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Introduction

The anti-thyroid peroxidase (TPO) autoantibodies (aAb) are the most frequently represented aAb in the sera of patients suffering from autoimmune thyroid disease (AITD); they are present in 90% of Hashimoto's thyroiditis and 75% of Graves' disease patients [START_REF] Mariotti | Antithyroid peroxidase autoantibodies in thyroid diseases[END_REF]. In vitro cytotoxic effector functions mediated by TPO-specific aAb, such as C3 complement activation [START_REF] Chiovato | Antibodies producing complement-mediated thyroid cytotoxicity in patients with atrophic or goitrous autoimmune thyroiditis[END_REF][START_REF] Parkes | The role of complement in the pathogenesis of postpartum thyroiditis[END_REF][START_REF] Wadeleux | Cytotoxic assay of circulating thyroid peroxidase antibodies[END_REF]) and antibody-dependent cell cytotoxicity [START_REF] Bogner | Thyroid cytotoxic antibodies in atrophic and goitrous autoimmune thyroiditis[END_REF][START_REF] Guo | Recombinant thyroid peroxidase-specific Fab converted to immunoglobulin G (IgG) molecules: evidence for thyroid cell damage by IgG1, but not IgG4, autoantibodies[END_REF][START_REF] Metcalfe | Analysis of antibody-dependent cell-mediated cytotoxicity in autoimmune thyroid disease[END_REF][START_REF] Rodien | Antibody-dependent cell-mediated cytotoxicity in autoimmune thyroid disease: relationship to antithyroperoxidase antibodies[END_REF][START_REF] Weetman | Affinity purification of IgG subclasses and the distribution of thyroid auto-antibody reactivity in Hashimoto's thyroiditis[END_REF], trigger thyroid cell destruction. Moreover, it has been suggested that thyroidinfiltrating B lymphocytes as antigen-presenting cells through membrane-bound anti-TPO antibodies modulate antigen processing [START_REF] Guo | Autoantibody-mediated capture and presentation of autoantigen to T cells via the Fc epsilon receptor by a recombinant human autoantibody Fab converted to IgE[END_REF][START_REF] Mclachlan | The molecular biology of thyroid peroxidase: cloning, expression and role as autoantigen in autoimmune thyroid disease[END_REF][START_REF] Rapoport | Combinatorial libraries: new insights into human organ-specific autoantibodies[END_REF].

Only one human anti-TPO antibody was obtained by cell immortalization [START_REF] Horimoto | Production and characterisation of a human monoclonal thyroid peroxidase autoantibody[END_REF]). However, McLachlan and Rapoport's group pioneered the application of combinatorial libraries to the study of aAb in thyroid diseases [START_REF] Portolano | A human Fab fragment specific for thyroid peroxidase generated by cloning thyroid lymphocytederived immunoglobulin genes in a bacteriophage lambda library[END_REF], and a large number of human anti-TPO aAb have since been isolated by this group and others [START_REF] Chazenbalk | Human organ-specific autoimmune disease. Molecular cloning and expression of an autoantibody gene repertoire for a major autoantigen reveals an antigenic immunodominant region and restricted immunoglobulin gene usage in the target organ[END_REF][START_REF] Hexham | Cloning and characterisation of TPO autoantibodies using combinatorial phage display libraries[END_REF]Jaume et al. 1994a, b;[START_REF] Jaume | The epitopic fingerprint of thyroid peroxidase-specific Fab isolated from a patient's thyroid gland by the combinatorial library approach resembles that of autoantibodies in the donor's serum[END_REF][START_REF] Mcintosh | Analysis of immunoglobulin G kappa antithyroid peroxidase antibodies from different tissues in Hashimoto's thyroiditis[END_REF][START_REF] Portolano | Recognition by recombinant autoimmune thyroid disease-derived Fab fragments of a dominant conformational epitope on human thyroid peroxidase[END_REF]Portolano et al. , 1993a, b;, b;1995;Prummel et al. 1994a, b). In the last 2 years, about 100 anti-TPO aAb directed against immunodominant or non-immunodominant epitopes have been described [START_REF] Chapal | Human anti-thyroid peroxidase single-chain fragment variable of Ig isolated from a combinatorial library assembled in-cell: insights into the in vivo situation[END_REF][START_REF] Lefranc | IMGT, the international ImMunoGeneTics database[END_REF][START_REF] Guo | Rarity of autoantibodies to a major autoantigen, thyroid peroxidase, that interact with denatured antigen or with epitopes outside the immunodominant region[END_REF][START_REF] Pichurin | Human monoclonal autoantibodies to B-cell epitopes outside the thyroid peroxidase autoantibody immunodominant region[END_REF]. Given this enlarged TPO-specific repertoire, and particularly the numerous Ig gene sequences published to date, we compiled and analyzed the genes encoding these aAb using the international ImMunoGeneTics database (IMGT) (http://imgt.cines.fr), an integrated information system devoted to the study of immunoglobulins, T-cell receptors, and major histocompatibility molecules of several vertebrate species [START_REF] Giudicelli | IMGT, the international ImMunoGeneTics database[END_REF][START_REF] Lefranc | The immunoglobulin Factsbook[END_REF].

