation of TCR:CD3:ζ-signalling (Fig. 2). [START_REF] Veillette | The CD4 and CD8 T cell surface antigens are associated with the internal membrane tyrosine-protein kinase p56lck[END_REF] 1.

CD45

The PTPRC CD45 is a single-pass type I membrane protein that is expressed in all nucleated haematopoïetic cells. [START_REF] Rhee | Protein tyrosine phosphatases in lymphocyte activation and autoimmunity[END_REF] CD45 contains an extracellular portion that is composed of a N-terminal region and two fibronectin-type III repeats, a TM region and an intracellular portion that contains a wedge-like region and two tandem protein tyrosine phosphatase domains (PTPs). [START_REF] Holmes | CD45: all is not yet crystal clear[END_REF] The first PTP domain (D1) is catalytically active while the second one (D2) appears inactive and might endow substrate specificity to CD45. [START_REF] Desai | The catalytic activity of the CD45 membrane-proximal phosphatase domain is required for TCR signaling and regulation[END_REF] The wedge-like region has been found to inhibit D1 of homodimerized CD45 in trans and contributes to negative regulation. [START_REF] Xu | Negative regulation of CD45 by differential homodimerization of the alternatively spliced isoforms[END_REF] Up to eight CD45 isoforms exist and in T cells the most prominent ones are CD45RA, CD45RB and CD45R0. The extracellular N-terminal regions of the CD45 isoforms vary in size and glycosylation pattern as a consequence of alternative splicing and post-translational modification. CD45RA is the longest isoform and is predominantly expressed by naïve T cells while CD45R0 is the shortest isoform and is expressed by activated and memory T cells. [START_REF] Zikherman | Alternative splicing of CD45: the tip of the iceberg[END_REF] CD45 can inhibit TCR:CD3:ζ-complex activation but upon TCR triggering is excluded rapidly from the cSMAC as a function of its size. [START_REF] Choudhuri | T-cell receptor triggering is critically dependent on the dimensions of its peptide-MHC ligand[END_REF] Importantly, CD45

dephosphorylates the SRC kinase LCK at its inhibitory tyrosine Y505 and therefore is a positive regulator of TCR:CD3:ζ-signalling. [START_REF] Ostergaard | Expression of CD45 alters phosphorylation of the lck-encoded tyrosine protein kinase in murine lymphoma T-cell lines[END_REF] Additionally, CD45 dephophorylates the activating tyrosine Y394 at the activation loop (A-loop) of LCK with a lower affinity than that for Y505 and this might again be a negative feedback mechanism. [START_REF] D'oro | Cutting edge: the CD45 tyrosine phosphatase is an inhibitor of Lck activity in thymocytes[END_REF] CD45 spontaneously homodimerizes and this inhibits its catalytic activity. The autoinhibitory efficacy of homodimerization is inversely correlated with the size of the N-terminal regions, thus the smallest isoform CD45R0 is less efficient in catalyzing TCR:CD3:ζ-signalling than the longest isoform CD45RA. [START_REF] Xu | Negative regulation of CD45 by differential homodimerization of the alternatively spliced isoforms[END_REF] 

Co-stimulation

Co-stimulatory and co-inhibitory molecules modulate TCR signalling strenght or duration and importantly fine-tune activation, proliferation, differentiation and effector function. [START_REF] Dustin | New insights into the T cell synapse from single molecule techniques[END_REF] The co-stimulatory CD28 and inducible T-cell co-stimulator (ICOS, CD278) and the co-inhibitory cytotoxic T lymphocyte antigen 4 (CTLA-4) interact with CD80 and CD86

expressed by APCs and are the best studied examples (Fig. 3). [START_REF] Boomer | An enigmatic tail of CD28 signaling[END_REF] Numerous other costimulatory and co-inhibitory receptor families, such as the signalling lymphocytic activation molecule (SLAM)-or the programmed cell death (PD)-receptors exist. [START_REF] Veillette | SLAM-family receptors: immune regulators with or without SAPfamily adaptors[END_REF][START_REF] Keir | PD-1 and its ligands in tolerance and immunity[END_REF] Co-stimulation, as illustrated by pMHC:TCR-and CD80/CD86:CD28-interactions, is important for productive T cell activation, as T cells lacking proper co-stimulation enter a state of unresponsiveness designated anergy, an important means of peripheral tolerance. [START_REF] Schwartz | T cell clonal anergy[END_REF][START_REF] Xing | T-cell tolerance: central and peripheral[END_REF] 1.

Adhesion molecules

Adhesion molecules function in an antigen-independent manner and predominantly intensify the interaction of APCs with T cells as illustrated by the CD2:CD58-and the LFA-1:ICAM-1-interaction. [START_REF] Springer | Adhesion receptors of the immune system[END_REF] Adhesion receptors further stabilize and couple the TCS to the cytoskeleton and are involved in cell motility. [START_REF] Scholer | Intercellular adhesion molecule-1-dependent stable interactions between T cells and dendritic cells determine CD8+ T cell memory[END_REF] 1. The PTK LCK comprises 509 amino acid residues, has a molecular weight of 56 kDa and is expressed almost exclusively in T cells. LCK consists of a N-terminal unique SRC homology 3 (SH3) domain, followed by a SH2 and a C-terminal SH1 or kinase domain (Fig. 4). The SH3 and SH2 domains infere intra-and inter-protein interactions by binding to polyproline and phosphotyrosine motifs, respectively. [START_REF] Palacios | Function of the Src-family kinases, Lck and Fyn, in T-cell development and activation[END_REF] The LCK N-terminus is myristoylated and palmitoylated and is mediating constitutive membrane anchoring. [START_REF] Kabouridis | S-acylation of LCK protein tyrosine kinase is essential for its signalling function in T lymphocytes[END_REF] The N-terminus contains a di-cysteine motif that together with a di-cysteine motif in the intracellular tails of the co-receptors CD4 and CD8α, respectively, chelates a Zn 2+ -ion and mediates co-receptor anchorage (Fig. 2 and3). [START_REF] Veillette | The CD4 and CD8 T cell surface antigens are associated with the internal membrane tyrosine-protein kinase p56lck[END_REF][START_REF] Turner | Interaction of the unique N-terminal region of tyrosine kinase p56lck with cytoplasmic domains of CD4 and CD8 is mediated by cysteine motifs[END_REF][START_REF] Lin | Zinc is essential for binding of p56(lck) to CD4 and CD8alpha[END_REF] Of note, LCK binds to CD4 with higher affinity than to CD8α and TCR:CD4-co-stimulation generates stronger LCK-mediated signals than TCR:CD8-co-stimulation does. [START_REF] Wiest | Regulation of T cell receptor expression in immature CD4+CD8+ thymocytes by p56lck tyrosine kinase: basis for differential signaling by CD4 and CD8 in immature thymocytes expressing both coreceptor molecules[END_REF] The kinase domain contains the ATP binding lysine residue K273 and the catalytic proton acceptor aspartic acid residue D364 that conduct protein tyrosine phosphorylation of the ITAMs of the TCR:CD3:ζ-complex. [START_REF] Van Oers | Lck regulates the tyrosine phosphorylation of the T cell receptor subunits and ZAP-70 in murine thymocytes[END_REF] Furthermore, LCK functions as an adaptor protein via its SH2 and SH3 domains. [START_REF] Denny | The lck SH3 domain is required for activation of the mitogen-activated protein kinase pathway but not the initiation of T-cell antigen receptor signaling[END_REF][START_REF] Rudd | Lck SH3 domain function is required for Tcell receptor signals regulating thymocyte development[END_REF] As a consequence the A-loop opens up and the activating Y394 is phosphorylated by LCK auto-/transphosphorylation endowing LCK with full catalytic activity. The active conformation is further stabilized by protein:protein interactions mediated by the SH3 and SH2 domains of LCK. Salmond RJ, et al, Immunol Rev, 2009. 85 The kinase function of LCK is tightly regulated by conformational changes caused by ligand binding of the SH3 and the SH2 domains and by phosphorylation and dephosphorylation of pivotal tyrosine residues. [START_REF] Salmond | T-cell receptor proximal signaling via the Src-family kinases, Lck and Fyn, influences T-cell activation, differentiation, and tolerance[END_REF] When the inhibitory C-terminal tyrosine Y505 is phosphorylated by CSK, that is recruited by the adaptor phosphoprotein associated with glycosphingolipid microdomains 1 (PAG-1), it binds to the LCK SH2 domain and induces a closed conformation. [START_REF] Bergman | The human p50csk tyrosine kinase phosphorylates p56lck at Tyr-505 and down regulates its catalytic activity[END_REF][START_REF] Eck | Structure of the regulatory domains of the Src-family tyrosine kinase Lck[END_REF][START_REF] Brdicka | Phosphoprotein associated with glycosphingolipid-enriched microdomains (PAG), a novel ubiquitously expressed transmembrane adaptor protein, binds the protein tyrosine kinase csk and is involved in regulation of T cell activation[END_REF] The restrained conformation is further stabilized by the interaction of a polyproline motif located in the SH2-kinase linker domain with the SH3 domain (Fig. 4A). [START_REF] Xu | Three-dimensional structure of the tyrosine kinase c-Src[END_REF] The PTPRC CD45 can dephosphorylate the inhibitory tyrosine Y505 and induces an open and basally active LCK conformation. [START_REF] Ostergaard | Expression of CD45 alters phosphorylation of the lck-encoded tyrosine protein kinase in murine lymphoma T-cell lines[END_REF] The activating tyrosine Y394 is located in the A-loop of the kinase and when dephosphorylated the A-loop aquires an αhelical conformation blocking the catalytic center. When tyrosine Y505 is dephosphorylated and LCK opens up, the A-loop is displaced from the catalytic center. [START_REF] Xu | Crystal structures of c-Src reveal features of its autoinhibitory mechanism[END_REF] Wang H, et al, Cold Spring Harb Perspect Biol, 2010. 54 Similar to LCK, the A-loop of the ZAP-70 kinase domain becomes phosphorylated predominantly by LCK and to some extend is autophosphorylated by ZAP-70 at tyrosine residues Y492 and Y493. 112,113 This removes the A-loop from the catalytic center and leads to full kinase activity. 112 The interdomain B contains the regulatory tyrosine residues Y292, Y315 and Y319. Upon ZAP-70 activation they are bound and phosphorylated by LCK and this further stabilizes the activated conformation by impeeding autoinhibition (Fig. 5B). 114 Furthermore, the regulatory tyrosine residues serve as docking sites for upstream and downstream adaptor and signalling molecules and e.g. in the case of the adaptor protein CT10
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regulator of kinase II (CRKII) this links ZAP-70 to the actin cytoskeleton. [115][116][117] The negative regulation of activated ZAP-70 is not well established. However, the E3 is composed of a variety of proteins that undergo reversible post-translational modifications and that the complex is stabilized, modulated and dissolved by cooperative multiproteininteractions (Fig. 3). [START_REF] Balagopalan | The LAT story: a tale of cooperativity, coordination, and choreography[END_REF]123 After TCR: and activator protein 1 (AP-1, i.e. FOS:JUN-heterodimer) as well as actin reorganization, celladhesion and motility (Fig. 3). [START_REF] Balagopalan | The LAT story: a tale of cooperativity, coordination, and choreography[END_REF]123 The longest LAT isoform comprises 262 amino acids and has a calculated molecular weight of 28 kDa. 122,124 However, on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) LAT migrates at 36 and 38 kDa due to multiple acidic residues and to post-translational modifications, respectively. [START_REF] Balagopalan | The LAT story: a tale of cooperativity, coordination, and choreography[END_REF] Lacking a signal sequence, LAT is a single-pass type III membrane protein with a small N-terminal extracellular region, a transmembrane region and a C-terminal large intracellular region with no apparent classical protein:protein-interaction domains (Fig. 3). 125 LAT contains nine conserved tyrosine residues, Y36, Y45, Y64, Y110, Y127, Y132, Y171, Y191 and Y226, two conserved cysteine residues, C26 and C29, and two conserved lysine residues, K52 and K204, that are phosphorylated, palmitoylated and ubiquitylated, respectively. Phosphorylation is central for the binding of a variety of SH2 domains, palmitoylation is required for membrane targeting and localization to lipid rafts and ubiquitylation might modulate internalization and protein turnover. [126][127][128] Upon TCR:CD3:ζ-signalling, LAT is primarily phosphorylated by ZAP-70 and to a lesser extend by LCK and ITK. [129][130][131] LAT is constitutively anchored in glycolipid-enriched membrane microdomains and after TCR:CD3:ζ-signalling recruits its binding partners, such as SLP-76, from the cytosol to the membrane anchored LAT:SLP-76-signalosome. 132,133 For signal termination, LAT is dephosphorylated by the PTPRJ CD148 and by a variety of not clearly defined PTPs. 134 LAT binds the N-terminal SH2 domain of the phospholipase Cγ 1 (PLCγ-1) with high affinity via the phosphorylated tyrosine residue Y132 and the phosphorylated tyrosine residues Y171, Y191 and Y226 contribute with lower binding affinities. 129,135,136 For full catalytic activity of PLCγ-1, cooperative assembly of the entire LAT:SLP-76-signalosome is necessary as additional binding partners such as SLP-76, the adaptor protein GRB2-related adaptor protein downstream of SHC (GADS), the PTK ITK, the guanine nucleotide exchange factor (GEF) VAV, and all three SH domains of PLCγ-1 are required (Fig. 3). [START_REF] Balagopalan | The LAT story: a tale of cooperativity, coordination, and choreography[END_REF][136][137][138] The adaptor protein GADS contains a N-terminal SH3 domain, a central SH2 domain followed by a unique glutamine and proline riche domain and a C-terminal SH3 domain.

GADS binds the PRR of SLP-76 via high-affinity Arg-X-X-Lys-motifs of its SH3 domains and phosphorylated LAT (pY191) via its SH2 domain and thus stabilizes the LAT:SLP-76signalosome. [START_REF] Balagopalan | The LAT story: a tale of cooperativity, coordination, and choreography[END_REF]139,140 The adaptor protein growth factor receptor-bound protein 2 (GRB-2) comprises a Nterminal and a C-terminal SH3 domain enclosing a central SH2 domain. 141 Via its SH2 domain GRB-2 binds pairs of phosphorylated tyrosine residues of LAT, such as Y171/Y191, Y171/Y226 and Y191/Y226, and recruits the GEF son of sevenless homolog 1 (SOS-1). 136,142 This interaction couples the LAT:SLP-76-signalosome via the MAPKs RAS and RAF to the and 2 (ERK-1/2) (Fig. 3). 143 Furthermore, the GRB-2:SOS-1-intraction can mediate LATclustering contributing to higher order complex formation. 144 CBL constitutively binds to GRB-2 and after TCR:CD3:ζ-signalling is recruited to LAT. 145 However, CBL also interacts with other proteins of the LAT:SLP-76-signalosome such as non-catalytic region of tyrosine kinase (NCK), the regulatory p85 subunit of the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) and PLCγ-1, that are associated with SLP-76. [145][146][147] Thus, CBL appears to have a dual function by stabilizing the LAT:SLP-76signalosome and by targeting CD3δ, the ζ-chain and ZAP-70 for proteosomal degradation. 148 SLP-76 comprises 533 amino acids, has a molecular weight of 76 kDa and consists of a N-terminal acidic region, followed by a central proline rich region (PRR) and a C-terminal SH2 domain. 149 The acidic region contains three tyrosines, Y113, Y128 and Y145, that are phosphorylated by ZAP-70 and bind to VAV, NCK, PI3K and ITK. [150][151][152] The PRR contains a SH3 domain binding motif mediating the constitutive binding to the SH3 domain of GADS and of PLCγ-1. Via its SH2 domain GADS binds to phosphorylated LAT and the LAT:SLP76-interaction is further stabilized by PLCγ-1. 136,139,153 The C-terminal SH2 domain of SLP-76 can bind the adaptor protein adhesion and degranulation-promoting adaptor protein (ADAP) that is associated with the haematopoïetic progenitor kinase 1 (HPK-1). 154,155 ADAP links the LAT:SLP-76-signalosome to the integrin inside-out signalling pathway and mediates firm cell adhesion (Fig. 3). 156 However, HPK-1 appears to be a negative regulator of VAV binding to SLP-76 stabilizes the VAV:NCK:ITK-complex and activates RAShomolog (RHO)-family GTPases such as cell division cycle 42 (CDC-42) (Fig. 3). The PTK ITK comprises 620 amino acid residues, has a molecular weight of 72 kDa and is predominantly expressed in T cells. 163,164 ITK contains a N-terminal PH domain, followed by a Zn 2+ -binding BTK homology (BH) motif, a PRR, a SH3 domain, a SH2 domain, a SH2-kinase linker region and a C-terminal SH1 or kinase domain (Fig. 6). [START_REF] Andreotti | T-cell signaling regulated by the Tec family kinase, Itk[END_REF]165 Following Only SLP-76-bound ITK is activated by LCK-mediated phosphorylation of the tyrosine residue Y511 of its A-loop and consequently performs autophosphorylation of the tyrosines residue Y180 of its SH3 domain that is thought to further stabilize ITK binding to the LAT:SLP-76-signalosome. 168,169 The main target of ITK is PLCγ-1 that binds to ITK via its second SH2 domain and that is directly activated by ITK via phosphorylation of its tyrosine residue Y783. Thus, ITK is important for the generation of the second messengers inositol 1,4,5-trisphosphate (IP 3 ) and diacylglycerol (DAG). 170,171 Additionally, ITK functions as an adaptor stabilizing the SLP-76:VAV:NCK-complex and thus is involved in actin reorganization (Fig. 3). 172,173 The ITK PRR has been proposed to interact with PLCγ-1, VAV, GRB-2 and FYN. 152,171 How precisely the structure of ITK is involved in protein:protein-interactions and kinasedependent or kinase-independent functions is not definitively established as ITK has proven resistent to crystalization up to now [START_REF] Andreotti | T-cell signaling regulated by the Tec family kinase, Itk[END_REF] While the isolated kinase-domain of SRC kinases retain their function, the isolated ITK-kinase domain shows only residual activity indicating that the additonal domains and cooperative interactions with the LAT:SLP-76-signalosome are essential for ITK-kinase-activity. 174,175 In that context, the tryptophan residue W335 in the SH2-kinase linker region appears to be an important activating residue of ITK, while the comparable tryptophan residue in SRC kinases behaves as an inhibitory one. 174,175 ITK is negatively regulated by the lipid phosphatase and tensin homolog (PTEN) that cleaves PIP 3 and thus interferes with ITK membrane recruitment. 176 Taking into account available comparative structural data, it has been proposed that an extended ITK configuration with reduced interdomain contacts might lead to ITK-homodimerization thus impeeding association with the LAT:SLP-76-signalosome and infering further negative regulation of adaptor-and kinase-function. [177][178][179] 1.2.3.5 PLCγ-1 PLCγ-1 is composed of a N-terminal PH domain that binds to membrane bound PIP 3 , a Ca 2+ -binding EF-hand, two SH2 domains, one SH3 domain for protein:protein-interactions and one C-terminal catalytic PI-PLC X-box. PLCγ-1 hydrolyzes PIP 2 to liberate the second messengers IP 3 and DAG. 180 DAG activates the serine/threonine protein kinase Cθ (PKCθ) and the GEF RAS guanyl releasing protein (RASGRP). 181 IP 3 binds to IP 3 -receptors (IP 3 -Rs) expressed on the endoplasmic reticulum. [START_REF] Feske | Ion channels and transporters in lymphocyte function and immunity[END_REF] Thus, ITK-mediated PLCγ-1 activation contributes to Ca 2+ -, MAPK-and NF-κB-signalling (Fig. 3). 182 1.2.3.6 PKCθ PKCs are serine/threonine protein kinases that can be devided into conventional (cPKC), novel (nPKC) and atypical (aPKC) subfamilies activated by Ca 2+ and DAG, DAG alone or neither Ca 2+ nor DAG, respectively. 183 The nPKC PKCθ comprises 706 amino acid residues, has a molecular weight of 82 kDa and is mainly expressed in T cells where it has non-redundant functions in TCR:CD3:ζ-and CD28-(co-)signalling. 183,184 PKCθ consists of a N-terminal C2-like domain, followed by a pseudosubstrate, a C1, a V3 and a C-terminal kinase domain. 183 Unlike conventional C2 domains, the regulatory C2like domain is not able to bind Ca 2+ but instead mediates phospholipid-and protein:proteininteractions. Furthermore, it contains the regulatory tyrosine residue Y90 that is phosphorylated by LCK. 185 The structure of the pseudosubstrate domain resembles that of PKC substrates, but the serine residue targeted by the kinase domain is replaced by an alanine residue. Thus, the pseudosubstrate domain binds to the kinase domain in cis and induces a closed and inactive conformation of PKCθ. The cysteine-rich C1 domain is the DAG binding domain and is involved in membrane recruitment of PKCθ and subsequent activation of its kinase function. The C3-domain contains a PRR motif necessary for association with CD28. 186 Upon TCR:CD3:ζ-triggering, PKCθ is recruited from the cytoplasm to the cSMAC where it persists in DAG-enriched lipid rafts in a catalytically active conformation. 187,188 As PKCθ has no membrane anchor moieties, its subcellular translocation to the cSMAC depends on protein:protein-interactions. Membrane anchored LCK, CD28 and the receptor for activated C kinase (RACK) are proposed to perform this adaptor function (Fig. 3). 189 Importantly, PKCθ translocation to the cSMAC strongly depends on CD28 costimulation with the CD28:PKCθ-microclusters being spatially separated from the TCR:CD3:ζ-microclusters and takes place in the absence of ZAP-70. [START_REF] Yokosuka | Spatiotemporal regulation of T cell costimulation by TCR-CD28 microclusters and protein kinase C theta translocation[END_REF]187,190 The A-loop of the PKCθ kinase domain is phosphorylated by PI3K-dependent protein kinase 1 (PDPK-1) at the threonine residue T538 and in combination with autophosphorylation at the threonine residue T219 and the serine residues S676 and S695 contributes to membrane localization and kinase activity. [191][192][193] Once activated, PKCθ phosphorylates several serine residues of the caspase recruitment domain (CARD)-containing membrane-associated guanylate kinase (MAGUK) protein 1 (CARMA1) and thus couples TCR:CD3:ζ-and CD28-signaling to the canonical NF-κB1 pathway (Fig. 3). 194,195 The alternative NF-κB2 pathway is in part controlled by the canonical NF-κB1 pathway and thus is indirectly depending on PKCθ. 181 Furthermore, PKCθ phosphorylates the serine threonine kinase 39 (STK39), a MAPK, that mediates the activation of ERK1/2 and JUN N-terminal kinase (JNK), thereby contributing to MAPK-signalling and AP-1 activation (Fig. 3). 196 1.2.3.7 NF-κB NF-κB transcription factor signalling is devided into canonical NF-κB1 (p50 and its precursor p105) and alternative NF-κB2 (p52 and its precursor p100) pathways. Both pathways can be activated by a variety of receptors expressed in the immune system. NF-κB1 and NF-κB2 themselves are devoid of transcription activation domains (TADs) and therefore heterodimerize with TAD-containing RelA, RelB and cRel transcription factors in variable combinations. 197 In T cells, TCR:CD3:ζ-signalling and especially CD28 co-stimulation activate and localize PKCθ to the TCS. [START_REF] Yokosuka | Spatiotemporal regulation of T cell costimulation by TCR-CD28 microclusters and protein kinase C theta translocation[END_REF]187,190 PKCθ than recruits and phosphorylates CARMA1 that in turn assembles with B cell lymphoma 10 (BCL-10) and mucosa-associated lymphoïd tissue 1 (MALT-1) to form the CBM-complex. 198 The CBM-complex than recruits the inhibitor of IκB kinase (IKK) complex and together with TNF receptor-associated factor 2 (TRAF-2) and TRAF-6 activates the regulatory IKKγ via lysine residue K63-linked polyubiquitination. 199 The catalytic components of the IKK-complex, IKKα and IKKβ, next target the inhibitors of NF-κB (IκBs). Especially, IκBα bound to NF-κB1:RelA retains the transcription factor in the cytoplams by blocking nuclear localization signals (NLSs). Once IκBα is phosphorylated by IKKα on its serine residues S32 and S36 it becomes ubiquitinylated and degraded by the proteasome. 200 The transcription factor gets liberated and translocates to the nucleus where it regulates T cell gene expression. 201 Importantly, a classical target of NF-κB1:RelA is IκBα and this constitutes an important negative feedback-loop of NF-κB1 signalling. 202 Little is known about the alternative NF-κB2 pathway in TCR:CD3:ζ-signalling. 197 1.2.3.8 NFAT TCR:CD3:ζ-signalling via PLCγ-1 activates store-operated Ca 2+ -entry (SOCE) and increases the intracellular concentration of the second messenger Ca 2+ [Ca 2+ ] i . [START_REF] Feske | Ion channels and transporters in lymphocyte function and immunity[END_REF] In T cells, this activates the [Ca 2+ ] i -sensitive NFAT transcription factor family that controls T cell development, activation, proliferation, differentiation and function. 203 Besides the [Ca 2+ ] i -insensitive primordial NFAT5, T cells express four classical NFAT family members, i.e. NFAT1 (or NFATc2), NFAT2 (or NFATc1), NFAT3 (or NFATc4) and NFAT4 (or NFATc3). [204][205][206][207] NFATs contain a N-terminal TAD, followed by the regulatory NFAT-homology region (NHR), the highly conserved DNA-binding REL-homology region (RHR) and a variable C-terminal domain. 203 The regulatory NHR contains two serine rich regions (SRRs), three Ser-Pro-X-X repeats (SPs), one NLS, one nuclear export signal (NES) and docking sites for kinases and phosphatases.

