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Introduction

Human possess a remarkably adaptive immune system that can recognize in a very specific manner pathogens like bacteria, fungi, parasites and viruses. It is also able to remember pathogens that have been previously encountered and quickly eliminates the recurrent pathogens by mobilizing a more efficient secondary immune response. In this way, the composition of the adaptive immune system is a snapshot of a subject's state, but also a representation of his immune history 1 .

One of the cell lineages that composed the adaptive immune system is T lymphocytes (TL). The ontogenesis of TLs, also known as thymopoiesis, begins in the bone marrow and ends at the exit of the thymus. In the thymus, TLs acquire at their surface a receptor that recognizes antigens: the T-Cell Receptor (TCR). The TCR defines the specificity of these cells as it allows TLs to recognize antigens presented by antigen presenting cells (APC) in the form of a peptide bound to the major histocompatibility complex (MHC).

Each TL expresses a single TCR and the set of all TCRs is known as the TCR repertoire.

During thymopoiesis, the haematopoietic precursors undergo several steps, like random genomic recombination or thymic selection to generate a pool of functional lymphocytes that are exported in the periphery. A unique TCR equip each of these lymphocytes, as a weapon for a soldier, through its lifespan. To constitute an army that will be able to fight the different pathogens that will be encountered during life, the admitted dogma based on the clonal selection model 2 claimed that the different steps of production and selection eliminated lymphocytes bearing TCR specific for self-antigens, allowing the selection of a TCR repertoire specific for the non-self, composed of clones with unique specificity. So that, the TCR repertoire is able to recognize a multitude of antigens and the activation of lymphocytes through the recognition of their cognate antigens results in the constitution of a pool of activated memory T lymphocytes protecting our self. One of the most fundamental questions in adaptive immunity is how T-cells discriminate antigens? How do they recognize an autologous from an allogeneic one? A dangerous from a harmless? A malign from a foetal? In a Manichean model, if we consider that T effector cells (Teff) are inflammatory and the T regulatory cells (Treg) control this inflammatory reaction: do they recognize the same antigens? Deciphering the specificity of TCR repertoire for antigens is one of the major problems of modern immunology 3 .

Only the number of TCR matches the number of questions arising from the TCR repertoire and their implications in human biology and medicine.

The major aim of this work is to investigate the TCR repertoire generation. In this manuscript, the current knowledge about TCR repertoire generation is summarized. This knowledge presents different "grey zone" that found explanation in overlooked published data concerning the heterologous immunity. Together, the data concerning heterologous immunity and this work converge to the conclusion of a highly specific immune response based on T-cell receptor not so specific.

T-cell receptor: stochastic to specific.

Discovered in the early 1980s, a few years after the discovery of MHC to which it is closely related, the TCR was first detected thanks to the development of monoclonal antibodies. They allowed the recognition of the TCR and their specific binding on this CD3-associated surface heterodimer, resulting in activation of the T lymphocytes 4,5 . In parallel of the detection of this receptor, researchers focused on the transcripts and the genes encoding the TCR. The conserved structure of these proteins with some variant sequences, like immunoglobulins, oriented research teams to genes having variable and constant regions, with a recombination mechanism. Sequences analysis of genes encoding the TCR confirmed these hypotheses, both in mice and in humans [6][7][8] . As for immunoglobulins, the recombination mechanisms allow the generation of unique TCR hypothetically able to recognize all the antigens. This hypothesis is the one admitted and tough. It is the one that I have learnt. However, considering previously published papers, this assumption should have to be moderated.

How TCR can be so diverse?

TCR is a transmembrane heterodimer composed of two glycoprotein chains. There are four types of chains: nearly 95% of lymphocytes carry the α and β chains dimer and 5% carry on the γ and δ chains 9 . Each chain is divided in four segments (Fig. 1a):

-Cytoplasmic C-terminal region: Its length is about 5 to 12 amino acid that is too short to transfer a cytoplasmic activation signal.

-Transmembrane constant region: this predominantly hydrophobic sequence has a lysine residue in its centre. This positively charged and highly conserved amino acid allows interaction with the CD3 coreceptor chains.

-Extracellular constant region (TRC): it is specific for α and β. For the α chain, there is only one TRC and two for the β chain, discriminated by 6 aa. Each chain contains a cysteine proximal to the transmembrane region that is involved in the formation of inter-chain disulphide bond.

-N terminal extracellular variable region: length of about 100aa, with an intra-disulphide loop.

The N-terminal domain contains the hypervariable or "complementary determining region" (CDR) involved in contact with the peptide complexed with the molecular histocompatibility complex (MHC) and therefore in the antigen recognition. There are 3 CDRs by chain. The CDR1 and CDR2 sequences are germline encoded and define each V gene, while the CDR3 is the product of a somatic recombination, forming the whole V domain (Fig. 1b): CDR1 and CDR2 are germline encoded, whereas CDR3 is made by random addition and deletion of nucleotides (blue for αTCR and orange for βTCR) 10 .

A highly diverse TCR repertoire is seen to be a fundamental and necessary property of an effective immune system to efficiently control pathogens infections 11 . Through the recombination process, junctional diversity and combinatory diversity, the TCR repertoire has the potential to be composed of more TCR than the number of cells that composed the human body 12 . In this part, we will describe evidences showing why the TCR repertoire is one of the most diverse and complicated biologic objects.

V(D)J recombination and genomic organisation

The diversity of the TCR is in part due to the organisation of the genes encoding its primary protein entity. Dr Marie Paul Lefranc and her team have done the major work for the description of the TCR loci and the genes that encode the TCR 13 . Notably, IMGT implemented an international nomenclature, recognized by WHO and adopted by NCBI, the major gene bank database. The aim of IMGT is to provide standardized reference of TCR annotation and, more generally, for all immunogenic object. TCR loci are divided into different families of genes: V, D and J. Unlike many other genes, TCRs are not functionally encoded in the genome. Genes encoding the TCR consist of different noncontiguous loci, which by recombination will form a complete TCR sequence. This is the first mechanism underlying the diversity of the TCR repertoire.

In human, genes encoding the α chain (TRA) are located on the chromosome 14, loci 14q11-12 and lay on nearly 1000kb. There are 49 V genes (TRAV) over 41 groups 14 , 61 J genes (TRAJ) 15 et 1 C genes (TRAC). TRAV 5' genes are close to the centromere and TRAC 3' are the most telomeric ones. Within these sequences, only 43 are functional for TRAV, 58 for TRAJ and only one for TRAC. TRAVJ recombination can rearrange these 101 genes into 2494 unique germline encoded TRAVJ gene combinations.

Similarly, genes encoding the β chain (TRB) are located on the chromosome 7, loci 7q35 and lay on nearly 620kb. There are 68 V genes (TRBV), 2 D genes (TRBD), 14 J genes (TRBJ) and 2 C genes (TRBC). All TRBV loci, except TRBV30, precede a duplicated cluster D-J-C. The first cluster is made of 1 TRBD, 6 TRBJ, and TRBC1 gene. Second one is made of 1 TRBD, 7 TRBJ and TRBC2 gene. TRBV1 gene is the most centromeric in 5' whereas TRBV30 in 3' is the most telomeric. The total number of functional genes comprises up to 54 TRBV, 2 TRBD, up to 13 TRBJ and 2 TRBC. V, D and J recombination can rearrange these 71 genes into 2808 unique germline encoded gene combinations.

Even if the germline possibilities represent more than 7.10 6 gene combinations, it is only 5% of the possible diversity of the abTCR 16 .

All these genes are the roots of the TCR repertoire germinal diversity. During thymopoiesis, these genes are rearranged to produce a functional protein. As for immunoglobulin genes, each of the V, D and J genes are flanked by recombination signal sequences (RSSs). They are composed of a heptamer and a nonamer, of conserved structure, separated by a random sequence of 12 or 23 nucleotides. The rearrangement mechanism operates according to the 12/23 rule. The V genes have at their 3 'end an RSS, the J segments at their 5' end and the D segments at their 5 'and 3' end.

For the beta chain, two successive recombinations are observed. First, a D gene assembles with a J gene with a deletion of the intermediate portion to create a preliminary DJ gene. Second, one of the V genes is joined to the rearranged DJ segment with deletion of the intermediate fraction to create a rearranged V(D)J gene (Figure 2).

The somatic rearrangement of the alpha chains is different due to the absence of D genes. The synthesis of the alpha chain begins with the assembly of a V gene with a J gene and a deletion of the DNA segments between these two loci. This mechanism is called V-J rearrangement and is performed thanks to the enzymatic complex RAG (recombination activating genes). This complex is composed of 2 proteins RAG1 17 and RAG2 18 identified in the early 90's. They are expressed in T lymphocytes at the early stage of their development, although few studies indicated peripheral (re)-expression 19 .

The presence of this complex is crucial for the adaptive immune system because it is also this system that allows the synthesis of BCR. In humans, RAG gene mutations cause severe combined immunodeficiencies 20 .

Selection of the different V, D and J genes for recombination has been for a while supposed to be stochastic. However, recent results have shown that these genes are targeted for recombination based on different factors 21 . Indeed, there are wide variation in the heptamer, nonamer and spacer quality and these variations in RSS could contribute significantly to non-stochastic recombination frequency 22 . Moreover, the accessibility of the chromatin and the epigenetic states seems also to influence the recombination process of the TCR 23,24 .

Junctional diversity

The second mechanism involved in repertoire diversity is the junctional diversity.

During the rearrangement of the different gene segments V, D and J of the TCR, the double-strand breaks are formed in hairpin loops and must joined together to form a single DNA molecule. To do so, deletion and addition of nucleotides at the junctional regions of V, D and J genes are performed under the action of different enzymes. This expands the diversity by junctional diversification arising from the addition of nucleotides by Artemis and the Terminal deoxynucleotidyl Transferase (TdT) and from the exonuclease trimming of the recombining gene ends.

Just after the action of the RAG proteins, DNA repair protein Artemis are responsible for single-stranded cleavage of the hairpin loops and addition of a series of palindromic nucleotides P that are inserted as a result of imprecise joining during V(D)J recombination 25 . The action of Artemis is a crucial step of V(D)J recombination and mutations in Artemis gene also cause severe combined immunodeficiencies 26 . Once Artemis has added nucleotides, the addition of random nucleotides by a specific enzyme: the terminal deoxynucleotidyl transferase (TdT), is performed. TdT is produced during the maturation of lymphocytes in the thymus. The gene encoding TdT is expressed during the early stages of thymic development and is down-regulated with the maturation of cellular clones 27 . The TdT is a template-independent DNA polymerase that adds N nucleotides to the coding end junctional site. The N nucleotides are string of random nucleotides inserted at each V(D)J joining site and are responsible for the appearance in TCR chains of amino acids that are not germline-encoded. The addition is mostly random, but TdT seems to exhibit a preference for deoxyguanosine and deoxycytosine nucleotides 28 . Could this phenomenon imply bias in TCR repertoire generation?

Finally, exonucleases remove nucleotides from the coding ends including any P or N nucleotides that may have formed. If it is necessary, DNA polymerases can make the two-end compatible for joining with the insertion of additional nucleotides. The processed coding ends are then ligated together by DNA ligase IV 29 . All of these processes are represented in Figure 2: These mechanisms allow the formation of two chain α and β that are paired at the cell surface to form a complete TCR.

Chain pairing diversity

The third mechanism involved in repertoire diversity is the association between the two chains. Indeed, once the chains are produce based on the previous mechanisms, the alpha and beta chain are combined and joined with bound to form an entire TCR molecule. The combination of alpha and beta chain forms the pairing diversity of the TCR. Assuming that all these process are stochastic and independent between the two chains, the overall diversity of the pool from which TCRs are generated is theoretically about 10 61 possible TCR 30 and was admitted to be the source of the specificity against all pathogens that could be encountered during life. But most of the studies admit that the diversity of the TCR is approximately 10 1912 . Moreover, the number of TCR in an individual has been estimated to 10 831,32 . Indeed, there are not enough T-cells in the periphery to bear all the theoretical diversity of the repertoire and many cells have the same TCR, due to clonal expansion following the recognition of the antigen. These different mechanisms are represented in Figure 3. The TCR α and β chain genes are composed of discrete segments that are joined by somatic recombination during thymopoiesis. This step generates a diversity of 6.10 6 . The junctional diversity generated by the TdT and others enzyme generated a potential of diversity of 2.10 11 . Finally, the estimated biological diversity after pairing is about 10 19 12 .

The tremendous set of TCR shaped equips the TLs that are present in the periphery and act in all the immune response. TLs are able to recognize endo-and exogenous antigen and this recognition results in the activation of the cell and expression of different cytokines, receptors and others active and informative molecules. This recognition is done by the TCR.

Perception of the antigens

Every day, at every time, the immune system permanently deals with the recognition of antigens with the TCR. T-cells selected in the thymus, under mechanisms that we will describe after, migrate to the periphery to act as critical component of the adaptive immunity system. They circulate in the vascular system to one of the various peripheral secondary lymphoid organs. These organs are either well-defined structures such as the spleen and lymph nodes, or more diffuse structures such as lymphoid tissue associated with intestinal mucosa. In this structure append the presentation of antigen by APC to Tcell.

Antigen recognition by TCR

The evidence of the recognition capacity of the TCRs began with the discovery of the MHC restriction. Indeed, in 1974, Peter Doherty and Rolf Zinkernagel discovered that an antigen could be recognized by a TCR only if it is complexed to a MHC, also known as human leukocyte antigens (HLA) in humans 33,34 . This discovery earned them the Nobel Prize of medicine in 1996. This condition of presentation is known as the MHCrestriction. It means that TCR can only recognize peptide if they are first processed and presented by APC as peptide-MHC (pMHC) complex. APC respectively present to CD8 T lymphocytes a peptide fixed with MHC class I (MHC-I), and to CD4 T lymphocytes, peptides fixed with MHC class II (MHC-II).

The HLA is one of the more diverse biological systems. HLA molecules are divided in two classes: HLA-I and HLA-II. HLA-I comprises 3 major substitutes: HLA-A, HLA-B and HLA-C. HLA-II comprises 3 major substitutes: HLA-DR, HLA-DQ and HLA-DP. In humans, more than 18,000 different alleles composing the HLA-A, HLA-B, and HLA-C alleles, have been identified. They can differ by just 1 up to more than 30 amino acids, which can profoundly affect the repertoire of bound peptides, the pMHC structure, and, of course, TCR interaction and recognition of the antigen 35,36 .

HLA-I is present on the surface of all nucleated cells of the body, in varying concentrations. It is composed of two chains: the heavy chain and the β2-microglobulin chain. The heavy chain is composed of two alpha helices that surround a beta sheet. This is the place where the peptide is complexed, usually a length of 8-10 AA. Proteins synthesized in the cell, like endogenous or viral proteins if the cell is infected, are degraded by a proteasome into peptides which are then supported and transported in the endoplasmic reticulum by the TAP complex (transporter associated with antigen presentation). HLA-II is mostly present on APC and is composed of a α and β chains that forms a pocket in which the peptide is fixed. Peptides that are fixed on MHC-II have longer than in MHC-I, of the order of 15-20 AA 37 .