TPO-specific heavy chain gene usage in AITD

Ig variable domain sequences encoding TPO aAb have been obtained from Fab and single chain variable fragment (scFv) combinatorial libraries, mainly derived from thyroid-infiltrating B cells of Graves' disease patients [START_REF] Chapal | Human anti-thyroid peroxidase single-chain fragment variable of Ig isolated from a combinatorial library assembled in-cell: insights into the in vivo situation[END_REF][START_REF] Lefranc | IMGT, the international ImMunoGeneTics database[END_REF][START_REF] Chazenbalk | Human organ-specific autoimmune disease. Molecular cloning and expression of an autoantibody gene repertoire for a major autoantigen reveals an antigenic immunodominant region and restricted immunoglobulin gene usage in the target organ[END_REF]Jaume et al. 1994a[START_REF] Jaume | The epitopic fingerprint of thyroid peroxidase-specific Fab isolated from a patient's thyroid gland by the combinatorial library approach resembles that of autoantibodies in the donor's serum[END_REF][START_REF] Portolano | Recognition by recombinant autoimmune thyroid disease-derived Fab fragments of a dominant conformational epitope on human thyroid peroxidase[END_REF]Portolano et al. , 1993a[START_REF] Portolano | Molecular cloning and characterization of human thyroid peroxidase autoantibodies of lambda light chain type[END_REF]Prummel et al. 1994a, b). Only two libraries constructed from thyroid-infiltrating B cells or lymph node B lymphocytes of Hashimoto's patients have been described [START_REF] Hexham | Cloning and characterisation of TPO autoantibodies using combinatorial phage display libraries[END_REF][START_REF] Mcintosh | Analysis of immunoglobulin G kappa antithyroid peroxidase antibodies from different tissues in Hashimoto's thyroiditis[END_REF]. Although we cannot formally exclude that differences observed in IGV gene usage of TPO-specific aAb obtained from the libraries cited in Table 1 (consisting of parts a, b and c) are due to preferential primer amplification of certain IGV genes or gene families, we consider that the data reflect the reality in vivo since the analyses were carried out on more than 180 human anti-TPO aAb obtained from four laboratories that used different primers. Analysis of the heavy chain variable domains of the anti-TPO aAb shows a restriction in the IGHV gene usage in both Graves' and Hashimoto's AITD (Table 1, consisting of parts a, b and c) [START_REF] Mcintosh | Somatic hypermutation in autoimmune thyroid disease[END_REF][START_REF] Mclachlan | Autoimmune response to the thyroid in humans: thyroid peroxidase -the common autoantigenic denominator[END_REF]. The heavy chains of the anti-TPO aAb are mainly encoded by genes of the IGHV1 (75.4%) and IGHV3 (21.2%) subgroups, with a large predominance of the IGHV1-3 gene in thyroid diseases.

Interestingly, IGHV gene analysis of anti-TPO aAb from patients with Graves' disease or with Hashimoto's hypothyroiditis clearly indicates a discrimination in IGHV subgroup usage (Table 2). In Graves' disease, the anti-TPO aAb mainly use IGHV1 subgroup genes (88.9%), with overrepresentation of IGHV1-3 (50.4%) and IGHV1-2 (25.5%). In Hashimoto's thyroiditis, the IGHV3 subgroup (71%) is dominant among the anti-TPO aAb, with a large predominance of IGHV3-21 (47.4%) and IGHV3-23 (18.4%) (Table 1 (consisting of parts a, b and c) and 2). Preferential use of IGHV4, IGHV5, and IGHV6 genes by aAb in autoimmune diseases was suggested by several studies [START_REF] Dijk-Hard I Van, Feld | Increased utilization of the VH6 gene family in patients with autoimmune idiopathic thrombocytopenic purpura[END_REF][START_REF] Melero | The frequent expansion of a subpopulation of B cells that express RF-associated cross-reactive idiotypes: evidence from analysis of a panel autoreactive monoclonal antibodies[END_REF]Pascual and Capra 1992;Pascual et al. 1992a, b, c;[START_REF] Roben | Repertoire cloning of lupus anti-DNA autoantibodies[END_REF]. On the other hand, underexpression of the IGHV1 subgroup in aAb is a very common feature in autoimmune diseases, as demonstrated for numerous autoantigens [START_REF] Bona | Expression and pairing of VH and VL families in murine and human self-reactive antibodies[END_REF]. The overexpression of the IGHV3 subgroup in Hashimoto's thyroiditis and that of the IGHV1 subgroup in Graves' disease seems to be a characteristic of the anti-TPO aAb repertoire, and suggests that there is a skewing of IGHV gene usage in TPO-specific aAb in the sera of patients suffering from autoimmune thyroid diseases.