In resting T cells, the SRRs and the SPs of NFATs are hyperphosphorylated, the NLS is masked and the transcription factors resides in the cytoplams. 203 However, upon TCR:CD3:ζ-induced and PLCγ-1-mediated SOCE, the [Ca 2+ ] i -sensor calmodulin binds the NFAT phosphatase calcineurin that in turn becomes activated and bind to its NFAT docking motif SPRIEIT. 208 Calcineurin than dephosphorylates all but one of the 14 phosphosites in the SRRs and SPs of the NFATs leading to a conformational change and unmasking of the NLS. 209 NFATs translocate to the nucleus, bind NFAT consensus sites in various promoter regions and critically alter T cell gene expression. 203,210 In non-stimulated cells, NFAT is actively keept in a hyperphosphorylated state by the cytoplasmic maintenance kinases casein kinase 1 (CK-1) and dual-specificity tyrosinephosphorylation regulated kinase 2 (DYRK-2). 211,212 In activated cells, dephosphorylated NFAT is rephosphorylated by nuclear export kinases such as glycogen synthase kinase 3 (GSK-3) and DYRK-2. 212,213 Additonal mechanisms of regulation such as cytoplasmic scaffolding proteins and sumoylation exist. 214,215 Importantly, dephosphorylation leads to a change in molecular weight that can be illustrated by SDS-PAGE. Experimentally, the calcineurin inhibitors cyclosporin A (CsA) and tacrolimus (FK506) and the ionophore ionomycine are used to impede or induce dephosphorylation and nuclear translocation, respectively. 216 NFATs are central transcription factors in T cells, as they directly regulate a variety of promoters, e.g. the interleukine 2 (IL-2)-promoter. Additionally, NFATs function as transcriptional scaffolders interacting with JUN homodimers or JUN:FOS-heterodimers (AP-1) via their RHD and thus integrate the MAPK-pathway into the Ca 2+ -signalling pathway (Fig. 3). 203,217,218 1.2.3.9 MAPKs

In T cells, MAPK-signalling controls development, activation, proliferation, differentiation, homeostasis and effector function. [219][220][221][222][223] The most important MAPK-cascades are the ERK1/2-, the JNK-and the p38 kinase-cascades. They are induced by TCR:CD3-ζsignalling and a plethora of other stimuli such as mitogens, cytokines, PAMPs and DAMPs. 223 Initially, membrane receptor signalling is transduced via GEFs and in T cells especially SOS, RASGRP and RAS-related C3 botulinum toxin substrate 1 (RAC-1) are operational. [224][225][226] GEFs activate GTPases such as RAS and CDC-42 and these initiate the MAPK cascade. 226,227 The first MAPK enzyme that is activated in the classical cascade is a serine/threonine kinase designated MAPK kinase kinase (MAP3K). 228 The second enzyme, phosphorylated and activated by MAP3Ks, is a dual-specificity kinase termed MAPK kinase (MAP2K). 229 The third MAPK (MAP1K), i.e. ERK1/2, JNK and p38, is activated by double phosphorylation of conserved threonine-X-tyrosine motifs in their A-loops and this leads to conformationl changes, increased substrate specificity and activation of their downstream transcription factors FOS, JUN and activating transcription factor 2 (ATF-2), respectively (Fig. 3). 223,230 In T cells, the prototypical MAPK-cascade downstream of TCR:CD3:ζ-signalling is the ERK1/2-pathway. This cascade consists of the GEF RASGRP, the GTPase RAS, the MAP3K RAF, the MAP2K mitogen-activated protein kinase 1 and 2 (MEK-1/2) and the MAP1K ERK-1/2 targeting the transcription factor FOS. 231 It is becoming apparent, that besides acting as a simple GTPase, RAS compartmentalizes MAPK-signalling by acting as a shuttle between different membraneous compartments such as the cell membrane, the endoplasmic reticulum (ER) and the Golgi apparatus. 231 

Ion and lipid second messengers

The positively charged ions calcium (Ca 2+ ), magnesium (Mg 2+ ) and zinc (Zn 2+ ) are important second messengers of TCR:CD3:ζ-signalling. As these ions can not passively diffuse across hydrophobic cell membranes, a network of ion channels and transporters is regulating their concentrations in a spatial and temporal manner. [START_REF] Feske | Ion channels and transporters in lymphocyte function and immunity[END_REF] Basically, ATP-dependent sodium (Na 2+ ), potassium (K + ) and chloride (Cl -) transporters actively build up a constitutive electrochemical membrane gradient termed the resting membrane potential. In T cells, this negative membrane potential is about -60 mV and together with extra-and intracellular concentration gradients is the driving force of second messenger ion-flux. 232 The extracellular Ca 2+ -concentration [Ca 2+ ] e is ~1x10 -3 M, the intracellular Ca 2+concentration [Ca 2+ ] i is ~1x10 -7 M and the ER Ca 2+ -concentration [Ca 2+ ] er is ~0.5-1.0x10 -3 M.

The extracellular Mg 2+ -concentration [Mg 2+ ] e is ~0.8x10 -3 M and the intracellular Mg 2+concentration [Mg 2+ ] i is ~0.5-1x10 -3 M. The extracellular Zn 2+ -concentration [Zn 2+ ] e is ~16x10 -6 M and the intracellular Zn 2+ -concentration [Zn 2+ ] i is ~0. 35-1x10 -9 M. Thus, in addition to the resting membrane potential, there are important concentration gradients for [Ca 2+ ] of ~1x10 4 M and for [Zn 2+ ] of ~5x10 5 M while the concentration gradient for [Mg 2+ ] is quite small. [START_REF] Feske | Ion channels and transporters in lymphocyte function and immunity[END_REF]233 Ion channels are pore forming transmembrane proteins that allow passive ion-flux exploiting the electrochemical gradients actively established by ion transporters.

Physicochemically, they are characterized by their selectivity, i.e. their specificity for a particular ion, and their conductance, i.e. their ability to carry a certain electrical charge at a given potential difference. 234 In T cells, the best studied second messenger system is the Ca 2+ -signalling system. 235 After TCR:CD3:ζ-triggering by pMHC, proximal TCR-signalling results in the activation of PLCγ-1. 180 PLCγ-1 hydrolyzes PIP 2 to liberate the second messengers IP 3 and DAG. 180 DAG activates the serine/threonine protein kinase Cθ (PKCθ) and the GEF RAS guanyl releasing protein (RASGRP). 181 IP 3 binds to the Ca 2+ -permeable IP 3 -receptor (IP 3 -R) located in the ER membrane and this triggers the efflux of Ca 2+ out of the ER into the cytoplasm (Fig. 7). [START_REF] Feske | Ion channels and transporters in lymphocyte function and immunity[END_REF]236 The [Ca 2+ ] er -sensing molecules stromal interaction molecule 1 (STIM-1) and STIM-2 are single-pass type I transmembrane proteins located in the ER. 237 STIMs comprise a N-terminal intraendoplasmic Ca 2+ -sensing EF-hand, followed by a sterile alpha motif involved in STIMself association, a TM region, and three intracytoplasmic coiled-coil domains. When [Ca 2+ ] er is diminished by IP 3 :IP 3 -R-mediated store-depletion, the inactive STIM-conformation, that is maintained by Ca 2+ bound to the EF-hand, folds up into an activated conformation. 238 The activated STIMs oligomerize, form microclusters, and redistribute to junctional sites of the ER that are in close proximity to the plasma membrane. 239 Via their coiled-coil domains STIMs than interact with the Ca 2+ -release-activated Ca 2+ -channel (CRAC) and induce a process called SOCE. 240 STIM1 and STIM2 differ in their ER-depletion sensitivity and oligomerization and CRAC-binding kinetics with STIM2 being more sensitive but slower (Fig. 7). 241 might acts as an allosteric activator of PLCγ-1. Activated PLCγ-1 in turn provides the lipid mediator IP 3 that binds to the Ca 2+ -permeable IP 3 -receptor (IP 3 -R) located in the endoplasmic reticulum (ER) membrane. This triggers the efflux of Ca 2+ out of the ER into the cytoplasm and the reduction of the ER Ca 2+ -concentration [Ca 2+ ] er induces the activating interaction of stromal interaction molecule 1 (STIM-1) with the Ca 2+ -releaseactivated Ca 2+ -channel (CRAC) composed of four ORAI-1 molecules and located in the cell membrane. The highly Ca 2+ -selective and low-conductance CRAC generates an Ca 2+ -influx and the overall process is called store-operated Ca 2+ -entry (SOCE). Feske S, et al, Nat Rev Immunol, 2012. 55 In T cells, the most abundant CRAC is a highly Ca 2+ -selective low-conductance ion channel build up by four ORAI-1 transmembrane glycoproteins. 242 Each ORAI-1 subunit is composed of four TM regions with an intracellular N-terminus and an intracellular Cterminus, respectively. The four ORAI-1 glycoproteins build up the pore forming unit with four glutamic acid residues E106 infering Ca 2+ -binding and selectivity. The overall small pore diameter of CRAC determines its low-conductancy. 243,244 The intracellular C-termini contain CC-domains that interact with the STIM CC-domains opening up the Ca 2+ -pore and allowing for Ca 2+ -influx. 245 Finally, Ca 2+ -homeostasis is achieved by clearing Ca 2+ from the cytoplasm into the mitochondria or the ER by the mitochondrial Ca 2+ -uniporter (MCU) and the endoplasmic reticulum Ca 2+ -ATPase (ERCA), respectively, and by export into the extracellular compartment by plasma membrane Ca 2+ -ATPases (PMCAs). [START_REF] Feske | Ion channels and transporters in lymphocyte function and immunity[END_REF]246 Overall, SOCE is coupling TCR:CD3:ζ-signalling to various transcription factor pathways such as NFAT and NF-κB1 (Fig. 3).
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Although more than 90% of [Mg 2+ ] i is bound to ATP, about 5% of [Mg 2+ ] i is free and functions as a second messenger in T cells following TCR:CD3:ζ-signalling. 247 Little is known about Mg 2+ -homeostasis and -signalling in T cells. Noteworthy, magnesium transporter 1 (MAGT-1) has been found to mediate a transient Mg 2+ -flux after TCR:CD3:ζtriggering, ITAM-, ZAP-70-and LAT-phosphorylation. 247 MAGT-1 is a highly selective Mg 2+ -transporter that is predicted to contain five TM regions and a short N-terminal intracellular tail (Fig. 7). 248 MAGT-1-deficiency abrogates Mg 2+ -flux, delays the activation of PLCγ-1 and impeeds consecutive SOCE. Therefore, it has been proposed that Mg 2+ acts as an allosteric activator of PLCγ-1 downstream of PTPs in T cells, although the precise molecular requirements and mechanisms remain elusive ( Fig 7). 247 The trace ion Zn 2+ is an essential co-factor of various metalloproteins and in the immune system especially zinc finger containing transcription factors are operational. Moreover, it is becoming evident that Zn 2+ directly is involved in lymphocyte signalling as a second messenger. 249 TCR:CD3:ζ-signalling leads to a localized and transient Zn 2+ -flux at the TCS and increased [Zn 2+ ] i sustains Ca 2+ -flux by enhancing LCK and PKCθ kinase activity and ZAP-70 phosphorylation. 250, 251 However, higher [Zn 2+ ] i exerts inhibitory effects as illustrated by the impeded activation of the phosphatase calcineurin. 252 T herefore, as a function of its intracellular concentration, Zn 2+ seems to play a dual role in T cell signalling. [START_REF] Feske | Ion channels and transporters in lymphocyte function and immunity[END_REF] 

The cytoskeletal layer

The cytoskeletal layer is regulating T cell motility, adhesion, polarity, TCS formation, T cell development, differentiation and effector function. The principal molecules controlling these processes are actin, myosin II and tubulin (Fig. 3). 253 T cells travers the secondary lymphoïd organs at an average speed of 10 µm/min and slow down to establish extensive contacts with APCs when they encounter their cognate pMHC (Fig. 2). 254 These two basical motility modes are largely dependent on chemokine receptors and integrins, such as LFA-1, that are coupled to the cytoskeletal proteins filamentous-actin (F-actin) and myosin II especially by the molecules talin and vinculin. 255,256 Upon pMHC induced TCR:CD3:ζ-signalling, the T cell becomes polarized and the microtubule-organizing center (MTOC) positions between the APC:T cell-contact site and the nucleus. 257 This MTOC translocation is essential for the formation of a mature TCS and the TCR:CD3:ζ-induced cytoskeleton rearrangements depend on the adaptor adhesion and degranulation-promoting adaptor protein (ADAP). ADAP is coupled to the LAT:SLP-76signalosome and recruits the microtubule motor protein dynein. 258 Furthermore, the LAT:SLP-76-signalosome is connected to the cytoskeleton via the adaptor proteins WASP and ARP-2/3 (Fig. 3). 160,256,259 To establish a functional TCS TCR:CD3:ζ-microclusters and integrin-microclusters form and are leterally segregated into the cSMAC and pSMAC, respectively. Furthermore, Factin generated protrusions might contribute in bridging the intercellular space bringing pMHC and TCR:CD3:ζ in close contact. 260 Again both processes critically depend on F-actin dynamics. [START_REF] Grakoui | The immunological synapse: a molecular machine controlling T cell activation[END_REF][START_REF] Monks | Three-dimensional segregation of supramolecular activation clusters in T cells[END_REF] At the opposite of the TCS and the MTOC, another polarity region named distal pole complex (DPC) or the anti-synapse, is formed by cytoskeletal rearrangements. The DPC has been implicated in sequestration of negative TCR:CD3:ζ-signalling regulators and finetuning of T cell differentiation. 261

T cell development

Most of the current knowledge of thymopoïesis originates from mouse studies as this model system allows in vivo experimental setups that are not feasible in humans for obvious reasons. 262 Human thymopoïesis predominantly has been analysed in vitro and only partially in vivo taking advantage of certain PIDs characterized by disturbed thymocyte development. [START_REF] Blom | Development of human lymphoid cells[END_REF][START_REF] Al-Herz | Primary immunodeficiency diseases: an update on the classification from the international union of immunological societies expert committee for primary immunodeficiency[END_REF]263 Even thought the principles of murine and human thymopoïesis seem to be identical, there are phenotypical differences of the initiating haematopoïetic stem cells (HSCs), the distinct transitional thymocyte populations and the naïve T cell subsets that finally egress from the thymus. 264 Thus, the definitive human phenotypes have not yet been established.

However, murine and human thymopoïesis are both characterized by the gradual maturation of distinct thymocyte populations under the influence of the thymic microenvironement. [START_REF] Blom | Development of human lymphoid cells[END_REF]262 A central feature of thymocyte development into mature γδ T cells and αβ T cells is a process called V(D)J-recombination. 265,266 During V(D)J-recombination gene segments encoded in the germline TCR loci are assembled by a mechanism termed non-homologous end joining (NHEJ). [START_REF] Malu | Role of non-homologous end joining in V(D)J recombination[END_REF] These somatic recombination events govern γδ T cell and αβ T cell lineage commitment and account for the highly variable preimmune TCR repertoire. 267,268 Immature thymocytes further pass quality checkpoints called positive and negative selection and especially αβ T cells take their CD4 + versus CD8 + single-positive (SP) lineage choice, before entering the immunological periphery as mature but naïve T cells. 269

Haematopoïetic stem cells and precursors

Human adult HSCs are long-term repopulating cells located in specialized bone marrow (BM) niches. 270,271 Phenotypically, they are characterized as CD34 + CD38 -Lineage - (Lin -) cells. Functionally, by a process called asymmetric cell division, they continously selfrenew and give rise to short-term repopulating HSCs, that are CD34 + CD38 + Lin -(Fig. 8). 272 Following the traditional model of haematopoïesis, these HSCs further differentiate into megakaryocyte/erythrocyte precursors (MEPs), common myeloïd precursors (CMPs) and common lymphoïd precursors (CLPs), all of which lose self-renewal but retain multilineage differentation capacity. [START_REF] Blom | Development of human lymphoid cells[END_REF] MEPs terminally differentiate into magakaryocytes, that generate platelets, and erythrocytes. CMPs are CD34 + CD45RA -precursors that via CD34 + CD45RA + CD123 + granulocyte/monocyte precursors develop into granulocytes, monocytes, pDCs and mDCs. 273 CLPs are CD34 + CD45RA + CD7 + CD10 + precursors that via CD34 + CD45RA + CD7 + CD10 -IL7-Rα -precursors develop into NK cells and T cells and via CD34 + CD45RA + CD7 -CD10 + IL-7Rα + precursors into B cells while p DCS and mDCs additionally seem to stem from both precursors. 274,275 This phenotypical classification of the individual precursors currently is supported by incomplete expression analysis of lineage specific transcripts such as the transcription factor paired box protein 5 (PAX-5) and the BCR co-receptor immunoglobulin-associated beta chain (Igβ, CD79B) for B cells or the transcription factor GATA binding protein 3 (GATA-3) and pTα for T cell precursors. 273,276 1.

Thymopoïesis

Especially, the CD34 + CD45RA + CD7 + CD10 -IL7-Rα -precursors leave the BM, migrate to the thymus and on their way further differentiate into thymic seeding progenitors (TSPs).

Quantitatively, this process is most important in early life but seems to continue througout life until advanced age. [START_REF] Blom | Development of human lymphoid cells[END_REF] The thymus can be divided into four major anatomical and functional compartments, the corticomedullary junction, the cortex, the subcapsular zone and the medulla. The corticomedullary junction is build by a framework of endothelial cells that enables thymic entry and egress of TSPs or mature naïve T cells, respectively. The cortex harbours cortical thymic epithelial cells (TECs), fibroblasts and macrophages, the subcapsular zone mainly contains cortical TECs and the medulla is build by a stromal network of DCs and medullary TECs.

Once TSPs enter the thymus, they encounter the thymic microenvironement necessary to establish their T cell identity and become early thymic progenitors (ETPs). 277 ETPs are best characterized as CD34 + CD38 -CD7 + CD45RA + IL7-Rα + thymocytes that are still CD1a -.

Paralleling the murine system and using the TCR co-receptors CD4 and CD8, developping human thymocytes principally can be divided into CD4 -CD8 -double-negative (DN), immature CD4 + single-positive (iSP), CD4 + CD8 + double-positive (DP) and CD4 + or CD8 + SP cells. Furthermore, DN thymocytes can be subdivided into the most immature CD34 + CD38 - CD1a -, the consecutive CD34 + CD38 + CD1a -and the CD34 + CD38 + CD1a + stages. Immature SP thymocytes further differentiate into CD3 -and CD3 + DP thymocytes and finally mature into naïve CD4 + and CD8 + SP T cells 278 (Fig. 8). The generation and expression of a functional TCR is a central feature of thymocyte development and the consecutive steps serving as developmental checkpoints can be assigned to particular thymocyte populations. 278 A functional TCR is either composed of a TCRαβ-or a TCRγδ-heterodimer [START_REF] Call | The T cell receptor: critical role of the membrane environment in receptor assembly and function[END_REF] . In stark contrast to other receptor proteins, TCRα-, TCRβ-, TCRγand TCRδ-chains are not encoded by unique genes in the germline, but by various gene segments that are located in the diploïd T cell receptor α, β, γ and δ loci (TRA@ 14q11.2, TRB@ 7q34, TRG@ 7p14 and TRD@ 14q11.2), respectively (Fig. 9 and 10). During thymopoïesis these loci are activated and become accessible following a strict order at precisely defined developmental phases, i.e. TRG@ > TRD@ > TRB@ > TRA@ (Fig. 11). 267 This specificity is orchestrated by the co-ordinated expression of enzymes, transcription factors, and chromatin structure-modifying enzymes. [START_REF] Malu | Role of non-homologous end joining in V(D)J recombination[END_REF] In a somatic rearrangement process called V(D)J-recombination, the variable (V), diversity (D) and joining (J) germline segments are assembled into a large variety of functional TCR genes. While TCRδ-and TCRβ-chains a created by rearranging V, D and J segements, TCRγ-and TCRα-chains are build up only by V and J segments. Finally, the rearranged V(D)J segments are joined to TCRγ, δ, α or β constant regions (C) through messanger RNA (mRNA) splicing (Fig. 11 and12). [START_REF] Malu | Role of non-homologous end joining in V(D)J recombination[END_REF] Furthermore, inside the individual loci the segments are assembled following a particular hierarchy as illustrated by the TRD@ where V(D)J-recombination starts with the Dδ2-Dδ3 rearrangement, followed by Dδ2-Jδ1 and Vδ-Jδ1 rearrangements (Fig. 11). 283 Murine thymocyte development is indicated from the HSC (yellow) throught the particular DN, iSP and DP thymocyte (blue) to the SP naïve T cell. The appropriate murine cellular phenotype is indicated above and, even thought human thymopoïesis differs slightly (Fig. 8), the corresponding human cellular phenotype is given as well. The developmental timing of V(D)J-recombination is indicated by particular beams for each T cell receptor locus, i.e. TRD@, TRA@, TRG@ and TRB@, as compared to the corresponding thymocyte population and the particular V(D)J-rearrangements taking place in an ordered fashion are marked inside the beams, respectively.

Figure adapted from Dik WA, et al, J Exp Med, 2005. 278 Even though there is variability inbetween individual humans, and there are variable numbers of pseudogenes due to missense indel mutations, the average human TRA@ comprises 45 V, 61 J and 1 C, the TRB@ 42 V, 2 D, 14 J and 2 C, the TRG@ 6 V, 5 J and 2

C and the TRD@ 5 V, 3 D, 4 J and 1 C functional gene segments (http://www.imgt.org/IMGTrepertoire/), respectively (Fig. 9 and 10).

During V(D)J-recombination P-or N -nucleotide additions and deletions at the junctions add to TCR repertoire diversity and this is called junctional diversity. 282 A further source of diversity is the pairing of particular TCRα-to TCRβ-or TCRγ-to TCRδ-chains, respectively. The theoretical TCR repertoire has thus been calculated to be ~10 [START_REF] Grakoui | The immunological synapse: a molecular machine controlling T cell activation[END_REF] for TCRαβ and ~10 [START_REF] Saito | A third rearranged and expressed gene in a clone of cytotoxic T lymphocytes[END_REF] for TCRγδ. 284 However, the effective TCR repertoire is much more restricted as only a minor fraction of rearranged TCR is able to correctly bind to pMHC. 285 The vast majority of rearranged TCR will be deleted by positive and negative selection, as discussed below (paragraphe 1.3.4). In the first line the germline TRB@ with its Vβ, Dβ, Jβ and Cβ gene segements is shown and these that will be somatically recombined are depicted in yellow while those that will be deleted are shown in blue, respectively.

In the second line D-J rearrangement has taken place generating a Dβ2-Jβ2. and12). 288,289 TRECs are found in naïve T cells, i.e. CD4 + CD45RA + CD31 + recent thymic emigrants, and are diluted by every further cell division. Next, the coding hairpin structure is opened asymetrically by the nuclease Artemis and the resulting overhang is filled in with palindromic (P) nucleotides. 290,291 Additionally, the terminal deoxynucleotidyl transferase (TdT) modifies coding ends by adding random N (nucleotides). 292 The modified DNA ends are finally ligated by a multiprotein complex in a mechanism called non-homologous end joining (NHEJ). [START_REF] Malu | Role of non-homologous end joining in V(D)J recombination[END_REF]293,294 As T cells are diploïd, they can rearrange each locus twice and thus augment the probability of a productive rearrangement, a fact that is referred to as receptor editing. Once a productive in-frame rearrangement has taken place, a process termed allelic exclusion guarantees that each T lymphocyte finally only expresses one unique TCR. [START_REF] Malu | Role of non-homologous end joining in V(D)J recombination[END_REF] 1.

TRD@

The TRD@ is the first locus to undergo VDJ-recombination and the initiating but yet incomplete Dδ2-Jδ1 rearrangement can be observed as early as in DN CD34 + CD38 -CD1 -, increases in DN CD34 + CD38 + CD1 -and peaks in DN CD34 + CD38 + CD1 + thymocytes. The first complete Vδ1-Dδ2Jδ1 or Vδ2-Dδ2Jδ1 rearrangement can be observed in DN CD34 + CD38 + CD1 -, peaks in CD4 + iSP and decreases when the majority of DN thymocytes becomes commited to TCRαβ + thymocytes (Fig. 11). 278 As the TRD@ is embedded in the TRA@, it becomes deleted once the TRA@ locus starts to be rearranged (Fig. 9 and 11). This results in a T cell receptor excision circle (TREC) that is not replicated during further cell devisions and therefore declines throughout thymocyte development. 295 While the Vδ1 gene segement is essentially used in postnatal TCRγδ + thymocytes, the Vδ2 gene segment dominates the peripheral blood TCRγδ + T cell pool later on in life. [START_REF] Bonneville | Gammadelta T cell effector functions: a blend of innate programming and acquired plasticity[END_REF] 1.3.3.2 TRG@

The initiating TRG@ rearrangements Vγ-Jγ1.1/2.1 can be found in DN CD34 + CD38 + CD1 -thymocytes one developmental step after the initiating TRD@ rearrangement, peak in DN CD34 + CD38 + CD1 + and decrease in consecutive thymocyte populations. TRG@ rearrangements Vγ-Jγ1. The initiating Dβ1-Jβ1 rearrangement can be found in DN CD34 + CD38 + CD1 -and is followed by the Dβ2-Jβ2 rearrangement one step later in DN CD34 + CD38 + CD1 + thymocytes. .

The first in frame Vβ-Dβ2Jβ2 rearrangement can be detected in iSP and remains stable thereafter while the Vβ-Dβ1Jβ1 rearrangement starts at the DP CD3 -stage and is less common. Thus, β-selection takes place in the transition from CD34 + CD38 + CD1 + to iSP thymocytes (Fig. 10 and11).

TRA@

TRA@ recombination is initiated by the T-early α (TEA)-Cα rearrangement that can be first detected at the CD34 + CD38 + CD1 + stage and peaks at the iSP and DP thymocyte stages. 297 As TRD@ is located inside TRA@, next the δREC-ψJα rearrangement deletes the TRD@ and generates δREC-ψJα containing TRECs at the iSP stage that peak in SP thymocytes (Fig. 9 and 11). 295 Thereafter, multiple Vα-Jα rearrangements occur as demonstrated by the loss of germline ψJα starting at the CD34 + CD38 + CD1 + thymocyte stage. 278 

Kinetic signalling model

Once CD4 + CD8 + DP thymocytes have somatically rearranged their TRB@ and TRA@ by V(D)J-recombination, they express a plethora of different αβ TCRs on their cell surface. However, the majority, i.e. >95 %, of these αβ TCRs does not recognize self-pMHCmolecules presented predominantly by TECs and therefore is of no further interest for a functional immune system. As these DP thymocytes can not be signalled by their TCR:CD3:ζ-complex to receive survival signals, they succumb to apoptosis, a process referred to as death-by-neglect (Fig. 13). [START_REF] Xing | T-cell tolerance: central and peripheral[END_REF]269 Only a small fraction of the generated αβ TCRs is capable of binding self-pMHC molecules with low affinity and consequently receives survival signals by their TCR:CD3:ζcomplex, a process called positive selection (Fig. 13). 298 To ensure efficient TCR:CD3:ζcomplex-mediated positive selection, DP thymocytes become virtually independent of common γ-chain (γ c , CD132) cytokine growth signalling, as they transiently do not express the IL-7-receptor (IL-7-R) but instead the suppressor of cytokine signalling 1 (SOCS-1). 299 DP thymocytes that bind self-pMHC with high affinity and are thus potentially selfreactive receive death signals and execute apoptosis, a process referred to as clonal deletion or negative selection (Fig. 13). 300 A small fraction of borderline high affinity αβ TCR thymocytes escapes from clonal deletion and under the influence of particular cytokines such as IL-2 and transforming growth factor β (TGF-β), develops into CD4 + CD25 + FOX-P3 + T Reg , a process called clonal diversion (Fig. 13). [301][302][303] Taken as a whole, positive selection, clonal diversion and clonal deletion/negative selection form central tolerance mechanisms as they take place in the thymus and importantly reduce autoreactive αβ TCRs in the pre-immune repertoire or render them towards immunoregulatory T Reg . [START_REF] Xing | T-cell tolerance: central and peripheral[END_REF] In a mutually exclusive manner, positively selected DP thymocytes further develop into CD4 + or CD8 + SP thymocytes and this process is termed CD4/CD8-lineage commitment.