The first TCR-pMHC crystal structures provided information on the structural basis of Tcell recognition of the complexed antigen 38 . The TCR is diagonally oriented above the long axis of the pMHC binding cleft with a range from 35°3 9 to 67°4 0 , with the CDR3 region sitting above the peptide, which exhibit the greatest degree of genetic variability.

The CDR1 and CDR2 loops mediate MHCα contacts 41 . The Vα domain is above the Nterminal portion of the antigenic peptide, whereas the Vβ domain is over the C-terminal portion of it. As soon as the TCR is in contact with is cognate antigen complexed with the correct MHC, the activation signal is trigger via the immune synapse.

The immune synapse and the coreceptors Considering the short size of the cytoplasmic domain of the TCR, the transduction of the signal resulting from the recognition of the antigen is carried out thanks to a multimolecular complex: the CD3 42 . This structure is present on all TLs. It plays both a role in signal transduction and in the formation of the TCR as it allows its migration to membrane surface of the cell. The CD3 complex is composed of different chains whose transmembrane parts are negatively charged, which allows them to associate with transmembrane domain of the positively charged TCR.

In addition to the CD3 complex, two other co-receptors were identified to interact for the formation of the immune synapse: CD4 and CD8. These molecules interact with the MHC molecule that carries the antigen to be recognized. The CD4 is a monomer present on the surface of Teff and Treg. The extracellular part is made of 4 immunoglobulins domains. The CD8 molecule is a heterodimer consisting of two alpha and beta homologous chains linked by disulphide bridges and of a single immunoglobulin domain. The CD4 and CD8 molecules will respectively bind the HLA-II and HLA-I with low affinity and independently. They are associated to the TCR at the time of antigen recognition 43 .

Different models have been proposed to explain how TCR recognise peptides.

Engagement of the TCR by pMHC initiates TCR signalling and results in the formation of an immune synapse. It is a nano scale region of close contact between TL and APC. The immune synapse is centred on the TCR, which is surrounded by several coreceptors that contribute to TCR signal transduction 44 .

First of all, TCR is mainly accepted to works as a mechanosensor, based on the idea that ligand binding results in conformational changes in the TCR complex, which is responsible of signal transduction. Different teams have demonstrated that the TCR engagement leads to a conformational change that make the CD3 chains more prone to phosphorylation 45,46 .

The kinetic proofreading is the second mechanism proposed for activation via the TCR.

It suggests that the interaction of TL with TCR and APC with pMHC leads to the recruitment of molecules on the cell membrane that result in the initiation of TCR signalling. It supposed that thymocytes detect ligand affinity by measuring how long pMHC complexes remain bound to a TCR. This model is supported by the observation that high-affinity TCR-pMHC interactions are characterized by slow dissociation rates and long half-lives 47,48 . This dwell time provide a window of opportunity for the CD3, the TCR and others co-receptors to be fully assembled 49,50 . In contrast, TCR-pMHC complex with low affinity interactions have fast dissociation kinetics, resulting in incompletely associated CD3, TCR and others co-receptors and a lack in the transmission of the activation signal 51 .

Even if the initial mechanism of activation is not fully understood, the transduction of the signal is clearly much more identified. Recognition of the antigen by TL first results in the engagement of co-receptors (such as CTLA-4 or CD28) and leads to the recruitment of the CD4 or CD8, which bind to conserved regions on the MHC molecules.

The cytosolic parts of CD4 and CD8 bind the LCK and promotes the phosphorylation of ITAM on CD3 52 . These phosphorylations lead to the recruitment of the tyrosine kinase Zap-70. The Zap-70 kinase propagates, thanks to its enzymatic activity, the signals induced after recognition of its specific ligand by the TCR.

The outcome of these signalling events is the activation of multiple transcription factors, which coordinate multiple T-cell responses, including proliferation, migration, and cytokines production. Immune cells carrying an antigen-specific TCR will be activated and, depending on their type, will have regulatory, helper or cytotoxic action. Some of them will even become memory TLs, characteristics of the adaptive immune response.

From naive to memory T-cell

The pool of naive TLs is diverse and contains cells bearing TCR that differ in their affinity for the same antigen due to the previous mechanism of generation. Once the presented antigen is recognized, naïve T-cell undergo clonal expansion and generate activated T-cell. This step is known as specificity signal of activation. Indeed, lymphocyte activation occurs if, and only if, the TCR recognizes the pMHC complex presented by APC. The greater the binding affinity between the TCR CDR3 and the immuno-dominant peptide epitope present in the MHC groove, the longer the binding between the two cells will be. This prolonged high affinity signal allows activation of the lymphocytes. In the context of viral infections, the CD8 cells expand more than CD4 with a ratio of 3:1 53 .

These activated cells down regulate the CD45RA and expressed the CD45RO. Following the pathogen clearance, these activated cells undergo an apoptosis contraction step characterized by the death of nearly 90% of previously activated cells. Activated T-cells are much more susceptible to apoptosis occurring as a consequence of growth factor deprivation or triggering through the TCR in a process known as activation-induced cell death 54 .

Thereafter, a long-term persistence T-cells called pathogen-specific memories are maintain by low level homeostatic proliferation 55 . As the pool of memory T-cell is not extensible, IFN type 1 cells that are generated during infection cause attrition of previously existing memory T-cell 56 .

The clonal selection and expansion of TL after antigen recognition leads to a discussion of the impact of TCR affinity as a determinant of TL response intensity. Analyses of both Th and CTL responses have indicated that clonal prevalence within epitope-specific CTL responses may be reflective of TCR affinity for pMHC 57,58 . The repertoire modification during antigen recognition seems to be dependant of the affinity of the TCR 59 .

In addition to determining proliferation, the way that TCR binds to pMHC complexes seems to regulate the clonal apoptosis during the contraction phase. Indeed, TL with TCR with a higher affinity for pMHC-I are the first to go in apoptosis during the immune response 60 . Treg cells may control clonal expansion by preferentially inhibiting the low-affinity CTL 61 .

There are numerous other ways to study the evolution of the phenotype from naive to activated or memory. What we show across these different examples is that the TCR is directly implicated in the evolution of the TL from the naïve phenotype to the subsequent one. How this implication works remain an open question of immunology. Also, the affinity of the TCR for its cognate antigen and the concentration of the antigen have emerged as a key factor in determining TL cell fate.

TCR is the key tool of the adaptive immune system

Helper T-cells

The variety of pathogens present in our environment has pressured the immune system evolution toward different mechanisms for tailored protection. Helper T-cells (Th), characterized by the expression of the CD4 co-receptor, their cytokine signatures, the expression of specific transcription factors and distinct migration patterns, orchestrate the immune response. Naïve Th become activated when they recognize, via the TCR, their cognate antigen bound on MHC-II. They divide rapidly and undergo clonal expansion, expanding up to 50000 times a week. This activation triggers them to release cytokines that regulates the activity of many types of cells 63 .

They secrete cytokines that act as enhancer of the immune response. Depending on the cytokine released in the environment, notably by APCs, Th will differentiate into dedicated subsets, named Th1, Th2, Th9 and Th17, polarizing the immune response and triggering activation/inhibition of other immune cells. For example, Th1 produce IL-2, IFN-γ, TNF-β and mediate the defence against intracellular bacteria and viruses. Th2 produce IL-5, IL-4 and IL-13 and are important in worm infections and are involved in allergic immunopathology (Cousins et al., 2002). For Th1 and Th2, it was observed that peptide affinity and dose played an important role in determining the differentiation of naive CD4 T-cells 64,65 . Th1 differentiation of naive TL required strong TCR signals, whereas Th2 cells differentiation exhibited weaker signals [START_REF] Yamane | Early signaling events that underlie fate decisions of naive CD4 + T cells toward distinct T-helper cell subsets[END_REF] . Furthermore, the antigen dose has an impact on the stimulation of two different pathways: ERK and GATA-3, The CD8 responses against viruses such as Influenza, CMV, EBV and HIV are critical for control of viral replication. Selective reduction of T-cell responses, as observed in immunosuppressed transplant recipients, is strongly associated with reactivation of latent viruses such as human herpes viruses [START_REF] Gottschalk | Post-Transplant Lymphoproliferative Disorders[END_REF][START_REF] De Pagter | Human herpesvirus type 6 reactivation after haematopoietic stem cell transplantation[END_REF] . However, it can be prevented or treated by adoptive transfer of virus-specific CD8 + T-cells [START_REF] Walter | Reconstitution of Cellular Immunity against Cytomegalovirus in Recipients of Allogeneic Bone Marrow by Transfer of T-Cell Clones from the Donor[END_REF] . Indeed, CTLs kill infected cells by several pathways that involve direct T-cell-cell contacts between CTL and target T-cells. In one case, the Fas-ligand of the CTL binds the Fas-receptor of the target T-cells. This binding triggers apoptosis through the classical caspase cascade [START_REF] Nagata | Fas Ligand-Induced Apoptosis[END_REF] . In the second mechanism, the CTL release highly cytotoxic proteins: perforin and granzymes, into the immune synapse of the target T-cells. These cytotoxic proteins are pre-synthesized and stored in lysosomes that are exocytosed following the TCR binding to the target T-cell [START_REF] Blott | Secretory lysosomes[END_REF] .

Even the antiviral cytokines mediated mechanisms, involving INF-γ of TNF-α, works only as long as TCR stimulation continues.

After the immune response, most of the activated CTL undergo apoptosis in the contraction phase and are cleared by phagocytic cells once the infection is resolved.

Subsets of activated CTL differentiate into memory cells that can more efficiently respond to the same antigen in a subsequent exposition.

For T regulatory cells

The discovery of Treg has been a breakthrough in immunology [START_REF] Sakaguchi | Immunologic Self-Tolerance Maintained by Activated T Cells Expressing11-2 Receptor a-Chains (CD25)[END_REF] . Indeed, Treg are essential players in the control of all immune responses including to self, tumours, infectious agents, grafts and inflammatory disorders [START_REF] Campbell | Phenotypical and functional specialization of FOXP3+ regulatory T cells[END_REF] . Treg ensure the regulation of many different types of cells of the innate and adaptive immune response by bringing into play many different mechanisms that can inhibit the targeted population, as the specific recognition of antigen via the TCR [START_REF] Sakaguchi | Re-establishing immunological selftolerance in autoimmune disease[END_REF] . As for the other TL, the development of Treg cells in the thymus is dependent on signalling via the TCR [START_REF] Burchill | Linked T Cell Receptor and Cytokine Signaling Govern the Development of the Regulatory T Cell Repertoire[END_REF][START_REF] Hsieh | Selection of regulatory T cells in the thymus[END_REF][START_REF] Lio | A Two-Step Process for Thymic Regulatory T Cell Development[END_REF] . Moreover, the mechanism of action in the periphery is also TCR dependant [START_REF] Levine | Continuous requirement for the TCR in regulatory T cell function[END_REF] . This mechanism has been challenged in a KO mouse model, which allows the presence of Treg in the absence of TCR expression in the periphery [START_REF] Zhu | TCR signaling fuels Treg cell suppressor function[END_REF] . Indeed, in this model, most of the Treg cells lacking the TCR, expressed normal amounts of Foxp3 as well as other Treg signature molecules such as CD25 or GITR. However, there was no observable up-regulation of CTLA-4, as it is induced by TCR signalling. The absence of TCR on Treg in periphery resulted in the loss of activated memory Treg (amTreg). These results fit with the necessity of a TCR signal for the differentiation as well as maintenance of activated Treg. Finally, mice that completely lack the amTreg developed severe autoimmunity. As IL-2 is required for Treg survival and activation, the measurement of IL-2 signalling was normal in TCR KO mice and the administration of IL-2 did not improve the autoimmune phenotype of these mice. Thus, TCR signalling is a necessity for the suppressive function of Treg.

T-cells are central drivers of the immune system both as effector and regulators and complete their functions thanks to their TCR. They are activated by signal transduction when their TCR, which recognizes in a very specific manner an epitope, carried by the MHC expressed at the membrane surface of an APC.

The TCR repertoire, resulting from the collection of unique TL clones is therefore dynamic and characterized by a high degree of plasticity. Indeed, during the immune response, because of the expansion, the contraction, the apoptosis and the memory pool formation, the TCR repertoire is constantly reshaped. Studying TCR repertoire can provide a better understanding on immune response mechanisms, and it is now seen as a mandatory approach in immunology. However, TCR repertoire analysis is far from being standardized, especially when considering human repertoire, since every individual has its own immune history and its own capacity to respond against antigens.

TCR repertoire specificity analysis

In the last decade, the sequencing technologies have made massive progresses with the next-generation sequencer. We are now able to obtain millions of raw sequences from the TCR repertoire with next-generation sequencing (NGS) but studies are still focusing on CDR3 numbers and clonality. Indeed, even with this huge amount of information, the complexity of the TCR repertoire is only glimpsed due to the paucity of powerful analytical methods [START_REF] Six | The Past, Present, and Future of Immune Repertoire Biology -The Rise of Next-Generation Repertoire Analysis[END_REF] .

Overview of TCR repertoire analytical tools

The first technique to investigate the TCR repertoire in human was cytometry. This analysis consists of co-staining of T-cells with a panel of TRBV and/or TRAV specific monoclonal antibodies (mAb). It provided some information on the variable region usage during the TCR repertoire modification related to treatment, aging or infection [START_REF] Thomas-Vaslin | Immunodepression and Immunosuppression During Aging[END_REF] .

However, this method has low-resolution as it is only specific of the V region of the TCR.

In addition, not all TRBV and almost none of TRAV gene families can be identified therefore providing a partial view of the TCR repertoire. Moreover, it does not provide any information about the CDR3 region, which recognize the antigens.

Then emerged the molecular-based approach of TCR repertoire analysis involving PCR amplification of DNA or RNA, also known as Immunoscope ® 84,85 or Spectratyping [START_REF] Gorski | Improvements in Repertoire Analysis by CDR3 Size Spectratyping.: Bifamily PCR[END_REF] .

Proposed simultaneously in France and in the US by two independent teams, this technic is based on the analysis of DNA fragment length analysis by electrophoresis, taking advantage of the variation in length of the CDR3 region. In naive repertoires, TLs are normally polyclonal and Immunoscope ® analysis typically yields eight-peak following a Gaussian curve, each peak corresponding to a given CDR3-length. During immune response, this regular polyclonal display can be perturbed: one can see one or several prominent peaks that correspond to the oligoclonal or clonal expansion of lymphocytes.

This technique has been used in many different contexts such as lymphocytes selection [START_REF] Bouneaud | Impact of negative selection on the T cell repertoire reactive to a self-peptide: a large fraction of T cell clones escapes clonal deletion[END_REF] , viral infections 88 or autoimmunity [START_REF] Musette | Expansion of a recurrent V beta 5.3+ T-cell population in newly diagnosed and untreated HLA-DR2 multiple sclerosis patients[END_REF] . Since the Immunoscope, some alternative technologies such as single-strand conformation polymorphism [START_REF] Yamamoto | Establishment and application of a novel T cell clonality analysis using single-strand conformation polymorphism of T cell receptor messenger signals[END_REF] , heteroduplex analysis [START_REF] Sottini | Assessment of T-Cell Receptor P-Chain Diversity by Heteroduplex Analysis[END_REF] have been developed but the major breakthrough was the advent of the next generation sequencing. While the previous technics were time and cost extensive, and have allowed for the analysis of 10 2 to 10 3 sequences, the NGS is now able to generates billion of sequence and with an affordable cost. However, the methods used to generate the library and to sequence these libraries seems to have an impact on the results [START_REF] Bolotin | Next generation sequencing for TCR repertoire profiling: platformspecific features and correction algorithms[END_REF][START_REF] Liu | Systematic Comparative Evaluation of Methods for Investigating the TCRβ Repertoire[END_REF][START_REF] Rosati | Overview of methodologies for T-cell receptor repertoire analysis[END_REF] . This point has to be investigated if we plan to use immune repertoire analysis in clinic.