With regard to the organization of the human IGH locus (Fig. 1), TPO-specific aAb from patients with Graves' disease and from Hashimoto's hypothyroiditis preferentially use D proximal IGHV1 genes and D distal IGHV3 genes, respectively. Two different hypotheses can explain the preferential expression and/or selection of a particular IGHV gene: (1) selection derived from preferential rearrangement due to the gene position in the IGH locus and/or accessibility to the recombinase machinery and (2) functional selection based on the recognition of defined epitopes on the TPO molecule [START_REF] Sasso | Human IgM molecules that bind staphylococcal protein A contain VHIII H chains[END_REF]). The preferential use of the D proximal IGHV5 subgroup gene previously designated 7183 is well documented in mice [START_REF] Bona | Expression and pairing of VH and VL families in murine and human self-reactive antibodies[END_REF]), but the fact that genes from IGHV subgroups are scattered throughout the IGH locus (Fig. 1) does not support the "position" hypothesis. On the other hand, the fact that non-IDR (immunodominant region) TPO-specific aAb show a restricted IGHV1-69 gene usage [START_REF] Pichurin | Human monoclonal autoantibodies to B-cell epitopes outside the thyroid peroxidase autoantibody immunodominant region[END_REF] argues in favor of the second hypothesis.

The D genes used by these aAb show a high diversity with a large number of genes in an inverted orientation of transcription (38%) (Table 1, consisting of parts a, b and c). Inverted D genes are rarely used by aAb, and this event seems to be a peculiarity of anti-TPO aAb. This observation suggests the possible involvement of particular mechanisms such as the use of D genes with irregular spacers (DIR elements) [START_REF] Tuaillon | Use of D gene segments with irregular spacers in terminal deoxynucleotidyltransferase (TdT)+/+ and TdT-/-mice carrying a human Ig heavy chain transgenic minilocus[END_REF], preferential V-D rearrangements (Tuaillon and Capra 2000b), or modulation of terminal deoxynucleotidyltransferase activity (Tuaillon and Capra 2000a) to generate heavy chain diversity in the TPO repertoire. Analysis of D gene usage suggests that there is no apparent restriction in D gene use, whereas IGHJ4 (61.6%) and IGHJ6 (29.9%) are preferentially rearranged among the TPO-directed aAb (Tables 1 (consisting of parts a, b and c), 2) in Graves' disease.