Importantly, DP thymocytes that express αβ TCRs restricted to MHC class I finally develop into CD8 + T Cyt while thymocytes that express αβ TCRs restricted to MHC class II develop into CD4 + T H or CD4 + CD25 + FOX-P3 + T Reg. 304 As the signalling intensity of the CD4 coreceptor is stronger than that of the CD8 co-receptor partially due to stronger LCK binding affinity, more CD4 + SP thymocytes than CD8 + SP thymocytes develop. [START_REF] Wiest | Regulation of T cell receptor expression in immature CD4+CD8+ thymocytes by p56lck tyrosine kinase: basis for differential signaling by CD4 and CD8 in immature thymocytes expressing both coreceptor molecules[END_REF]305,306 On a molecular level CD4/CD8-lineage commitment is not completely understood but at present the kinetic signalling model is best integrating available experimental data (Fig. 14). 269 Positively signalled DP thymocytes transcriptionally silence the expression of the CD8 co-receptor, independently of whether their αβ TCR is MHC I or MHC II restricted.

Phenotypically, this results in CD4 + CD8 low or CD4 + CD8 -thymocytes that are not yet lineagecommitted and that retain the capacity to develop into CD4 + or CD8 + SP thymocytes. 307,308 After having downregulated CD8, MHC II restricted CD4 + CD8 low/-thymocytes continue to receive TCR:CD3:ζ-complex signalling that keeps them independent of γ c -cytokine signalling and progressively establishes their CD4 + SP lineage identity (Fig. 14).

However, MHC I restricted CD4 + CD8 low/-thymocytes loose TCR:CD3:ζ-complex signalling and this restores γ c -cytokine signalling. 309 As a consequence, they transcriptionally silence CD4 expression and reinitiate CD8 expression in a process termed co-receptor reversal. 307 This re-establishes TCR:CD3:ζ-signalling and determines their CD8 + SP lineage identity. 310 Of note, as a function of αβ TCR affinity for self-pMHC I, in thymocytes by activating the CD8 enhancer I (Fig. 14). 309,315,318,319 In summary, the kinetic signalling model posits a crosstalk between TCR:CD3:ζ-and It is assumed that in the context of acute lymphopenia, below-threshold TCR:CD3:ζsignalling induced by self-pMHC is amplified by increased IL-7-R-signalling, resulting in a proliferation signal. 328,329 Probably, sustained IL-7-R-signalling induces degradation of the cyclin-dependent kinase (CDK) inhibitor P27 KIP1 and consequently T cells progess from interphase to S phase of the cell cycle. 330 Besides the co-receptors CD4 and CD8, LIP is independent of co-stimulatory receptors such as CD28 and LFA-1. 323 LIP proceeds at a relatively slow rate for both CD4 + T H and CD8 + T Cyt with the latter being more susceptible to it. Naïve polyclonal T cells expanding by LIP gradually acquire phenotypic characteristics of T Mem but as LIP is independent of foreign antigen they are designated memory-like T cells (Fig. 15). 323,327 Additionally, very high amounts of the γ c -cytokines IL-2 and IL-15 in combination with self-pMHC can induce homeostatic proliferation, a process referred to as cytokineinduced proliferation (CIP) (Fig. 15). In contrast to LIP, CIP favours the relatively fast expansion of CD8 + T Cyt memory-like T cells, with IL-2 inducing CD45R0 + CD62L -CCR-7 - effector memory-like T cells (T EM ) and IL-15 inducing CD45R0 + CD62L + CCR-7 + central memory-like T cells (T CM ). 331,332 Importantly, CD8 + T Cyt deficient for SOCS-1 display inceased IL-15-induced CIP, while there is no such effect found for CD4 + T H . 333 . 334 The interaction of mDCs and naïve CD4 + and CD8 + T cells takes place at the border of the subcapsular sinus and in the interfollicular regions of the draining lymph nodes. 335,336 Naïve CD4 + and CD8 + T cells consequently receive two activating signals, the first one by the interaction of pMHC class I or class II with the TCR:CD3:ζ-complex and the second one by the interaction of CD80 or CD86 with CD28. 337,338 This is refered to as T cell priming and leads to antigen specific T cell activation and massive clonal expansion. As a consequence of the cytokine microenvironment established by the innate immune system, specific master transcription factors are expressed that govern differentiation into particular T cell effector populations. 339,340 The theoretical clonal expansion rate for naïve CD8 + T cells has been estimated to be one division in 4-6 h, thus leading to ~19 cell divisions in the first week resulting in a 500.000-fold expansion. 341 The profound metabolic changes underlying this expansion are essentially controlled by the serine/threonine protein kinase mammalian target of rapamycin (mTOR). 342

In the presence of IFN-γ and IL-12 naïve CD4 + T cells upregulate the transcription factor T-box expressed in T cells (T-BET) and STAT-4 and differentiate into IFN-γ-, TGF-βand lymphotoxin β (LT-β)-secreting T H type 1 (T H 1) cells that are important for eliminating intracellular pathogens by delivering help to T Cyt . 339,[343][344][345][346] In the presence of IL-2, IL-4, IL-7 and thymic stromal lymphopoietin (TSLP) naïve CD4 + T cells upregulate the transcription factors GATA-3 and STAT-5 and differentiate into IL-4-, IL-5-and IL-13-secreting T H type 2 (T H 2) cells that are important for eliminating parasites by delivering help to B cells. 339,[347][348][349] In the presence of IL- important for eliminating extracellular bacteria and fungi by mediating the cross-talk between the innate and adaptive immune system. 339,[350][351][352][353] In the presence of IL-2 and TGF-β naïve CD4 + T cells upregulate the transcription factors FOXP-3 and STAT-5 and differentiate into inducible T Reg (iT Reg ) that together with natural, i.e. thymus derived, T Reg (nT Reg ) modulate immune responses and maintain selftolerance partially by secreting TGF-β and IL-10. 339,[354][355][356] Additionally, naïve CD4 + T cells can specialize into a distinct population that is found in the lymph node B cell follicle where they home to via chemokine C-X-C motif receptor 5

(CXCR-5). 357 They are termed follicular helper T cells (T FH ) because of their capacity to interact with B cells via PD-1 and IL-21 and contribute to class-switch recombination and somatic hypermutation. T FH cells depend on the transcriptional repressor BCL-6, but currently it is not clear whether they constitute a particular population or subspecialized members of the T H 1, T H 2 and/or T H 17 compartments. 358,359 In Furthermore, effector cytokine production in differentiated T cells can become independent of TCR:CD3:ζ-signalling and can be triggered by combined cytokine-receptor-signalling, i.e. by a STAT-inducing cytokine and an IL-1-family cytokine. 340,366,367 Once primed and expanded in the secondary lymphoïd organs, effector T cells change their migratory patterns and invade the infected target tissue. This allows for on-site expansion to further acquire effector functions and to perform the antigen-specific immune response spatially restricted to the infected tissue. In that way, collateral damage of bystander tissues is minimized. Besides classical effector cytokines, on-site differentiated T cells can acquire the capacity to secrete immunomodulatory cytokines such as IL-10 to restrain immunopathology. 368,369 1.4.3 Immune contraction and memory αβ T cells

Once clonally expanded and differentiated, the majority, i.e. >90%, of CD4 + T H and CD8 + T Cyt effector cells, that have succesfully eliminated their cognate antigen, will die off in a two-week lasting homeostatic process called immune contraction. 370 Immune contraction is necessary to prevent non-essential end-organ damage and autoimmunity, as well as lymphoïd malignancies. [START_REF] Snow | The power and the promise of restimulation-induced cell death in human immune diseases[END_REF] This programmed T cell death is essentially mediated by the pro-apoptotic molecules FAS and BIM that are central to the extrinsic and intrinsic apoptotic pathways, respectively.

Repetitive TCR-stimulation of proliferating effector T cells in the presence of IL-2 signalling induces restimulation-induced cell death (RICD) -also termed activation-induced cell death (AICD) -via upregulation of FAS and FAS ligand (FAS-L) and thus restrains on-site expansion in the presence of antigen. [START_REF] Snow | The power and the promise of restimulation-induced cell death in human immune diseases[END_REF][371][372][373] Once antigen has been cleared, cytokinesignalling shuts down and induces cytokine withdrawal-induced cell death (CWID) via upregulation of BIM, by this way eliminating the majority of effector T cells at the end of the immune response in the absence of antigen (Fig. 16). [START_REF] Snow | The power and the promise of restimulation-induced cell death in human immune diseases[END_REF]374,375 In parallel, the immune response leads to the generation of long-lived antigen-specific CD4 + and CD8 + memory T cells (T Mem ). 370 Homeostasis and survival of CD4 + and CD8 + T Mem is virtually independent of TCR:CD3:ζ-signalling and largely dependent on IL-7-R-and IL-15-R-signalling. [376][377][378][379][380] However, CD4 + T Mem seem to be less stable than CD8 + T Mem . 381 γδ T cells make up a minor fraction of the total T cell compartment and, although expressing a TCR, they are termed innate-like cells as they share several features with cells of the innate immune system. [START_REF] Bonneville | Gammadelta T cell effector functions: a blend of innate programming and acquired plasticity[END_REF] During thymopoïesis, development of γδ T cells preceeds that of conventional αβ T cells, even though in humans the exact branching point currently is not defined (Fig. 8). [START_REF] Blom | Development of human lymphoid cells[END_REF]278 The γδ TCR is generated by V(D)J-recombination and, while the theoretical repertoire has been calculated to be 10 18 , peripheral γδ T cells display a narrow repertoire with an important contribution of invariant receptors due to programmed V(D)Jrecombination that e.g. is not generating junctional diversity. [START_REF] Malu | Role of non-homologous end joining in V(D)J recombination[END_REF]284,385,386 These γδ T cells seem to be derived from early thymic waves and populate different epithelial surfaces such as skin, gut, respiratory tract and urogenital tract, with a particular invariant γδ TCR being specific for a particular niche. [START_REF] Bonneville | Gammadelta T cell effector functions: a blend of innate programming and acquired plasticity[END_REF] However, peripheral blood γδ T cells exist having a broader repertoire due to more classical V(D)J-recombination including generation of junctional diversity. [START_REF] Bonneville | Gammadelta T cell effector functions: a blend of innate programming and acquired plasticity[END_REF] Binding properties of the γδ TCR differ from that of the αβ TCR and the former recognizes phosphoantigens that are rapidly presented by stressed or infected cells via nonpolymorphic MHC-like molecules. [387][388][389] During their development, γδ T cells aquire a preactivated, i.e. memory-like phenotype, and they can rapidly execute their effector functions as, in additon to the γδ TCR, they express an array of TLRs and NK-receptors. [390][391][392] Of note, these receptors predominantly act in synergy with γδ TCR:CD3:ζ-signalling but under the influence of proinflammatory cytokines can activate γδ T cells independently of the latter. step. 397,398 iNKT cells leave the thymus as immature precursors and complete their maturation in the periphery where they home preferentially to the blood, the liver, the spleen and the omentum. 399 Mature iNKT cells display an effector-memory phenotype and upon antigenic encounter rapidly produce proinflammatory cytokines such as IL-4, IFN-γ and IL-17, thus contributing to the initiation of a protective innate immune response. 400 Furthermore, they activate the adaptive immmune system and even downmodulate overt inflammation with immunomodulatory cytokines such as IL-10, thus bridging the innate and adaptive immune system. 401 Recently, iNKT cell have been found to interact with a variety of particular innate and adaptive immune cells, confirming their multiple roles in balancing immune responses and homeostasis. 402 1.4.6 Innate-like mucosa-associated invariant T cells

Innate-like mucosa-associated invariant T (MAIT) cell thymopoïesis follows a particular pathway characterized by agonist-selection as described for iNKT cells. MAIT cells express a semi-invariant TCRVα7.2Jα33 that is restricted by the evolutionarily conserved non-classical major histocompatibility complex class I-related (MR1) molecule and recognizes bacterially infected cells in a MR1-dependent manner. [START_REF] Porcelli | Analysis of T cell antigen receptor (TCR) expression by human peripheral blood CD4-8-alpha/beta T cells demonstrates preferential use of several V beta genes and an invariant TCR alpha chain[END_REF][START_REF] Gold | Human mucosal associated invariant T cells detect bacterially infected cells[END_REF]403 Recently, it has been shown that MR1 binds and presents microbial vitamin B2 metabolites to MAIT cells. 404 MAIT cells leave the thymus with a naïve phenotype and depending on interactions with B cells and commensal bacteria acquire an effector phenotype. 405,406 They are present in the blood stream and home to peripheral tissues such as the liver and the gastrointestinal tract. It has been proposed that in the case of bacterial infection, MAIT cells rapidly become activated and secrete effector cytokines such as IL-17-family members and IFN-γ thereby contributing to protective immunity. [START_REF] Gold | Human mucosal associated invariant T cells detect bacterially infected cells[END_REF][START_REF] Bourhis | Antimicrobial activity of mucosal-associated invariant T cells[END_REF] 1.5 (Severe) combined immunodeficiency

The human experience

Severe combined immunodeficiency (SCID) commonly is regarded as a developmental disorder of NK, T and B cells that manifests with lymphopenia and lifethreatening opportunistic infections in early infancy (Fig. 17). [START_REF] Fischer | Human primary immunodeficiency diseases[END_REF]407 SCID is an inherited PID and due to pioneering scientific and medical work performed throughout the last 30 years, nowadays SCID can be assumed by screening dried blood spots for T cell receptor excision circles (TRECs) and kappa-deleting recombination excision circles (KRECs). TRD@, TRG@, TRB@ and TRA@, as compared to the corresponding thymocyte populations. The most common genetic causes of SCID are given in boxes and the resulting particular blocks in thymopoïesis are indicated by arrows. Zelm MC, et al, Front Immunol, 2011. 407 Currently, combined immunodeficiency (CID) is emerging as a novel group of PIDs, that is predominantly characterized by functional T cell deficiency, albeit developmental alterations are present to variable degrees. CID might escape TREC-and KREC-screening strategies and even present with normal or elevated lymphocyte counts in children or adolescents. In order to correctly diagnose CID, it is therefore important to be aware of its clinical presentations such as opportunistic infections, immunodysregulation and malignant lymphoma, all of which might aggravate over time as the immune system exhausts. [412][413][414] Even though, we have now defined several monogenetic entities that can be classified in different groups based on the clinical phenotypes and/or the structure and function of the gene defects such as the "channelopathies" (ORAI-1-, STIM-1-and MAGT-1-deficiency) 242,247,415 , the "cytoskeletopathies" (WASP-, WIP-and DOCK-8-deficiency) [416][417][418] , the genetic susceptibilities to EBV infection (SAP, ITK, CD27 and CORO-1A-deficiency) [419][420][421][422][423][424][425][426][427] , we are just beginning to establish a comprehensive concept of diagnosing and curing CID (Tab. 1)

Figure adapted from van

On the other hand, insights gained from diagnosing, analyzing and treating (S)CIDs has been fundamental for our basic understanding of the human immune system and remains a field of intensive translational research. [START_REF] Fischer | Human primary immunodeficiency diseases[END_REF] For example the indentification of the Ca 2+ -and 1). 419,421,422 In summary, discoveries first made by analyzing human PIDs have initiated novel fields in basic research that led to the generation of important knowledge far beyond the initial findings. Keeping in mind, that biological samples of these extremely rare (S)CIDs are sparse, the precise characterization of these particular human (S)CIDs might not only recapitulate the data generated in vitro and in the murine model system, but additionally elucidate differences between mice and men not always predictable by mere extrapolation of the murine data.

Furthermore, the results obtained by this approach might contribute to our knowledge From the age of 15 months, she presented with undocumented protracted diarrhea and recurrent upper and lower respiratory tract infections, including pneumonia complicated by pneumatocele. Consecutively, a failure to thrive with a weight loss of -2 standard deviation scores (SDSs) and inadequate gain of height of -1 SDS was noted.

Upper airway endoscopy showed congestive and ulcerative inflammation of the airway mucosa resulting from local inflammation and recurrent infections. Ear, nose and throat biopsies could not be carried out because of severe dyspnea. Gastrointestinal endoscopy and biopsies were found to be normal.

From the age of 22 months, she developed daily bouts of fever accompanied by multiple nodular skin lesions and sterile inflammation of the interphalangeal joints (Fig. 18A).

A skin biopsy of a representative nodule was taken, embeded in paraffine and stained with haematoxylin and eosin. Histopathological analysis showed a normal epidermis, but the dermis and especially the hypodermis displayed lymphohistiocytic infiltration, predominantly consisting of macrophages and histiocytes with large cytoplasm. Additionally, large foci of neutrophilic necrosis with abscesses and rare gigantocellular cells were seen in the hypodermis without granuloma formation. Lymphohistiocytic bystander vasculitis was found but immunohistochemical staining of lymphocytes and clonality analysis failed due to insufficient sample quantity (Fig. 18B andC). Importantly, no infectious agent could be identified and thus lobular and septal neutrophilic panniculitis with bystander vasculitis was diagnosed. Prophylactic immunoglobulin substitution and i ntensive anti-bacterial, antimycobacterial and anti-fungal treatments initiated at the age of 24 months had no major effect neither on skin lesions nor on fever bouts.

From the age of 26 months, the patient developed serositis, i.e. ascites and pericarditis, and thereon a transient systemic capillary leak syndrome. In parallel, ophthalmologic assessment disclosed retinal vasculitis.

Immunosuppressive treatment with glucocorticoids had a transient effect on skin lesions and fever bouts, but both these symptoms subsequently recurred and aggravated.

Treatment with neutralizing antibodies against TNF-α led to apyrexia and a partial regression of skin lesions and serositis. However, from the age of 29 months, the patient presented with normocytic aregenerative anaemia and thrombocytopenia and anti-thrombocyte autoantibodies were detected.

At the age of 30 months, the patient was conditioned with busulfane, fludarabine and anti-thymocyte globuline and underwent allogeneïc haematopoïetic stem cell transplantation (HSCTx) from a phenotypically human leukocyte antigen (HLA) matched (10 out of 10) unrelated donor with a non T cell-depleted graft (with a dossage of 7.9 x 10 8 PBMCs, 8.3 x 10 6 CD34 + HSCs and 5.4 x 10 7 CD3 + T cells per kg bodyweight). Unfortunately, the patient deceased at day seven after transplantation because of pulmonary and hepatic veno-occlusive disease.

Taken as a whole, the patient presented the clinical picture of profound CID characterized by increased susceptibility to respiratory and gastrointestinal tract infections and severe immunodysregulation such as skin and joint autoinflammation and autoimmunity. n.d.: not determined. 1 As determined before cytotoxic treatment. [START_REF] Van De Pavert | New insights into the development of lymphoid tissues[END_REF] As determined after cytotoxic treatment. [START_REF] Medzhitov | Origin and physiological roles of inflammation[END_REF] Agematched normal values are indicated in parentheses. [START_REF] Banchereau | Dendritic cells and the control of immunity[END_REF] The patient had received four 7-valent conjugate vaccines against Streptococcus pneumoniae and four 5-valent vaccines against Haemophilus influenzae type b, the toxoïd of Corynebacterium diphtheriae, Bordetella pertussis, the toxoïd of Clostridium tetani and Poliovirus type 1, 2 and 3 at the ages of two, four, six and 14 months. [START_REF] Blom | Development of human lymphoid cells[END_REF] The patients had the blood group 0.

Peripheral blood mononuclear cells (PBMCs) of a healthy control and the patient were isolated, stained with fluorochrome-labelled isotype controls or monoclonal antibodies (mAbs) to analyse the different lymphocyte populations by flow cytometry.

The child had profound CD4 + T cell lymphopenia while CD8 + T cells were not altered in terms of numbers. The proportion of TCRαβ + cells was reduced while that of TCRγδ + cells was augmented. B cell counts were slightly diminished and NK cell counts were normal.

Thymic output was reduced as CD4 + CD45RA + CD31 + recent thymic emigrants were diminished and the majority of CD4 + T cells expressed the memory marker CD45R0 (Tab.

2). 451 Furthermore and in contrast to a healthy control, the majority of CD4 + CD45RA -T cells expressed CD27 and CD4 + CD45R0 + had lost the lymphoïd homing molecule CD62L and gained the activation marker CD95, thus corresponding to the phenotype of activated T EM -like cells (Fig. 19A, B andC). 452 In contrast, the majority of CD8 + T cells expressed CD45RA and only a minor fraction expressed the memory marker CD45R0 (Tab. 2). However, only the minority of CD8 + CD45RA + T cells expressed CD27 and, therefore corresponded to naïve T cells. The majority of the CD8 + CD45RA + T cells was negative for CD27 and the majority of CD8 + CD45R0 + T cells was negative for CD62L and positve for CD95, thus corresponding to activated but exhausted T EMRA -like cells (Fig. 19A, B andC). 452 The percentages of CD4 + CD25 + CD127 low and CD4 + CD25 + FOX-P3 + T Reg were in normal ranges (3-15%). However, as a consequence of CD4 + T cell lymphopenia, the number of these bona fide T Reg was diminished (Fig. 20). The αβ and γδ TCR repertoire of the patient's T cells was also examined by quantitative real-time PCR (qPCR). The relative usage of each TRAV, TRBV, TRGV and TRDV was calculated by immunoscope technique and displayed by histograms placing control and patient values side-to-side. 453,454 The nomenclature used for the TRAV, TRBV, TRGV and TRDV subgroups is that of the international ImMunoGeneTics information system (http://www.imgt.org/IMGTrepertoire/) and the Arden nomenclature is given in brackets. 282 TCR spectratyping suggested an oligoclonal TRAV9 and TRBV6a dominated αβ TCR repertoire (Fig. 21). Oligoclonality was further supported by the loss of the normal Gaussian-like lenght-distribution of the qPCR products, that under normal conditions results from random P-and N-nucleotide insertions (Fig. 22 and data not shown). Furthermore and as opposed to the healthy control, for which the usual dominance of TRGV9 and TRDV2 were found, TCR spectratyping of the patient showed an altered γδ TCR repertoire with TRGV5 and TRDV1 dominating (Fig. 23). To formaly prove monoclonality of the predominating TRAV9-TRAC and TRBV6a-TRBC rearrangements, the corresponding qPCR products were cloned and the particular CDR3s were Sanger-sequenced. 454 In total, 74 clones of TRAV9-TRAC and 90 clones of TRBV6a-TRBC were analysed with the IMGT/V-Quest algorithm and the assigned V, D and J segments were compiled, respectively. 455 CDR3 sequencing showed a productive rearrangement with ≤ 100% sequence identity for TRAV9-2 J26 and a productive rearrangement with ≤ 100% sequence identity for TRBV6-6 J2-5 D2 and was thus confirming monoclonality of these predominating clones (Tab. 3 and 4). Flow cytometric analysis of the patient's αβ T cells confirmed that CD4 + and CD8 + cells predominantly expressed the monoclonal Vβ2 (TRBV20)-and Vβ13 (TRBV6a)containing TCRs on their cell surface (compare Fig. 21 to Fig. 24). The majority of the patient`s γδ T cells were found to be CD8α + and to express Vδ1 (TRDV1) instead of Vδ2 (TRDV2) (compare Fig. 23 to Fig. 24). Of note, Vδ1 expressing γδ T cells are known to represent tissue-resident γδ T cells while Vδ2 expressing γδ T cells are rather circulating cells found in the peripheral blood. 12 Finally and strikingly, it was noticed when compared to cells from a healthy control that CD3 + CD4 + and CD3 + CD8 + primary T cells of the patient displayed reduced surface expression of the TCR co-receptors CD4 and CD8, respectively, while that of CD3 was unchanged (Fig. 25). This diminished expression was also observed in T cell blasts expanded in vitro from the patient's PBMCs for further biochemical analysis (Fig. 25). In conclusion, the patient showed disturbed V(D)J-recombination and reduced thymic output as judged by oligoclonal αβ and altered γδ TCR repertoires and reduced numbers of CD4 + CD45RA + CD31 + recent thymic emigrants. The proportion of innate-like CD8α + γδ T cells was augmented and that of conventional αβ T cells was decreased, while there was overall CD4 + and CD8 + T cell lymphopenia. The remaining peripheral T cell populations displayed memory-like phenotypes more pronounced for the CD8 + T Cyt compartment, probably as a consequence of LIP and CD4 + T H were not able to provide adequate help towards B cells as judged by absent vaccination-induced specific antibody production. Most importantly, the αβ T cells had a CD4 low and CD8 low phenotype, that had been reported in the Lck -/-murine model. 456

Gene defect

The clinical and immunological phenotype was indicative of a profound T cell immunodeficiency. Taking into account the reduced surface expression of CD4 and CD8, that had been reported for Lck -/-mice, and the predominat CD4 + T cell lymphopenia, that had been reported in an infant with SCID and disturbed LCK-expression, LCK-deficiency seemed possible. 456,457 Genomic DNA was isolated from PBMCs and fibroblasts from the patient and her parents and from amniotic fluid cells from the fetus sibling and the exons 2-14 including the flanking intronic regions of LCK (NM_001042771.1) were Sanger-sequenced (for primer information see Tab. 5).

PBMCs and fibroblasts of the patient were found to carry the mono-or homozygous nucleotide transition LCK c.1022T>C in thecoding exon 9. The patient's mother was found to be heterozygous while the father and the fetus sibling did not carry the transition (Fig. 26A).