Moreover, such data require precise identification of genes and sequences as well as mutations, and a standardized approach of nomenclature is necessary for TCR sequences identification [START_REF] Six | The Past, Present, and Future of Immune Repertoire Biology -The Rise of Next-Generation Repertoire Analysis[END_REF] . Several robust softwares have been developed for processing of T-cell repertoire raw data. MiXCR is one of the most popular [START_REF] Bolotin | MiXCR: software for comprehensive adaptive immunity profiling[END_REF] . MiXCR provides an alignment of the V and J genes that only requires the order of 150 base pairs. It can also provide an assignment to specific D regions but this region is generally short making accurate assignment difficult, and in fact most studies of TCR repertoire simply include the D region within the CDR3 sequence. It also contains error-correction algorithms based on different statistical models, which allow removing the reverse transcriptase mismatch or errors in the early cycles of PCR. Another major advance in error correction has come from the incorporation of UMIs [START_REF] Kivioja | Counting absolute numbers of molecules using unique molecular identifiers[END_REF] . UMIs are short random oligonucleotide sequence incorporated before PCR amplification. After PCR, UMIs can be used to identify which sequences derived from the same single starting mRNA molecule, as they would all have been tagged with the same UMI and, thus, can be counted together. In conclusion, this new technology seems theoretically interesting and needs to be systematically evaluated.

Driven by NGS, the rapid increase in immune repertoire sequencing has generated a lot of data. From the earliest analysis, it was clear that antigen-specific repertoires were enriched for shared features, whether TRBV or CDR3 length. Attempts to statistically characterize epitope-specific repertoires for comparative purposes have taken many forms. First of all, some tools used in ecology have been used. The analogy between TCR repertoire and ecological is based on the measures of diversity that incorporate information on both the number of different species and the number of individuals of each species. So some diversity measures in repertoire analysis were originally used to quantify the distribution of species in ecology [START_REF] Sepúlveda | Estimation of T-cell repertoire diversity and clonal size distribution by Poisson abundance models[END_REF][START_REF] Venturi | Methods for comparing the diversity of samples of the T cell receptor repertoire[END_REF] . The principal example for such diversity measures is the Shannon entropy, even if it first comes from the information theory, and Simpson diversity. These tools allow to performed some comparisons between repertoires quantitatively, with a goal of identifying features associated with immune response, even if these did not necessarily correlate with clear functional profiles [START_REF] Gruta | Epitope-specific TCR repertoire diversity imparts no functional advantage on the CD8+ T cell response to cognate viral peptides[END_REF] .

For the analysis epitope-specific repertoire, NGS and more recently single-cell, paired with cell sorting of tetramer-specific T-cells have enabled the studies of molecular patterns of TCR sequence in epitope-specific responses 100 . By using all these new public data, different teams made effort to develop cluster based approaches and machine learning to predict the epitope specificity of TCRs 101,102 .

Regardless of the analytical approach described here, it clearly emerged that within an antigen-specific repertoire, a significant portion of the responding receptors shared motifs. The shared repertoire can represent a majority of the response. This bias observed in different immune response was the subject of a standardisation to classify this bias.

Standardization of the TCR repertoire specificity: NGS techniques have been employed to investigate T-cell repertoires across plenty of human diseases. The major goal of these investigations was often to find "the" specific clones of "the" disease. Indeed, several papers reported "skewing", "immunodominance" or "restriction" in the TCR repertoire. Research of TCR specificity is one of the leitmotivs of immunologist.

From the first analysis by cytometry, epitope-specific population have been observed during immune response. These populations shared different characteristics across individuals as Vβ usage, CDR3 length or AA motifs. The presence of these public TCR repertoires, i.e. TCR repertoire that shared the same characteristics during the same antigen stimulation in two different individuals, was first surprising due to infinite diversity of the TCR repertoire theory. These observations imply either the presence of bias in the TCR repertoire generation, either the presence of some antigens involved in the increase of public TCR. In both there is a problem of interpretation as there is no standard. To standardize these observations, a classification has been proposed based on the structure of the public TCR repertoire 103,104 :

-Type I bias: conservation of TRBV or TRAV gene usage, TRBJ or TRAJ gene usage is not conserved. There is no AA identity across the CDR3 region.

-Type 2 bias: conservation in TRBV or TRAV gene usage, TRBJ or TRAJ gene usage is not conserved. In the CDR3 region, AA residue motifs are present.

-Type 3 bias: Complete identity of TCRβ or TCRα. TCR presents identical AA structures encoded by either identical transcripts or redundant codons in the CDR3 region. These TCRs are classically referred to as 'public'.

-Type 4 bias: conservation of TRBV or TRAV gene usage and of TRBJ or TRAJ gene usage.

TCR presents conserved motif across the CDR3 region but not strictly identic as it differs by only one or two AA within the CDR3 loop. This classification is represented in Figure 4: 

TCR repertoire network analysis

The preservation of specific protein sequences usually has important functional origins.

The classical example is the drepanocytosis. But this seems different with the TCR. In fact, we have seen that the bias in TCR repertoire allow the presence of TCR that differ from their CDR3 sequences but have the same capacity of recognition. For example, the public TCR repertoire JM22, which engages the HLA-A2 restricted GIL peptide from Influenza virus 105 , is highly biased toward TRBV19 usage but it is not strictly public as the CDR3 residue composition and length are variable. Moreover, the α-chain is not fixed, exhibiting variable TRAV usage.

Moreover, when analysing TCR repertoire in human, you have to deal with the infinite diversity of the HLA system. The HLA molecule presents antigen and interacts with the TCR at the VJ level. Consequence of this interaction is a direct impact on the VJ usage. So, it is difficult to compare clonotypes, composed of V-CDR3-J segment, between individuals because you would not have the same HLA. So, the focus on CDR3 based on network analysis is a justified strategy. Niels Jerne proposed the first network theory about the immune system 106 . This theory states that the immune system is interacting as a network of cells and molecules. They recognize not only things that are foreign, but also other elements of their own immune system. The immune system is therefore seen as a network, with the components connected to each other by different kind of interactions.

Network helps us to understand how TCR could have, more or less, the same specificity. Indeed, the same or very similar CDR3 sequences (Bias 2, 3 and 4) are frequently observed within repertoires of T-cells or B cells specific for a given antigen [107][108][109][110] . Using network analysis of TCRs that differ by one AA in their CDR3 sequences shows cluster of CDR3 that can be annotated with known sequence to define specificity 111 . Moreover, antigen selection account for the enhanced network connectivity, so this analysis can be used for immune response monitoring [112][113][114] . In fact, the TCR bias and its possible use as network is often observed in TCR repertoire during immune response.

TCR repertoire as biomarkers:

TCR are implicated at the early beginning of immune response, so they are good candidate to monitor the immune system state in individuals. Indeed, chronic diseases such as autoimmune diseases and cancers have in their great majority a relatively slow development. For example, in the case of autoimmune diseases like Type 1 diabetes (T1D), the first symptoms of the disease can occur only years after the beginning of the disease. Identified potential deleterious or disease-associated TCR repertoire could help preventing the development of these pathologies

Autoimmune diseases:

Qualitative or quantitative deficiency in the immune tolerance can lead to the appearance of autoimmune pathologies 115 . The destruction of cells, tissues and organs of the individuals, by their own immune system, characterize these diseases. The thymic selection steps are intended to suppress self-reactive clones but the system is not a perfect one and that some self-reactive clones are found in periphery. It can lead to the destruction of cells and tissues, and the production of autoantibodies via plasmocytes consequently of both a T and B cells collaboration and absence of control from Treg.

How are the TCR of Teff and Treg involved in this mechanism? Type 1 diabetes is a chronic autoimmune disease, commonly diagnosed in children and young adults and is characterized by metabolic disorders caused by the destruction of Langerhans islets beta cells. Several studies corroborate the involvement of autoreactive T-cells in type 1 diabetes, in particular by demonstrating major lymphocyte infiltrates in Langerhans islet of T1D 116,117 . There is a strong predisposition to T1D due to HLA-I and HLA-II haplotypes like HLA-A24, HLA-B39, HLA-B57 118 Multiple sclerosis is a disease of the central nervous system. It involves an autoimmune process in which CD8+ T-cells predominate to cause inflammation and destruction of myelin and nerve fibres. CD8+ T-cells were isolated from the brain by micro dissection and analysed for TCR repertoire. These results showed a clonal expansion of a small number of clones where some of them accounted for up to 35% of CD8 brain-infiltrating cells 124 exhibiting type 3 and 4 bias. Indeed, their CDR3 regions were very similar, suggesting common antigen specificities. Some brain infiltrating clones were also detected in the cerebrospinal fluid and in the blood 125,126 . The specificity of these public clones, which appeared to be directly involved in multiple sclerosis pathogenesis, was the myelin basic protein 127,128 .

Rheumatoid arthritis (RA) is also a chronic autoimmune disease characterized by the inflammation and destruction of articulations. The TCR repertoire from the synovial fluid of inflammatory articulations in recent onset patients was dominated by a small number of highly expanded clones. These results were not observed in established RA.

This could be explained by the kinetic of this disease. In established RA, the articulation has been destructed by a specific repertoire and maybe there is no more auto-antigen to activate a specific repertoire but much more the presence of T-cells stimulated by « bystander activation » and cytokines. Moreover, further investigations of the shared TCR between affected articulations highlighted that the most expanded clone in each articulation was in fact the same. These results indicate that it is reasonable to think that auto-antigens in the synovial fluid are involved in the disease 129 . A recent study confirms this hypothesis. TCR repertoires of PBMC from more than 200 RA patients were compared to healthy controls. Significant differences were identified between RA and healthy controls at the V, J and VJ levels 130 .

Graft versus host disease (GVHD) is a complication in hematopoietic stem cell transplantation patients. It resemble autoimmune disease as it results of the inflammation of different organs 131 and gastrointestinal GVHD account for most mortality 132 . By comparing the TCR repertoires of patients undergoing GVHD who either responded or not to first-line corticosteroid, different biases in T-cells repertoire isolated from gastrointestinal biopsies were observed and these similarities were much more observed in patients, which are refractory to treatment. Moreover, when TCR initially identified in these biopsies were tracked in peripheral blood samples, their frequency was observed to expand in the treatment refractory patients, unlikely to the responsive patients. These results could be used to develop biomarkers to stratify patients at risk for steroid refractory response 133 .

Malignancy:

The studies of TCR repertoire in malignancy is of interest because tumour-associated antigens (TAA) are able to activate the tumour infiltrated lymphocytes (TIL). These TAA are specifically expressed by numerous cancers, including lung, bladder or ovarian 134- 136 . Numerous examples of TCR repertoires bias has been reported in cancer. For example in melanoma, the TCR found around metastatic lesions and melanomainfiltrated lymph nodes presented a type 3 bias and were specific for the TAA Melan-A peptide 137 . Another type 3/4 bias, specific for the TAA NY-ESO-1 peptide was observed in prostate cancer and melanoma 138 . The identification of these specific repertoire and cognate TAA are of interest because they can be used to design treatments. Indeed, adoptive T-cell transfer of specific TAA can mediate in vivo tumour regression as demonstrated by clinical responses in trials using autologous TIL derived from human melanomas 139 .

When T-cells are part of the malignant tissue, the TCR repertoire could also be biased.

For example, in patients with T-large granular lymphocyte leukaemia, >50% of all monoclonal T-cells exhibited type 3/4 bias with an over expression of TRBV6-5 and glutamine-glycine motif in the CDR3 region 140 . Either there is a bias in the generation of this TCR, either this observation involves that some TCR may be more prompt to degenerate into malignant T-cells.

Infectious diseases:

The first referenced cases of TCR repertoire type 3 bias in human was observed in EBV infected patients whom shared the HLA-B*0801 allele, but were otherwise genetically divergent. In this study, HLA-B*0801-restricted CD8+ T-cells specific for the FLR EBV-associated peptide (FLRGRAYGL) expressed a public motif encoded by TRBV7-6/TRBJ2-7 and TRAV26-2/TRAJ52 141 . These results were first attributed to PCR contaminations, as the probability to found the same TCR in unrelated individuals was statistically improbable according to the knowledge of this period. But, to exclude PCR cross-contamination, the authors provided both forward and reverse sequencing of the CDR3, revealing redundant nucleotide sequences coding for the same protein chain across individuals. These papers paved the way to rethink the TCR repertoire, not as a random and chaotic TCR lottery, but much more as an organised and predictable system. TCR repertoire type 4 bias in infectious diseases was also first reported in the 90's from influenza-infected patient. CD8 T-cells specific for the GIL influenza-associated peptide were observed to be composed of TRBV19/TRBJ2-7 TCRs 112 . Since these first papers, many other proofs of TCR repertoire bias have been highlighted in infectious diseases like EBV, CMV and HIV 58,142,143 .

The presence of bias in the repertoire, including public TCR, questioned the so-called stochastic generation of the repertoire. Regarding these results, it seems obvious that some TCR may have a higher frequency of production/selection as they are found in multiple individuals. Moreover, if some TCR are more prompt to be present in the adaptive immune system, do they have the same properties than the others? What are their cognate antigens? Those are the questions that this thesis work aims at answering.

The different TCR repertoires reported in the different examples of bias were all generated and selected in the thymus. The basic mechanisms of selection of a functional TCR repertoire from a randomly generated one still remain unresolved. In the next part, I introduce the current knowledge and theories on thymic selection. Haematopoietic stem cells (HSCs) from the bone marrow give rise to DN cells, which do not express the TCR. They undergo rearrangements of βTCR genes and β selection leads to the generation of DP with both the CD4 and CD8 co-receptors expression. At the same time, it is followed by the rearrangement of the TCR α-chain and the expression of the αβ TCR. During positive selection in the cortex, cells that failed to interact with pMHC complex results in death by neglect and those that succeed migrate to the medulla. Cells with TCRs that bind to MHC-I molecules retain expression of CD8 and inhibit CD4, whereas cells that bind to MHC-II retain CD4 and inhibit CD8. In the medulla, potential autoreactive thymocytes are deleted if the avidity of binding to pMHC is over a certain threshold. This mechanism is not perfect and some T-cell with high avidity are not deleted. Indeed, a small percentage of CD4+ thymic cells with an avidity for MHC class II molecules just below the high limit threshold for negative selection upregulate the transcription factor forkhead box P3 (FOXP3) and become Treg.