TPO-specific light chain gene usage in AITD

J distal IGKV1 and IGLV1 genes (Fig. 1) are preferentially rearranged in TPO-specific recombinant aAb (Tables 1 (consisting of parts a, b and c) and 2). Within 142 Fig. 1 Germline gene usage of human anti-thyroid peroxidase (TPO) antibodies in relation to their position on the immunoglobulin heavy (IGH), kappa (IGK), and lambda (IGL) variable gene loci. Percentage of anti-TPO clones derived from the corresponding germline gene of patients with Graves' disease (solid bars), and Hashimoto's thyroiditis (open bars). Genes IGKVI-12 and IGKV1-39 could not be differentiated from their duplicated genes IGKV1D-12 and IGK1D-39, respectively. The loci representations were recovered and simplified from the IMGT database and the legend may be found at http://imgt.cines.fr v Table 1a Human anti-thyroid peroxidase (TPO) antibody fragments isolated from combinational libraries. Antibodies showing in-cell H/L associations are boxed 2000). Concerning the TPO-specific IGL repertoire, few anti-TPO recombinant Fab expressing a λ light chain have been characterized and sequenced. This is probably due to the fact that only a few libraries have been constructed using λ-specific amplification primers [START_REF] Jaume | The epitopic fingerprint of thyroid peroxidase-specific Fab isolated from a patient's thyroid gland by the combinatorial library approach resembles that of autoantibodies in the donor's serum[END_REF][START_REF] Mcintosh | Analysis of immunoglobulin G kappa antithyroid peroxidase antibodies from different tissues in Hashimoto's thyroiditis[END_REF]Prummel et al. 1994b). The decision by other authors to use only κ-specific amplification primers for library construction was based on the fact that κ-chain TPO aAb predominated in the sera of the thyroid disease patients from whom the library originated [START_REF] Chazenbalk | Human organ-specific autoimmune disease. Molecular cloning and expression of an autoantibody gene repertoire for a major autoantigen reveals an antigenic immunodominant region and restricted immunoglobulin gene usage in the target organ[END_REF][START_REF] Guo | Rarity of autoantibodies to a major autoantigen, thyroid peroxidase, that interact with denatured antigen or with epitopes outside the immunodominant region[END_REF][START_REF] Hexham | Cloning and characterisation of TPO autoantibodies using combinatorial phage display libraries[END_REF][START_REF] Pichurin | Human monoclonal autoantibodies to B-cell epitopes outside the thyroid peroxidase autoantibody immunodominant region[END_REF][START_REF] Portolano | A human Fab fragment specific for thyroid peroxidase generated by cloning thyroid lymphocytederived immunoglobulin genes in a bacteriophage lambda library[END_REF][START_REF] Portolano | Recognition by recombinant autoimmune thyroid disease-derived Fab fragments of a dominant conformational epitope on human thyroid peroxidase[END_REF]Portolano et al. , 1993a, b), b). Using a mixture of κand λspecific primers, we recently obtained numerous λ anti-TPO scFv by an in-cell library and random combinatorial libraries (Table 1, consisting of parts a, b and c) [START_REF] Chapal | Human anti-thyroid peroxidase single-chain fragment variable of Ig isolated from a combinatorial library assembled in-cell: insights into the in vivo situation[END_REF][START_REF] Lefranc | IMGT, the international ImMunoGeneTics database[END_REF]. Analysis of this enlarged λ-derived TPO repertoire revealed a dominant use of the IGLV1 subgroup in thyroid diseases, with two genes mainly found, IGLV1-51 (47.4%) and IGLV1-40 (26.3%) (Tables 1 (consisting of parts a, b and c), 2). Autoantibodies with λ light chains have been described in various autoimmune diseases [START_REF] Cairns | Analysis of variable region genes encoding a human anti-DNA antibody of normal origin. Implications for the molecular basis of human autoimmune responses[END_REF]Prummel et al. 1994a, b;[START_REF] Ravirajan | Genetic, structural and functional properties of an IgG DNA-binding monoclonal antibody from a lupus patient with nephritis[END_REF][START_REF] Serrano | Nucleotide sequences of variable regions of an human anti-acetylcholine receptor autoantibody derived from a myasthenic patient[END_REF][START_REF] Song | Molecular and genetic characterization of two anti-DNA antibodies derived from patients with systemic lupus erythematosus[END_REF]; in particular, λ anti-TSHr aAb are involved in thyroid stimulation in patients with Graves' disease [START_REF] Knight | Thyroidstimulating autoantibodies usually contain only lambda-light chains: evidence for the "forbidden clone" theory[END_REF][START_REF] Williams Rc | Kappa/lambda immunoglobulin distribution in Graves' thyroid-stimulating antibodies. Simultaneous analysis of C lambda gene polymorphisms[END_REF][START_REF] Zakarija | Thyroid-stimulating antibody (TSAb) of Graves' disease[END_REF]. Moreover, five IGLV1-40-and one IGLV1-51-derived anti-Tg aAb have been isolated from a combinatorial library constructed from a patient with Hashimoto's thyroiditis [START_REF] Mcintosh | Cloning and analysis of Igκ and Igλ anti-thyroglobulin autoantibodies from a patient with Hashimoto's thyroiditis: evidence for in vivo antigen-driven repertoire selection[END_REF][START_REF] Mcintosh | Somatic hypermutation in autoimmune thyroid disease[END_REF].