As the mono-or heterozygous transition was found in PBMCs and fibroblasts of the patient, an additional somatic mutagenesis confined to the haematopoïetic lineage was excluded.

Table 5. Genomic LCK sequencing primers.

Primer name Primer sequence

Forward primer exons 2, 3, 4 To further investigate the genetic mechanism leading to mono-or homozygosity of LCK c.1022T>C in the patient, her chromosome 1 was analysed by single nucleotide polymorphism (SNP)-chip and array-comparative genomic hybridization (array-CGH) with a resolution of 200 bp. 458 The patient was found to have two identical copies of the entire chromosome 1 that were both carrying the LCK c.1022T>C transition found in one maternal allele and therefore demonstrating a complete maternal uniparental isodisomy (UPD) (Fig. 26C). predicted it to be probably damaging with a score of 0.995 (data not shown). In silico sequence alignment of the catalytic domain of LCK orthologs and additional members of the human tyrosine kinase superfamily showed that L341 occupied a highly conserved position at which hydrophobicity was maintained suggesting a crucial role in stabilizing the structure of the protein (Fig. 27 and28). The three-dimensional LCK structure analysis confirmed that L341 belonged to a cluster of hydrophobic aa (L328, L336, L341, I433) making critical contacts especially to the lateral chain of I433 in the opposite α-helix and to L328 and L336 in its own α-helix (Fig. 28B). Thus, with the proline introducing a kink, the LCK p.L341P substitution was likely to disturb proper protein folding as it disrupted the three-dimensional secondary structure of its own α-helix and the local hydrogen bond network of the adjacent αhelices, necessary for the correct three-dimensional tertiary structure of LCK. To further analyse the consequence of the LCK p.L341P substitution, a cDNA coding for LCK wildtype was cloned from a healthy control by RT-PCR and modified by PCR mutagenesis taking advantage of a primer pair designed to introduce the c.1022T>C transition. Additionally, the splice variant LCK ΔEx7 (Δaa 362-387, calculated molecular weight 52 kDA), that is lacking the coding exon 7 of the kinase domain (Fig. 26B) and that has been proposed to code for an unstable LCK protein, was cloned from a healthy control. 457,459 The three cDNAs were verified by Sanger-sequencing, inserted into an eukaryotic expression vector and expressed in HEK 293T cells in the presence or not of the proteasome inhibitor MG132. Cells were thereafter lysed, and lysates subjected to immunoblotting. The monoclonal or the polyclonal LCK antibodies failed to detect specific material corresponding to LCK from lysates of cells transfected with the empty vector. In contrast, a specific doublet characteristic for LCK was detected in lysates from cells expressing wild-type LCK, thus validating the experimental system. The upper band of the doublet corresponds to mature LCK protein that has been post-translationally modified. 102 Importantly, in lysates from cells expressing LCK p.L341P, both antibodies detected the lower band corresponding to unmodified LCK while the post-translationally modified band was virtually absent.

Additionally, the polyclonal LCK antibody detected a pattern of specific bands in the LCK ΔEx7 protein lysats resembling that of LCK wildtype with the two major bands migrating at 52 and 55 kDa, respectively. However, the monoclonal LCK antibody produced by immunizing mice with a GST-LCK fusion protein containing aa 1-234 (see product information http://www.cellsignal.com/pdf/2657.pdf), did not detect these bands. Interestingly, when blocking proteasomal degradation with MG132 the expression of the post-translationally modified LCK p.L341P was discretely augmented (Fig. 30).This data indicated that LCK c.1022T>C could be considered a missense mutation and that LCK p.L341P was instable and likely degraded before post-translational modification, partially by the proteasomal pathway.

Additionally, these experiments showed that LCK ΔEx7 could give rise to a stable protein that displayed the same migratory profile than the unmodified and the post-translationally modified wild-type LCK.

In order to analyse whether LCK p.L341P and LCK ΔEx7 were endowed with kinase activity, lysates from cells transfected with empty vector, LCK wildtype, LCK p.L341P and LCK ΔEx7 were immunoprecipitated with the polyclonal LCK antibody Next, input control lysates and immune complexes were incubated at room temperature in kinase assay buffer with or without the kinase substrate ATP. Samples were split in two, and LCK protein and tyrosine phosphorylated products, i.e. autophosphorylated LCK and random substrates phosphorylated in trans, were detected by immunoblotting with a polyclonal LCK antibody (expression control, data not shown) and a mAb directed against phosphorylated tyrosine residues. In lysates from cells with empty vector, almost no kinase activity was detectable in the total lysates or in immune complexes with polyclonal LCK antibody. In contrast, lysates and LCK immune complexes from cells expressing LCK wildtype displayed a strong in cis and in trans kinase activity that could be further augmented by the addition of ATP. However, lysates and LCK immune complexes from cells expressing LCK p.L341P or LCK ΔEx7 did not show kinase activity with or without ATP similarly to lysates from cells expressing the empty vector (Fig. 31). Thus functionally, LCK p.L341P can be considered as a kinase-dead mutation and LCK ΔEx7 a kinase-less protein isoform.

To rule out that the observed kinase-dead feature of the LCK p.L341P protein was an effect of protein misloading, the immune complex kinase assay was repeated with total protein titration series. Before immunoprecipitation all samples were adjusted with empty vector protein lysates to an equal total protein amount and kinase assays and immunoblotting were performed as described before. Even though comparable amounts of LCK wildtype and LCK p.L341P could be precipitated in these conditions, there was no detectable kinase activity in immune complexes of LCK p.L341P independently of the precipitated amount of protein (Fig. 32), thus further proving that LCK p.L341P is kinase-dead. We also observed a pattern reminiscent of polyubiquitination in the kinase assays that was much more pronounced with LCK p.L341P immune complexes than with LCK wildtype (Fig. 32 upper panel). To prove that LCK p.L341P was preferentially ubiquitinated, the immunoblot was stripped and reprobed with a mAb directed against ubiquitin (#3936, Cell Signaling Technology). Indeed, immunoprecipitated LCK p.L341P was found to be much more ubiquitinated than LCK wildtype (data not shown). Together these data show that the LCK c.1022T>C mutation leads to the expression of an immature, instable LCK p.L341P protein lacking kinase activity, that is likely targeted to the proteasome via ubiquitination and subsequently degraded. Furthermore, the LCK ΔEx7

protein is stable and may represent a LCK kinase-less protein isoform with a physiological function, as it is expressed in healthy donors, where it was cloned from. LAT, SLP-76 and PLCγ-1 was reduced while that of the band corresponding to the negative regulator CBL was increased. Total protein load was checked with immunoblotting for actin and found to be comparable (Fig. 33). As shown before, defective tyrosine phosphorylation could not be explained by decreased expression of other kinases or substrates such as FYN, ZAP-70 and PLCγ-1 and was therefore related to the LCK p.L341P expressed in the cells of the LCK-deficient patient (Fig. 29). To analyse TCR:CD3:ζ-signalling events downstream of ITAM-phosphorylation and Ca 2+ -flux, the immunoblots for LCK and phosphorylated tyrosine residues were stripped and reprobed with mAbs against phosphorylated ERK-1/2 and against phosphorylated IκBα.

While in T cell blasts of a healthy control, phosphorylation of ERK-1/2 and IκBα was strongly increased upon CD3 stimulation, in the cells of the LCK-deficient patient only residual phosphorylation of ERK-1/2 and no phosphorylation of IκBα was detected (Fig. 35).

Thus, the LCK p.L341P mutation infereed with TCR:CD3:ζ-downstream signalling events such as MAPK-and NF-κB-signalling. The membranes of the immunoblots for LCK (Fig. 29) and phosphorylated tyrosine residues (Fig. 33) were reprobed with mAbs against phosphorylated ERK-1/2 (P-ERK-1/2) and phosphorylated IκBα (P-IκBα). To assess the effect of the particular LCK transgenes, JCam1.6 transduced with the empty vector, LCK wildtype and LCK p.L341, respectively, were stimulated with anti-CD3

for variable time points, lysed and lysates were analysed by immunoblotting with the mAbs anti-phosphorylated tyrosine and anti-actin. Only JCam1.6. expressing LCK wildtype were able to phosphorylate known TCR:CD3:ζ-signalling substrates such as the ζ-chain, LCK itself, ZAP-70, LAT, SLP-76 and PLCγ-1, while JCam1.6 transduced with empty vector or LCK p.L341P were not able to do so (Fig. 38). 

Identification of a novel null mutation in ZAP-70 causing SCID

Clinical phenotype

The patient was born with a moderate intrauterine growth retardation at term to firstdegree consanguineous Kurdish cousins that had migrated to France. At the age of eleven days he was hospitalized for five days with a severe bronchiolitis caused by human PBMCs per kg bodyweight. From day eight he developed a skin graft-versus-host disease grade III that was controlled with immunosuppressive drugs. Since he gradually recovered and now is fine and well presenting a donor chimerism of 98%.

Taken as a whole, the patient presented the clinical picture of SCID characterized by severe and life-threatening bacterial, viral and fungal infections.

Immunological phenotype

Immunological investigations at the age of seven months are summarized in Tab. 6.

PBMCs of a healthy control and the patient were analysed for the different lymphocyte populations by flow cytometry on a FACSCanto II and data was processed with FlowJo software as described in paragraphe 3.1.2.

Lymphocytes (3,400-9,000/µl) [START_REF] Van De Pavert | New insights into the development of lymphoid tissues[END_REF] The patient had received 5valent vaccines against Haemophilus influenzae type b, the toxoïd of Corynebacterium diphtheriae, Bordetella pertussis, the toxoïd of Clostridium tetani and Poliovirus type 1, 2 and 3 at the ages of two and four months. [START_REF] Medzhitov | Origin and physiological roles of inflammation[END_REF] After having experienced VCV wildtype infection over two months.

The child had profound CD8 + T cell lymphopenia while CD4 + T cells were not altered in terms of numbers. The proportion of TCRαβ + and TCRγδ + cells was not affected and B and NK cell counts were normal. Thymic output was reduced as CD4 + CD45RA + CD31 + recent thymic emigrants were diminished and the majority of CD4 + T cells expressed the memory marker CD45R0 (Tab. 6). Furthermore, only 31.3% of the CD4 + CD45RA + cells expressed the central lymphoïd homing marker CCR7 corresponding to naïve T cells, while 37.9% of the CD4 + CD45RA -cells were CCR7 + and 26.2% were CCR7 -corresponding to central memory T cells (T CM ) and peripheral effector T cells, respectively (Fig. 40). In the CD8 + compartment, there were hardly any naïve cells (4.1%) and T CM cells (1.35%) and the majority of cells were CD45RA -CCR7 -peripheral effector cells (49.7%) and CD45RA + CCR7 -exhausted T EMRA cells (44.8%) (Fig. 40). 452 The percentage of T Reg cells (CD4 + CD25 + CD127 low ) was normal (3-15%) but there were no detectable MAIT cells (CD3 + CD161 + Vα7.2 + ) and iNKT cells (CD161 + iNKT + , i.e.

TCRVα24 + Vβ11 + ) (Fig. 40).

The proliferation capacity of the patient's T cells was analysed as indicated in expression, T cell blasts of a healthy control and the patient were generated as described in paragraphe 3.1.3. with the exception that PMA 10 ng/ml, ionomycin 1 µM and IL-2 100 U/ml were used. Cells were lysed and protein lysates analysed by immunoblotting with a rabbit polyclonal anti-ZAP-70 antibody that might have the capacity to recognize the p.A495fsX75 ZAP-70 protein as it was directed against aa residues 253-329. 460 While control cells expressed ZAP-70, there was no detectable expression of ZAP-70 in the cells of the patient, strongly suggesting that p.A495fsX75 behaved as an amorphic (or null) mutation (Fig. 43 C). Protein loading of samples was checked by immunoblotting for actin and found to be comparable (Fig. 44).

Defective protein tyrosine phosphorylation could not be explained by decreased expression of other kinases such as SYK, LCK, FYN and ITK or other signalling molecules such as LAT, PLCγ-1, PKCθ and ERK-1/2. (Fig. 45). On the contrary, the second SYKfamily kinase SYK was found to be relatively overexpressed, as well as the signalling molecules LAT, PLCγ-1 and PKCθ, eventhought to lesser extents. (EBER-1) (Fig. 51). Thus, EBV-associated Hodgkin`s lymphoma-like lymphoproliferative disease was diagnosed.

The patient subsequently underwent an intensity-and duration-reduced chemotherapy with steroids, vinblastin, etoposide and rituximab, a mAb directed against CD20 expressed by B cells. Thereafter, he successfully underwent allogeneïc haematopoïetic stem cell transplantation from a haploïdentical sibling donor, i.e. his younger healthy brother.

Taken as a whole, the patient presented the clinical picture of CID characterized by recurrent respiratory tract infections and EBV-associated Hodgkin`s lymphoma-like lymphoproliferative disease. One year after allogeneïc haematopoïetic stem cell transplantation, a third child was born to the family that performed regular postnatal adaptation and showed no signs of infection or inflammation (Fig. 55A). However, he was diagnosed having an developmental disorder of its colon, that is congenital aganglionic megacolon or Hirschsprungs's disease. 461 The newborn thus underwent abdominal surgery and currently is prepared for curative allogeneïc haematopoïetic stem cell transplantation (see paragraphe 3.2.3). Up to now he has not yet encountered EBV.

Immunological phenotype

PBMCs of a healthy control, the patient and the newborn brother were isolated, stained with fluorochrome-labeled isotype controls or mAbs, analysed by flowcytometry on a FACSCanto II and data was processed with FlowJo software as described in paragraphe 3.1.2.

The proliferation capacity of the patient's T cells was analysed as indicated in paragraphe 3.1.1. Immunological investigations of the patient at the age of 46 and 52 months and of the newborn brother two weeks after birth are summarized in Tab. 8. n.d.: not determined. 1 Age-matched normal values are indicated in separated parentheses for the patient and the newborn brother when differing. [START_REF] Van De Pavert | New insights into the development of lymphoid tissues[END_REF] Results of a healthy control are indicated in parentheses. [START_REF] Medzhitov | Origin and physiological roles of inflammation[END_REF] After having been treated with rituximab. [START_REF] Banchereau | Dendritic cells and the control of immunity[END_REF] The patient had received four 5-valent vaccines against Haemophilus influenzae type b, the toxoïd of Corynebacterium diphtheriae, Bordetella pertussis, the toxoïd of Clostridium tetani and Poliovirus type 1, 2, and 3.

The patient had predominant CD4 + T cell lymphopenia with an inverse CD4/CD8 ratio and an altered proportion of TCRαβ + and TCRγδ + cells. Only 43.6% of CD4 + T H had a CD45RA + CD27 + naïve phenotype, while 48.9% were CD45RA -CD27 + T CM and 7.4%

CD45RA -CD27 -peripheral effector T cells. Only 7.3% of the CD8 + T Cyt were CD45RA + CD27 + naïve and 8.6% were CD45RA -CD27 + T CM while 31.5% were CD45RA - CD27 -peripheral effector and 52.5% CD45RA + CD27 -exhausted T EMRA -like cells. The percentage of HLA-DR + cells was increased (11.8%) and that of CD4 + CD25 + CD127 low T Reg was reduced (2.5%). CD3 + CD161 + Vα7.2 + MAIT cells (1.57%) were present but CD3 + Vα24 + Vβ11 + iNKT cells were virtually absent. The patient had increased CD3 + CD25 - CD127 -T cells as compared to his healthy brother (Fig. 52A andB). The proliferation capacity of the patient's T cells was reduced in response to PHA as compared to a healthy control (Tab. 8).

The newborn had a normal amount of TRECs but combined CD4 + and CD8 + T cell lymphopenia with a reduced CD4/CD8 ratio and an altered proportion of TCRαβ + and TCRγδ + cells (Tab. 8). Only 54.6% of CD4 + T H had a CD45RA + CD27 + naïve phenotype, while 44.8% were CD45RA -CD27 + T CM . 82.0% of the CD8 + T Cyt were CD45RA + CD27 + naïve and 17.9% were CD45RA -CD27 + T CM while there were no CD45RA -CD27 -peripheral effector and CD45RA + CD27 -exhausted T EMRA -like cells detectable. The percentages of HLA-DR + cells (0.266%) and of CD4 + CD25 + CD127 low T Reg (5.05%) were normal.

CD3 + CD161 + Vα7.2 + MAIT cells (0.4%) and CD3 + Vα24 + Vβ11 + iNKT cells (0.066%) were present. The newborn had an unsuspicious amount of CD3 + CD25 -CD127 -T cells (Fig. 52C).

However, T cell blast proliferation of the newborn after stimulation with IL-2, anti-CD3-+ anti-CD28-beads or PMA + ionomycin, respectively, was impaired as compared to a healthy control, even though both were able to upregulated CD25 after stimulation in a comparable manner (Fig. 53). 3.22 (1.90, 0.33) 1.34 (1.66, 0.68) Vβ2 11.88 (10.34, 1.62) 5.03 (6.49, 1.75) Vβ13.1 3.29 (4.93, 0.38) 23.66 (5.37, 1.40) Vβ3 0.97 (5.14, 3.06) 1.90 (4.89, 2.78) Vβ13.2 2.34 (3.27, 1.28) 2.14 (4.26, 1.53) Vβ4

1.94 (2.23, 0.28) 0.51 (2.37, 0.39) Vβ13.6

1.75 (1.97, 0.36) 0.48 (1.66, 0.66) Vβ5.1 Total CD4 + 71.02 (76.98, 2.23) Total CD4 - 74.04 (77.78, 8.78) 1 Age matched normal values are indicated in parentheses as the mean and standard deviation. The patient's parents and the older sibling were found to be heterozygous carriers of the transition (Fig. 55A). At the protein level, the premature stop condon results in a truncated ITK form (p.W209X) which lacks the SH2 and the kinase domains. While the expected molecular weight of wildtype ITK is 71.8 kDa, the molecular weight of the truncated ITK p.W209X is 8.94 kDa (Fig. 54B).

Table 10. Genomic ITK sequencing primers.

Primer name Primer sequence

Forward primer exon 1 5'-GAAAGGATGTGGTTTCGGCCTTTG- To analyse the effect of the p.W209X mutation on ITK expression, T cell blasts of a healthy control, the patient and his family members were expanded as described in paragraphe 3.1.3 with the exception that PMA 10 ng/ml, ionomycin 1 µM and IL-2 100 U/ml were used.

Total protein extracts were obtained and analysed by immunoblotting with a mouse anti-ITK mAb directed against the N-terminus (#2380, Cell Signaling Technology) and an anti-actin mAb as a loading control. While control cells expressed ITK, there was no detectable expression in the cells of the patient, thus indicating that p.W209X is an amorphic (null) mutation. The heterozygous family members displayed intermediate ITK expression levels (Fig. 55C). Of note, they are healthy, have already encountered EBV and have not developed clinical signs of immunodeficiency or lymphoproliferation so far. PLCγ-1 and CBL were detectable. Protein loading was controlled by immunoblotting for actin and found to be equal for all samples (Fig. 56). T Cyt of the ITK-deficient patient (Fig. 58A andB). In contrast, in cells of the newborn, the Ca 2+ -flux was not completely abolished and residual Ca 2+ -flux was detectable (Fig. 58C).

Stimulation with ionomycin resulted in strong Ca 2+ -fluxes in all analysed cell populations (Fig. 58).

Thus, the ITK-dose dependent effects observed for protein tyrosine phosphorylation EBV-associated lymphoproliferative disease with a preferential localization to the lungs seems to be a particular feature of human ITK-deficiency. 420,463,464 This might reflect a defect in migration of T cells towards the lungs as Itk was shown to be involved in chemokine receptor signalling and T cell migration based on studies in Itk -/-mice. [465][466][467][468] To test this hypothesis, chemokine-dependent CD4 + and CD8 + T cell blast migration was analysed for the ITK-deficient patient and compared to that of cells from a healthy control. A Boyden chamber 5 µm transwell system was used and relative migration towards medium alone, stromal cellderived factor 1 (SDF-1) and chemokine C-C motif ligand 21 (CCL21) was determined. As internal control, SDF-1-and CCL21-dependent migration was blocked by adding the CXC chemokine receptor type 4 (CXCR4) blocking agent AMD3100 (Plerixafor) and the CC chemokine receptor type 7 (CCR7) blocking mAb anti-CCR7, respectively. ITK-deficient CD4 + and CD8 + T cell blasts showed reduced spontaneous migration towards empty medium and reduced specific migration towards SDF-1 and CCL21 when compared to cells of a healthy control. Specific migration of CD4 + and CD8 + T cell blasts of the ITK-deficient patient was completely abrogated by the CXCR4-and CCR7-blocking agents, while that of a healthy control was only partially reduced (Fig. 60). Therefore, these data show that ITKdeficient T cells display impaired spontaneous migration and specific chemokinesis. 

Gene Location

RFX5 1q21

HAX1 1q21.3 LAMTOR2 1q22 CD247 (ζ-chain) 1q22-q23 FASLG 1q23 NCF2 1q25 PTPRC (CD45) 1q31-q32 IL10 1q31-q32 CFH 1q32 CD46 1q32 LYST 1q42.1-q42.2 NLRP3 1q44 NRAS 1p13.2 GFI1 1p22 C8A 1p32 C8B 1p32 AK2 1p34 LCK 1p34.3 FCN3 1p36.11 C1QA 1p36.12 C1QB 1p36.12 C1QC 1p36.11 MASP2 1p36.3-p36.2
Genes involved in LCK-signalling, the complement system and inflammation are shown in red, blue and green, respectively.

On the protein level, in silico analysis predicted the LCK p.L341P mutation to disturb proper protein folding as the proline substitution introduced a kink that disrupted the three- and conformational changes of LCK, it seems plausible that the instable LCK p.L341P was not located to the membrane and was not susceptible to allosteric regulation. [START_REF] Salmond | T-cell receptor proximal signaling via the Src-family kinases, Lck and Fyn, influences T-cell activation, differentiation, and tolerance[END_REF][START_REF] Kabouridis | S-acylation of LCK protein tyrosine kinase is essential for its signalling function in T lymphocytes[END_REF] Additionally, LCK p.L341P was found to be polyubiquitinated and devoid of any kinase activity in an in vitro kinase-activity assay. In summary, the LCK p.L341P mutation most probable was an instable, dislocalized and kinase-dead loss-of-function mutation.

Lck -/-mice, generated by homologous recombination, show thymic atrophy, a severe block in thymocyte development at the DN to DP transition and residual CD4 low and CD8 low peripheral SP T cells that can proliferate after mitogenic stimulation but cannot mount effective anti-viral responses. 456,474 The immunological phenotype of the LCK-deficient patient resembled that of Lck -/-mice with reduced CD4 and CD8 cell surface expression, peripheral T cell lymphopenia and impaired biochemical and functional T cell responses.

LCK anchoring to the TCR co-receptors CD4 and CD8α has been shown to play a key role in preTCR-and αβ TCR:CD3:ζ-signalling by virtue of its kinase function and as an adaptor protein. [START_REF] Veillette | The CD4 and CD8 T cell surface antigens are associated with the internal membrane tyrosine-protein kinase p56lck[END_REF][START_REF] Van Oers | Lck regulates the tyrosine phosphorylation of the T cell receptor subunits and ZAP-70 in murine thymocytes[END_REF][START_REF] Rudd | Lck SH3 domain function is required for Tcell receptor signals regulating thymocyte development[END_REF] Biochemically, the expression of the instable and kinase-dead LCK p.L341P lead to a profound TCR:CD3:ζ-signalling defect with weak protein tyrosine phosphorylation and absent Ca 2+ -flux. Whether the CD4 low and CD8 low phenotype resulted from T cell immaturity or because the stable expression of the co-receptors at the cell surface might depend on LCK is not clear, but we favor the latter possibility as other PIDs characterized by impaired thymopoïesis, e.g. ZAP-70-deficiency, do not present this feature. [START_REF] Fischer | Human primary immunodeficiency diseases[END_REF] Some T cells developed in the LCK-deficient patient, but thymic output as judged by diminished CD4 + CD45RA + CD31 + recent thymic emigrants was reduced. The proportion of innate-like γδ T cells was augmented and that of conventional αβ T cells was decreased. The majority of γδ T cells was CD8α + and their γδ TCR repertoire was shifted towards a putatively skin-homing TCRVδ1 + Vγ5 + population. [START_REF] Bonneville | Gammadelta T cell effector functions: a blend of innate programming and acquired plasticity[END_REF] The αβ TCR repertoire and the corresponding CDR3 sequences of the CD4 low and CD8 low SP T cells were oligoclonal. Thus, like in its murine counterpart, human LCK-deficiency is characterized by disturbed V(D)Jrecombination and strongly impaired CD4 and CD8 SP thymocyte development. Three patients with CID characterized by predominant CD4 T cell lymphopenia associated with low levels of LCK protein or LCK kinase activity have been reported before. 457,459,484 In two of them, LCK abnormalities were associated with the predominant expression of the LCK ΔEx7 mRNA splice variant and it was hypothesized that the resulting LCK ΔEx7 protein might be instable. 457,484 In the patients with the most severe clinical and immunological phenotypes, TCR:CD3:ζ-induced protein tyrosine phosphorylation, Ca 2+ -flux and activation of MAPKs were found to be intact. 457 No causative genetic mutation of LCK was identified in any of these patients. Thus, CID and common variable immunodeficiency (CVID) in these patients could not be attributed to a primary genetic defect in LCK but altered expression of LCK and LCK ΔEx7 might have contributed to their clinical phenotypes.

We were able to clone the LCK ΔEx7 splice variant from PBMCs of a healthy control and to transiently express the LCK ΔEx7 protein in HEK 293T cells. LCK ΔEx7 is lacking the aa 362-387 of the central part of the kinase domain and was described to be unstable (Fig 61)

. 457 When immunoblotting with a polyclonal rabbit anti-LCK antibody, LCK ΔEx7 was detectable and its band pattern was comparable to that of wildtype LCK suggesting similar post-translational modifications, i.e. lipidation, protein tyrosine and serine phoshporylation (Fig. 30). 102,485 However and as expected from in silico predictions, the LCK ΔEx7 protein was devoid of any kinase function (Fig. 31). Most importantly and as compared to the parental Jurkat cell line, we detected a protein of 52 kDa that could correspond to LCK ΔEx7 in the JCam1.6 cell line, that had been described as lacking any LCK protein (Fig. 37). [START_REF] Straus | Genetic evidence for the involvement of the lck tyrosine kinase in signal transduction through the T cell antigen receptor[END_REF] When stimulating the JCam1.6 cell line with anti-CD3 antibody, we and others noted that It was described that in naïve T cells approximately 40% of total LCK was constitutively active and that maintenance of this catalytic LCK pool was dependent on the heat shock protein of 90 kDa (HSP-90):cell division cycle 37 (CDC-37) chaperone complex.