Thymic selection: many are called but few are chosen

Orientation of a common progenitor

T lymphocytes generation begins with the migration of common precursors: the hematopoietic stem cells (HSCs) 144 HSC first arise from the yolk sac and then colonized the foetal liver. The bone marrow is colonized at 11 post-conception weeks and becomes the principal site of haematopoiesis after 20 post-conception weeks 145 . It is classically admitted that these precursors are common to lymphoid and myeloid lineages and the commitment of these precursors in T lineage will begin after their entry into the thymus even if some papers challenge this affirmation 146,147 . The thymocytes encounter a lot of checkpoint for the selection of the TCR in the two distinct anatomical thymic regions: CD3 + CD4 + CD8 -(simple positive CD4 + (SPCD4 + )) and CD3 + CD4 -CD8 + (simple positive CD8 + (SPCD8 + ) 151 . At the end of the thymic differentiation, the selected SPCD4 + or SPCD8 + migrate to the periphery as naive cells with the CD45RA + phenotype. About 10% of new thymic emigrants SPCD4+ are regulatory T-cells (Treg) defined by the CD4 + CD25 + CD127 -phenotype and expressing the FoxP3 + transcription factor. The other SPCD4 + are T effectors cells 152,153 . In periphery, when these cells will encounter their specific antigens, they will down regulate the expression of CD45RA and expressed the CD45RO marker as memory cells.

The shaping and selection of the TCR repertoire starts at the DN stage through the β selection. Once the rearrangement of α and β chains is done, the DPCD3+ cells expressing a functional TCR undergoes a double process of selection. These steps have attracted much research because of the implications of T-cells in the immune response.

There are several theories about thymic selection but this process still remains an open question. Because of the highly stochastic mechanism of generation of the TCR, a mechanism of selection is needed to allow survival of only functional and safe TCR.

Thymic checkpoints of the TCR repertoire:

Beta selection: the first breath of the TCR repertoire Thymocytes enter the thymus through blood vessels at the corticomedullary junction and then migrate to the thymic cortex, where they undergo the β selection. At the beginning, the TCR is not produced in is final form. Indeed, the beta chain is the first one to be produces in thymocytes with V(D)J rearrangement of the βTCR genes.

In fact, there are three different types of TCR on thymocytes: the αβTCR, the γδTCR and the pre-TCR. Indeed, the pre-TCR has its own structure and function. It is composed of a newly rearranged βTCR chain combined with the pre-TCR α chain. The pre-TCR α is an invariant chain, not rearranged, comprising a single immunoglobulin-like domain that is structurally distinct from the constant domain of the TCR α chain 154 .

Nevertheless, the association between the pre-TCR α and the β chain is nearly identical to that the rearranged α and rearranged β chains. The β chain is paired with the pre-TCRα chain and co-expressed with CD3 molecules on the cell membrane of DN cells. This is the first checkpoint to verify that the beta chain rearrangement generated a functional βTCR chain. It is known as β-selection and allows (i) DN cells with a productive βTCR rearrangement to differentiate into DP cells, (ii) inhibition of βTCR gene rearrangement and (iii) initiation of αTCR gene rearrangement. b-selection is driven by the pre-TCR α and is the first checkpoint of T-cell development, as DN cells that fail to generate a functional β-chain do not proceed along the differentiation pathway.

The β-selection detects successful rearrangements in the β chain loci to generate a diverse set of βTCR chains. βTCR-expressing cell populations expand and subsequently undergo αTCR rearrangement and thus generate a large TCR repertoire.

It was previously admitted that the β-selection requires recognition of pMHC through the pre-TCR 155 . More recent studies have suggested that the pre-TCR triggers differentiation signals in a ligand independent way 156 . However, how the extracellular domain of the unique pre-TCR α chain is able to recognize a productive TCR β-gene rearrangement and/or proper β-chain structure through pairing with any successfully rearranged TCR β-chain, comprising variable V(D)J rearrangement and junctional diversity, is unclear and the molecular basis for this mode of signalling remains unresolved 157,158 . One hypothesis is that DN thymocytes express a self-oligomerizing pre-TCR on T-cell membrane that requires only weak signals for survival and differentiation. Membrane expression of pre-TCR complexes containing successfully rearranged βTCR proteins is sufficient for providing the signals, without ligand engagement, to induce the expression of coreceptors like CD4 and CD8 as well as V-J rearrangement of αTCR genomic region. Therefore, it is speculate that the threshold for activation is shifted to a larger amount and the receptors lose their self-oligomerizing potential by replacement of pre-α chain with αTCR in DP thymocytes, in which a selecting peptide with appropriate affinity is required for further maturation 156,158 . More recently, X-ray crystallographic based study's authors speculated that the pre-TCR might form a superdomain of two pre-TCRs sitting close to the membrane in an antiparallel way with ligand binding precluded 159 . It allows the system to avoid loss of clones that have successfully generated functional βTCR whatever their specificities. Indeed, it has been found that the Vβ frequency is identical among productively rearranged β genes before and after β selection 160 . The specificity and avidity of TCR are strictly verified after, during positive and negative selection steps, to eliminate non-functional or autoreactive clones in the periphery.

Within the massive amount of DP cells that have been stochastically generated, only a subset will give rise to T-cells able to function and to protect each individual against the antigen encounters in the future. These selected cells form the functional repertoire that will be exported to periphery and form the thymic recent emigrant T-cell subset. To select this sub-repertoire within the stochastic one, two major processes have been highlighted: positive and negative selection. These processes are different of the βselection in the way that they involve the specificity of the TCR for pMHC complex and so the recognition of antigens.

Positive selection: a functional repertoire

The stochastic generation of the repertoire leads to the generation of many nonfunctional TCRs. The positive selection processes the stochastic repertoire to select only TCRs that are functional. The productive rearrangement of an α chain is not sufficient to trigger the end of recombination. Indeed, only TCRs with an α chain able to form a MHCrestricted and functional receptor when paired with the β chain will inhibit recombination (Brandle et al., 1992). T-cells that get a survival signal based on a sufficient but not alarming interaction with pMHC are positively selected. This process is known as positive selection, is initiated in cortical DP thymocytes and takes several days to finalize 161 . DP precursors expressing a TCR able to recognize, in a restricted and acceptable manner, a MHC Class I or II restricted receptor produce (i) a negative signal for RAG gene transcription, (ii) long-term survival and (iii) migration into the medulla.

During this process, more than 90% of the T-cells are not able to interact with pMHC so, they are deprived of extrinsic signals that maintain cellular homeostasis and will therefore die by neglect. Death by neglect is a form of apoptosis that appends when TCRs failed to engage with pMHC as they express TCR either non-productive or with inappropriate conformation unable to mediate activation signals 162,163 .

At the end, it is not so surprising that very few TCR can finally engage pMHC. First of all, the generation of an MHC-restricted receptor from stochastic TCR generation process is thought to occur relatively infrequently 164 . As an optimized mechanism, the system is able to test multiple combination of αβTCR. Indeed, DP cells in the cortex express high level of the RAG complex. The α locus is made such that several V/J recombination can append on the same allele, each time resulting in excision of the prior recombined DNA 165 . This process, potentially infinite, allows different productive TCR α gene rearrangements to be tested per cell and provides an optimized process to screen rare clonotypes while expending a minimal amount of metabolic energy. This process is only limited by the DP cell, which has an average life span of 3-4 days.

Secondly, the TCR must be pMHC specific and studies have shown that positive selection involves both recognition of peptide and MHC 166 . Historically, it was suggested that positive selection ensure that only T-cells able to interact with antigen restricted to the MHC alleles would migrate to the periphery to defend the host 167 . But, it seems that positive selection is not just defined by MHC interaction whatever the peptide complexed with the MHC. TCR are MHC restricted, but MHC molecules need to be associated with peptides to be presented at the cell membrane and positive selection involves both recognition of peptide and MHC, as does T-cell activation in the periphery.

The involvement of MHC-associated self-peptides in the positive selection was discovered in experiments that used polyclonal T-cells selected by various MHC class I variants. The substitution of amino acid residues in the deep peptide-binding groove of MHC molecules, which can interact with the peptides but not TCRs, modified the binding of the peptides and so the repertoire of positively selected T-cells, suggesting the role of both peptides and MHC recognition in the process of positive selection 168 . If some variations of peptides that are complexed and presented by MHC are so important, the TCR specificity and /or affinity for these peptides seems to be one of the main requirements for a TCR to be selected or not. A fundamental question in the field regards the constitution of the peptides that stimulates thymic selection. Indeed, the thymopeptidome, which is the set of peptides specifically presented by endemic antigen presenting cells implicated in the positive selection: the cortical thymic epithelial cells (cTEC), is a small part of the pMHC possible numbers. The cTEC are present in the cortex of the thymus and are responsible of the positive selection 169 . The positive selection requires the thymopeptidome that is generated by proteolytic enzymes complex exclusively expressed by cTEC: the thymoproteasome. The thymoproteasome exhibits altered proteolytic activity to produce a repertoire of selfpeptides linked to the MHC-I and are implicated in the positive selection of CD8 cells 170 . cTECs in thymoproteasome KO mice expressed an altered set of pMHC repertoire that fail to positively select most of the CD8. Moreover, CD8 selected in these KO mice displayed a defective TCR repertoire that is incompetent in promoting allogeneic or antiviral responses. Thus, this study revealed a unique role of the thymopeptidome expressed by cTEC in the positive selection of a functional repertoire of CD8+ T-cells 171 .

For the selection of CD4 thymocytes in the thymus, another proteasome complex is implicated. The thymus-specific serine protease (Tssp) and cathepsin L are highly, but not exclusively, expressed in cTEC. Experiments with Tssp KO mice indicate its necessity for an optimal positive selection of CD4 172,173 .

These observations question the dogma of the highest diversity to be produce in the thymus. Indeed, it is unlikely that the stochastic generation of the TCR repertoire of DP unselected cells would produce many TCR that matched to the particular pMHC that are present at a given time in the thymus. Moreover, this hypothesis is questionable if we considerate that a given TCR bind a single pMHC.

Negative selection: an inoffensive repertoire

The previous cortical positive selection by TCR ligation does not provide the end of the selection process. Once they have been positively selected, cells increased the numbers of medulla chemokine receptors and migrate into the medulla for the negative selection 174 , even if it seems that these two processes could be concomitant 175 .

The basic principle of negative selection is that thymocytes expressing TCRs with a too high affinity for self-peptide are deleted because they are potentially self-reactive. The purpose is to generate a largely self-tolerant peripheral T-cell repertoire. T-cells that obtain too strong signals from the pMHC complex get an apoptosis signal to avoid presence of autoimmune cells in the periphery.

It is important to note that the TCR is extremely discriminating in its responses to pMHC. A clear but tiny threshold between positive and negative selection has been defined, where the affinity difference between the weakest ligand that induces negative selection is barely higher than one that induces positive selection 176,177 . Considering the importance of bystander activation and cytokines impact on thymocytes activation, this observation is a clue for a potential mechanism explaining involvement of TCR in autoimmunity even if they have been negatively selected.

As positive selection in the cortex, negative selection is triggered by specific antigen presenting cells: the medullary thymic epithelial cell (mTEC). They are responsible of the deletion of auto-reactive thymocytes in the thymus and are crucial for maintaining self-tolerance. Like the cTEC, the mTEC generate a specific repertoire of peptides presented to thymocytes for negative selection. The mTEC uniquely express the transcriptional factor autoimmune regulator (AIRE) giving rise to the promiscuous gene expression, which contributes to a low amount expression of many genes including tissue-restricted antigens (TRA) 178 . Indeed, transcripts encoding a diversity of TRA are expressed specifically in mTEC 179 . AIRE complex is necessary for thymic selection as it is involved in the generation of the specific peptidome found in the mTEC. The absence of a functional AIRE is the cause of a disorder known as autoimmune polyendocrine syndrome type 1 (APS-1) or autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED) 180 . Thus, the hypothesis is that AIRE regulates the thymic expression and presentation of TRA and thereby controls negative selection and consequently autoimmunity.

The negative selection has yet several limits. The potentially infinite number of selfpeptides presented by MHC prompts the question of whether it is possible to select thymocytes against the recognition of all self-peptides during negative selection. The diversity of self-peptides that could be presented is about 10 15 based on simple combinatory arguments 181 but it is more closely aligned with 10 5 different self-peptides that are expected to bind to one human MHC class I allele 182 . The probability that a thymocyte specific for only one self-antigens escapes negative selection has been calculated based on the different parameters: the probability that a given self-peptide is presented by any given APC in sufficient numbers, the number of unique APC encountered during selection and the number of copies of a given self-peptide that an APC needs to present in order to cause deletion. The probability that a TCR specific of a single self-peptide escapes negative selection was estimated between 10 -11 to 0,8 183 . The author concluded that the impact of negative selection on the repertoire diversity against self-antigens seems to be very weak. Instead, they suggest thymic selection operates on a restricted subset of self-pMHC, a constraint imposed by the number of APC present in the thymus and encountered during the selection process. This imposes that additional tolerogenic mechanisms act in the periphery to prevent autoimmunity of autoreactive TCR that could be activated by self-antigens not encountered in the thymus. Indeed, under this medulla specific environment, a strong TCR signal could also lead to the selection of an important T-cell subpopulation: T regulatory cells 184 . Foxp3 Treg cells were shown to develop in the thymus from CD4 + T-cells that express an autoreactive αβ TCR 152,185 . They lie at the higher end of the spectrum of acceptable self-reactivity.

However, it appears that the fixed-threshold model to include a fixed range of affinity or avidity for Treg selection is not sufficient to explain many experimental observations 186 .

In conclusion, the model accepted about negative selection depends of the level of activation based on the recognition of self-peptides. A too strong activation signal induces apoptosis and a signal below the apoptosis level leads to negative selection.

Between these two levels of activation, Treg are selected. This model is based on a simplistic "key-lock system" of the TCR recognition and is not fully consistent with the observation made on the lineage fate.

Lineage fate

In the periphery, there is a predominance of CD4 over CD8 T-cell that is known for a while but the causes of this bias have remained obscure. Thymocytes CD4/CD8 ratio is about 4/1 in thymus, which is highly conserved across several species, suggesting that the selection mechanisms involved are fundamental to the processes that give rise to mice, suggesting that TCR MHC-I restricted precursors are not less generated in the randomly generated TCR repertoire and are not limiting for the selection. Moreover, the estimation of the DP2 precursor ratio with mathematical models supports the fact that the principal source of bias toward CD4 and CD8 is not a preferential generation of TCR MHC-II restricted. In conclusion, CD4 and CD8 asymmetry do not derive from a significant asymmetry in the generation of TCR repertoire to recognize MHC-I or MHC-II.

In a second time, the author analysed the developmental course of thymocytes in vivo.