H/L pairing of TPO aAb

Chain pairing in a TPO-selected random library can contain in vivo H/L combinations as suggested by "roulette" studies [START_REF] Costante | Recombinant thyroid peroxidase-specific autoantibodies. II. Role of individual heavy and light chains in determining epitope recognition[END_REF]Portolano et al. 1993a). This was demonstrated by comparison of H/L combinations obtained from an in-cell library with those obtained from various random libraries [START_REF] Chapal | Thyroid peroxidase autoantibodies obtained from random single chain Fv libraries contain the same heavy/light chain combinations as occur in vivo[END_REF]). However, only TPO-directed aAb from an in-cell combinatorial library [START_REF] Chapal | Human anti-thyroid peroxidase single-chain fragment variable of Ig isolated from a combinatorial library assembled in-cell: insights into the in vivo situation[END_REF] and clone 2G4 obtained from cell fusion [START_REF] Horimoto | Production and characterisation of a human monoclonal thyroid peroxidase autoantibody[END_REF]) formally reflect the in vivo situation (Table 1, consisting of parts a, b and c). Although a previous study described the lack of promiscuity between TPO-specific heavy and light chains (Portolano et al. 1993a), an extensive analysis of H/L rearrangements of anti-TPO aAb does not show apparent restriction in H/L pairing (Table 1, consisting of parts a, b and c). Indeed, the heavy chains encoded by the dominant IGHV1-3 gene are associated with light chains encoded by 11 of 18 different IGKV or IGLV genes (Table 1, consisting of parts a, b and c). Reciprocally, the most frequently used light chain genes, i.e., IGKV1-39, IGLV1-40, and IGLV1-51, are combined with around 50% of the IGHV genes used by TPO aAb. Overrepresentation of IGHV1-3/IGKV1-39, IGHV1-3/IGHLV1-51, and IGHV1-3/IGLV1-40 pairings probably reflects the predominance of the expressed IGHV, IGKV, and IGLV genes in the TPO antibody repertoire. The clones resulting from an in-cell library and from cell fusion show the IGHV1-3/IGLV1-51, IGHV1-69/IGLV1-40, and IGHV3-53/IGKV3-20 associations found respectively in 14, 1, and none of the anti-TPO aAb obtained from random combinatorial libraries (Table 1, consisting of parts a, b and c). These observations indicate the need to enlarge the number of in vivo clones to definitively conclude that there is a restricted H/L pairing in TPOspecific aAb, even though it is possible to obtain at least part of the in vivo anti-TPO repertoire with combinatorial libraries.

Amino acid multi-sequence alignment of TPO-specific aAb

Whereas numerous somatic hypermutations are observed in TPO-specific heavy chains whatever the library origin (Table 3, consisting of parts a, b and c)), there is no or only limited amino acid replacement in most TPO-specific light chains, particularly those encoded by the J proximal IGLV2-14, IGKV1-9, IGKV3-11, IGKV3-15, IGKV3-20, and IGKV4-1 genes (Tables 1 (consisting of parts a and b), 5). The pattern of mutations in IGHV genes from anti-TPO aAb is typical of an antigen-driven selection during AITD. On the other hand, preferential usage of J proximal IGLV or IGKV genes for some TPO aAb, with little or no residue mutations, strongly suggests a defect in receptor editing of the light chain during aAb generation in AITD, as demonstrated for lupus-associated anti-DNA aAb [START_REF] Bensimon | Human lupus anti-DNA autoantibodies undergo essentially primary V kappa gene rearrangements[END_REF][START_REF] Chen | Editing disease-associated autoantibodies[END_REF]. In this case, certain TPO-specific B cells might have been blocked in their capacity to turn off their autoreactivity by light chain replacement, leading to the acquisition of a new specificity.

As previously suggested by others [START_REF] Mcintosh | Analysis of immunoglobulin G kappa antithyroid peroxidase antibodies from different tissues in Hashimoto's thyroiditis[END_REF]Portolano et al. 1993b[START_REF] Portolano | Molecular cloning and characterization of human thyroid peroxidase autoantibodies of lambda light chain type[END_REF] and confirmed by our recent publications [START_REF] Chapal | Human anti-thyroid peroxidase single-chain fragment variable of Ig isolated from a combinatorial library assembled in-cell: insights into the in vivo situation[END_REF][START_REF] Lefranc | IMGT, the international ImMunoGeneTics database[END_REF], extensive analysis of somatic hypermutations among IGHV1-3, IGHV1-2, and IGKV1-39 dominant-derived aAb indicate that certain residue replacements (e.g., Ile39 and Thr95 for IGHV1 genes) are systematically found in the majority of TPO-specific aAb independently of the library, but other amino acid mutations are mostly library or patient specific (Tables 3 (consisting of parts a, b and c), 4 (consisting of parts a and b), and 5). These observations support the hypothesis that the hypermutation process could be the hallmark of the TPO aAb repertoire.