After TCR:CD3:ζ-stimulation the overall amount of catalytic LCK remained stable, but still defined the degree of ITAM phosphorylation. 486 The authors concluded that additional regulatory mechanisms that stabilize the active LCK conformation or determine LCK membrane compartmentalization might be operational and it is tempting to speculate that LCK ΔEx7 might be involved in this fine-tuning network. For example upon TCR:CD3:ζstimulation, wildtype LCK could preferentially associate with TCR:CD3:ζ-microclusters and translocate from the pSMAC to the cSMAC while performing ITAM-phopshorylation. On the other hand, LCK ΔEx7 could preferentially associate with unclustered TCR:CD3:ζ-units and stay in the pSMAC or translocate to the dSMAC, thus contributing to TCS architecture by contacting the actin cytoskeleton. Another hypothesis could be that the constitutively active pool of wildtype LCK might not only be balanced by auto-and trans-phosphorylation and by PTP-mediated dephosphorylation, but as well by wildtype LCK:LCK ΔEx7-units following a particular stoichoimetry.

We therefore would like to suggest, that LCK ΔEx7 is a kinase-less protein isoform that might have physiological functions, e.g. that of a negative regulator of TCR:CD3:ζsignalling, that of an adaptor protein involved in the assembly and disintegration of the LAT:SLP-76-signalosome, or that of a chaperone governing intracellular trafficking and membrane localization of LCK itself. It might also be interesting to analyse intracellular trafficking, membrane localization of LCK and LCK ΔEx7 and TCR:CD3:ζ-signalling properties in particular T cell systems or murine reporter models to further decipher their interactions and particular signalling functions. However, it might be important first to understand under which physiological circumstances LCK ΔEx7 is expressed in T cells and/or in which particular T cell populations.

In line with that is the recent discovery of autosomal dominant uncoordinated 119 (UNC119) deficiency that causes CID with predominant CD4 + T cell lymphopenia in one patient. 434 UNC119 is a chaperon that couples LCK to the endosomal pathway and that governs the transport of myristoylated LCK to the cell membrane and induces disruption of intramolecular inhibitory LCK interactions. 487 Hence, UNC119-deficient T cells display abnormal sequestration of LCK to the endosomal compartment and reduced LCK membrane localization. 434 The clinical phenotype of the UNC119-deficient patient is characterized by recurrent repiratory tract infections, recurrent shingles and chronic nail and skin fungal infections. Thus, the clinical course of UNC119 deficiency is less severe than that of LCKdeficiency reported here and more reminiscent of that reported for the above-mentioned immunodeficiencies associated with overexpression of LCK ΔEx7, further arguing for residual LCK function in these molecular settings. 459,484,487 Few cases of human autosomal recessive ZAP-70-deficiency have been described to date and the predominant immunological features are non-functional CD4 + T H and a profound CD8 + T Cyt lymphopenia leading to severe combined immunodeficiency (SCID). [435][436][437] Hardly any detailed TCR:CD3:ζ-signalling studies have been carried out so far in human ZAP-70deficient T cells and most of our knowledge stems from the Zap-70 -/-mouse model. [START_REF] Wang | ZAP-70: an essential kinase in T-cell signaling[END_REF] Importantly, the phenotype of the Zap-70-deficient mouse, that has been deleted for the entire Zap-70 gene by homologous recombination, is differing from its human counterpart as it displays an absolute intrathymic block at the DP to SP transition and consequently a combined CD4 + T H and CD8 + T Cyt lymphopenia. 488 We report a novel autosomal recessive amorphic ZAP-70 mutation in the splice acceptor site in intron 11 (ZAP-70 g.24189G>C/IVS11-1G>C) that resulted in a 13 bp mRNA deletion (c.1483-1495del13) and abrogated ZAP-70 protein expression by causing a frame shift with a premature stop codon (p.A495fsX75) (Tab. 12). One of the 14 described ZAP-70 mutations is located to the N-terminal SH2-domain, three to the interdomain B and the remaining 10, including the novel mutation reported here, cluster between aa 465 and 572 in the kinase domain, emphasizing the importance of the kinase domain for protein stability and function (Tab. 12 and Fig. 62). Thus, the amorphic p. They claim that especially Zap-70 upregulation leads to a temporal separation of CD4 and CD8 SP lineage choice at different signalling thresholds and consequently posit a fusion of the kinetic signalling and the signalling strenght models in SP T cell lineage commitment (Fig. 63). 307,505,507 Our data of human ZAP- The ITK-deficient index patient and his newborn brother were found to be homozygous for the ITK p.W209X mutation (ITK -/-), while the parents and the second brother were healthy heterozygous mutation carriers (ITK +/-, Fig. 55A). As we found abrogated ITK- impaired and especially CD4 + T H 2 cell differentiation and effector cytokine production are abrogated leading to vulnerability towards parasitic infections. [START_REF] Andreotti | T-cell signaling regulated by the Tec family kinase, Itk[END_REF] Itk -/-CD8 + T Cyt are able to mount virus specific responses even though with delayed kinetics and numbers and whether this is due to an intrinsic T Cyt defect or to impaired T H cell help has yet to be determined. [START_REF] Andreotti | T-cell signaling regulated by the Tec family kinase, Itk[END_REF] In line with the Itk -/-mouse model, the ITK-deficient patient showed normal V(D)Jrecombination as judged by polyclonal αβ TCR repertoire and in the newborn brother the TREC-screening was not able to detect ITK-deficiency. To which extend during thymopoïesis ITK-deficiency is compensated for by other TEC-family kinases, such as RLK, currently remains unanswered, but data obtained from the murine model suggest complex interactions for thymocyte development and selection. 514,516 Already at birth however, the newborn brother displayed reduced global T cell numbers with slightly reduced CD4 + T H and clearly reduced CD8 + T Cyt while the index patient at the timepoint of clinical manifestation displayed a more severe combined CD4 + T H and CD8 + T Cyt lymphopenia. Both, the index patient and the newborn brother, had slightly increased proportions of innate-like γδ T cells and reduced proportions of conventional αβ T cells. Importantly, the newborn brother displayed normal amounts of innate-like NKT and MAIT cells, while the index patient, at the timepoint of overt disease, had virtually no innatelike NKT cells, as described for the ITK-deficient patients already published. However, MAIT cells were preserved in the latter. While the newborn brother and the index patient showed a comparable loss-of-naïvety in the CD4 + T H compartement with equal proportions of naïve and T CM, especially the latter had a profound loss-of-naïvety in the CD8 + T Cyt compartment with T EM and exhausted T EMRA -like cells predominating. In the newborn brother CD4 + CD25 + CD127 low T Reg were found in normal numbers, but in the index patient at the timepoint of overt CID, T Reg were reduced and overall CD127 expression was diminished probably as a consequence of LIP and CIP. In the patient CD4 + T H were not able to provide adequate help towards B cells as judged from borderline hypogammaglobulinaemia and weak specific antibody responses towards vaccination antigens.

Globally, these findings are in line with the ones established in the Itk -/-murine model and suggest a more subtle TCR:CD3:ζ-signalling defect than that found in LCK-and ZAP-70-deficiency. ITK-deficiency only slightly affects thymopoïesis and preferably CD8 + T Cyt lineage commitment, while leaving intact agonist-selection of innate-like NKT and MAIT cells. More importantly, ITK-deficiency interferes with peripheral T cell homeostasis and leads to progressive T cell lymphopenia and loss-of-naïvety especially in the CD8 + T Cyt compartment. Innate-like NKT cells seem to vanish as disease progresses and chronic viral infection, such as EBV, might contribute to that phenomenon. 499 On the protein level, the ITK p.W209X mutation was amorphic and led to abrogated ITK expression in the homozygous index patient (ITK -/-) and reduced expression in the heterozygous family members (ITK +/-). Interestingly, the particular protein expression levels were recapitulated by comparable degrees of TCR:CD3:ζ-signalling strenght as illustrated by protein tyrosine phosphorylation, phosphorylation of PKCθ, MAPK-and NFAT-signalling.

Especially, the reduced protein tyrosine phosphorylation levels were unexpected, as in classical signalling models ITK is located downstream of ITAM-phosphorylation events where it activates PLCγ-1. [START_REF] Andreotti | T-cell signaling regulated by the Tec family kinase, Itk[END_REF] with different oscillation kinetics, that cannot be monitored by this in vitro technique but that might have been disclosed by the defective NFAT-response. 519 Importantly, Ca 2+ -flux in ITK - /-T cell blasts of the newborn brother displayed an intermediate response, suggesting an ITKindependent PLCγ-1-activation mechanism, maybe depending on RLK. 514,516 The total absence of Ca 2+ -flux in the patient might have been a consequence of T cell exhaustion as the experiment was done from blood samples at a timepoint when the patient was severely diseased. Also, the experimental conditions in Fig. 58A and B were not optimal as not enough cells were available and analysed for the patient and his brother, explaining the strong fluctuations of the particular curves.

In summary, the reduced TCR:CD3:ζ-signalling strenght in ITK-deficiency most probably has caused slightly reduced thymopoïesis, especially of the CD8 + T Cyt compartment, while leaving intact agonist-selected innate-like T cell development. More importantly, ITKdeficient TCR:CD3:ζ-signalling seems insufficient to provide physiological homeostatic signalling-strenght and causes progressive T cell lymphopenia and loss-of-naïvety. 520 Finally, TCR:CD3:ζ-signalling strenght in ITK-deficiency seems insufficient to control infections with EBV, that has developed sophisticated immune evasion strategies, and thus leads to chronic EBV-infection and T cell exhaustion. 521,522 The absence of iNKT cells in diseased ITK-deficient patients might also contribute to the loss of control of EBV-infection. A defect of iNKT cells is a common feature of PIDs associated with susceptibility to EBV-infection including X-linked lymphoproliferative syndrome type 1 and 2 resulting from mutations in SH2D1A and XIAP and CD27 deficiency. 421,426,502,503 Based on these observations, iNKT cells were proposed to play an important role in the immune response to EBV. In line with that, very recently, evidence was obtained that iNKT cells can directly control EBV-infected cells. 523 In the murine system it has been shown that chemokine receptor activation results in membrane localization and phosphorylation of Itk and/or Rlk and activation of RHO:RAC:CDC42. Consequently, Itk -/-Rlk -/-double-knockout mice display defective homing to secondary lymphoïd tissues. 466,467 Furthermore, it has been shown that the T cell specific adaptor protein (TSAD) couples Lck to Itk and that the consecutive phosphorylation of Itk Y511 is necessary to promote CXCL12 induced migration. 468 Interestingly, Itk -/-mice have been found to be less susceptible to allergic airway inflammation and display reduced lymphocyte recruitment to the bronchial system and the lung parenchyma upon antigenic stimulation. 465,524 The ITK-deficient T cells of the newborn brother also displayed impaired spontaneous migration and specific chemokinesis -a feature not observed in ZAP-70deficient cells (data not shown) -and as in the murine model this might be related to the involvement of ITK in chemokine receptor signalling and actin dynamics. 172,173,517 Tonic TCR:CD3:ζ-signalling and intermittent IL-7-R-signalling that is provided by fibroblastic reticular cells (FRCs) via self-pMHC molecules and membrane bound cytokine IL-7

preferentially in secondary lymphoïd tissues, is central to peripheral T cell homeostasis. 320,321 Impaired homing to secondary lymphoïd tissues of ITK-deficient T cells in concert with recapitulate the data generated in vitro and in the murine model system, but additionally elucidate differences between mice and men not always predictable by mere extrapolation of the murine data and therefore initiate novel fields of basic science.

  Les lymphocytes T sont caractérisés par l'expression d'un récepteur à l'antigène des cellules T (TCR), soit le preTCR, soit le γδ TCR et le αβ TCR clonotypique, associé à un complexe de transduction formé du CD3 et de la chaîne ζ. La signalisation du complexe TCR:CD3:ζ est cruciale pour le développement des cellules T et pour leur activation spécifique par l'antigène. Ces signaux déclenchent la prolifération, la différentation, les fonctions effectrices et l'apoptose des cellules T. Les évènements proximaux de la signalisation du TCR:CD3:ζ impliquent des protéines tyrosine kinases (PTK) des familles CSK, SRC, SYK et TEC dont les acteurs principaux sont CSK (C-terminal SRC kinase), LCK (lymphocyte-specific protein tyrosine kinase), ZAP-70 (ζ chain-associated protein tyrosine kinase of 70 kDa) et ITK (interleukin-2-inducible T cell kinase). Après stimulation du complexe TCR:CD3:ζ, les PTKs sont activées et déclenchent une cascade de phosphorylation sur tyrosine dont la phosphorylation des motifs activateurs ITAM (immunoreceptor tyrosinebased activation motif) du CD3 et de la chaîne ζ, et la phosphorylation des protéines adaptrices. Celles-ci conduisent à l'assemblage du signalosome LAT:SLP-76, lequel contrôle en grande partie la diversité des signaux associés au complex TCR:CD3:ζ, dont le flux calcique, l'activation de la cascade des MAP kinases, l'activation des facteurs de transcription NF-κB, NFAT et AP-1 ainsi que la réorganisation du cytosquellette d'actine, l'adhésion cellulaire et la motilité. Pendant les cinq dernières décennies, le système immunitaire a été analysé extensivement in vitro et à l'aide de modèles animaux comme la souris. Par ailleurs, l'étude des déficits immunitaires héréditaires chez l'homme a permis aussi des avancées importantes et novatrices dans la compréhension du système immunitaire humain que les modèles animaux ne permettaient pas d'appréhender. Dans ma thèse de doctorat je rapporte le premier cas de déficit humain en LCK de transmission autosomique récessive et l'identification de nouvelles mutations autosomiques récessives provoquant un défaut humain de ZAP-70 et un défaut humain d'ITK. Je rends compte des phénotypes cliniques et immunologiques associés à ces immunodéficiences et je caractérise les défauts biochimiques de la signalisation TCR:CD3:ζ associés à ces déficits. Enfin, je compare mes observations avec les modèles murins déficients Lck -/-, Zap-70 -/-et Itk -/- déjà bien établis. Mots clés: PID, SCID, CID, TCR, T cell, LCK, ZAP-70, ITK Développement Normal et Pathologique du Système Immunitaire Hôpital Necker-Enfants Malades 149 rue de Sèvres 75015 Paris France Europe Les illustrations de l'introduction et de la discussion ont été en partie réalisées par Jean-Pierre Laigneau, IRNEM IFR 94.
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Figure 1 .

 1 Figure 1. TCR:CD3:ζ-complex. (A) Schematic representation of the preTCR-, the αβ TCR-and the γδ TCR-heterodimer with the extracellular variable (V) and constant (C) immunoglobulin-like domains, the transmembrane domains containing the basic amino acid residues arginine (R) and lysine (L) and the signalling or non-signalling intracellular domains of the pTα-and the TCR α-, β-, γ-and δ-glycoproteins, respectively. (B) Schematic representation of the αβ TCR-heterodimer as in (A) and the CD3δε-, CD3γε-and ζζ-heterodimers with the extracellular domains, the transmembrane domains containing the acidic amino acid residues aspartic acid (D) and glutamic acid (E) and/or the signalling intracellular immunoreceptor tyrosine-based activation motif (ITAM)-encompassing domains. (C) Schematic representation of the canonical TCRαβ:CD3γε:CD3δε:ζζ-complex composed of the heterodimers indicated in (A) and (B).

Figure 2 .

 2 Figure 2. T cell synapse and proximal TCR:CD3:ζ-signalling. Schematic representation of the membrane interface of an antigen presenting cell (APC) and a T cell forming the T cell synapse (TCS) and initiating proximal TCR:CD3:ζ-signalling. Initially, the peptide:major histocompatibility complex class II (pMHC II) is recognized by its cognate αβ TCR. This enables the coreceptor CD4 to bind the pMHC II and recruits and activates the membrane-anchored and CD4-bound protein tyrosine kinase (PTK) lymphocyte-specific protein tyrosine kinase (LCK). Next, LCK phosphorylates the ITAMs -the ITAM consensus sequence is indicated in parentheses -of the ζζ-heterodimer and creates the docking site for the PTK ζ-chain associated protein tyrosine kinase of 70 kDa (ZAP-70). ZAP-70 binds to the phosphorylated ITAMs, in turn is phosphorylated and activated by LCK and amplifies and diversifies the TCR:CD3:ζ-signalling by phosphorylating downstream adaptor proteins including the linker for activation of T cells (LAT) and the SH2 domain-containing leukocyte protein of 76 kDa (SLP-76).

Figure

  Figure adapted fromWang H, et al, Cold Spring Harb Perspect Biol, 2010. 54 

Figure 3 .

 3 Figure 3. T cell receptor, signalling and cytoskeletal layers. Once the T cell synapse (TCS) has formed, T cell signalling takes place in three major cellular compartments, i.e. the receptor, signalling and cytoskeletal layer. The receptor layer is comprised of the TCR:CD3:ζ-complex itself, activating co-receptors such as CD4 and CD28 and inhibitory co-receptors such as CD45 and CD148. Furthermore, membrane-bound and -derived phospholipids such as phosphatidylinositol 4,5-bisphosphate (PIP 2 ), phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ), inositol 1,4,5-trisphosphate (IP 3 ) and diacylglycerol (DAG) are important anchor molecules and second messengers, respectively. Ion-channels such as the Mg 2+ -and the Ca 2+prevalent magnesium transporter 1 (MAGT1) and Ca 2+ -release-activated Ca 2+ -channel (CRAC) are also located in the cell membrane. The signalling layer contains a vast array of signalling molecules and intermediates that either are attached directly to the recptor layer or are nucleated basically by the adaptor proteins linker for activation of T cells (LAT) and SH2 domain-containing leukocyte protein of 76 kDa (SLP-76). The so-called proximal TCR-signalosome amplifies and couples the initial TCR:CD3:ζ-signal to various downstream singalling pathways, such as the mitogen-activated protein kinase (MAPK)-, nuclear factor of kappa light polypeptide gene enhancer in B cells (NF-κB)-, nuclear factor of activated T cells (NFAT)-and activator protein 1 (AP-1)-pathway. Additionally, the TCR-signalosome governs cellular processes such as adhesion and cytoskeletal reorganisation predominantly mediated by the cytoskeletal layer.

2 . 3

 23 The signalling layer Protein tyrosine kinase (PTK) cascades lie at the heart of TCR:CD3:ζ-signalling. In T cells, the PTKs of the CSK-, SRC-, SYK-and TEC-family are the major players and the most important family members are CSK, LCK, ZAP-70 and ITK, respectively.[START_REF] Wang | ZAP-70: an essential kinase in T-cell signaling[END_REF][START_REF] Salmond | T-cell receptor proximal signaling via the Src-family kinases, Lck and Fyn, influences T-cell activation, differentiation, and tolerance[END_REF][START_REF] Andreotti | T-cell signaling regulated by the Tec family kinase, Itk[END_REF] Globally, these four classes of PTKs act sequentially to propagate protein tyrosine phosphorylation signals. The first class CSK inhibits, the second class LCK initiates, the third class ZAP-70 amplifies and the fourth class ITK diversifies protein tyrosine phosphorylation signals. T cells express a variety of additional PTKs of the SRC-, SYK-and TEC-family, such as the FYN oncogene related to SRC, FGR, YES (FYN), the spleen tyrosine kinase (SYK) related to ZAP-70 and the resting lymphocyte kinase (RLK) related to ITK, respectively.54, 

Figure 4 .

 4 Figure 4. Inactive and active lymphocyte-specific protein tyrosine kinase (LCK). (A) The inactive conformation of LCK is induced by C-terminal SRC kinase (CSK)-mediated phosphorylation of the inhibitory tyrosine 505 (pY505) that binds to the LCK SH2 domain. The restrained conformation is further stabilized by the interaction of a polyproline motif located in the SH2-kinase linker domain with the SH3 domain. (B) The active conformation of LCK is induced by CD45-mediated dephosphorylation of the inhibitory Y505.

Figure 5 .

 5 Figure 5. Domain structure and scheme of inactive and active ζ-chain associated protein tyrosine kinase of 70 kDa (ZAP-70). (A) The domain structure of ZAP-70 is shown with the N-terminal and C-terminal tandem SH2-domains, the interdomains A and B and the kinase domain. The tyrosine residues Y292, Y315 and Y319 of the interdomain B that are targeted by CBL, CRKII and LCK, respectively, and Y492 and Y493 of the A-loop that are trans/autophosphorylated by LCK and ZAP-70 are indicated. (B) On the left the inactive conformation of ZAP-70 is shown with Y315 and Y319 masked by the coiled-coil domain of the interdomain A and the A-loop bound to the catalytic cleft of the kinase domain. On the right the active conformation of ZAP-70 is shown with the tandem SH2-domains bound to the phosphorylated ITAMs of the ζ-chain. The active confirmation is further stabilized by the coiled-coil domain and the phosphorylated Y315 and Y319 that are now available for protein:protein-interactions. Due to activating phosphorylation of Y492 and Y493 the A-loop has opend up and is endowing ZAP-70 with full catalytic activity.

  ubiquitin protein ligase Casitas B-lineage lymphoma (CBL) has been implicated in negative regulation of TCR:CD3:ζ-and ZAP-70-signalling. It has been proposed that by binding phosphorylated tyrosine Y292, CBL uses ZAP-70 as an adaptor to ubiquitinate and target the ζ-chain and ZAP-70 itself for proteosomal degradation. 118, 119 Additionally, the SH2 domaincontaining 5'-inositol phosphatase 1 (SHIP-1)-associated docking proteins 1 and 2 (DOK-1/2) are considered negative regulators of ZAP-70. 120 ZAP-70 phosphorylates the adaptor proteins linker for activation of T cells (LAT) and SH2 domain-containing leukocyte protein of 76 kDa (SLP-76) and thus amplifies and diversifies the initial TCR:CD3:ζ-complex signalling. 121, 122 1.2.3.3 LAT:SLP-76-signalosome The adaptor proteins LAT and SLP-76 lack enzymatic activity but are central in TCR:CD3:ζ-signalling as they assemble or exclude important signalling intermediates in a spatial and temporal manner. It is important to understand that the LAT:SLP-76-signalosome

  CD3:ζ-complex triggering, ITAM phosphorylation and PTK activation, adaptor proteins nucleate the proximal LAT:SLP-76-signalosome controlling almost all TCR:CD3:ζ-induced signalling events such as Mg 2+ -and Ca 2+ -flux, activation of mitogenactivated protein kinases (MAPKs), activation of nuclear factor of kappa light polypeptide gene enhancer in B-cells (NF-κB), activation of nuclear factor of activated T cells (NFAT)

Figure 6 .

 6 Figure 6. Domain structure of interleukin-2-inducible T cell kinase (ITK).The domain structure of ITK is shown with the N-terminal PH-domain containing the BH-motif, the PRR, the SH3-domain, the SH2-domain, the SH2-kinase linker and the C-terminal kinase domain.

Figure

  Figure adapted fromAndreotti AH, et al, Cold Spring Harb Perspect Biol, 2010. 86 

Figure 7 .

 7 Figure 7. Ca 2+ -and Mg 2+ -signalling in T cells. TCR:CD3:ζ-signalling and LCK-mediated ITAM-phosphorylation via ZAP-70 probably lead to the activation of the highly Mg 2+ -selective magnesium transporter 1 (MAGT-1) that is predicted to contain five transmembrane (TM) regions. This leads to a spatiotemporal increase in the intracellular Mg 2+ -concentration [Mg 2+ ] i and Mg 2+

Figure 8 .

 8 Figure 8. Human thymopoïesis.Long-term repopulating human haematopoïetic stem cells (HSCs) are CD34 + CD38 -Lin -cells that reside in the bone marrow and continuously give rise to a progeny that migrates into the thymus where it differentiates into CD34 + CD1 -CD7 + short-term repopulating HSCs. The interaction of these HSCs with the particular thymic microenvironement induces their lineage commitment and via CD34 + CD1 + intermediates they differentiate into CD34 +/-CD4 + immature single-positive (iSP) thymocytes. They further develop into CD4 + CD8α + double-positive (DP) thymocytes and pass β-selection to become CD4 + CD8αβ + CD3 -DP thymocytes that express a preTCR with a TCRβ-chain. Finally and having passed the state of CD4 + CD8αβ + CD3 + DP thymocytes with an αβ TCR, they become CD3 + CD4 + or CD3 + CD8 + single-positive (SP) mature but naïve T cells. Natural killer (NK) cell and γδ T cells branch off as well from HSCs and/or iSPs.

Figure

  Figure adapted fromKoch U, Radtke F, Annu Rev Cell Dev Biol, 2011, and Holland AM, et al, Semin Immunopathol, 2008. 262, 264 

Figure 9 .

 9 Figure 9. Human T cell receptor delta, gamma and alpha loci (TRD/G/A@s).(A) The human TRD@ locus on chromosome 14q11.2 is shown with rearrangable variable (V) δ gene segments that are scattered between Vα gene segments and depicted in red and black, respectively. Since Vδ4, Vδ5, and Vδ6 are also recognized as Vα gene segments, their Vα gene code is given in parentheses. Diversity (D) δ, joining (J) δ and the constant (C) δ gene segments are depicted in orange, brown and blue, respectively.Additionally, the localization of the TRD@-deleting δREC and ψJα gene segments and the 3'enhancer are shown in green and billiant red, respectively.(B) The human TRG@ locus on chromosome 7p14 is shown with rearrangeable Vγ gene segments, nonrearrangeable Vγ pseudogen segments, Jγ and Cγ gene segments depicted in red, green, brown and blue, respectively. Additionally, the 3' silencer and enhancer are shown in yellow and brilliant red.(C) The human TRA@ locus on chromosome 14q11.2 is shown with rearrangable Vα gene segments that are scattered between Vδ gene segments and depicted in red and black, respectively. Since Vδ4, Vδ5, and Vδ6 are also recognized as Vα gene segments, their Vα gene code is given in parentheses. Jα and Cα gene segments that are scattered inbetween Dδ, Jδ and Cδ are depicted in brown and blue, respectively. Additionally, the localization of the TRD@-deleting δREC and ψJα gene segments and the TRA@-initiating T-early α (TEA)-Cα transcript are shown in green and in the lower right corner, respectively. In (A), (B) and (C) the ImMunoGeneTics (IMGT) nomenclatures according to Lefranc is used with the exception of Vα segments that are not numbered due to their abundance (~45 Vα).279, 280 Figure adapted fromvan Dongen JJ, et al, Leukemia, 2003. 281 

Figure 10 .