They revealed that TCRs MHC-I restricted have a higher death rate among DP2 thymocytes than those MHC-II restricted. By rating the number of cells starting the selection compared with those compelling it, they estimate that the MHC-I restricted cell selection was much more stringent. These results are summarized in Figure 6. Together, these results highlight clear evidence that the selection bias towards CD4 instead of CD8 is influenced by a much more stringent mechanism of selection for TCR MHC-I restricted cells 150 . For a while, it has been accepted that the lineage fate is determined with accuracy by the MHC specificity of the TCRs that DP thymocytes express. DP cells with TCRs that are specific for MHC-I fall into CD8+ T-cells whereas DP cells with TCRs that are specific for MHC-II direct differentiation into CD4+ T-cells 190 . But these datas are also contested by the fact that there is an overlap between the TCR repertoire of the different thymocyte populations that exclude the strength of the TCR signal as a unique factor of T-cell fate in the thymus. In fact, it fits with what we have been exposed bellow (1.2.2): the TCR does not act as a "lone wolf". The implication of coreceptor, microenvironment and others molecules are known to be fundamental in the activation of T-cells and are also implicated in the process of lineage determination. Indeed, TCR specificity participates in thymocytes lineage fate during thymic selection by whether TCR signalling persists throughout selection or is disrupted, allowing selected thymocytes to be activated by cytokines. This is the kinetic model of fate determination 191 . In this model, persistent TCR signalling induces expression of a specific CD4 lineage transcription factor: Th-POK 191 , whereas cytokine signalling induces expression of a specific CD8 lineage transcription factor : Runx3d 192 . Thymocytes that are selected based on the recognition of MHC-II express a lower level of CCR7 chemokine receptor than those selected on MHC-I. But this model is not fully right as a study challenges the admitted theory that DP thymocytes differentiate into SPCD4 or SPCD8 by selectively silencing the transcription of those coreceptors based on the affinity with MHC. Indeed, it demonstrates that DP always silence CD8 coreceptor transcription, even if they later differentiate into CD8SP T-cells. This CD8 late differentiation, also name "coreceptor reversal" is under the control of cytokines, notably IL-7 193 .

In conclusion, these different studies suggest that the highly stringent thymic selection process of thymocytes is a cost effective but necessary process. It balances the generation of stochastic TCR with the presentation of a narrow peptides repertoire to select a sub-repertoire of T-cells that will be efficient in periphery but not too harmful.

The models of positive and negative selection are now widely accepted based on the strength of the signal. But, models about how the strength of the signal is determined by the thymocytes based on TCR interaction are still under discussion and investigation.

Models for TCR thymic selection

The avidity model of selection

The avidity model predicts that the selection is derived from a stimulation gradient related to the concentration of the antigenic peptide and through its capacities to trigger transcription factors activation in thymocytes via its TCR recognition.

The first experiments on the nature of thymic selection examined the effects of low concentrations of cognate antigenic peptides in in vitro foetal thymi of TCR transgenic mice. These studies revealed that low concentrations of peptides induce differentiation into SP thymocytes. On the other hand, high concentrations of the same antigens induced negative selection. These finding paved the way of the avidity theory to explain thymic selection. It suggest that positive selection requires subthreshold engagement of TCRs due to the limited avidity of pMHC ligands 194,195 .

In other models using a fixed concentration of thymic presented peptides, like the OVAspecific TCR transgenic mouse model, the avidity theory was confirmed by the fact that peptides with low capacity of stimulation would favour positive selection, while higher affinity interactions favour negative selection 196 .

We have shown previously that coreceptor can influence the duration and strength of contact with TEC, the TCR signalling and therefore have an impact on thymocytes fate through the transduction of the TCR signal. However, these co-receptors have a conserve structure and are constitutive of all TLs, suggesting that the only one factor that fate TLs is the TCR. In this model, multiple TCR/pHLA interactions form a signalling gradient that defines cell fate. Numerous weak contacts or, on the contrary, limited high- unique and weak signal 197,198 .

Historically, this model was supported by the demonstration that antagonist peptides, i.e. peptides that inhibit the activation of mature thymocytes, are promoters of the positive selection, while, agonist peptides, i.e. peptides that activate mature thymocytes, were shown to promote clonal deletion [199][200][201] . These experiments support the thesis of the qualitative model that different TCR corresponding to different antigens and subsequent signals define different thymocytes fates. This model was supported by other studies using altered peptide ligands. They have shown that the transduction signal was modified with these peptides, leading to a lack of ZAP-70 activity 202 . However, numerous others experiments mentioned the contrary based on the fact that some antagonist peptides have been shown to induce clonal deletion 203 or to inhibit thymocytes development 204 . Moreover, in vivo experiments have shown that there is no correlation between antagonist peptides and positive selection 205 . The demonstration that antagonist ligands are responsible of positive selection is not absolute. Indeed, thymocytes could be either positively or negatively selected in the presence of antagonist or agonist peptides. Others studies looking at the intracellular transduction signals associated with altered peptide ligands have also challenged the concept of antagonist peptides inducing unique signal. Indeed, they have shown that different altered peptide ranging from agonist to antagonist ligands can transmit a gradient of intracellular signals. The phosphorylation profiles obtained with antagonist peptides could be reproduced with low concentrations of agonist antigen 206 . From this observation, it remains difficult to accept the existence of antagonist specific signals that trigger the selection.

The capacities of a peptide to be antagonist or agonist are relative characteristics that have to be moderated. It seems that these characteristics are distributed along a gradient for every antigen 207 . This is a combination of concentration and affinity that contributes to the distinct effects of antagonist or agonist ligands on thymocytes. 

Dynamic of TCR repertoire during thymic selection:

Based on the previously exposed theories and experiments, it is difficult to have a clear view of the evolution of the TCR repertoire in the thymus during selection. The difficulties to access human thymus samples limits our knowledge on the formation and the selection of the human TCR repertoire. There are few previous publications on the repertoire in human thymus but nearly none on sorted cells. The only ones that have explored the TCR repertoire during human thymic selection were by using humanized mice [208][209][210][211] . One paper published in 2019 investigates a bit more deeply the thymic selection in humanized mice with cell sorting and TCR repertoire analysis at different level 212 .

First of all, at the V and J level, a conserved usage of several rearrangements in humans and humanized mice has been observed during thymic selection. The distributions of V-J rearrangements in DPCD3-cells in the thymus of humanized mice, that represent the TCR repertoire before selection, and in mature T-cells CD3+ of the periphery, that represent the repertoire after selection, have been studied. The distribution of V-J rearrangements was very similar in DPCD3-thymocytes and in peripheral T-cells 209 212 .

It suggests a common mechanism for generation and selection of these rearrangements.

One hypothesis is that the distribution of these conserved rearrangements might be genetically programmed during the "not so much" stochastic generation of the TCR repertoire, independently of TCR-pMHC interactions during thymic selection.

At the clonotypes level, the clonality of the different thymocytes population, DP, SPCD4 and SPCD8, was also investigated. Their clonalities were very low compared with peripheral populations. Furthermore, the clonality is higher in SP thymocytes versus DP thymocytes. This reflects (i) the production and selection of a highly diverse repertoire in the thymus for DPCD3 thymocytes, (ii) the narrowing of the repertoire at the clonotypic level due to thymic selection and (iii) antigen-driven expansions in periphery.

At the CDR3-β level, the number of shared CDR3 was investigated in humanized mice that have received the same human thymus. The sharing between mice was first higher at the AA level compared to the nucleotide level. The Shannon divergence index, based on the frequency of shared sequence, was decreased for selected thymocytes compared with unselected. Together, these observations suggest that thymic selection results in selection of shared CDR3-β sequences in humanized mice 212 . The highest proportion of sequences that has been observed between two autologous mice accounted for 3,5% of the SPCD4 repertoire.

The convergence characteristic of these selected CDR3 was compared for shared and unshared sequences. The purpose was to investigate the number of nucleotide sequences corresponding to each AA sequence present in the different thymocyte populations and shared or not between mice. As predicted, the average nucleotide sequences per AA sequences was close to 1 for unshared sequences, but it was significantly higher for the shared CDR3. This indicates a convergence mechanism to generate shared sequences and a preferential thymic selection of these sequences. What was really surprising is that the proportion of shared CDR3 was not different between mice with allogenic versus autologous thymi 212 .

In the same paper, the authors tried to characterize the CDR3 that are shared versus the other. They revealed that the shared CDR3 sequences were significantly shorter than the other. Also, the number of inserted nucleotides at the V-D and/or D-J junctions was lower in shared sequence.

As these TCR were specifics in their structures, the authors investigated the potential functionality of the shared sequences. They compared the repertoires of shared and unshared with a dataset of CDR3 that have been defined as cross-reactive. The definition of cross-reactivity in this paper is related to in vitro expansion greater than 2-fold in mixed lymphocytes reactions of a human peripheral blood sample against 2 different allogenic donors sharing no HLA alleles. This definition is open to criticisms, as authors do not know if the expansion is due to a specific activation of the cell via TCR recognition or due to bystander activation. However, more than thousand CDR3 were identified to be "cross-reactive". The analysis revealed a significantly higher presence of these crossreactive sequences in shared repertoire versus unshared.

Overall, these observations demonstrate that the thymic selection narrow the TCR repertoire. The shared sequences after thymic selection is consistent with the existence of public CDR3 sequences with convergent recombination and with fewer nucleotide insertions 213 . Moreover, these shared sequences seem to have specific functionalities.

Thymic selection mechanism is still an open question. How the immune system is able to shape and sub-select a functional repertoire in the infinite universe of stochastic CDR3 generation is one of the greatest mysteries of immunology. The models of positive and negative selection are admitted to be the two fundamental aspects of thymic selection. However, the mechanisms by which the TCR recognize endogenous peptides, the threshold of selection and the composition of antigen repertoire are far to be resolved. Some clues are emerging for recent studies including the last paper described. Indeed, the selection process does not seem to be done with the higher specificity has it been though before. These results fit well with the fact that the antigen repertoire is also restricted by TEC in the thymus. Moreover, the presence of public sequences in periphery in different individuals indicates the existence of universal mechanisms of generation and/or selection of TCR with higher probability. These results imply functional characteristics of these sequences, as there are more often presents in the TCR repertoire.

On the necessity of unconventional CD8 T-cells

A high level of antigen specificity is an accepted feature of T-cell activation, and moreover, of adaptive immunity. This affirmation is the actual dogma. Indeed, a single TCR has been for a while, considered to be restricted to a single epitope 214,215 . Let's do a military parallel considering this dogma. It is as if an infantryman could defend his country only against a single, unique and specific belligerent, his military career boils down to trying to find him... Moreover, based on these admitted affirmations, the generation of a useful TCR repertoire needs three conditions:

First, the number of individuals peptides presented by the host, the peptidome repertoire, has to be sufficient, otherwise the useful repertoire could not be shape in the thymus and some pathogens could not be recognize in the periphery.

Second, the specificity of the TCR repertoire has to be high enough to respond to foreign antigen but not to endogenous peptides.

Third, the frequency of T-cells specific for a foreign antigen has to be sufficient to generate a protective immune response before the infectious agent overwhelms the host.

Considering that the maximum number of T-cells is 10 12 in an individual and that the number of peptides that can be presented by self-MHC is estimated to be greater 10 15 at the same time 216,217 , the model of one TCR responding to one antigen seems unlikely. Indeed, more than 10 15 T-cells, which would weigh more than 500 kg, would be needed to provide efficient coverage of the peptidome 218 . Moreover, it has been suggested that the immune system would be incompetent to defend the host against injuries if only one TCR would be able to recognize only a single peptide presented in a by HLA 219 . While it is evident that a certain degree of specificity is necessary for lymphocyte activation, overlooked studies reveals that one TCR could recognize numerous different peptides that do not necessarily show related sequences. Several observations described below highlight the fact that evolution has selected not a stochastic but much more a public TCR repertoire with improved functional properties.

The unconventional T-cells are classically defined as T-cells that (i) recognize nonpolymorphic antigen-presenting molecules. Some of these are encoded by genes outside the MHC locus (CD1 or MR1) or within the HLA locus, (ii) they do not recognize classical peptide antigens; and (iii) they are mainly public. Functionally, they are abundant populations of T cells that are rapidly recruited during immunological responses.

Moreover, these cells are limited in their TCR diversity and are defined with an antigen specificity different of the classical pHLA specificity. For example, invariant NKT are specific for lipid antigens 220 . and harbour an invariant TCR α chain (TRAV10/ TRAJ18 in humans) and a limited, but not invariant, range of TCR β chains 221 . In the next part of this manuscript and in our results, we highlighted the existence of, and not previously defined, unconventional CD8 T-cells. These cells are defined by (i) their capacities to interact with multiple HLA, (ii) they harboured CDR3 sequences that are "hard-wired" for innate-like response to multiple viruses and (iii) these CDR3s are mainly public, independently of the age, the sex or the HLA of the individuals, likely to indicate that these naive T-cell repertoires contains particular TCRs with a selective advantage. To summarize our findings, we propose that a whole set of ab CD8+ T cells harbour pleiospecific TCRs that have an innate-like sensing of pHLA complexes, a concept far beyond mimotopic cross-reactivity.

Evolution has gathered a loyal following

The adaptive immune system has been shaped and selected trough evolution to respond a variety of pathogen-derived molecules. This capacity to recognize diverse antigens is conferred by the huge diversity of TCR that are made by different stochastic process, generating a random repertoire. The randomness and diversity of this recognition is often observed in T-cell responses, in which the TCR repertoire responding to a particular antigenic epitope consist of many different TCRs. Indeed, in most T-cell responses, the responding TCR repertoire consists of some private TCRs 222,223 . These observations seem logical on a mathematical point of view. Indeed, to contribute to a public TCR repertoire, we consider that (i) TCR must be produced by genetic recombination and stochastic junction from among the 10 23 even more recently estimated from the 10 61 possible combination of TCRs generated within the DP stage in the thymus 224 ; (ii) TCR have to be part of the only ∼3% of TL that accomplish the thymic selection, representing a potential peripheral diversity laying from 10 21 to 10 59 . These estimates are at least larger than the estimated number of T-cells in a human, which is 10 12 225 ; (iii) to survive in the periphery, clonotypes need to have sufficient frequency and avidity to compete effectively with the other available TCR of the repertoire specific for a given antigen. Thus, if there were an equal probability of producing each of the different possible TCRs, one would only rarely expect the same TCRs to be present in the repertoire of 7´10 9 individuals.

In conclusion, within a stochastic repertoire, the generation and selection of a unique TCR found in multiple individuals, requires many steps and this makes public TCR statistically unexpected. But, how can a large majority of individual respond exactly the same way to common pathogens? Either there a multitude of private TCR repertoires that have a public response, either there are few public TCR in the repertoire with the capacities to respond to multiple pathogens, or maybe a combination of these two hypotheses?

Probabilistic models for TCR generation: Public TCRs have been observed in numerous TL responses, in different species and in different kind of pathologies. Many example of studies have highlighted the presence of public TCR in CTL response against CMV 143,226 , EBV 227,228 . It can be just by chance as these viruses infect a large part of the population. However, public TCR have also been detected in CTL responses to HIV that is hopefully, not a common virus for human species. The presence of such TCR could be the reflect of others/ancient retrovirus infection? One have to keep in mind that 8% of the human genome is composed of endogenous retroviruses… 229 . In both cases, some TCR seem to be not so specific. As the public TCRs are observed in many cases of immune responses, it suggests that there are fundamental biases in the generation and/or selection of the TCR repertoire.