Table 3a

Amino acid sequences of human anti-TPO antibody IGHV chains aligned with the closest putative germline genes. Designation of the complementarity determining regions (CDR) and framework regions (FR) are according to IMGT [START_REF] Lefranc | The immunoglobulin Factsbook[END_REF][START_REF] Lefranc | IMGT, the international ImMunoGeneTics database[END_REF]. Only substituted amino acids are shown. Antibody sequences were obtained from databases except antibodies WR1.223, KMI, WR1.102, WR1.107, and WR1.112. Boxed amino acids at the N-terminus correspond to possible primer-derived sequences

Table 3b

Table 4a Amino acid sequences of human anti-TPO antibody IGKV chains aligned with the closest putative germline genes. Designation of the complementarity determining regions (CDR) and framework regions (FR) are according to IMGT [START_REF] Lefranc | The immunoglobulin Factsbook[END_REF][START_REF] Lefranc | IMGT, the international ImMunoGeneTics database[END_REF]. Only substituted amino acids are shown. Antibody sequences were obtained from databases except antibodies WR1.223 and KM1. Boxed amino acids at the N-terminus correspond to possible primer-derived sequences

Table 4b

Table 5 Amino acid sequences of human anti-TPO antibody IGLV chains aligned with the closest putative germline genes. Designation of the complementarity determining regions (CDR) and framework regions (FR) are according to IMGT [START_REF] Lefranc | The immunoglobulin Factsbook[END_REF][START_REF] Lefranc | IMGT, the international ImMunoGeneTics database[END_REF]. Only substituted amino acids are shown. Antibody sequences were obtained from databases except antibodies WR1.102, WR1.107, and WRI.112.

Boxed amino acids at the N-terminus correspond to possible primer-derived sequences