 10 Figure 10. Human T cell receptor beta locus (TRB@).The human TRB@ locus on chromosome 7q34 is shown with rearrangable Vβ gene segments, Vβ pseudogene segments and potential Vβ pseudogene segments in red, green and half red/green, respectively. Dβ, Jβ and Cβ gene segemnts are depicted in orange, brown and blue, respectively. Additionally, the 3' enhancer is indicated in brilliant red. The gene segment designation is according to Arden with the designation according to Lefranc in parentheses.279, 280, 282 Figure adapted fromvan Dongen JJ, et al, Leukemia, 2003. 281 

Figure 11 .

 11 Figure 11. Thymocyte developmental sequence of V(D)J-recombination.

Figure 12 .

 12 Figure 12. V(D)J-recombination mechanism.

  3 coding joint and a T cell receptor excision circle (TREC) encompassing the deleted Jβ2.1 and Jβ2.2 gene segments and the D-J signal joint. In the third line V-DJ rearrangement has occured creating a Vβ4-Dβ2Jβ2.3 coding joint and a TREC comprising the deleted Cβ1, Jβ1.1-6, Dβ1 and Vβn and the V-D signal joint. In the fourth line transcription of the precursor messanger ribonucleic acid (mRNA) has taken place and in the fifth line RNA splicing has given rise to the final transcript deleting the remaining Jβ2.4-7 gene segment transcripts. Finally, RNA translation has taken place and the TCRβ-chain build up by Vβ4Dβ2Jβ2.3Cβ2 is shown already integrated into a functionl TCRαβ:CD3:ζcomplex.

Figure

  Figure adapted from vanDongen JJ, et al, Leukemia, 2003. 281 

Figure 13 .

 13 Figure 13. Thymocyte selection processes. The major thymocyte selection processes depending on the individual TCR affinity for its cognate self-pMHC are shown. CD4 + CD8 + DP thymocytes that do not recognize self-pMHCs are eliminated by death-by-neglect. DP thymocytes that bind to self-pMHCs with low or boarderline high binding affinity are signalled to develop into conventional CD4 + or CD8 + SP αβ T cells by positive selection or CD4 + CD25 + FOX-P3 + regulatory T cells (T Reg ) by clonal diversion. DP thymocytes that display high affinity towards self-pMHCs succumb to clonal deletion or negative selection.

Figure

  Figure adapted fromXing Y, Hogquist KA, Cold Spring Harb Perspect Biol, 2012. 83 

Figure 14 .

 14 Figure 14. Kinetic signalling model. Positive selection of CD4 + CD8 + DP thymocytes induces the transcription factors thymus high-mobility group box protein (TOX), GATA binding protein 3 (GATA-3) and T-helper-inducing POZ/Kruppel-like factor (TH-POK) and independently of the particular TCR:MHC-restriction thymocytes stop expressing CD8. In the case of MHC class II-restriction, persisting TCR:CD3:ζ-signalling promotes sustained TH-POK expression that maintains CD4 expression, suppresses IL-7R-signalling and governs CD4-lineage commitment. In the case of MHC class I-restriction, ceasing TCR:CD3:ζ-signalling allows for IL-7R-signalling that induces the transcription factor runt-related transcription factor 3 (RUNX-3). RUNX-3 governs co-receptor reversal, i.e. downregulation of CD4 and re-expression of CD8, and together with re-established TCR:CD3:ζ-signalling promotes CD8-lineage commitment.

Figure

  Figure adapted fromSinger A, et al, Nat Rev Immunol, 2008. 269 

Figure 15 .

 15 Figure 15. Naïve αβ T cell homeostasis. In the context of acute lymphopenia, homeostatic TCR:CD3:ζ-signalling induced by self-pMHC is amplified by increased IL-7:IL-7-R-signalling and naïve T cells slowly proliferate in a process designated lymphopeniainduced proliferation (LIP) to become memory-like T cells. Additionally, high concentrations of the γ c -cytokines IL-2 and IL-15 in combination with self-pMHC trigger cytokine-induced proliferation (CIP) leading to the fast expansion of central memory-like T cells and effector memory-like T cells, repectively.

Figure

  Figure adapted fromSurh CD, Sprent J, Immunity, 2008. 323 

1. 4 . 2

 42 Immune expansion and effector αβ T cells Naïve CD4 + and CD8 + αβ T cells recirculate the secondary lymphoïd organs, receive homeostatic signals and remain quiescent in the interphase of the cell cycle. 323 When the host becomes infected, macrophages residing in the subcapsular region of the draining lymph nodes phagocytose the infectious agent and cross-present it to immature DCs (iDCs). The iDCs assimilate the corresponding antigens, process them and differentiate into mature DCs (mDCs) presenting the antigenic fragments on pMHC class I or pMHC class II together with co-stimulatory molecules such as CD80 and CD86

  the presence of IL-2, IL-12, IL-21 and IL-27 naïve CD8 + T cells upregulate the transcription factors BLIMP-1, T-BET and EOMES and differentiate into T Cyt that express tumour necrosis factor alpha (TNF-α), IFN-γ, perforin and granzymes and conduct immune responses directed against intracellular pathogens. 360-363Initially, naïve T cell differentiation and expansion is antigen-dependent and relies on combined TCR:CD3:ζ-and cytokine-receptor-signalling. IL-2 is central to clonal expansion and naïve T cells that have received proper stimulation and co-stimulation upregulate the high affinity IL-2Rα-chain (CD25) and establish an autocrine IL-2 loop. 364 However, T cell clones not specific for the presented antigen can undergo discrete phenotypic changes without clonal expansion due to the activating cytokine milieu, a process called bystander-activation.365 

Figure 16 .

 16 Figure 16. Immune contraction and memory αβ T cells. Quiescent naive T cells that have encountered their cognate antigen (Ag) establish an autocrine IL-2:IL-2R-loop and clonally expand. The initial proliferative burst is kept in check by T Reg that consume IL-2 and by repetitive antigenic TCR-stimulation that induces apoptotic restimulation-induced cell death (RICD). After antigen has been cleared, IL-2 cytokine-signalling shuts down and induces cytokine withdrawal-induced cell death (CWID). RICD and CWID thus govern immune contraction and are involved in T cell memory (Black line). Additionally, the population kinetics for RICD-and CWID-defects are shown in blue and red, respectively.

Figure

  Figure adapted fromSnow AL, et al, Immunol Rev, 2010. 14 

  γδ T cells are involved in multiple processes such as immune defense against extra-and intracellular pathogens, modulation of innate and adaptive immune responses, tumour surveillance and epithelial tissue homeostasis. 390 395 The combination of DAMP-Rs, PAMP-Rs, invariant γδ TCR-expression, subset specific tissue homing and rapid antigen specific effector functions adds up to the particular role of innate-like γδ T cells. 12 1.4.5 Innate-like natural killer T cells During thymocyte development, iNKT cells branche from DP thymocytes and in contrast to conventional αβ T cells are not selected by pMHC-complexes presented on TECs, but by the non-classical MHC molecule CD1d expressed on DP thymocytes. 396 iNKT cells express the invariant TCRVα24Jα18Vβ11 that binds the glycosyl-headgroup of αgalactosylceramide and that generates a relatively strong TCR:CD3:ζ-signal necessary for positive agonist-selection. 29, 30 Additionally, co-stimulation mediated by homotypic interactions of the signalling lymphocytic activation molecule ( SLAM)-family members SLAMF1 (CD150) and SLAMF6 (CD352) are necessary to pass the positive selection

Figure 17 .

 17 Figure 17. Severe combined immunodeficiency (SCID). A scheme of human thymocyte development throught the particular DN1-3, iSP, DP and SP thymocyte stages and peripheral T cell differentiation into CD4 + and CD8 + T effector and memory cells is shown. The developmental timing of V(D)J-recombination is indicated by particular beams for each T cell receptor locus, i.e.

  Mg2+ -channelopathies ORAI calcium release-activated calcium modulator 1 (ORAI-1)-, stromal interaction molecule 1 (STIM-1)-and magnesium transporter 1 (MAGT-1)-deficiency have disclosed Ca 2+ -and Mg 2+ -flux as central TCR:CD3:ζ-mediated second messenger pathways crucial for T cell activation (Tab. 1).242, 247, 415 Additionally, the description and characterization of the Wiskott-Aldrich syndrome (WAS) and the dedicator of cytokinesis 8 (DOCK-8)-deficiency have illustrated the importance of actin dynamics for the formation of the immunological synapse and signalsome-nucleation in T cell activation (Tab. 1).417, 418 The finding, that X-linked lymphoproliferative syndrome type 1 (XLP-1) is caused by signalling lymphocyte activation molecule-associated protein ( SAP)-deficiency has boosted the description of the signalling lymphocytic activation molecule (SLAM)-co-receptor family and paved the way towards a better understanding of iNKT cell development and biology (Tab.

68 STK4

 68 RHOH (RAS homology family member H)Impaired LCK and ZAP-70 recruitment to the LAT:SLP-76-signalosome 438 ITK (interleukin-2-inducible T cell kinase) Impaired Ca 2+ -flux and chemokinesis genes described in this doctoral thesis are depicted in red.2 Objective of the doctoral thesisThis translational immunobiological thesis is aimed to contribute to our knowledge of the human immune system by carefully analyzing the clinical and immunological phenotypes and the proximal TCR:CD3:ζ-signalling alterations in patients presenting with CIDs in order to find the causative gene defects. By this approach, I report three cases of (S)CID caused by autosomal recessive mutations in the lymphocyte-specific protein tyrosine kinase (LCK)-, ζchain associated protein tyrosine kinase of 70 kDa (ZAP-70)-and interleukin-2-inducible T cell kinase (ITK)-genes.

  of (S)CIDs, thus facilitate future diagnosis of further LCK-, ZAP-70 and ITK-deficient patients or related TCR:CD3:ζ-signalling disorders and set the stage for more timely and hopefully life-saving therapeutical interventions such as HSCTx and HSCGT. child conceived by in vitro fertilization and born at term to healthy non-consanguineous parents from France. Her birth weight was normal and she was vaccinated at birth with the live-vaccine Bacillus Calmette-Guérin (BCG) with no adverse event. Latter on, she received four 7-valent conjugate vaccines against Streptococcus pneumoniae and four 5-valent vaccines against Haemophilus influenzae type b, the toxoïd of Corynebacterium diphtheriae, Bordetella pertussis, the toxoïd of Clostridium tetani and Poliovirus type 1, 2 and 3 at the age of two, four, six and 14 months. She also was vaccinated twice with attenuated Measles, Mumps and Rubella viruses without adverse events at 12 and 16 months.

Figure 18 .

 18 Figure 18. Macroscopic and microscopic aspects of sterile skin and joint inflammation. (A) The macroscopic aspects of a representative skin nodule and of the interphalangeal joint of the right index finger are shown. (B) A representative skin nodule biopsy stained with haematoxylin and eosin shows dermal (1) and hypodermal (2) lymphohistiocytic and neutrophilic infiltration at low magnification. (C) The same skin nodule specimen at high magnification displays predominant neutrophilic infiltration of the hypodermal connective (3) and fatty tissue (4), i.e. septal and lobular panniculitis, with neutrophilic necrosis and abscesses(5) and lymphohistiocytic bystander vasculitis(6).

Figure 19 .

 19 Figure 19. Immunophenotype of LCK-deficient peripheral CD4 + and CD8 + T cells. Flow cytometric analysis of the expression of (A) CD45RA and CD27, (B) CD45R0 and CD62L and (C) CD45R0 and CD95 on PBMCs from a healthy control (Ctr.) and the LCK-deficient patient (Pat.) are shown after gating on CD3 + CD4 + (CD4 + ) or CD3 + CD8 + (CD8 + ) cells. The corresponding percentages are indicated for each square.

Figure 20 .

 20 Figure 20. Immunophenotype of LCK-deficient peripheral T Reg . Flow cytometric analysis of the expression of CD25, CD127 and FOX-P3 on PBMCs from a healthy control (Ctr.) and the LCK-deficient patient (Pat.) are shown after gating on CD3 + CD4 + cells. The corresponding percentages are indicated for each square.

Figure 21 .

 21 Figure 21. Analysis of LCK-deficient αβ TCR repertoire by spectratyping. The relative usage of 35 TRAVs (upper panel) and 24 TRBVs (lower panel) was determined by qPCR and is displayed by histograms placing particular variable segments of the control (Ctr. in blue) side-to-side to that of the LCK-deficient patient (Pat. in red). The IMGT nomenclature is used for the particular variable segments and the Arden nomenclature is given in brackets. αβ T cells of the control display a balanced repertoire as exemplified by TRAV9 usage of 8.6% and TRBV6a usage of 11.2%. The repertoire of the patient is restricted to TRAV9 usage of 70.8% and TRBV6a usage 57.3%, thus suggesting oligoclonality.

Figure 22 .

 22 Figure 22. Analysis of LCK-deficient αβ TCR repertoire by electropherogram.The particular TRAV qPCR products of the control (Ctr., upper pannel) show a normal Gaussian-like lenghtdistribution, that is due to random P-and N-nucleotide insertions. The Gaussian-like lenght-distribution for the particular TRAV qPCR products of the LCK-deficient patient (Pat., lower pannel) is lost, thus suggesting oligoclonality.

Figure 23 .

 23 Figure 23. Analysis of LCK-deficient γδ TCR repertoire by spectratyping.The relative usage of five TRGVs (upper panel) and eight TRDVs (lower panel) was determined by qPCR and is displayed by histograms placing particular variable segments of the control (Ctr. in blue) side-to-side to that of the LCK-deficient patient (Pat. in red). The IMGT nomenclature is used for the particular variable segments and the Arden nomenclature is given in brackets. γδ T cells of the control display an usual repertoire as exemplified by predomiant TRGV9 usage of 72.8% and TRDV2 usage of 71.9%. The repertoire of the patient is unusual with a predomiant TRGV5 usage of 62.5% and TRDV1 usage of 87.7%.

Figure 24 .

 24 Figure 24. Immunophenotype of Vβ-and Vδ-expressing LCK-deficient PBMCs. Flow cytometric analysis of the expression of (A) Vβ2 and (B) Vβ13 on CD4 + and CD8 + T cells, of (C) panγδ on CD3 + T cells or CD4 and CD8 on γδ T cells and (D) of Vδ1 and Vδ2 on CD3 + T cells from a healthy control (Ctr.) and the patient (Pat.) are shown. The corresponding percentages are indicated for each square.

Figure 25 .

 25 Figure 25. Expression of CD3, CD4 and CD8 on LCK-deficient PBMCs and T cell blasts. Flow cytometric analyses of the expression of CD3, CD4 and CD8 on PBMCs (histograms) and T cell blasts expanded in vitro (dot plots) from a healthy control (Ctr. in blue) and the LCK-deficient patient (Pat. in red) after gating on TCRαβ + CD3 + cells (not shown). Histograms and dot plots for the control and the patient are superimposed and the corresponding percentages are indicated for each square.

Figure 26 .

 26 Figure 26. Genetic analysis of the LCK-deficient patient and her family. (A) The pedigree and the corresponding electropherograms obtained by sequencing of genomic LCK of the index patient's (arrow) family are shown The LCK-deficient and deceased patient (black circle dashed with a diagonal line), her mother (white circle), father (white square) and unborn sibling (white diamond) are homozygous (arrowhead) or heterozygous for the LCK c.1022T>C transition or homozygous for the LCK wildtype, respectively. (B) The domain structure of the LCK protein and the exon organization of its genomic locus are shown. The Nterminal (NH2) spotted box corresponds to the CD4 and CD8 binding region and the SH2, SH3 and the Cterminal (COOH) kinase domains are indicated by blue, purple or white boxes, respectively. The ATP-binding K273, the proton acceptor D364 and the p.L341P substitution (upper arrowhead) are indicated (not drawn to scale). Protein coding exons (1-11) and non-coding exons are represented by solid or spotted boxes, respectively, and the c.1022T>C transition in coding exon 9 is indicated (lower arrowhead, not drawn to scale). (C) A scheme of chromosome 1 (lower graph) with the LCK locus at 1p34.3 indicated by an arrow is shown in comparison to the data obtained by array-CGH (upper graph) and SNP-chip (middel graph). Array-CGH shows a copy number of two and SNP-chip demonstrates homozygosity througout the entire chromosome 1. Each SNP analysed is represented by a red dot.

Figure 27 .

 27 Figure 27. Sequence alignment of LCK orthologs and tyrosine kinase superfamily members. The partial amino acid sequences of human LCK and its murine and chicken orthologs (black vertical beam) as well as that of additional human tyrosine kinase superfamily members are shown. The corresponding α-helical secondary structures and the catalytic region of the kinase domain are indicated above the alignment (not drawn to scale). The position of the substituted L341 is indicated by an grey asterisk. Conserved hydrophobic positions are shaded in grey and strictly conserved residues are given in white on black background.

Figure 28 .Figure 29 .

 2829 Figure 28. Three-dimensional LCK protein structure. (A) Ribbon representation of the three-dimensional protein structure of human LCK (pdb identifier 3bym) highlighting the position of the substituted L341 (grey), the catalytic region and the activation loop.(B) Focus on the cluster of hydrophobic aa (L328, L336, L341, I433) with the substituted L341 (grey) making critical contacts especially to the lateral chain of I433 in the opposite α-helix (yellow) and to L328 and L336 in its own α-helix (green).

Figure 30 .

 30 Figure 30. Transient expression of LCK variants in HEK 293T cells. HEK 293T cells were transiently transfected with the expression plasmid pcDNA3.1 containing no insert (empty), LCK wildtype (Wt), LCK p.L341P (Mut) and LCK ΔEx7 (ΔEx7), respectively. Cells were left untreated (-MG132) or treated with 1 µM of the proteasome inhibitor MG132 (+MG132) for the last four hours of culture. Total protein lysats were subjected to SDS-PAGE and immunoblotting was performed with a monoclonal (monoclonal α-LCK) and a polyclonal (polyclonal α-LCK) antibody directed against LCK and an antibody against the loading control actin (α-Actin). The post-translationally modified LCK p.L341 relatively augmented after inhibiting proteasomal degradation is highlighted by a red asterisk. Molecular weight markers in kDa are given on the left (black lines) and names and molecular weights of specific bands are indicated on the right (black arrows).

Figure 31 .

 31 Figure 31. Kinase activity of LCK variants.HEK 293T cells were transiently transfected with the expression plasmid pcDNA3.1 containing no insert (empty), LCK wildtype (Wt), LCK p.L341P (Mut) and LCK ΔEx7 (ΔEx7), respectively. 1 mg of total protein lysat was subjected to immunoprecipitation with 5 µg of polyclonal LCK antibody and thereafte 100 µg of total protein lysat (input) or LCK immune complexes (IP: α-LCK) were incubated in kinase assay buffer without (Kinase assay -) or with 100 µM ATP (Kinase assay +) for five minutes at room temperature. Samples were analysed by SDS-PAGE and immunoblotting with a mAb directed aginst phosphorylated tyrosine residues (IB: α-P-Tyrosine). Molecular weight markers in kDa are given on the left (black lines).

Figure 32 .

 32 Figure 32. Kinase activity of titrated LCK variants.HEK 293T cells were transiently transfected with the expression plasmid pcDNA3.1 containing no insert (empty), LCK wildtype (Wt) and LCK p.L341P (Mut), respectively. Different quantities of total protein lysat, i.e. 2.0 mg of empty vector, 1 / 0.5 / 0.25 / 0.125 mg of LCK wildtype and 2.0 / 1.0 / 0.5 / 0.25 mg of LCK p.L341P were adjusted to the final protein concentration of 2 mg with empty vector protein lysats and subjected to immunoprecipitation with 5 µg of polyclonal LCK antibody. LCK immune complexes were incubated in kinase assay buffer with 100 µM ATP (kinase assay) for five minutes at room temperature. Samples were split in two and analysed by SDS-PAGE and immunoblotting with a pAb against LCK (IB: α-LCK) and a mAb against phosphorylated tyrosine residues (IB: α-P-Tyrosine). Molecular weight markers in kDa are given on the left (black lines).
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 14 Analysis of TCR:CD3:ζ-signalling in LCK-deficiency In order to characterize the consequence of the LCK p.L341P mutation on proximal TCR:CD3:ζ-signalling, protein lysates from PMA and ionomycin induced T cell blasts stimulated with anti-CD3 antibodies for 0, 5 and 10 minutes were analysed for their contents of tyrosine phosphorylated proteins by SDS-PAGE and immunoblotting with a mAb directed against phosphorylated tyrosine residues. While TCR:CD3:ζ-signalling in T cell blasts of a healthy control resulted in a strong protein tyrosine phosphorylation, T cell blasts of the LCKdeficient patient displayed only a residual signal. Especially, the signal intensity of bands corresponding to known TCR:CD3:ζ-signalling substrates such as the ζ-chain itself, ZAP-70,

Figure 33 .

 33 Figure 33. Impaired protein tyrosine phosphorylation in LCK-deficient T cell blasts.T cell blasts of a control and the LCK-deficient patient induced with PMA 20 ng/ml and ionomycin 1 µM (P+I Blasts) were stimulated with OKT3 1 µg/ml and cross-linked with polyclonal rabbit anti-mouse Ig 2 µg/ml for 0, 5 and 10 minutes. Total protein was extracted by TNE lysis buffer, separated by SDS-PAGE and immunoblotting with a mAb against phosphorylated tyrosine residues (α-P-Tyrosine) and the loading control actin (α-Actin) was performed. Molecular weight markers in kDa are given on the left (black lines) and names and molecular weights of specific bands are indicated on the right (black arrows).

Figure 34 .

 34 Figure 34. Impaired Ca 2+ -flux in LCK-deficient primary T cells and T cell blasts. (A) Primary T cells of a control (blue) and the LCK-deficient patient (red) were stained with anti-CD3, anti-CD4 and anti-CD8 and charged with 5 µM of the Ca 2+ -sensitive fluorescent dye Indo-1-acetoxymethyl ester. Ca 2+flux was analysed with a FACS Vantage Diva for two minutes, than PBMCs were stimulated with 0.125 µg/ml OKT3 cross-linked with 10 µg/ml rabbit-anti-mouse-IgG (anti-CD3) for eight minutes and finally stimulated with 1 µM ionomycin (iono) (vertical arrowa). Ca 2+ -flux was calculated and expressed in arbitrary units (A.U.).(B) T cell blasts of a control (blue) and the LCK-deficient patient (red) were charged with 1 µM of the Ca 2+sensitive fluorescent dye Fura-2-acetoxymethyl ester. Ca 2+ -flux was analysed with a Nikon Diaphot 300 microscope and an IMSTAR imaging system for four minutes and PBMCs were than stimulated with 10 µg/ml UCHT-1 (anti-CD3) for eight minutes and finally stimulated with 500 nm thapsigargin (vertical arrows). 50 T cell blasts of the control and 23 of the patient were analysed and arbitrary units of Ca 2+ -flux were plotted against time. Ca 2+ -flux was calculated and expressed in arbitrary units (A.U.).

Figure 35 .

 35 Figure 35. Disturbed downstream signalling in LCK-deficient T cell blasts.

  Molecular weight markers in kDa are given on the left (black lines), names and molecular weights of specific bands are indicated on the right (black arrows) and residual bands that were not completely eliminated by stripping are marked with black asterisks. Finally, activation-induced cell death (AICD) that is a functional T cell response depending on intact TCR:CD3:ζ-signalling was analysed. While αβ and γδ T cell blasts from a healthy donor performed AICD in response to TCR:CD3:ζ-signalling, cells of the LCKdeficient patient did not (Fig. 36), thus showing that the LCK p.L341P mutation hampered TCR:CD3:ζ-signalling induced functional T cell responses.

Figure 36 .

 36 Figure 36. Disturbed AICD in LCK-deficient T cell blasts. Duplicates of 10 5 T cell blasts of two healthy controls (blue) and the LCK-deficient patient (red) were incubated for 24 h in 48 flat bottom well plates coated with 10 µg/ml OKT3. Cells were recovered, stained with anti-CD3, anti-TCRαβ, anti-TCRγδ, Annexin V and 7-AAD and analysed on a FACSCanto II. Annexin V and 7-AAD positive cells were considered apoptotic and expressed as a percentage of the entire population, i.e. TCRαβ + and TCRγδ + , respectively.

Figure 37 .

 37 Figure 37. Expression of LCK variants in Jurkat and transduced JCam1.6 cells. Jurkat (red) or JCam1.6 cells left untransduced (dark blue) or lentivirally transduced with empty vector (green), LCK wildtype (LCK Wt violet), LCK p.L341P (LCK Mut, light blue) and LCK ΔEx7 (orange) were analysed by flow cytometry and immunoblotting. (A) Dot blots of the various cell lines with gating on the GFP + fraction indicate the particular percentage (numbers are given above the gate) of transgene expressing cells after lentiviral transduction and FACS. (B) MFI of GFP is shown as a histogram and particular histograms are superimposed. (C) The expression of particular LCK forms in the untransduced or transduced cell lines is compared by immunoblotting with polyclonal antibodies directed against LCK, FYN and the loading control actin. Names and molecular weights of specific bands are indicated on the right (black arrows).

Figure 38 .

 38 Figure 38. Complementation of protein tyrosine phosphorylation in JCam1.6 cells. JCam1.6 transduced with empty vector, LCK wildtype (LCK Wt) and LCK p.L341P (LCK Mut) were stimulated with OKT3 1 µg/ml for the indicated time points (minutes). Protein lysats were separated by SDS-PAGE and immunoblotting with mAbs against phosphorylated tyrosine residues (α-P-Tyrosine) and the loading control actin (α-Actin) was performed. Molecular weight markers in kDa are given on the left (black lines) and names and molecular weights of specific bands are indicated on the right (black arrows).

Figure 39 .