The generation mechanisms of the TCR repertoire has been recently dusted thanks to the development of theoretical models for TCR generation mechanism 213,[230][231][232] . These models allow the assignment of a generation probability (Pgen) to the TCR. The Pgen reflects the probability to observe a particular sequence in the pre-selected TCR repertoire.

First of all, we have seen that different observations and experiments pointed out the fact that germline gene segment usage in V(D)J recombination is not equal between the different genes combination 22,[233][234][235] .

Secondly, it seems that CDR3 do not have the same generation probability.

Recombination leads to sequences being generated more frequently than others. For example, in enzyme terminal deoxynucleotidyl transferase (TdT) KO mice, public TCR sequences are observed suggesting that they are easier to generate because they do not require random nucleotide addition 236 . The generation of a nucleotide sequence that do not need any addition or deletion is likely to occur more often than CDR3 requiring it.

Public TCR are made of germline recombination involving any or minimal random nucleotide junctional modifications 227 . However, other studies on public TCR have revealed that their sequence could also include a substantial number of nucleotide additions 143,232 .

The theoretical model of generation probability is based on the usage of the V, D and J genes for recombination, their degree of trimming and the nucleotides insertion. This The germline-encoded sequences compose the conserved motifs and one or a few positions in the CDR3 varying between sequences. These varying positions usually appear at the V(D)J or VJ gene junctions. These different mechanisms were proposed to explain the presence of public TCR in the naïve repertoire and are shown in Figure 7: In the periphery, the presence of public TCR in the activated/memory population can be explained by the nature of the pMHC. Indeed, if the conformation of the presented antigen is very specific, it will restrict a narrow repertoire of public TCR 248 . Some studies have suggested that the intrinsic structure of the public TCR determines whether a T-cell response is public. Observations have raised that the specific structural features of the public TCR and its interactions with the pMHC complex may provide an antigenspecificity advantage that drives the public nature of the response 249,250 . The presence of public AA motifs in different clonotypes sequences are observe in public response against pathogens 239,240 . The encoded germline sequence is just a little modified by one or two AA that don't change the final specific function of the TCR.

Despite the unlimited theoretical diversity of TCR, identical clones are also often observed responding to different pMHC in different individuals. The conclusion of this observation goes against the dogma that the repertoire is generated and selected as diverse as possible. Based on the clonal selection theory 2 , the presence of public TCR implied a narrowing of the repertoire that is incompatible with the unique recognition of antigen within the diversity of a universe of peptides. We can explain the presence of public TCR only if we accept that public TCR, at least, are cross-reactive.

TCR: The Cross-Reactive:

One of the most interrogative mechanisms in immunology is how the thymic selection can shape a functional repertoire specific for pathogens, while these are not present? How can a TCR recognize a peptide while it has never seen it before? It seems more and more evident that the answer leads in favour of cross-reactivity. Surprisingly, the specificity of the immune system is the major way that the immunology is learnt and studied, notably with tetramers, while it is precisely cross-reactivity that is the basis of the adaptive immune system. Indeed, the thymic selection is based on cross-reactivity.

Thymic selection of thymocytes is mediated by recognition of pMHC loaded with selfpeptides. The TCR are educated based on the recognition of this set of autologous peptides. During the thymic selection, only a part of the peptide universe is believed to be presented to thymocytes, but, it is sufficient to shape a repertoire that is not too much autoreactive and sufficiently functional to defend the host against infections. This is the first cross-reaction of our TCR repertoire.

It is now well established that the thymic selection is under the control of specific enzymatic complex (see 2.2) that present a restricted peptide repertoire. If this peptide repertoire is restricted, why do we consider that the thymic selection selects a TCR repertoire as diverse as possible? Based on a highly specific mechanism of TCR-pMHC recognition, these affirmations cannot be true. But, under the consideration that the cross-reactivity is the hallmark of TCR-pMHC recognition, it becomes clearer. Even if a diverse TCR repertoire is accepted to be a requirement to cover all the pMHC universe, the number of theoretically pMHC complexes appears to be far greater than the recognition capacities of any individual TCR repertoire.

Different mechanisms are involved in cross-reactivity. It can be due to the intrinsic structure of the TCR or to its interaction with the pMHC complex. Here is a nonexhaustive list of cross-reactivity causes (Figure 8). by the same TCR 253 , even if cross-reactivity between the two peptides is expected given to their similarities. The interface formed by the TCR with the ligands is different and the conformational differences involve not only the peptide but also the HLA-A2 α2 helix. In this study, cross-reactivity appeared to be based on conformational selection by TCR of one upon different conformations of the pMHC complex that is in dynamic equilibrium with an ensemble of different isomers. This mechanism as also been observed for other molecules interactions, including antigen and antibody recognition 254 .

Variable docking angle

It is generally admitted that docking angle of the TCR is diagonally oriented with the peptide backbone orientation in the pMHC complex. But, it seems that TCR can engage different pMHC complex via different docking orientation. In some structure, the TCR axis have been reported to be orthogonal with the peptide axis orientation in the pMHC 255 . The 2C TCR binding to different pMHC is one of the examples of such changes.

The 2C TCR employ two very different binding modes to recognize a self-ligand (QL9-H-2Ld) or a foreign ligand (dEV8-H-2Kb) 256 bound on different MHCs. This study demonstrated that a TCR could be oriented in different way to cross-react with different ligands with structural similarity. Here is an explanation of how TCR can cross-react with both self and foreign peptides complexed with the MHC during alloreactivity. In conclusion, TCR docking orientation, even if its overall orientation seems conserved during pMHC binding, present a certain degree of variability. This variability is a possible mechanism to explain the ability if the same TCR to recognize different pMHC complex.

Fuzzy recognition

The cross-reactivity can be the consequence of a lack of specific interaction with pMHC complex. An example of fuzzy recognition is provided by autoimmune 3A6 TCR, which recognizes a self-peptide from MBP presented by HLA-DR2, as well as numerous other peptides that are far more stimulatory than MBP itself 257 . The crystal structure showed interactions between TCR and peptide mainly restricted to Van der Walls interactions, with limited juxtaposition of hydrophobic interactions. The low level of interactions between the TCR and MBP offers more structural combinations for optimizing the TCR pMHC interface through variations of the peptide. Using combinatorial libraries, peptides with multiple substitutions at TCR contact positions were identified to stimulate 3A6 TCR bearing T-cells far more efficiently than MBP 258 .

Molecular mimicry

Molecular mimicry was the first way proposed to consider cross-reactivity. Indeed, it is easy to think that a TCR can recognize two different peptides if there is sufficient homology between them. Originally, the structural definition of mimicry defined an epitope expressed by a pathogen that shared antigenic structures with host peptides but we can enlarge this definition with a sharing with others pathogens. We will see bellow that this definition can be enlarge from different point of view as immunological recruitment and epidemiological analysis. In structural terms, molecular mimicry is described as a similarity in charge distribution and in the overall shape of the interaction surface 259 . Molecular mimicry is much more the result of evolution that a specific mechanism of cross-reactivity. Indeed, molecular mimicry can lead to crossreactivity because of the mechanisms described above, even if some studies showed that the mimicry alone can leads to recognition. In humanized mice, the TCR, which recognizes a self-peptide from MBP-HLA-DR2 complex, also recognizes a naturally processed peptide from Escherichia coli. This cross-reactivity, which induced a multiple sclerosis like disease, is attributable to structural mimicry of a binding hotspot shared by MBP and Escherichia coli. Structural superposition of these TCR-peptide-MHC complexes reveals that the Escherichia coli and MBP peptide main chains are positioned identically and have only minor differences. The peptide-residue side chains that protrude from the groove are very similarly positioned in the two complexes; the P2-His and P3-Phe side chains, common to both peptides, superpose exactly 260 . Other welldocumented example is the cross reactivity between EBV and MBP 259 . Cross-reactive repertoire is necessary for the individual, considering the large number of potential pathogenic antigens to which one is exposed over a lifetime. It could compensate a situation with a limited TCR repertoire and still allow a normal immune response. For example, mice deficient for the TdT have impaired CDR3 diversification with a TCR repertoire that is only 5-10% of that calculated for wild type mice 16 , but these mice have a relatively normal immune response when infected by LCMV 262 . These TdT-deficient mice are reported to have T-cells with a highly cross-reactive profile when compared to wild type mice. In human, a very restricted repertoire of about 1,000 different TCRs arising from a single T-cell progenitor was sufficient to cope with viral infections in a child with severe combined immunodeficiency 263 .

An essential feature of the cross-reactive T-cell repertoire is that a T-cell can be activated by several foreign peptides, but also by self-antigens. Consequently, the high degree of cross-reactivity among T-cells, which ensures that there is a high frequency of T-cells that respond to any foreign pMHC complex, could potentially lead to autoimmunity. It seems obvious that a high degree of cross-reactivity is an intrinsic and necessary property of antigen recognition by T-cells, and it suggests that the crossreactive selected repertoire has evolved to have an optimum level of cross-reactivity, which represents the best compromise between the advantage of having a high frequency of T-cells that respond to an antigen and the disadvantage of peripheral autoimmune injuries. One has to keep in mind that the chronic autoimmune diseases that could affect individuals seem less dangerous from a species point of view, than lethal infectious pathogens. For all these reasons, we can be disturbed by the so-called "autoreactive TCR". A TCR is not autoreactive for a simple reason: it is because every TCR are autoreactive, depending of the context of activation via their TCR. Fortunately, TCR activation is not the only one mechanism implicated in the activation of lymphocytes. Interactions with co-receptors, concentration of cytokines and composition of the microenvironment have also their importance. Another way to investigate cross-reactivity is to analyse evolution of the peptide repertoire selected by AIRE complex, which is highly conserved across individuals and could be composed of peptides that are the more prompt to select the highly cross-reactive TCR.

Considering these observations at the molecular level, cross-reactivity will undoubtedly lead to particular and related phenotype in the periphery. In fact, there are numerous papers that are overestimate and that found the explanation of their results in crossreactivity.

Cross-reactivity leads to heterologous immunity

The heterologous immunity is defined as an immunity that can develop to one pathogen after exposure to non-identical pathogens. It is easy to think heterologous immunity as a common phenomenon among closely related pathogens, for example, different strains of influenza or DENV, or among different members of the same virus group, because of conserve molecular pattern. However, it also occurs among unrelated pathogens, including parasites, protozoa, bacteria, and viruses 264 .

Mechanisms of T-cell dependant heterologous immunity

The mechanism of heterologous immunity is mainly driven by TCR, as it can be conferred, for example, by cross-reactivity between different viruses due notably to mimicry. Alternatively, chronically stimulated T or activated ones that are more reactive to cytokines may be much more sensitive to activation. Under these conditions, low affinity binding to an antigen can trigger activation. When LCMV immunized mice are subsequently infected with PV, they observed a similarly increase in specific NP205 cells response but also with a high degree of variability in the TCR repertoire usage. Indeed, 2 mice present a responding repertoire composed of 75% by the Vβ5. The result is consistent with CD8 T-cells that preferentially expand on PV infection but the Vβ5 was a minor part of the LCMV specific T-cell repertoire.

When PV immunized mice are subsequently infected with LCMV, the responding repertoire to the second virus is composed of a subdominant NP205 response due to a proliferation of PV NP205-specific memory CD8 T-cells 267 . Interestingly, analysis of the repertoire revealed differences in TCR usage between mice. Upon the 12 mice tested, (i) 4 had a repertoire like that seen in the previous PV infected mice with Vβ5 (from 30% to 60%), (ii) 6 have a Vβ16 dominant usage with a Vβ5<5%, (iii) 2 other mice had a repertoire with a specific Vβ7 dominancy (89% of the repertoire) and Vβ12 dominancy (69%) even if these Vβ has never been seen as dominant in primary infection. These results suggest that only a part of the selected repertoire during primary infection is recruited during heterologous immunity response.

To investigate the private part of the heterologous immunity, the same author In the other widely studied example of heterologous immunity conferred by LCMV against VV, the immune response is driven by specific CD8 through IFN-γ secretion 264 . In this respiratory mucosal model of infection with VV, memory TLs specific for LCMV were recruited in the lung 269 . Adoptive transfer of LCMV specific splenocytes from immunized mice protect against VV infection, and this protection is reduced if the CD4 or CD8 are depleted in the donor splenocytes 270 . As LCMV immunized mice treated with anti-IFNγ are not protected against VV, the mechanism seems to be IFN-γ dependant.

In this example of LCMV and VV, the cross-reactivity of TCR is involved in heterologous immunity. TCR specific for the LCMV epitopes NP205, GP34, and GP118 proliferate after VV challenge. TLs specific for each of LCMV epitopes present cross-reactivity for the VV A11R198 epitope (AIVNYANL). The A11R-specific TLs from LCMV immunized mice can bind to both LCMV GP34, and GP118 tetramers 271 . Several VV antigens sequences harbour partial homology with NP205: VV A11R antigen has 4/8 AA in common with NP205 and 3/8 AA with GP34, and GP118.

In this second example, mechanism leading to heterologous immunity has also a private part depending of each individual. Indeed, there are variations in the specificity of CD8 memory cells responding to VV in LCMV immunized mice. The study of A11R specific CD8 cells before and after heterologous virus infection shows that low levels of these cells are present in LCMV immune mice (0,2-0,5%). At 12 days post VV infections, only 6/19 mice showed significant increase of T-cells specific for the cross-reactive VV epitope. Upon the nineteen, four mice respond to the GP34-41 epitope, three to the NP205 and one to the GP118. Adoptive transfer also demonstrated the private specificity of heterologous immunity. Some mice preferentially use cross-reactive responses against the A11R whereas other not, and sometimes cross-reactivity is not seen against any of those epitopes, thereby demonstrating the complexity of heterologous immunity 222 .

Even if the heterologous immunity is based on cross-reactivity, it is important to note that there is not necessarily reciprocity. One of the possible explanations to this phenomenon for the example above is that VV is a virus that encodes more than two hundred proteins and a number of T-cell epitopes evaluated to more than thousand with the capacity to trigger memory T-cells. In contrast, LCMV encodes only four proteins.

The explanation depending on this number of viral proteins is that the thousand epitopes encoded by VV could more likely stimulate TLs in an LCMV-specific memory subset than would the much more limited number of LCMV epitopes stimulating a VV specific cells 272 .

In human, same kind of mechanistic has been reported for heterologous immunity. The mostly studied example is the TCR repertoire during EBV infection. Indeed, an increased level of cross-reactive CTL was observed during this infection 273,274 . This result was first attributed to non-specific bystander but limiting-dilution clonal assays have shown that this multi-specific activity was due to T-cell clones that are cross-reactive 274 . It has been previously related that cross-reactive T-cells exist with specificity for two immunodominant HLA-A2 presented epitopes, Influenza matrix epitope M158 (GILGFVFTL) and EBV BMLF1280 (GLCTLVAML), which have relatively little sequence similarity. CD8 from patients previously immunized against Flu and with acute EBV infection were cultured and pulsed with Flu-M158 or BMLF1280 peptides. CD8 cells recognized both peptides with the same avidity even if there is few AA in common 275 .

Another study looked for whether unrelated virus specific memory CD8 T-cells were activated in the immune response to acute infection with heterologous pathogens.