Correlation between Ig gene usage and TPO-specific antibody epitopes

Pairing of one defined heavy chain with different light chains does not alter antigen binding (Burton andBarbas 1992, 1994). This observation strongly suggests that the heavy chain initiates the formation of the antigen/antibody complex and thereby provides the specificity of the interaction, whereas its light chain counterpart stabilizes the interaction with subsequent affinity modulation [START_REF] Noel | Analysis of the individual contributions of immunoglobulin heavy and light chains to the binding of antigen using cell transfection and plasmon resonance analysis[END_REF]. Such an effect of the anti-TPO aAb light chain on affinity is less conclusive, since neither IGKV nor IGLV gene usage of anti-TPO aAb has been shown to modulate antigen affinity [START_REF] Chapal | Human anti-thyroid peroxidase single-chain fragment variable of Ig isolated from a combinatorial library assembled in-cell: insights into the in vivo situation[END_REF][START_REF] Chapal | Thyroid peroxidase autoantibodies obtained from random single chain Fv libraries contain the same heavy/light chain combinations as occur in vivo[END_REF][START_REF] Mcintosh | Analysis of immunoglobulin G kappa antithyroid peroxidase antibodies from different tissues in Hashimoto's thyroiditis[END_REF][START_REF] Portolano | A human Fab fragment specific for thyroid peroxidase generated by cloning thyroid lymphocytederived immunoglobulin genes in a bacteriophage lambda library[END_REF][START_REF] Portolano | Recognition by recombinant autoimmune thyroid disease-derived Fab fragments of a dominant conformational epitope on human thyroid peroxidase[END_REF]Portolano et al. , 1993b)). On the other hand, several groups have pointed out that domain A of the TPO immunodominant region (IDR/A) is preferentially recognized by TPO-specific aAb with the IGKV1-39 light chain, whereas TPOspecific aAb showing other IGKV light chains map in domain B of the IDR (IDR/B) (Table 1, consisting of parts a, b and c) [START_REF] Chazenbalk | Human organ-specific autoimmune disease. Molecular cloning and expression of an autoantibody gene repertoire for a major autoantigen reveals an antigenic immunodominant region and restricted immunoglobulin gene usage in the target organ[END_REF][START_REF] Costante | Recombinant thyroid peroxidase-specific autoantibodies. II. Role of individual heavy and light chains in determining epitope recognition[END_REF][START_REF] Guo | Relationship between autoantibody epitopic recognition and immunoglobulin gene usage[END_REF][START_REF] Jaume | Influence of the light chain repertoire on immunoglobulin genes encoding thyroid autoantibody Fab from combinatorial libraries[END_REF][START_REF] Jaume | The epitopic fingerprint of thyroid peroxidase-specific Fab isolated from a patient's thyroid gland by the combinatorial library approach resembles that of autoantibodies in the donor's serum[END_REF][START_REF] Mcintosh | Analysis of immunoglobulin G kappa antithyroid peroxidase antibodies from different tissues in Hashimoto's thyroiditis[END_REF][START_REF] Portolano | Molecular cloning and characterization of human thyroid peroxidase autoantibodies of lambda light chain type[END_REF]. This IDR/B has been at least partially identified even though the location of the IDR on the TPO molecule is still under debate. Region 713-721 is located on the C-terminal myeloperoxidase-like domain of the TPO molecule; this region, recognized by murine Mab 47/C21 antibody [START_REF] Finke | Determination at the molecular level of a B-cell epitope on thyroid peroxidase likely to be associated with autoimmune thyroid disease[END_REF][START_REF] Libert | Thyroperoxidase, but not the thyrotropin receptor, contains sequential epitopes recognized by autoantibodies in recombinant peptides expressed in the pUEX vector[END_REF] and by serum polyclonal TPO aAb [START_REF] Libert | Thyroperoxidase, but not the thyrotropin receptor, contains sequential epitopes recognized by autoantibodies in recombinant peptides expressed in the pUEX vector[END_REF][START_REF] Ruf | Relationship between immunological structure and biochemical properties of human thyroid peroxidase[END_REF], was initially thought to be outside the IDR [START_REF] Chazenbalk | Human organ-specific autoimmune disease. Molecular cloning and expression of an autoantibody gene repertoire for a major autoantigen reveals an antigenic immunodominant region and restricted immunoglobulin gene usage in the target organ[END_REF]. Furthermore, mutations in the 713-721 region do not affect the recognition of aAb directed against IDR [START_REF] Nishikawa | The quest for the autoantibody immunodominant region on thyroid peroxidase: guided mutagenesis based on a hypothetical threedimensional model[END_REF]. On the other hand, high concentrations of IDR/B-specific aAb TR1.9 inhibited the binding of Mab47/C21 to TPO [START_REF] Guo | Relationship between autoantibody epitopic recognition and immunoglobulin gene usage[END_REF] and mapped an epitope comprising amino acid residue K713 (Guo et al. 2001), suggesting that region 713-721 is located on the fringe of an IDR. The crystal structure of the Fab TR1.9 has been solved [START_REF] Chacko | Structural studies of human autoantibodies[END_REF], but in the absence of the three-dimensional structure for the complex of TR1.9 with TPO, it is difficult to determine the structural details of the binding. The role IGLV genes play in affecting anti-TPO specificity remains to be elucidated. The initially described λ-derived anti-TPO aAb had low affinity and were directed against TPO-IDR/B [START_REF] Portolano | Molecular cloning and characterization of human thyroid peroxidase autoantibodies of lambda light chain type[END_REF]Prummel et al. 1994b). In contrast, some of our λ-derived aAb demonstrated high affinity to TPO and inhibited the binding of a majority of the serum aAb to TPO [START_REF] Bresson | Pertinence of kappa and lambda recombinant antibodies directed against thyroid peroxidase in thyroid autoimmune disease[END_REF][START_REF] Chapal | Thyroid peroxidase autoantibodies obtained from random single chain Fv libraries contain the same heavy/light chain combinations as occur in vivo[END_REF], suggesting that these aAb recognized the IDR (defined by epitope mapping using BIACORE as regions II, VI, and VIII) (Table 1, consisting of parts a, b and c). Future studies involving λ-derived aAb such as T13/VI, B4/VIII, or ICA5/II and Fab defining IDR/A and /B (WR1-7, SP1-4, TR1-8, and TR1-9) could shed new light on the epitope specificity and gene usage of these aAb that recognize IDR.

Recently, [START_REF] Pichurin | Human monoclonal autoantibodies to B-cell epitopes outside the thyroid peroxidase autoantibody immunodominant region[END_REF] produced and characterized human recombinant aAb by phage display technology binding outside the TPO-IDR (defined as non-IDR). All these heavy chains are encoded by IGHV1-69, with an extremely long CDR3, and paired with different types of light chains, suggesting that non-IDR specificity is determined primarily by a common heavy chain. Interestingly, almost all IDR-specific aAb obtained in the same experiment use IGHV1-2 and IGHV1-3, as is also the case for a majority of the IDR aAb previously described (Table 1, consisting of parts a, b and c). Does IGHV1-2 or IGHV1-3 gene usage reflect a particular TPO-IDR specificity of recombinant aAb? Even though the methodologies used to define epitope recognition of anti-TPO recombinant aAb are different, these results reveal the difficulty of correlating gene usage with epitope recognition of TPO-specific aAb.