 39 Figure 39. Complementation of Ca 2+ -flux in JCam1.6 cells. JCam1.6 transduced with empty vector (black), LCK wildtype (LCK Wt, green), LCK p.L341P (LCK Mut, red) and LCK ΔEx7 (blue) were charged with 1 µM of the Ca 2+ -sensitive fluorescent dye Fura-2-acetoxymethyl ester and analysed with a Varian Cary Eclipse spectrometer. Cells were left unstimulated for three minutes and than stimulated with 10 µg/ml of the anti-CD3 antibody UCHT-1 (anti-CD3) for eight minutes and finally with 1 µM ionomycin (Iono) (vertical arrows). Ca 2+ -flux was calculated and expressed in arbitrary units (A.U.).

  respiratory syncytial virus (RSV). He thereafter received one 7-valent conjugate vaccine against Streptococcus pneumoniae and two 5-valent vaccines against Haemophilus influenzae type b, the toxoïd of Corynebacterium diphtheriae, Bordetella pertussis, the toxoïd of Clostridium tetani and Poliovirus type 1, 2 and 3 without adverse events. At five months of age, he developed diffuse and consecutively superinfected cutaneous varizella zoster virus (VZV) infection, accompanied by an undocumented acute gastroenteritis. He was hospitalized for seven days and treated with intravenous anti-viral and anti-bacterial drugs leading to symptom reduction. Five days later, he was hospitalized again as the cutaneous efflorescences reaggravated and a second acute gastroenteritis caused by rotavirus took place. During the next two days, he degraded into acute respiratory distress syndrome and had to be ventilated mechanically for 26 days while producing multiple pneumatothoraces. Peripheral blood (VZV DNA > 10 5 /ml) and bronchoalveolar lavage were tested positive for VZV, thus establishing the diagnosis of systemic VZV infection with severe VZV pneumonitis. Consecutively and besides intensive anti-viral and anti-bacterial treatment, pulmonary disease was complicated by additional infections with the opportunistic fungus Pneumocystis jirovecii and the opportunistic bacterium Stenotrophomonas maltophilia. Additionally, VZV skin lesions remained florid for about four weeks and were superinfected with Staphylococcus aureus. Peripheral VZV count fluctuated ~ 10 3 /ml and became negative at nine months of age under continuous anti-viral treatment. At seven months, he developed a central line-associated sepsis caused by Staphylococcus aureus that could be controlled by catheter-explantation and anti-bacterial treatment. At nine months, he was conditioned with busulfane, fludarabine and anti-thymocyte globuline and developed a grade IV mucositis. He underwent allogeneïc HSCTx from a phenotypically matched (10 out of 10) unrelated donor with a dosage of 15.5 x 10 6 CD34 +

Figure 40 .

 40 Figure 40. Immunophenotype of ZAP-70-deficient primary T cells.Flow cytometric analysis of the expression of CD45RA and CCR7 after gating on CD3 + CD4 + T H and CD3 + CD8 + T Cyt and determination of the percentages of CD25 + CD127 low T Reg , CD161 + Vα7.2 + MAIT and CD161 + iNKT + NKT cells after gating on CD3 + CD4 + T H or total CD3 + T cells, respectively. The corresponding percentages are indicated for each square.

paragraphe 3 . 1 . 1 .

 311 and additionally a VCV specific antigen was used for stimulation. The patient's T cell proliferation was abolished in response to PHA, OKT3, tetanus toxoïd and VCV specific antigen but incompletely preserved in response to PMA plus ionomycin, suggesting a TCR:CD3:ζ-signalling defect (Tab. 6).The patient's IgM was normal whereas IgG and IgA were diminished (Tab. 6).Specific antibodies and the blood group IgM allohaemagglutinins were not quantified due to the young age of the child.The αβ and γδ TCR repertoire of the patient's T cells was compared to that of a healthy control as described in paragraphe 3.1.2. TCR spectratyping showed a polyclonal αβ and γδ TCR repertoire (Fig.41, 42 and data not shown). The usage of the dominant TRGV9 (control, 75.8% ; patient, 45.5%) and TRDV2 (control, 77.3% ; patient, 18%) chains was relatively impaired, but this was most probable due to the young age of the patient.

Figure 41 .Figure 42 .

 4142 Figure 41. Analysis of the ZAP-70-deficient αβ TCR repertoire by spectratyping and electropherogram. The relative usage of 35 TRAVs (A) and 24 TRBVs (B) was determined by qPCR and is displayed by histograms placing particular variable segments of the control (Ctr. in black) side-to-side to that of the ZAP-70deficient patient (Pat. in yellow). The IMGT nomenclature is used for the particular variable segments and the Arden nomenclature is given in brackets. αβ T cells of the control and the patient display a balanced repertoire, thus suggesting polyclonality. (C) The particular TRAV qPCR products of the ZAP-70-deficient patient show a normal Gaussian-like lenghtdistribution that is due to random P-and N-nucleotide insertions, thus indicating polyclonality. Comparable results were obtained for the control and the TRBV qPCR products but are not shown.

Figure 43 .

 43 Figure 43. Genetic analysis of the ZAP-70-deficient patient and his family. (A) The pedigree and the corresponding electropherograms obtained by sequencing exon 12 of ZAP-70 including its intronic regions of the index patient and his family are shown. The ZAP-70-deficient patient (black square) was found homozygous for the splice acceptor mutation g.24189G>C/IVS11-1G>C (red arrow), while his mother (white circle with vertical line), and his father (white square with vertical line) were heterozygous (red arrows). The female sibling (white circle) was not analysed (question mark). (B). The exon and intron organization of the genomic ZAP-70 locus and the electropherogram obtained by sequencing of the patient's ZAP-70 cDNA are shown. Protein coding and non-coding exons and introns are represented by solid or spotted boxes and solid lines, respectively. The position of the mutated splice acceptor

Figure 44 .

 44 Figure 44. Impaired protein tyrosine phosphorylation in ZAP-70-deficient T cell blasts. T cell blasts of a healthy control (Ctr.) and the ZAP-70-deficient patient (Pat.) expanded with PMA 10 ng/ml and ionomycin 1 µM were stimulated with OKT3 1 µg/ml cross-linked with polyclonal rabbit anti-mouse IgG 2 µg/ml (x-linked OKT3) for 0, 2, 5, 15, 30 and 60 minutes or with PMA 10 ng/ml and ionomycin 1 µM (P+I) for 30 minutes. Total protein was extracted, separated by SDS-PAGE and immunoblotting with mAbs against phosphorylated tyrosine residues (α-P-Tyrosine) and actin (α-Actin) was performed. Molecular weight markers in kDa are given on the left (black lines) and names and molecular weights of specific bands are indicated on the right (black arrows).

Figure 45 .

 45 Figure 45. Expression of signalling molecules in ZAP-70-deficient T cell blasts. The expression of the SYK-family kinases ZAP-70 and SYK, of the SRC-family kinases LCK and FYN, of the TEC-family kinase ITK and of the signalling molecules LAT, PLCγ-1, PKCθ and ERK-1/2 were analysed in T cell blasts of a healthy control (Ctr.) and the ZAP-70-deficient patient (Pat.).

Figure 46 .

 46 Figure 46. Impaired proximal TCR:CD3:ζ-signalling in ZAP-70-deficient T cell blasts. T cell blasts of a healthy control (Ctr.) and the ZAP-70-deficient patient (Pat.) expanded with PMA 10 ng/ml and ionomycin 1 µM were stimulated with OKT3 1 µg/ml cross-linked with polyclonal rabbit anti-mouse IgG 2 µg/ml (x-linked OKT3) for 0, 2, 5, 15, 30 and 60 minutes or with PMA 10 ng/ml and ionomycin 1 µM (P+I) for 30 minutes. Total protein was extracted, separated by SDS-PAGE and immunoblotting with mAbs raised against phosphorylated ZAP-70 (P-ZAP-70), phosphorylated LAT (P-LAT), phosphorylated PLCγ-1 (P-PLCγ-1), phosphorylated PKCθ (P-PKCθ) and the loading control actin (Actin) was performed. Molecular weight markers in kDa are given on the left (black lines) and names and molecular weights of specific bands are indicated on the right (black arrows). Unspecific bands are marked with a red asterisk.

Figure 47 .

 47 Figure 47. Impaired Ca 2+ -flux in ZAP-70-deficient primary T cells. (A) Primary PBMCs were stained with anti-CD4 and anti-CD8 antibodies and charged with 5 µM of the Ca 2+sensitive fluorescent dye Indo-1-acetoxymethyl ester. Dot blots show CD4 + T H (red) and CD8 + T Cyt (blue) of a healthy control and of the ZAP-70-deficient patient (green and orange), respectively. Percentages corresponding to the particular cell populations are indicated.(B) Ca 2+ -flux in the particular cell populations was analysed with a FACS ARIA II after PBMCs were stimulated with 1 µg/ml OKT3 cross-linked with 10 µg/ml rabbit-anti-mouse-IgG (anti-CD3) for eight minutes and thereafter stimulated with 1 µM inomycin (Iono) (vertical arrows). Ca 2+ -flux was calculated and expressed in arbitrary units (A.U.) and displayed over time (Sec.).(C) Ca 2+ -fluxes of the particular cell populations of the healthy control and the ZAP-70-deficient patient are superimposed.

Figure 48 .

 48 Figure 48. Impaired distal TCR:CD3:ζ-signalling in ZAP-70-deficient T cell blasts.T cell blasts of a healthy control (Ctr.) and the ZAP-70-deficient patient (Pat.) expanded with PMA 10 ng/ml and ionomycin 1 µM were stimulated with OKT3 1 µg/ml cross-linked with polyclonal rabbit anti-mouse IgG 2 µg/ml (x-linked OKT3) for 0, 2, 5, 15, 30 and 60 minutes or with PMA 10 ng/ml and ionomycin 1 µM (P+I) for 30 minutes. Total protein was extracted, separated by SDS-PAGE and immunbloting with mAbs raised against pan-NFATc2 that detected phosphorylated and dephosphorylated NFATc2 (P-NFATc2 and NFATc2), phosphorylated ERK-1/2 (P-ERK-1 and P-ERK-2) and the loading control actin (Actin) was performed. Names and molecular weights of specific bands are indicated on the right (black arrows).

Figure 49 .

 49 Figure 49. Disturbed AICD in ZAP-70-deficient T cell blasts. Duplicates of 10 5 T cell blasts of a healthy control (blue) and the ZAP-70-deficient patient (red) were incubated for 24 h in 48 flat bottom well plates coated with increasing concentrations of OKT3, i.e. 0.01 / 0.1 / 1 / 10 µg/ml. Cells were recovered, stained with anti-CD3, anti-TCRαβ, Annexin V and 7-AAD and analysed on a FACSCanto II. Annexin V and 7-AAD positive cells were considered as apoptotic cells and expressed as a percentage of the entire TCRαβ + population.
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 3 Identification of a novel null mutation in ITK causing CID with susceptibility to EBV-infection 3.3.1 Clinical phenotype The patient was born at term to first-degree consanguineous Pakistani cousins that had migrated to England. He was healthy in the first year of live and received the live-vaccine Bacillus Calmette-Guérin (BCG), four 7-valent conjugate vaccines against Streptococcus pneumoniae, four 5-valent vaccines against Haemophilus influenzae type b, the toxoïd of Corynebacterium diphtheriae, Bordetella pertussis, the toxoïd of Clostridium tetani and Poliovirus type 1, 2 and 3 and one attenuated live-vaccine against the Measles, Mumps and Rubella viruses without adverse events. From one year of age, he developed frequent infections of the upper and lower airways and repeatedly received anti-bacterial treatment with moderate success. From two years of age, he established almost monthly bouts of fever and a failure to thrive became evident (weight 11.8 kg / < 0.4 perc., occipito-frontal circumference 49.5 cm / > 2.0 perc.). From three years of age, daily bouts of fever were accompanied by dry cough and vomiting. A chest radiography (Fig. 50) showed miliary shadowing of the entire lung and as a ten-year-old relative recently had been treated for tuberculosis, the patient was met on quadruple antimycobacterial treatment, even though the diagnosis of tuberculosis could not be established formally. Treatment was performed for six months with minor improvement of clinical and radiological signs and therefore multi-drug-resistent infection with Mycobacterium tuberculosis was suspected. The patient was transfered to the regional peadiatric reference center and an intensive medical work-up disclosed highly elevated Epstein-Barr virus (EBV) copy numbers in the peripheral blood (EBV DNA > 10 4 /ml) and in the bronchoalveolar lavage. A thoracic computed tomography scan detected multiple pulmonary nodules and an open lung biopsy was performed. Immunohistochemical work-up of the lung sections showed a pulmonary parenchyma containing nodular masses of abnormal lymphoïd tissue composed of cellular nodules separated and surrounded by fibrosis. The basal lymphohistiocytic infiltrate was composed of CD2 + CD3 + T cells with slightly more CD4 + than CD8 + T cells and some IgD + B cells and plasma cells expressing polyclonal Ig light-chains. The infiltrate contained large atypical lymphoïd cells with vesicular nuclei and prominent nucleoli some of them being mononuclear Hodgkin cells and some being multinucleated Reed-Sternberg cells. Hodgkin and Reed-Sternberg cells were positive for the B cell markers CD20 and PAX-5 and the activation marker CD30. The basal lymphohistiocytic infiltrate and the large atypical cells were both highly positive for the proliferation marker Ki-67 and the EBV-encoded small RNA 1

Figure 50 .

 50 Figure 50. Chest radiography of the miliary infiltrate. Conventional chest radiography showing a diffuse miliary infiltrate of the entire lung.

Figure 51 .

 51 Figure 51. Immunohistochemical work-up of the pulmonary infiltrate. Representative pulmonary biopsy specimens of the nodular infiltrate show a polymorphic abnormal lymphoïd tissue (haematoxylin and eosin staining, HE) that predominantly is composed of B cells expressing CD20 and PAX-5. Additionally, Hodgkin and Sternber-Reed cells are positive for CD30. The majority of the lymphoïd tissue is highly positive for the proliferation marker Ki-67 and the EBV-encoded small RNA 1 (EBER-1). Thus, the specimens reveal an EBV-associated Hodgkin`s lymphoma-like lymphoproliferative disease.

Figure 52 .

 52 Figure 52. Immunophenotype of ITK-deficient PBMCs. Flow cytometric analysis of PBMCs of the ITK-deficient patient (A), his healthy brother (B) and the newborn brother (C) for the expression of HLA-DR and CD25, CD4 and CD8, CD45RA and CD27 after gating on total CD3 + T cells and CD3 + CD4 + T H and CD3 + CD8 + T Cyt , respectively, is shown. Determination of the percentages of CD3 + TCRγδ + cells, CD161 + Vα7.2 + MAIT, Vα24 + Vβ11 + iNKT and CD25 + CD127 low T Reg after gating on total CD3 + T cells is given. The corresponding percentages are indicated for each square.

Figure 53 .

 53 Figure 53. Proliferation of T cell blasts of the newborn ITK-deficient brother. Flow cytometric analysis of T cell blast proliferation as a function of CSFE-dilution and CD25-upregulation after stimulation with IL-2, anti-CD3-+ anti-CD28-beads or PMA + ionomycin are shown for a healthy control and the ITK-deficient newborn brother, respectively.

Figure 54 .

 54 Figure 54. Analysis of the ITK-deficient patient's TCRVβ repertoire by flow cytometry. PBMCs of the ITK-deficient patient were stained with mAbs against TCRαβ, CD3, CD4 and 24 Vβ families. After gating on (A) TCRαβ + CD3 + CD4 + and (B) TCRαβ + CD3 + CD4 -T cells the relative usage of the distinct TCRVβ families was determined and compared to age-matched normal values. 462

2

  Outliers are defined as outwith three standard deviations and are indicated in red.462 NK and B cell counts were normal in the ITK-deficient patient and the ITK-deficient newborn brother. In the patient, CD19 + CD27 + IgD + memory B cells were reduced and CD19 + CD27 + IgD -switched-memory B cells were absent, IgM and IgG were slightly reduced and IgA was found at the lower normal range. Specific antibodies against the tetanus toxoïd and the components of H. influenzae type b were present, even thought the latter was at the lower normal range (Tab. 8).Taken as a whole, the ITK-deficient patient showed normal V(D)J-recombination and qualitative thymic output as judged by the polyclonal αβ TCR repertoire. However later on, he developed progressive loss of naïve CD4 + T H and naïve CD8 + T Cyt and innate-like NKT cells were virtually absent while MAIT cells were preserved. The ITK-deficient newborn brother had normal TRECs but combined CD4 + T H and CD8 + T Cyt lymphopenia with the latter being more reduced. However, innate-like MAIT and iNKT cells were present. Both ITKdeficient patient and newborn brother displayed defective T cell proliferation. In combination, these data might argue for a TCR:CD3:ζ-signalling-related disorder slightly affecting thymic lineage commitment and more prominently interfering with peripheral T cell homeostasis. In the patient, the remaining peripheral T cell populations displayed memory-like phenotypes more pronounced for the CD8 + T Cyt compartment and reduced CD127 expression probably as a consequence of LIP and CIP. In the newborn brother, the proportions of memory-like CD4 + T H but also of CD8 + T Cyt were increased, but not yet as pronounced as in the older and diseased patient. It is likely that CD4 + T H were not able to provide adequate help towards B cells as judged by borderline hypogammaglobulinaemia and weak specific antibody responses towards vaccination antigens in the patient. Together, these findings suggest a more subtle TCR:CD3:ζ-signalling defect than that found in LCK-and ZAP-70-deficiency, with a loss of naïve T cells over time as a sign of disturbed peripheral T cell homeostasis.3.3.3 Gene defectThe clinical and immunological phenotypes of the patient were indicative of a T cell immunodeficiency. Taking into account that CD4 + T cell lymphopenia and EBV-driven pulmonary Hodgkin's-like disease are hallmarks of ITK-deficiency, ITK gene defect was considered.420, 463 The exons 1-17 including the flanking intronic regions of ITK (NG_016276.1) were sequenced (for primer information see Tab. 10) from genomic DNA isolated from PBMCs of the patient, his parents and his two siblings. PBMCs of the patient and his newborn brother were found to carry the homozygous nucleotide transition ITK c.626G>A (NM_005546.3) changing codon 209 (TGG) into a premature stop codon (TAG).

Figure 55 .

 55 Figure 55. Genetic analysis of the ITK-deficient patient and his family. (A) The pedigree and the corresponding electropherograms obtained by sequencing the exons including the intronic regions of ITK of the index patient and his family are shown The ITK-deficient patient and his newborn brother (black squares) were found homozygous for the nonsense mutation ITK c.626G>A (red arrow), while the mother, father and healthy brother (white circle and squares with vertical line, respectively) were heterozygous (red arrow). (B). The domain structure of wildtype ITK (Wt) and truncated ITK p.W209X are shown. The PH-BH, SH2, SH3and kinase domains are indicated in blue, purple, red and orange, respectively. The PRR and the SH2-kinaselinker are indicated by black solid lines, and the amino acids numbers corresponding to the domain boundaries as well as the ATP-binding K391 and the proton acceptor D482 are indicated (not drawn to scale). For ITK p.W209X the positioning of the premature stop is given (not drawn to scale).(C) Total protein extracts of a healthy control, the father, mother, patient and his healthy brother were separated by SDS-PAGE and subjected to immunblotting with mAbs raised against ITK (α-ITK) and actin (α-Actin).Molecular weight markers in kDa are given on the left (black lines) and name and molecular weight of specific bands are indicated on the bottom.
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 34 Analysis of TCR:CD3:ζ-signalling in ITK-deficiency In order to characterize the consequence of the ITK p.W209X mutation on proximal TCR:CD3:ζ-signalling, PMA and ionomycin expanded T cell blasts were stimulated with anti-CD3 antibody for 0, 2, 5, 15 and 30 minutes or with PMA and ionomycin for 30 minutes. Protein lysates were obtained and analysed by immunoblotting with mAbs directed against phosphorylated tyrosine residues. While TCR:CD3:ζ-stimulation in T cell blasts of a healthy control resulted in strong protein tyrosine phosphorylation, in cells of the ITK-deficient patient the signal was weak. Interestingly, in cells of the brother of, who is a heterozygous carrier of the ITK p.W209X mutation, the signal was intermediate. All bands corresponding to known TCR:CD3:ζ-signalling substrates such as the ζ-chain, LCK, ZAP-70, LAT, SLP-76,

Figure 56 .Figure 57 .

 5657 Figure 56. Impaired protein tyrosine phosphorylation in ITK-deficient T cell blasts.T cell blasts of a healthy control (Ctr.), the ITK-deficient patient (Pat.) and his heterozygous brother (Broth.) were stimulated with OKT3 1 µg/ml cross-linked with polyclonal rabbit anti-mouse Ig 2 µg/ml (x-linked OKT3) for 0, 2, 5, 15 and 30 minutes or with PMA 10 ng/ml and ionomycin 1 µM (P+I) for 30 minutes. Protein extracts were separated by SDS-PAGE and immunblotting with mAbs against phosphorylated tyrosine residues (α-P-Tyrosine) or actin (α-Actin) was performed. Molecular weight markers in kDa are given on the left (black lines) and names and molecular weights of specific bands are indicated on the right (black arrows).

  and phosphorylation of PKCθ were not recapitulated by the Ca 2+-flux amplitude, that was completely abrogated in T cell blasts of the patient and normal in those of the heterozygous brother. Maybe full amplitude of PLCγ-1-mediated Ca 2+ -flux is obtained by suboptimal ITKsignalling strenght as observed in the heterozygous carrier but with different oscillation kinetics, that cannot be monitored by this in vitro technique. Importantly, T cell blasts of the newborn displayed residual Ca 2+ -flux suggesting an ITK-independent PLCγ-1-activation mechanism. The total absence of Ca 2+ -flux in the ITK-deficient patient might be biased and a consequence of T cell exhaustion as the experiment was done from blood samples at a time when the patient was severely diseased. Also, the experimental conditions in Fig.58A and Bwere suboptimal as not enough cells were available and analysed for the patient and his brother, explaining the strong fluctuations of the particular curves. Further experiments will need to clarify this observations.

Figure 58 .

 58 Figure 58. Impaired Ca 2+ -flux in ITK-deficient T cell blasts.(A and B) T cell blasts of a healthy control (blue), the ITK-deficient patient (green), the heterozygous brother (red) and (C) the newborn ITK-deficient brother were stained with anti-CD4 and anti-CD8, charged with 5 µM of the Ca 2+ -sensitive fluorescent dye Indo-1-acetoxymethyl ester and Ca 2+ -flux of the particular CD4 + and CD8 + populations were analysed with a FACS ARIA II. Aliquots of the T cell blasts were left unstimulated for two minutes, than either stimulated with OKT3 1 µg cross-linked with rabbit-anti-mouse-IgG 10 µg (anti-CD3, vetrtical arrow) or ionomycin 1 µM (Iono, vertical arrow). Ca 2+ -flux was calculated and expressed in arbitrary units (A.U.) and expressed over time (Sec.).

Figure 59 .

 59 Figure 59. Impaired distal TCR:CD3:ζ-signalling in ITK-deficient T cell blasts. T cell blasts of a healthy control (Ctr.), the ITK-deficient patient (Pat.) and his heterozygous brother (Broth.) were stimulated with OKT3 1 µg/ml cross-linked with polyclonal rabbit anti-mouse Ig 2 µg/ml (x-linked OKT3) for 0, 2, 5, 15 and 30 minutes or with PMA 10 ng/ml and ionomycin 1 µM (P+I) for 30 minutes. Protein extracts were separated by SDS-PAGE and immunblotting was performed with mAbs against NFATc2 (P-NFATc2 and NFATc2), phosphorylated ERK-1/2 (P-ERK-1 and P-ERK-2) and actin (Actin) as a loading control. Molecular weight markers in kDa are given on the left (black lines) and names and molecular weights of specific bands are indicated on the right (black arrows).

Figure 60 .