Authors investigated antigen-specific CD8 CTL in PBMC from patients at the onset of acute HBV infection. They were detectable from: 43 to 89% for HBV and for 5.5 to 20% for CMV, in CD8 T-cell compartment as determined by pentamer binding. These results suggest that CD8 T-cells specific for CMV may be activated during acute HBV infections.

They also found that IL-15, a cytokine important for maintenance of memory T-cells and often produced during acute viral infection, selectively activates CMV specific CTL cells, for spontaneous IFN-γ production, and enhances anti-viral mechanisms 276 .

There are few papers on the mechanism of heterologous immunity in human. Most of the studies focused on the results of heterologous autoimmunity. Indeed, it has been suspected for a while that cross-reactivity could lead to the apparition of autoimmune diseases but there are fewer papers on the benefit of cross-reactivity leading to positive heterologous immunity. In the following section, I described a non-exhaustive list of heterologous phenotypes in mice and human.

Protective heterologous immunity

Historically Jenner made one of the most important discoveries in the field of immunology. He noted that milkmaids were generally immunized against smallpox.

Jenner postulated that the pus in the blisters that milkmaids received from cowpox protected them from smallpox, which is a similar disease. It is commonly accepted that Jenner was one of the fathers of vaccination. However, what Jenner discovered in this day of 4 May 1796, is more than vaccination. It was the protective action of heterologous immunity 277 . It is the first example suggesting that vaccination may have not only disease-specific effects but also effects on other diseases. Moreover, since Vaccinia was introduced, it was noticed that recipients are less susceptible to diverse infections such as atopic diseases, measles, scarlet fever, and syphilis 278 .

Several examples of protective heterologous immunity have been described in mice specially with LCMV that provides protection with mouse cytomegalovirus (MCMV) or VV. Infection with LCMV, PV or MCMV conferred a considerable level of protection against infection with VV, as shown by reductions in viral load and increased survival in response to lethal doses of VV in systemic and respiratory-mucosal models of infection.

Protected mice had a 2 to 200 fold reduced viral load 3 days after infection compared with the challenge of seronegative mice, and the heterologous protection continued for as long as a year 270 . Against, the absence of reciprocal protection has to be noted.

Measles virus

In human, it is noteworthy that in developing countries, live measles virus vaccine, seems to protect against mortality that is not attributed to this infection 279 . The studies on standard measles vaccine suggest that this vaccine has beneficial effects beyond protection against measles. Its implementation significantly improved child survival in Africa and may have enhanced resistance to unrelated infections. Comparative studies showed that two doses of measles vaccine at 4.5 and 9 months of age reduced the mortality to infections other than measles by 30% in children as compared to one dose of measles vaccine at 9 months 280,281 .

Cytomegalovirus

CMV is a beta herpes common virus that infects most of the population worldwide, with seroprevalence increasing up to 90% with age 282 . It is a classic example of virus establishing persistent infections. In most of the cases, CMV infections are subclinical and well tolerated, but they cause a significant perturbation of T-cell repertoire as 20% of the lymphocytes can be specific for this pathogens in infected subjects 283,284 . Why such a large population of CMV-specific memory CTL cells would be maintained over time? Only for CMV protection? Considering heterologous immunity, CMV-specific memory CTL presence might contribute to the immunological response against other pathogens. There are several aspects of correlation between immunity against CMV and others pathogens. In a recent paper published by the team of Mark Davis, the positive contribution of CMV in the serological response to influenza vaccination has been observed in human. Indeed, subjects that have been previously infected by CMV have a different immune compared with negative subjects for influenza vaccine responses.

Young CMV+ subjects have higher levels in TH1 and TH2 cytokines level as well as a stronger CD8+ responses to IL-6 compared to CMV-subjects. They exhibited elevated serum levels of IFN-γ, and elevated antibody responses to the influenza vaccine. The comparisons of the antibodies response against influenza are represented in Figure 10: These data indicate that CMV could be a major driver of natural immune response against influenza.

Influenza A virus

The Influenza virus presents many viral strains, which impose annual vaccination against the pathogen. An unresolved question is how these cross-reactive T-cells are working in immunity against IAV infections 286 . Epidemiological study have indicated that exposure to one strain of IAV (H1N1) apparently provided some level of protection against another strain of IAV (H2N2) 287 . Once could expect these results as different strains of Influenza are in fact molecularly very close. On the other hand, once may wonder why is it necessary to vaccine our self each year against Influenza? A clue for these responses is described below.

A more unexpected example of heterologous immunity, as it between unrelated human viruses, occurs between IAV and HCV. Indeed, T-cell specific for an immunodominant HLA-A2-restricted T-cell epitope that is encoded by HCV, cross-react with an Influenza epitope that have 7/9 AA in common (HCV NS31073: CVNGVCWTV, Influenza NA231: CVNGSCFTV). This result defines a strong cross-reactivity between hepatitis C virus and influenza virus dominant epitopes 288 . It can be a clue to explain why some patient clear HCV, but others develop persistent infections 289 .

Hepatitis G virus

The same kind of phenomenon could be implied in a relative protection against HIV.

Several HIV-exposed individuals persistently remain seronegative. They harbour HIVspecific CTL responses to epitopes that are different from those that are recognized by HIV seropositive individuals 290,291 . The heterologous immunity could be involve as recent observation that seropositive patients that are co-infected with the Hepatitis G virus are less susceptible to progress to AIDS 292,293 . In these two studies published in the New England Journal of Medicine, a significant link was found between the HGV chronic infection and the control of HIV infection. Among the HIV seropositive patients, the mortality rate was significantly decreased among those with HGV. These results are summarizing in Figure 11: This result was independent of classical factors as, base-line CD4+ cell count, age, race, sex, or mode of HIV transmission. These results have to be moderate if we are involving the heterologous immunity. In fact, they do not give the proof that the control of HIV infection is due to immune system. HGV could interfere with some basic and necessary metabolic pathway that is necessary HIV replication 294 .

Mycobacterium tuberculosis and Bacillus Calmette-Guérin

Heterologous immunity is not restricted to virus. BCG immunization seems also to provide positive heterologous immunity effects. Trials in neonates show that BCG vaccination at birth reduces almost half neonatal mortality. Infants have lower rates of neonatal sepsis and respiratory infection 295 . Another epidemiological analysis performed on over 150,000 children under five years old performed in more than thirty countries suggested that BCG vaccination reduce acute lower respiratory infection incidence by 17 to 37% 296 . More specifically, BCG vaccine has been noted to provide protection against Mycobacterium leprae. This effect was first demonstrated in 1936 by a positive Mitsuda reaction, a marker for improved cell-mediated immunity against leprosy was observed after BCG vaccination. In a recent meta-analysis, author included nineteen observational and seven experimental analyses. The results of the different observations indicate that the protection conferred by the BCG vaccination increase the protection against Mycobacterium leprae of more than 25% but with significant heterogeneity between the different experiments. The protective effect conferred by vaccination estimated by the observational studies was more than 60% also with significant heterogeneity between the different experiments 297 .

There is a much more surprising heterologous immunity that have been notice thanks to M. tuberculosis. Indeed, it has been reported that BCG induced could induce protection and T-cells immunity against poxvirus 264 . Moreover, it has been observed that BCG vaccinated HIV seropositive adults had lower risk of intestinal nematode infection than unvaccinated patients 298 .

The positive effects of heterologous immunity have been reported for several times but unfortunately, monitoring of patients is often done when they are ill. The protective heterologous immunity seems to be a widespread effect especially when you keep in mind that the vast majority of the population was in their childhood, infected by CMV or EBV. All together, these observations suggest that previous encountered pathogens, and moreover every immune response that lead to a memory repertoire, play a role in shaping our response to subsequent immune challenge. This is not taken in account for most of the clinical studies while it could give a clue to provide insight into the variance between vaccination efficacies in the laboratory versus in the clinic. It can also help to prevent some injuries link to heterologous immunity. Indeed, different papers indicate that heterologous immunity can result in autoimmunity, altered immunopathology and/or changes in the TH1/TH2 balance (immune deviation) that can sometimes lead lethal side effects.

Heterologous autoimmunity and mimicry

As autoimmunity aetiology was for a while suspected to have infectious origin and to be associated with viral infections, once have to question the implication of the T-cells that are specific for pathogens and present unconventional characteristics. Indeed, it has been proposed that viral determinants that mimic host antigens could directly stimulate self-antigen specific T-cells. We have described above the mimicry as a molecular similarity between 2 different antigens. On an autoimmune point of view, this definition can be enlarged to described pathologies. First of all, mimicry can be defined as the detection of TL or antibodies that both react with same antigens. Second, based on epidemiological point of view, mimicry could be described as a link between infection to pathological agent or microbe and development of AD. Third, mimicry can define the autoimmune phenotype obtain in animals model following sensitization with specific epitope either infection with the pathogens 299 . Here, we review some examples of direct cross-reactivity that could be involved in autoimmunity due to unconventional TL.

Multiple sclerosis

Multiple sclerosis (MS) is an inflammatory and autoimmune disease of the central nervous system. It is characterized by motor and sensitive disturbance associated with cognitive impairments 300 . MS has been considered to be TL associated disease. First, the myelin basic protein (MBP), the myelin oligodendrocyte glycoprotein (MOG) and the proteolipid protein, three host antigens, are the main targets of autoreactive CD4 Tcells 301 . Second, the inflammation and the tissue destruction are driven principally by CD8 T-cells 124 .

Considering the mimicry as a driver of the pathogenesis, several pathogens such as varicella zoster virus 302 or Chlamydia pneumonia 303 have been suspected to be implicated in MS. However, EBV cumulates incriminating evidences linked to mimicry for a possible driver role in this disease. First, in a recent epidemiological analysis, EBV seropositive, HLA-II predisposing allele (HLA-DRB1*15:01), or both were strongly associated with the development of MS. Second, in patients with MS, TL with specificity for the MBP are also able to react with the EBV nuclear antigen 1 304,305 . Third, molecular homology between MBP and EBV peptides restricted to DRB1*15:01 has been reported 259 . This molecular mimicry is detailed in Figure 12: Considering these results, it is reasonable to think that the TCR of the autoreactive TL could share some affinity for EBV peptides and MBP. However, the affinity of these autoreactive TCR is lower for the EBV peptides than for the MBP 306 . One of the hypotheses is that the generation of the immune memory after initial activation in response to EBV, involving autoreactive T-cells with low affinity TCR, leads to the generation of higher relative affinity TL clones that will damage the CNS 307 .

Type 1 narcolepsy

Narcolepsy is a rare sleep disorder caused by hypocretin neuronal loss. It is characterized by an excessive daytime sleepiness accompanied by impaired nocturnal sleep. The autoimmune cause was suspected due to strong association with the presence of HLA-II alleles as HLA-II DQB1*06:02 [308][309][310] and epidemiological studies 311 . Indeed, this epidemiological study was the first to report that H1N1 vaccination has the potential for the development of narcolepsy. They proved a significant increase in narcolepsy cases after vaccination in the Chinese population.

Molecular mimicry has been identified between Influenza NP and the extracellular domain of the human hypocretin receptor 2, which is considered as a target implied in the development of the pathology 312 . Moreover, antibodies from Influenza vaccinated patients were able to cross-react with these two proteins. In addition, the specific implication of TCR was highlight by the involvement of the TCR alpha 313 . A recent studies have definitely proven the implication of the immune system in the physiopathology of the disease as repertoire composed of specific TCR with cross reactivity for hypocretin and influenza A were found in patient 314 . Thus, mimicry appears as a major factor in the development of post-infectious narcolepsy.

Type 1 diabetes

It is largely accepted that T1D is a polygenic disease but environmental factors like viral infections have also been shown to play a decisive role in the appearance of the pathology 315,316 . Among the virus that are suspected to be associated with the appearance of T1D are those that belong to enterovirus. Epidemiological investigations have reported an increase incidence of insulin dependent diabetes after Coxsackie virus epidemics. The infection was 10 times more common in T1D compared with controls 317,318 . Suspicion of mimicry in T1D pathology also comes from the finding of numerous similarities between epitopes of pancreatic β cells and viral components. Crossreactivity has been noted between the VP-1 protein of enterovirus and the tyrosine phosphatase of beta cells and enterovirus infection can induce cross-reactive immune responses 319 . Second, the presence of the HLA-DR3 is known to be a factor of predisposition for the development of the disease as it is more prompt to complex autoantigen like the glutamic acid decarboxylase. HLA-DR3 restricted CD4 T-cell has been found to cross-react against epitopes with sequences similarity between this autoantigen and a CMV-encoded antigen 320 . Third example, it was found that molecular mimicry with rotavirus could promote autoimmunity to IA2 islet antigens 321 .

Interestingly, the inoculation of NOD with gammaherpes virus delayed the onset of T1D 322 . Moreover, the inoculation of NOD with Coxsackie virus was followed by of longterm protection from T1D 323 . These results feed the debate about implication of viral infection in T1D and further studies are needed to clarify the role of heterologous immunity in the physiopathology of T1D.

Guillain-Barré syndrome

Guillain-Barré syndrome (GBS) is an immunologically mediated polyneuropathies characterized by an acute inflammatory polyradiculoneuropathy, progressive weakness, autonomic dysfunction and pain. The role of TL in GBS has been extensively investigated as a central mechanism for autoimmunity because of nerve infiltration by TL, parallel to demyelination 324 . This syndrome is considered as a post-infectious autoimmune disease 325 . Thus, several infections such as viral 326 and bacterial 327 have been reported and suspected to be linked with this syndrome.

Considering the different phenotypes of the disease, the acute motor axonal neuropathy (AMAN) that targets the axon membranes, is the only one clearly associated BGS and with C. jejuni mimicry 328 . The first epidemiological evidence of C. jejuni in the development of GBS was a case-control study reported that a recent C.jejuni infection was more common in patients with GBS 329 . On a immunological level, patients with C.jejuni infections present significant titer of IgG that cross-react with GD1 and GM1 gangliosides, two key targets of the disease 330,331 . In addition to these two levels of mimicry, molecular mimicry between the bacterial LPS and the GM1 has been identified 332 . Finally, the disease has been reproduced also in animal model.

Experimental sensitization of rabbits with the bacterial LPS leads to the increase of anti-GM1 IgG and the development of symptoms as limb weakness, resembling to GBS 333,334 .

Many results orient aetiology of GBS to infection and the mimicry seems to be involved when C.jejuni is implicated is the apparition of the disease. It is one of the many ways that the disease seems to begin and others investigations have to level how C.jejuni infection is an important cause in GBS aetiology.

Systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is an autoimmune disease with multiple molecular and heterologous clinical phenotypes. SLE may involve all organs but the most common clinical features are mucocutaneous lesions, arthritis, renal involvement, and haematological disorders. The serology of SLE is characterised by the positivity of many autoantibodies among which the most specific are anti-dsDNA and anti-Sm. B cell dysregulation is usually linked to the development of SLE as they mediates the production of autoantibodies that are fundamental factors in SLE 335 .

Considering the mimicry as a driver of the SLE, different pathogens such as parvovirus, CMV or HCV have been suspected to be implicated but one more time, EBV cumulates incriminating evidences linked to the mimicry with this disease 335,336 . Studies have highlighted a higher incidence of EBV infection among SLE patients as well as higher titers of antibodies against EBV 337,338 .