Conclusion

Several laboratories have produced and characterized numerous human anti-TPO aAb, leading to an enlarged autoantibody repertoire. Analysis of these antibodies using the IMGT database [START_REF] Giudicelli | IMGT, the international ImMunoGeneTics database[END_REF][START_REF] Lefranc | IMGT, the international ImMunoGeneTics database[END_REF][START_REF] Lefranc | The immunoglobulin Factsbook[END_REF][START_REF] Lefranc | IMGT, the international ImMunoGeneTics database[END_REF]) reveals several characteristics of the TPO-specific aAb repertoire: (1) a restriction in the IGV gene usage to generate anti-TPO aAb in AITD, (2) a VDJ recombination process using preferentially inverted D genes, (3) limited somatic mutations of J proximal light chain genes suggesting a defect in receptor editing in AITD, and (4) presence of certain somatic mutations systematically in the anti-TPO aAb repertoire. The annotations described in this paper and the protein display will soon be available as a new specialized IMGT page on human anti-TPO aAb genes. This page will evolve with time and integrate all the sequences devoted to autoantibodies that are published in the future.

  

Table 1b Table 2

 1b2 Germline genes used by the human TPO-specific autoantibody repertoire (ND not determined by IMGT/V-QUEST) N=38 for IGKV and for IGKL the IGKV1 subgroup, a strong restriction is observed: 72.8% of the κ anti-TPO aAb are encoded by genes derived from the IGKV1-39 (or IGKV1D-39) gene in Graves' disease (Tables 1 (consisting of parts a, b and c) and 2)[START_REF] Mcintosh | Somatic hypermutation in autoimmune thyroid disease[END_REF] McLachlan and Rapoport 

			% b		34.2		26.3		36.8		2.6														
			IGLJ gene n		IGLJ1 13		IGLJ2 10		IGLJ3 14		ND 1														
			% b IGLV gene n % b		17.4 IGLV1-40 10 26.3	IGLV1-44 2 5.2	36.9 IGLV1-51 18 47.4		1 2.6 2.9 IGLV2-8	3 7.9 IGLV2-14	14.5	1 2.6 IGLV3-21	2 5.2 2.9 IGLV3-25	1 2.6 2.9 IGLV7-43	22.3			13.1		2.6		10.5		63.0	10.5
			% b IGKJ gene n		0.9 IGKJ1 18	2.9	1.9 IGKJ2 38	72.8	IGKJ3 3	2.7	IGKJ4 15	9.7	6.8 IGKJ5 3	1.9 ND 3	-d 23			42.1 IGKJ1 5	2.6	2.6 IGKJ2 1	44.7	IGKJ3 4	2.6	5.2 IGKJ4 24	IGKJ5 4
	Thyroid IG variable gene usage a	disease	IGHV gene n % b % b IGKV gene n IGHJ gene n	Graves' disease c	2 1.4 IGKV1-5 1 IGHV1-2 35 25.5 IGHJ1	IGKV1-12 3 IGHV1-3 69 50.4	7.5 5.4 IGKV1-13 2 IGHV1-8 2 1.4 IGHJ3	IGKV1-39 75 IGHV1-69 16 11.6	84.5 61.6 IGHJ4	IGKV2-28 3 IGHV3-23 2 1.4	29.9 41 IGHV3-30 2 1.4 IGHJ6	IGKV3-11 10 IGHV3-53 3 2.2	1.4 IGKV3-20 7 2 IGHV3-64 3 2.2 -d	IGKV4-1 2 IGHV4-30-4 1 0.7	IGHV5-51 2 1.4	-d 2 1.4	Hashimoto's disease	5.2 IGKV1-9 16 2 IGHV1-3 9 23.7 IGHJ4	IGKV1-12 1 IGHV1-8 1 2.6	1 47.4 IGKV1-27 18 IGHJ5	IGKV1-39 17 IGHV3-21 18 47.4	47.4 18 IGHV3-23 7 18.4 IGHJ6	1 IGKV3-15 IGHV3-48 1 2.6	2 IGKV3-20 IGHV3-53 1 2.6	IGHV4-31 1 2.6

a IGHD gene usage is not indicated since numerous anti-TPO antibody gene sequences present the same alignment score with different germline genes b %=n/N×100, where n=number of anti-TPO IGHV genes in the IGHV subgroup and N=total number of anti-TPO IGHV genes studied c N=37 for IGHV and for IGHJ; N=103 for IGKV and for IGKJ; N=38 for IGLV and for IGLJ d Nucleotide sequences not annotated by IMGT/V-QUEST e N=35 for IGHV and for IGHJ;
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Table 3c