 60 Figure 60. Impaired migration of ITK-deficient T cell blasts. The percentages of CD4 + and CD8 + T cell blasts migrating in a Boyden chamber 5 µm transwell system towards culture medium alone or medium containing the chemokines SDF-1 600 ng/ml, CCL21 300 ng/ml in the presence or not of the chemokine receptor blockers AMD3100 (Plerixafor) and anti-CCR7, are shown for T cell blasts of a healthy control (Ctr. in blue) and the ITK-deficient patient (Pat. in red). The experiment was performed in triplicates with 0.15 x 10 6 T cell blasts and standard deviation scores are indicated by error bars. Data are representative of two independent experiments.

  dimensional secondary structure of its own α-helix and the local hydrogen bond network of the adjacent α-helices, necessary for the correct tertiary structure of LCK. In the patient's PBMCs and T cell blasts and in the transient and retroviral LCK p.L341P overexpression systems only the lower and not yet post-translationally modified 56 kDa band was expressed. 102 The upper 60 kDa band, corresponding to post-translationally modified LCK, was not expressed in the patient and could only be restored partially in the transient overexpression system by inhibiting the proteasomal degradation pathway. 102 As posttranslational lipidation and phosphorylation are important for proper membrane localization

  The development of the residual LCK-deficient T cells might have been driven by preTCR-and TCR:CD3:ζ-dependent or -independent stimuli. In the murine Lck -/-model, stimulation with bacterial superantigens induces IL-2 production in T cells bypassing Lckdependent TCR:CD3:ζ-signalling via the lipid raft enriched heterotrimeric Gα11 protein and PLCβ.475 The second Src kinase Fyn contributes to thymocyte development in Lck-deficient mice because Lck -/-Fyn -/-double-knockout mice have a more severe phenotype with a complete block of αβ T cell development at the DN stage.476 Therefore FYN, that is involved in proximal TCR:CD3:ζ-signalling and that was normaly expressed in the LCK-deficient patient, might have partially compensated for the absence of LCK and allowed for residual αβ T cell development.In Lck-deficient and γδ TCR-transgenic mice, thymic γδ T cell development is impaired, but extrathymic development and maturation of intestinal CD8α + γδ T cells is preserved.477 The putatively skin-homing CD8α + TCRVδ1 + Vγ5 + population found in the LCK-deficient patient might as well have developed extrathymically.Residual MAPK activation was observed in the LCK-deficient patient's T cells, whereas Ca 2+ -flux and phosphorylation of IκBα were completely abolished. This is paralleling the situation in mice harbouring an inducible Lck transgene, where the activation of PLCγ-1 and PKCθ are strictly dependent on Lck, while the MAPK pathway can be activated both by Lck and Fyn. 478 Thus, like for residual thymocyte development, FYN might have been involved in generating residual MAPK-signalling in the LCK-deficient patient.Defective thymocyte development as a consequence of severely reduced preTCR-and TCR:CD3:ζ-signalling strenght might have disturbed mayor thymocyte selection processes that depend on the individual TCR affinity for its cognate self-pMHC. LCK-deficient DP thymocytes that displayed high affinity towards self-pMHCs and physiologically might have succumbed to clonal deletion might have passed positive selection and clonal diversion. LCKdeficient DP thymocytes that bound to self-pMHCs with low or borderline high binding affinity might have been eleminated by neglect (Fig.13). This might have favoured a oligoclonal TCR repertoire responsive towards self-pMHCs instead of foreign pMHCs.The majority of the peripheral CD4 low SP T cells had an activated T EM -like phenotype while the majority of the CD8 low SP T cells had a T EMRA -like phenotype. CD4 + CD25 + FOX-P3 + bona fide T Reg were present in the LCK-deficient patient, but as activated T cells transiently upregulate CD25 and FOX-P3, it remains difficult to discriminate true T Reg from activated T H without specific functional assays.479 The homeostatic peripheral expansion of these oligoclonal T cell populations, resembling LIP and CIP described in the murine model system (Fig.15) might have been driven by below-threshold TCR:CD3:ζ-signalling induced by self-pMHCs and amplified by increased γ c -cytokine signalling, such as IL-2, IL-7 and IL-15, resulting in a proliferation signal.328, 329 . Furthermore in mice harbouring an inducible Lck transgene, TCR:CD3:ζ-signalling in naïve CD8 + T Cyt strongly depends on Lck, whereas T Mem are able to respond to antigen independently of Lck.480 The remaining LCK-deficient T cells were shown to be dysfunctional as illustrated by AICD, a central mechanism of immune contraction and peripheral tolerance.[START_REF] Snow | The power and the promise of restimulation-induced cell death in human immune diseases[END_REF] Another important component of peripheral tolerance are T Reg . The role of T Reg for mucosal immunity has recently been highlighted by the immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome (IPEX), caused by hemizygous FOXP3 mutations.481 The overall number of LCK-deficient bona fide T Reg was low and they most probably were dysfunctional. Thus, disturbed AICD and T Reg -deficiency might have infereed with peripheral tolerance and contributed to the inflammatory bowel disease and sterile skin inflammation found in the LCK-deficient patient.The consequences of LCK-deficiency in the patient reported here were severe and lifelimiting. Early-onset infections were associated with protracted gut disease, failure to thrive, skin and mucosal inflammation and systemic autoimmunity. Especially infections, chronic diarrhea and failure to thrive are commonly seen in a broad range of SCIDs and are due to absent or non-functional T cell immunity.[START_REF] Fischer | Human primary immunodeficiency diseases[END_REF] Skin and mucosal inflammation and systemic autoimmunity, refered to as Omenn syndrome in its most severe manifestation, are often associated with the expansion of oligoclonal αβ and γδ T cell populations and the predominant skin-inflammation in the LCK-deficient patient might have been mediated especially by the CD8α + TCRVδ1 + Vγ5 + population.482 It is possible, that acute and chronic (viral) infections might additionally have contributed to the inflammatory phenotype by further activating the PRR-pathways of the innate immune system.483 Taken as a whole, the alterations of preTCR-and TCR:CD3:ζ-signalling and their consequences for V(D)J-recombination, thymocyte development, central and peripheral tolerance, immune homeostatsis and contraction might have favored the development of oligoclonal and self-reactive LCK-deficient T cells, the loss of T Reg with non-functional capacities and the peripheral expansion of dysregulated memory-like T cells. This might have accounted for the severe immunodeficiency and in concert with acute and chronical (viral) infections might have driven the gradual build-up of mucosal and skin inflammation as well as systemic autoimmunity in the LCK-deficient patient.

  upon a strong stimulation with high concentrations of anti-CD3 some LCK-dependent signals could be observed (Fig. 38 and personal communication with U. Kölsch, Division of Immunology, Berlin, Germany), suggesting residual wildtype LCK expression or LCKindependent mechanisms, as discussed above.

Figure 61 .

 61 Figure 61. Scheme of wildtype LCK and LCK ΔEx7. The domain structure of the wildtype LCK (A) and LCK ΔEx7 (B) proteins and the exons spliced to obtain the particular mRNAs are shown. The N-terminal (NH2) spotted box corresponds to the CD4 and CD8 binding regions and the SH2, SH3 and the C-terminal (COOH) kinase domains are indicated by blue, purple or grey boxes, respectively. The ATP-binding K273, the proton acceptor D364 and the p.L341P substitution (upper arrowhead) are indicated (not drawn to scale). The 26 aa deletion from aa 362 to aa 387 in LCK ΔEx7 is shown by a red line and the disruption of the kinase domain is indicated. Protein coding exons (1-11) and non-coding exons are represented by solid or spotted boxes, respectively, and the c.1022T>C transition in coding exon 9 is indicated (lower arrowhead, not drawn to scale).

  A495fsX75 ZAP-70 mutant offered the opportunity to study the consequences of complete ZAP-70-deficiency for human TCR:CD3:ζ-signalling and to compare it to the data obtained for LCK-deficiency.

Figure 62 .Figure 63 .

 6263 Figure 62. Synopsis of known ZAP-70 mutations. ZAP-70 mutations described in the literature and the novel mutation described here are indicated in black and red, respectively. Their relative localization to the ZAP-70 domains is shown (not drawn to scale).

Figure

  Figure adapted fromAlarcon B, van Santen HM, Sci Signal, 2010. 506 

  70-deficiency pinpoint to a similar mechanisms in men. It might be possible that the same temporal and signalling strenght separation is operational in humans, given that especially CD8 SP lineage choice and agonist-selected innate-like MAIT and NKT cell development are hampered. However, there seem to be different kinetics, signalling strenght requirements or alternative compensatory mechanisms that establish an escape mechanism for CD4 SP T cell development in men. Keeping in mind that murine Lckdeficiency leads to a severe intrathymic block at the DN to DP transition with a profound lack of peripheral CD4 and CD8 SP T cells and human LCK-deficiency only displays oligoclonal CD4 low and CD8 low SP T cells, it might be possible that the functional separation of LCK and ZAP-70 as master kinases for conventional T cell lineage choice is more pronounced in men than in mice.456, 506 Biochemically, proximal TCR:CD3:ζ-signalling in ZAP-70-deficient T cell blasts virtually did not create activating protein tyrosine phosphorylation recapitulating the bottleneck position of ZAP-70.[START_REF] Wang | ZAP-70: an essential kinase in T-cell signaling[END_REF] Particular signalling intermediates such as LAT, PLCγ-1 and PKCθ consequently displayed no or only residual and delayed phosphorylation responses, probably due to alternative signalling pathways. 491 TCR:CD3:ζ-signalling in T cell blasts and primary T cells induced no Ca 2+ -flux in ZAP-70-deficient CD4 + T H but a residual one in the remaining CD8 + T Cyt . TCR:CD3:ζ-induced distal signalling in T cell blasts, i.e. dephosphorylation of NFATc2 and phosphorylation of ERK-1/2, was severely abrogated. Importantly, the signalling intermediates SYK, i.e. the second SYK-family kinase, LAT, PLCγ-1 and PKCθ were relatively overexpressed in ZAP-70-deficient T cell blasts. A temporal separation of the expression and function of the Syk family kinases during thymopoïesis has been established in mice with Syk and Zap-70 necessary for TCR βselection and Zap-70 thereafter dynamically replacing Syk for sustained pre-and αβ TCR:CD3:ζ-signalling. 504, 508 Additionally, human ZAP-70-deficient SYK high CD4 T H have been shown to generate residual MAPK-signalling and to induce class-switch recombination towards IgE in B cells. 491, 493 In our hands however, only ZAP-70-deficient SP CD8 were able to generate an intermediate Ca 2+ -flux while SP CD4 were not. It might be possible that compensatory SYK expression in concert with upregulated LAT, PLCγ-1 and PKCθ equipped some DP T cells with a TCR:CD3:ζ-signalling capacity strong enough to perform SP CD8 lineage commitment, while the majority of them performed LCK-dominated SP CD4 lineage commitment. This again argues for a more pronounced functional separation of the master kinases LCK and ZAP-70 in human versus murine conventional T cell lineage choice.No TCR:CD3:ζ-dependent proliferation following stimulation with lectins or antigens and no effector function was found neither in ZAP-70-deficient CD4 T H nor CD8 T Cyt as documented by absent AICD. B cells that do not express ZAP-70 but strictly depend on SYK were able to produce normal amounts of IgM but only residual amounts of IgG, IgA and specific antibodies were found.509, 510 This additionally argues for defective T H cell function towards B cells. Therefore, even though there was residual Ca 2+ -flux in CD8 T Cyt , the strenght of this signal was not sufficient for effector function maybe as a consequence of ongoing SYK downregulation during SP T cell maturation and after thymic egress.504 The majority of the peripheral CD4 + T H had a T CM -or T EM -like phenotype while the majority of the residual CD8 + T Cyt had a T EM -or T EMRA -like phenotype. It is possible that reduced thymic output was compensated by homeostatic peripheral mechanisms resembling LIP and CIP. As already discussed for LCK-deficiency, this might have been driven by below-threshold TCR:CD3:ζ-signalling induced by self-pMHCs that was amplified by increased γ c -cytokine signalling, such as IL-2, IL-7 and IL-15. 328, 329 In contrast to LCKdeficiency, where especially oligoclonal CD8 low SP were expanded, no obvious peripheral cytokine-driven CD8 SP expansion was found in ZAP-70-deficiency. This might be because ZAP-70-signaling is necessary to reach a cytokine-responsive stage by downregulating SOCS-1 and up-regulating IL-7Rα or because CD4 SP cells that depend more on LCKsignalling might have had an TCR:CD3:ζ-signalling advantage in competing for the ratelimiting IL-7 and therefore occupied the peripheral niche more effectively.299, 323 No signs or symptoms of autoinflammation or autoimmunity were found in the ZAP-70-deficient patient reported here and most ZAP-70-deficient patients present with classical SCID. However, one patient with Omenn syndrome and another with pronounced lymphocytic dermatitis due to ZAP-70-deficiency have been reported.492, 511 Of note, the majority of ZAP-70-deficient individuals succumb to severe infections early in life or a cured by allogeneïc haematopoïetic stem cell transplantation, making it diffiult to exclude the possibility of frequent immunodysregulation later on in life. However, disturbed central tolerance, i.e. reduced expression of autoimmune regulator (AIRE), incomplete terminal differentiation of medullary TEC, reduced intrathymic T Reg cell count and autoimmune mRNA signature of peripheral CD4 + T H have been described for ZAP-70 deficiency, both theoretically predisposing to immunodysregulation. 512 Additionally, negative selection and n.d.: not determined The gDNA, cDNA and protein reference sequences (NG_016276.1), (NM_005546.3) and (NP_005537) are used, respectively. For cDNA the ATG start codon is denominated position +1. The novel mutation described here is given in red.1 Cindy Synaeve and Sylvain Latour, unpublished observation.
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 64 Figure 64. Synopsis of known ITK mutations.ITK mutations described in the literature and the novel mutation described here are indicated in black and red, respectively. Their relative localization to the ITK domains is shown (not drawn to scale).

  expression for the ITK -/-patient and intermediate ITK-expression for the ITK +/-family members, this offered the possibility to compare the effects of global ITK-deficiency and presumable ITK-haploinsufficiency on TCR:CD3:ζ-signalling. Furthermore, the newborn ITK -/-brother had not yet encountered EBV and had not yet developed a CID phenotype directly after birth, thus probably allowing for dissecting developmental from acquired phenotypic and functional alterations of the T cell compartment such as progressive T cell lymphopenia, loss of T cell naïvety and altered TCR:CD3:ζ-signalling strenght. As a consequence of altered TCR:CD3:ζ-signalling strenght, Itk -/-mice have a subtly impaired thymopoïesis with decreased positive selection of conventional αβ T cells. 514 However, they have increased numbers of innate-like αβ T cells that have aquired a memory phenotype during their thymic development and are easily activated in the periphery to produce effector cytokines. 515 In Itk -/-mice TCR:CD3:ζ-induced naïve T cell activation is

  However, recently it has been proposed that ITK controls the spatiotemporal organization of TCR:CD3:ζ-signalling and LAT:SLP-76-signalosomeassembly as an adaptor protein and as a central regulator of actin dynamics via RHO:RAC:CDC42 and switch-associated protein 70 (SWAP-70). 172, 173, 517 Our results suggest that ITK once activated might amplify ITAM phosphorylation directly and/or indirectly. It is clear, that more sophisticated approaches on the systems biology level are necessary, to undoubtly address this intriguing issues of ITK-dose-dependent TCR:CD3:ζsignalling strenght. 518 Ca 2+ -flux, that was completely abrogated in ITK -/-T cells of the index patient, was conserved in ITK +/-T cells and therefore not recapitulating the ITK-dose dependent TCR:CD3:ζ-signalling strenght observed before. Maybe full amplitude of PLCγ-1-mediated Ca 2+ -flux is obtained by suboptimal ITK-signalling strenght in the heterozygous carrier, but

  reduced tonic TCR:CD3:ζ-signalling strenght might thus have contributed to the observed progressive T cell lymphopenia and the loss-of-naïvety. It is tempting to speculate, that like in the murine model, ITK-mediated migration is of special importance for immune responses in the respiratory tract and that this might favour the particular lung localization of EBVassociated Hodgkin`s lymphoma-like lymphoproliferative disease. Future analyses are necessary to test this hypothesis. We report the first case of autosomal recessive human LCK-deficiency, a novel autosomal recessive mutation leading to human ZAP-70-deficiency and a novel autosomal recessive mutation leading to human ITK-deficiency. We provide detailed clinical, immunological and biochemical analyses especially of TCR:CD3:ζ-signalling and compare our findings to the well-established Lck -/-, Zap-70 -/-and Itk -/-murine models. The LCK c.1022T>C mutation lead to residual expression of the instable and kinasedead LCK p.L341P while the ZAP-70 c.1483-1495del13 and ITK c.626G>A mutations abrogated expression of the anticipated ZAP-70 p.A495fsX75 and ITK p.W209X proteins. There was no obvious upregulation of the second SRC family kinase FYN in LCK-deficient T cells, but the second SYK family kinase SYK was found upregulated in ZAP-70-deficient T cells, while the expression level of the TEC family kinases RLK and TEC were not determined in ITK-deficient T cells. As described for the Lck -/-mouse model, in human LCK-deficiency there was disturbed V(D)J-recombination and a profound block at the DP to SP thymocyte transition indicating defective intrathymic pre-and TCR:CD3:ζ-signalling. Consequently, an oligoclonal γδ and αβ TCR repertoire was found, the predominating innate-like γδ T cell population, having a CD8α + TCRVδ1 + Vγ5 + phenotype, was probably expanded extrathymically and the residual conventional αβ T cells had reduced expression of the TCR co-receptors CD4 and CD8, that physiologically bind to LCK. Peripheral innate-like γδ and conventional αβ T cells were found non-functional. Differing from the Zap-70 -/-mouse model, in human ZAP-70-deficiency V(D)Jrecombination was intact and a leaky block in SP T cell lineage commitment was observed, thus indicating intact intrathymic preTCR:CD3:ζ-signalling but a more specific TCR:CD3:ζsignalling defect. Consequently, a polyclonal γδ and αβ TCR repertoire was found, however thymic output was reduced, and conventional CD4 + T H were present while CD8 + T Cyt were profoundly reduced and no innate-like MAIT or NKT cells were detectable. Peripheral innatelike γδ and conventional αβ T cells were found non-functional. Similar to the Itk -/-mouse model, in human ITK-deficiency V(D)J-recombination was not affected and thymic output was slightly reduced, especially reducing the CD8 + T Cyt compartment, but leaving intact agonist-selected innate-like NKT and MAIT cells. However, probably as a consequence of reduced TCR:CD3:ζ-signalling strenght, impaired chemokinesis and chronic EBV-infection peripheral homeostasis was disturbed and led to a progressive lymphopenia and loss-of-naïvety. TCR:CD3:ζ-mediated protein tyrosine phosphorylation was weak in LCK-deficient T cell blast, abrogated in ZAP-70-deficient T cell blasts, and reduced -maybe in a dosedependent-manner -in ITK-deficient T cell blasts. FYN seemed to partially compensate for LCK-deficiency, but ZAP-70 displayed a bottleneck-function in TCR:CD3:ζ-signalling mediated protein tyrosine phosphorylation. ITK-deficiency, even though ITK classically is located downstream of ITAM-phosphorylation where it activates PLCγ-1, still reduced global protein tyrosine phosphorylation, maybe by inferring with LAT:SLP-76-signalosome assembyl and actin dynamics. Ca 2+ -flux was completely abrogated in LCK-deficient CD4 + T H and CD8 + T Cyt and, while there was no Ca 2+ -flux in ZAP-70-deficient CD4 + T H, ZAP-70deficient CD8 + T Cyt displayed an intermediate one. Following the fusion model of kinetic signalling and signalling strenght in SP T cell lineage commitment proposed by Saini and coworkers, increasing signalling strenght in SP CD8 T cells might be mediated especially by compensatory SYK expression and account for residual peripheral CD8 + T Cyt Ca 2+ -flux in ZAP-deficiency. Ca 2+ -flux was found diminished in ITK-deficient newborn T cells, but abrogated in ITK-deficient exhausted T cells, thus reinforcing the role of ITK as a TCR:CD3:ζ-signalling strenght amplifier that might be partially compensated for by RLK in naïve T cells. There was a prominent peripheral homeostatic proliferation especially in LCKdeficient CD8 T Cyt , maybe driven by TCR:CD3:ζ-independent signalling or by belowthreshold TCR:CD3:ζ-signalling induced by self-pMHC that in the context of lymphopenia was amplified by increased γ c -cytokine singalling. This phenomenom was not observed in ZAP-70-deficient CD8 T Cyt possibly reflecting the bottleneck positioning of ZAP-70 in TCR:CD3:ζ-signalling, differential requirements for LCK-and ZAP-70 in γ c -cytokine signalling or a more effective competition of the ZAP-70-deficient CD4 + T H for the ratelimiting IL-7 and the peripheral niche as compared to CD8 + T Cyt . ITK-deficient T cells displayed a progressive lymphopenia and loss-of-naïvety probably as a consequence of reduced TCR:CD3:ζ-signalling strenght and impaired homing to the secondary lymphoïd organs. In conclusion and even though biological samples are extremely scarce, analysing human PIDs remains an important field of translational research. The results obtained in the abovementioned studies might contribute to our knowledge of CIDs, thus facilitate future diagnosis of further LCK-, ZAP-70 and ITK-deficient patients or related TCR:CD3:ζsignalling disorders and set the stage for more timely and hopefully life-saving therapeutical interventions. Additionally, the detailed characterization of novel human CIDs might not only

  

  

  

  

  

  

  

  

  

  [START_REF] Kim | The alphabeta T cell receptor is an anisotropic mechanosensor[END_REF][START_REF] Valitutti | Degradation of T cell receptor (TCR)-CD3-zeta complexes after antigenic stimulation[END_REF] 

  [START_REF] Leahy | Crystal structure of a soluble form of the human T cell coreceptor CD8 at 2.6 A resolution[END_REF][START_REF] Devine | Orientation of the Ig domains of CD8 alpha beta relative to MHC class I[END_REF] Thus, CD4 and CD8 stabilize the interaction of the TCR:CD3:ζcomplex with either MHC class II or MHC class I molecules, respectively.

  6, IL-21, IL-23 and TGF-β, naïve CD4 + T cells upregulate the transcription factors retinoic acid receptor-related orphan receptor γt (RORγt) and STAT-3

and differentiate into IL-17A-, IL-17F-and IL-21-secreting T H type 17 (T H 17) cells. T H 17 are

Table 1 . Gene defects associated with combined immunodeficiencies (CIDs) in humans. Gene Major consequences Ref.

 1 

TRAC (TCRα constant gene)

Impaired αβ TCR expression

Table 2 . Immunological features of the LCK-deficient patient. 23 months 1 29 months 2

 2 

	Lymphocytes (3,600-8,900/µl) 3	2,200	1,300
	T cells (/µl)		
	CD3 + (2,100-6,200)	1,254	520
	CD4 + (1,300-3,400)	154	156
	CD8 + (620-2,000)	1,012	338
	T cells (%)		
	TCRαβ + cells (90-100)	n.d.	64.3
	TCRγδ + cells (0-10)	n.d.	33.5
	CD4 + CD45RA + CD31 + (recent thymic emigrants) (57-65)	7	n.d.
	CD4 + CD45R0 + (7-20)	84	n.d.
	CD8 + CD45RA + (71-94)	91	n.d.
	CD8 + CD45R0 + (6-29)	6	n.d.
	T cell proliferation (cpm x 10 3 )		
	PHA (6.25 µg/ml) (>50)	0.5	1
	OKT3 (50 ng/ml) (>30)	4.0	0
	PMA (10 -7 M) + ionomycin (10 -5 M) (>80)	40	36
	PMA (10 -8 M) + ionomycin (10 -6 M) (>80)	66	31
	Tetanus toxoïd (300 ng/ml) (>10)	2	n.d.
	NK cells (/µl)		
	CD16 + CD56 + (180-920)	440	n.d.
	B cells (/µl)		
	CD19 + (720-2,600)	506	559

Table 3 . CDR3 sequencing of 74 clones of TRAV9-TRAC. Productive rearrangement with ≤100% sequence identity for TRAV9-2 J26

 3 

	V-Gene and allele	TRAV9-2*01	Identity = 100.00% (90/90 nt)
	J-Gene and allele	TRAJ26*01	Identity = 96.23% (51/53 nt)
	CDR-IMGT lenght	[9 aa]	ALRNGQNFV

Table 4 . CDR3 sequencing of 90 clones of TRBV6a-TRBC. Productive rearrangement with ≤100% sequence identity for TRBV6-6 J2-5 D2

 4 

	V-Gene and allele	TRBV6-6*01	Identity = 100.00% (229/229 nt)
	J-Gene and allele	TRBJ2-5*01	Identity = 93.75% (45/48 nt)
	D-Gene and allele	TRBD2*01	D region is in reading frame 2
	CDR-IMGT lenght	[12 aa]	ASSYWGSGETQY

  The LCK c.1022T>C translated into the amino acid substitution LCK p.L341P in the protein kinase domain (NP_001036236). This variation was not found in several databases (NCBI http://www.ncbi.nlm.nih.gov/, UCSC http://genome.ucsc.edu/, 1000 Genomes

	http://www.1000genomes.org/	and	the	NHLBI	exome	project
	http://www.nhlbi.nih.gov/resources/exome.htm). The LCK p.L341P substitution affected a
	phylogenetically conserved α-helix (aa 338-357) close to the active site D364 (UniProtKB
	P06239, Fig. 26B and 28A) and PolyPhen-2 analysis (http://genetics.bwh.harvard.edu/pph2/)

Table 8 . Immunological features of the ITK-deficient patient and the newborn brother.

 8 

	Patient	Newborn
	46 months 52 month	After birth

Table 9 . TCRVβ repertoire of the ITK-deficient patient.

 9 

	TCR Vβ	CD4 + %	CD4 -%	TCR Vβ	CD4 + %	CD4 -%
	Vβ1	2.83 (3.52, 0.77) 1	0.95 (4.91, 1.23)) Vβ12		

Table 11 . Known PID-causing genes on chromosome 1.

 11 

Table 12 . Known human ZAP-70 mutations.

 12 

	n.d.: not determined. The gDNA, cDNA and protein reference sequences NG_007727.1, NM_001079.3 and
	NP_001070.2 are used, respectively. For cDNA the ATG start codon is denominated position +1. The novel
	mutation described here is given in red.
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Abbreviations

Gene defect

The clinical and immunological phenotype of the patient was indicative of a profound T cell immunodeficiency. Taking into account the predominant CD8 + T cell lymphopenia, that had been associated with ZAP-70-deficiency, a mutation in ZAP-70 was plausible and thus examined. [435][436][437] Total RNA was extracted from PBMCs of the patient and then cDNA coding ZAP-70 was obtained by RT-PCR and sequenced (for primer information see Tab. 7).

A deletion of 13 nucleotides, c.1483-1495del13 (NM_001079.3, GCCCGCTCAGCAG) was found (Fig. 43B). At the genomic level, these 13 nucleotides were located in exon 12 of ZAP-70 (NG_007727.1). To determine the cause of this deletion, genomic DNA was isolated from PBMCs of the patient and his parents and exon 12 including flanking intronic regions were sequenced (for primer information see Tab. 7). PBMCs of the patient were found to carry the homozygous nucleotide transition ZAP-70 g.24189G>C/IVS11-1G>C changing the splice acceptor AG of intron 11 into AC (Fig. 43A andB). The patient's parents were found to be heterozygous carriers of the transition and the sibling was not analysed. Most probably, the 13 bp deletion in the mRNA was caused by alternative splicing using a cryptic splice acceptor AG in exon 12 located 13 bp downstream of the mutated intronic splice acceptor. On the protein level, this deletion was predicted in silico to cause a frame shift leading to a different amino acid sequence of 75 residues with a premature stop codon thereafter corresponding to ZAP-70 p.A495fsX75 (NP_001070.2) (Fig. 43C). 

ITK-deficiency

Few cases of human autosomal recessive ITK-deficiency have been described so far and the predominant immunological features are progressive T cell lymphopenia, loss of T cell naïvety and hypogammaglobulinaemia leading to CID. Importantly, human ITKdeficiency displays impaired immunity towards EBV leading to lymphoproliferative disease and Hodgkin's-like lymphoma preferably located to the lungs. 420,463,464 Hardly any detailed TCR:CD3:ζ-signalling studies have been carried out so far in human ITK-deficient T cells and most of our knowledge stems from the Itk -/-mouse model. [START_REF] Andreotti | T-cell signaling regulated by the Tec family kinase, Itk[END_REF] Moreover, EBV is not infecting mice and therefore a hallmark of human ITK-deficiency is not recapitulated by the murine model. 513 We report a novel autosomal recessive ITK missense mutation (c.626G>A) that on the protein level translates into the amorphic ITK p.W209X (Fig. 55). One of the four ITK mutations described so far is located to the N-terminal PH-BH, one to the SH2 and two to the C-terminal kinase domain. The novel ITK mutation described here is the first one located to the SH3 domain (Tab. 13 and Fig. 64). Currently, there is no clear clustering of pathogenic ITK mutations to the kinase domain, e.g. as found for ZAP-70 mutations (Fig. 62). This might indicate that not only the ITK kinase function but as well the ITK adaptor protein features are equally important for proper TCR:CD3:ζ-signalling, but the overall number of known ITK mutations at present is too low to allow for such generalized conclusions.