The immune response against EBV for SLE patients is also different from healthy individuals. Indeed, the humoral response generates cross-reactive antibodies in genetically susceptible individuals 336 . Different candidate antigens have emerged. For example, the molecular mimicry of PPPGRRP EBV antigen with the PPPGMRPP peptide from Sm of the human spliceosome is consistent with the possibility that EBV infection is implicated in SLE 339 .

From these data and observations, we can suspect evidence for implication of viral mimicry in human autoimmunity in some cases. The identification of sequence motifs feed the hypothesis that heterologous autoimmunity could contribute to pathogenesis of autoimmune diseases. However, much of the time the correlation is done without any causality proof and more functional evidences and experiments have to be provided. These cases of pathogenic heterologous immunity are relatively simple to understand, as mimicry is easy to predict and observe. But, in some case, the problem linked with heterologous immunity are much more insidious.

The original antigenic sin

In the late 1950s, Thomas Francis Jr notices that the antibodies generated during second infection by a second serotype of Influenza had a higher specificity for the first serotype.

He used a theological analogy to name this phenomenon: the Original Antigenic Sin (OAS) 340 . Just few years after, the phenomenon was also described and named "the Hoskins effect". It has been suspected to be involved in weak immune responses against Influenza. From an analysis of a vaccination campaign in adolescent pupils, in the 70's, it was concluded that annually repeated vaccinations would not confer protection against epidemic influenza in the long-term 341,342 . Finally, a few years ago, an epidemiologic study has implicated the OAS in the explanation of the variation of immunity level against different serotypes of Influenza. Indeed, key observations about the human immune response against repeated exposure to influenza A is that the first strain infecting an individual apparently produces the strongest specific response. Using epidemiological data, the authors listed the capacity of each birth cohort to respond to different strain of influenza. Indeed, individuals born before 1968 had their first infection with a group 1 virus are protected against virus of the same group. Conversely, after 1968, individuals had their first infection with a group 2 virus are protected against virus of the group 2. The author highlighted that susceptibility profiles of infection mirror the age of reported cases, supporting the life-long effect of an original imprinting of the immune system 343 . These results are summarized in Figure 13: A major change in the circulation of influenza strain append in 1968 with a variation in the immunodominant antigen hemagglutinin. This modified the strain of influenza that new birth individuals first encountered in life. As a consequence, the protective immunity level differs by birth year and is reduced against the discordant strain. 344 .

The mechanism has been described as selective activation of CTL specific for previously encountered epitopes of a virus, following infection with a heterologous strain presenting mutant variants of those epitopes that would otherwise invoke a different Tcell repertoire 345 . Due to prior exposures to the first antigen, naive lymphocytes do not respond to the variant antigen as for a primary contact but instead memory lymphocytes, specific of the first antigen, are recruited. They interpret the second antigen as the original one and proceeds with a memory response to the variant antigen.

At first glance, this seems like a favourable phenomenon like the immune memory.

However, it can be problematic when the variant antigen is sufficiently different from the original, which leads to an ineffective clearance of the mutated pathogen. In a more extreme example, it leads to a complete evasion of the mutated pathogen from the immune system, a situation that clearly could have deadly implications. Finally, the inefficacy of the immune system to clear the virus can also lead to an uncontrolled activation of the immune system and immune related pathologies. The theoretical mechanism of original antigenic sin is summarized in Figure 14: The original antigenic sin seems also to be implicated in the difficulties to design efficient vaccines due to the mutations of viruses, inducing sub-optimal memory response [346][347][348] . Moreover, in HIV, the high rate of mutations implicated in viral escape could be due to original antigenic sin 345,349 . There are different consequences of the original antigenic sin that have been reported in mice and human. Here is a nonexhaustive list of the phenomena.

Narrow repertoire

The proportion of memory CTL increase with age, but homeostasis controlled their number, as there is an upper limit in the total number of memory cells. Either additional memory T-cells, which could emerge from following infections, are precluded. Either, there must be a deletion of pre-existing memory populations when the host responds to a new pathogen. So CD8 T-cell memory can be compromised by subsequent viral or bacterial infections.

LCMV and PV encode epitopes that induce different but highly cross-reactive diverse TCR repertoires. Homologous viral challenge of immune mice only slightly skewed the repertoire and enriched for predictable TCR motifs. However, striking differences in TCR repertoire evolution were noted when mice received a homologous versus heterologous viral challenge. Heterologous challenge in either virus sequence led to profound narrowing of the repertoire. 266 The same mechanism is observed in Influenza immune response. T-cells repertoire can cross-react with different Influenza epitope but when viral strains present mutations on these antigens, a more narrow T-cells repertoire emerge 350 . Interestingly, all influenza A viruses that have infected humans in the past 80 years have expressed the conserved HLA-A2 restricted M158 immunodominant epitope 351 . During the different infection of influenza during life, the diverse repertoire of the first infection, composed of different Vβ and TCR, derive to a narrow Vβ 17 repertoire with an AA motif in the CDR3 region of the TCR 352 . This immunodominant response does not seem to be adequate and may be a cause of viral escape, as individuals remain susceptible to infection with cross-reactive influenza virus strains 353 .

Altered immunity and Immunopathology

The original antigenic sin can also lead to inflammatory deleterious reactions. It gives an explanation that some diseases, like chicken pox, measles or polio are more severe in adults than in children 354,355 . Indeed, heterologous viruses have the potential to over stimulate memory T-cells that are cross-specific for other viruses because their replication would not be prevented by highly specific T-cell action and neutralizing antibodies. These cells are in fact much more specific against the original virus, and are not able to clear the variant strain or the heterologous one. So, the phenomenon can lead to an uncontrolled stimulation of T-cell, inflammation and immune related diseases.

The majority of human being acquires a persistent infection with EBV, whose first contact with the virus is during childhood and is essentially asymptomatic. However, young adults acquire EBV for the first time display symptoms of acute infectious mononucleosis (AIM) 356 . The AIM is characterized by massive expansion of CD8 CTL and symptom can be influenza like illness to severe syndrome with splenomegaly, hepatic injuries and extreme tired 357 . The difference of severity seems to be related to the amplitude of the CD8+ T-cell response rather than the virus load 358 . The OAS could be an explanation of this phenomenon as the activation of cross-reactive memory TLs, which have been generated in response to a previously encountered virus, can be overactivated by cross-reactivity against EBV, but are not sufficiently specific to clear it easily and quickly. One observation supports this hypothesis, as T-cells that are crossreactive between the influenza M158 epitope and the main immunodominant BMLF1280 epitope of EBV are present at a high frequency during infectious mononucleosis 275 and the severity of the AIV is correlated with the presence of cross-reactive M1-BMLFspecific TCR repertoire 359 .

In human, the original antigenic sin seems to be implicated in the Dengue Haemorrhagic This second mechanism seems to be due to sequential infections with different strains of dengue virus as epidemiological studies indicating that it occurs when a dengue seropositive individual is secondarily infected with a DENV of a different strain 362,363 .

During the second infection, the virus-specific CD8+ T-cell response is dominated by the proliferation of cross-reactive memory T-cells generated during the primary response. These memory T-cells have a lower activation threshold, so they respond faster and are more present compared to naïve precursors, even if they have a lower avidity for the secondary-infecting virus and a worse antiviral function. Consequently, these cross-reactive CTL will not be able to efficiently clear DENV while the cytokines they overproduced may contribute to increased vascular permeability involved in DSS.

DENV is composed of 2 surface glycoproteins (envelope (E); pre-membrane (M)) that allow fixation on the host cell, the capsid protein (C), and seven non-structural proteins For this reason, the sequence of the DENV infection influence disease severity, with DENV 3 followed by DENV 2 appearing to be the worst combinations of subsequent infection 366 . A detailed study focusing on the specificity of T-cells responses in dengueinfected Thai children presenting a DSS concluded that CTL show a low affinity for the vaccine strain and a higher affinity for another strain, presumably from a previous infection 367 . During the second infection, CD8 T-cells specific for the NS3 antigens are increased in DSS patients and there is an association between the level of these T-cell response and the severity of the disease 368 . These CD8 cells display different cytokines production profile upon stimulation with the heterologous challenge, alike CD4 that produce higher TNF-α upon heterologous stimulation, which is a major driver of vascular shock 369,370 . These altered functions of the T-cell repertoire response could result from the original antigenic sin. The scenario of DSS due to the original antigenic sin is depicted in Figure 15: The low avidity has been pointed out to be the major driver of T-cell pathological implication in original antigenic sin as T-cell responses after secondary infections are highly serotype cross-reactive but less efficient in virus clearance 372,373 . A shift in the classical antiviral Th1 to a Th2 cytokines profile is also suspected to correlates with DSS apparition but it have to be confirmed 374 . In fact, this skewing of the immune has been observed in another manifestation of the original antigenic sin involving the Respiratory Syncytial Virus.

Respiratory syncytial virus (RSV) is the leading cause of hospitalization in infants and young children 375 . However, there is no vaccine available. The reason for this may be the deadly failure of a clinical trial in the 1960's with a formalin-inactivated RSV (FI-RSV) vaccine 376 . The vaccine do not only failed to induce immunity against RSV, but it also resulted in an increased rate of disease severity after a subsequent natural RSV infection in the majority of the volunteers including hospitalization and two cases of fatal disease 377 .

These patients presented unusual clinical features with lung pathology associated eosinophilia. Indeed, the two children that died revealed a significant increase in the number of eosinophils present in the lung parenchyma. The presence of eosinophils indicates a Th2 pathway that is not ordinary for anti-RSV response, as Th1 response generally favours virus clearance, whereas Th2 cell responses can prolonged virus replication and, in some cases, can lead to enhanced immunopathology 378 .

Experimental mouse models of RSV have reproduced some of the features of this disease. Mice that were immunized with the FI-RSV 379 or in the form of a VV recombinant vaccine (VV-G) 380 , developed a severe eosinophilia and a Th2 response after intranasal inoculation with infectious RSV. This contrasted with the Th1 response that was mounted by non-vaccinated RSV-challenged control mice, which easily controlled the infection.

The explanation leads in the composition of the RSV G-specific memory effector CD4 + Tcells repertoire. RSV specific cells present in the lung following infection exhibit the Vβ14 region TCR with limited diversity within the CDR3 region. Remarkably, mice depleted of Vβ14 cells fail to develop pulmonary eosinophilia following subsequent RSV infection. These results demonstrate that immunopathology due to RSV vaccine seems to be link to an oligoclonal CD4 + T-cell population and suggests that the engagement of these RSV G-specific CD4 + T to Th2 differentiation may be dictated by TCR usage 381 . It is an example of heterologous immunity leading to immune deviation. It is interesting to note that mice previously infected with Flu before being vaccinated with VV-G vaccine did not develop eosinophilia subsequently to the RSV challenge 382 .

Objectives and experiments

In the following sections, I will first detail the experimental design and methodological approach, before summarizing the obtained results.

The TRiPoD project:

First of all, this work is a part of the European Research Council advanced grant "Tripod:

Treg repertoire in Physiology or Diseases" directed by Professor David Klatzmann 383 .

The general objective of this work was to decipher the structure of the T cell repertoire in human. In particular, we aimed at portraying the composition of the TCR repertoire in the body and eventually to create a human TCR map in healthy condition. As far as I know, majority of the studies on the TCR repertoire has been performed on blood which contains less than 3% of the total T-cells of the body 384 and on unsorted cells. Moreover, the vascular compartment is not the place of antigenic stimulation. Collection of human tissues is thought to be an essential resource for biomedical research and the anatomical localization and tissue compartmentalization of immune cells is emerging as a key factor in their functions 385 . During my PhD, I have started and managed a research protocol in collaboration with the "Agence de biomedicine", "Coordination des prélèvements d'organes et de tissus" and the cardiac surgery team of Pitié-Salpêtrière hospital. The purpose was to obtain different lymphoid tissues from the same individual.

Adaptive immune system is a dynamic one. It is made of different kind of subpopulations with their own role in the defence of the host and control of immune reaction. The second major aim of this work was to sort cell populations from these organs to obtain an overview of all key actors of the adaptive immune response.

Original biobanking of sorted cells for TCR repertoire analysis

The original protocol allowed us to harvest lymphoid samples from 36 deceased organ donors. Donors ranged in age from 19-67 years old. We obtained a gender ratio of 1,6 H/F. All patients were free of cancer, hepatitis, HIV. Serological data indicated the status for persistent viruses EBV: 27 seropositive donors; and CMV: 16 seropositive donors.

The clinical datas were of great importance for the performed analysis. To have a large mapping of the human immune system, we harvested (i) the thymus as it represents the central compartment of the immune system, (ii) blood and spleen that represent the circulating compartment and (iii) different organs draining lymph nodes (like pancreatic or mesenteric) as it is the place for antigens presentation. We wanted to collect these samples to map the composition of the TCR repertoire in the body. We aimed to follow the TCR repertoire structure from the early selected one in the thymus to the finally activated one in the lymphoid organs. By looking at TCR repertoire in different localisations of the body, the first objective of this work was to highlight organ TCR repertoire signature.

To obtain the more exhaustive representation of the immune repertoire, we sorted different types of cells based on key phenotypes 386 . From the thymus, five thymocytes populations were sorted. DPCD3 -(CD3 -CD4 + CD8 + ) that are the most naïve thymocytes and represent the naïve TCR repertoire, DPCD3 + (CD3 + CD4 + CD8 + ) that expressed a full TCR and that are undergoing beta selection, ThyCD8 (CD3 + CD4 -CD8 + ), ThyTeff (CD3 + CD4 + CD8 -CD25 -) and ThyTreg (CD3 + CD4 + CD8 -CD25 + ) that are the naïve cells that have passed the thymic selection. In the periphery, including blood, spleen and lymph nodes, Teff (CD3 + CD4 + CD25 -CD127 + ) and Treg (CD3 + CD4 + CD25 + CD127 -) cell subsets were sorted depending of their naïve or activated phenotype based on the respective expression of CD45RA + or CD45RO + . CD8 T-cells were sorted in four subsets: naïve (nCD8): CD3 + CD8 + CCR7 + CD45RA + , effector memory (emCD8): CD3 + CD8 + CCR7 -CD45RA -, effector memory RA (emraCD8): CD3 + CD8 + CCR7 -CD45RA + ), central memory (cmCD8):CD3 + CD8 + CCR7 + CD45RA -. The general protocol to obtain cells is represented in Figure 16: More than 900 samples were sorted and bio banked. It is, in our knowledge, the largest biobank dedicated to the analysis of human T-cells subsets repertoire in lymphoid tissues obtained from individual organ donor.

Library preparation and next generation sequencing:

The previous TCR sequencing technologies were restricted in their capacities to capture the diversity of the TCR repertoire. There are different reasons such as the requirement of extensive primer multiplexing or the limitation to a particular size or sequence. When we started this project, we hypothesised that the functionally relevant TCR repertoire is enough transduced in T lymphocytes and present in mRNA sequences. These molecules are composed of one known C region and an adjacent unknown flanking region representing the rearranged V(D)J region. So, we decided to use the mRNA to study the TCR repertoire. We tested different protocols of RNA extraction to finally use the RNAqueous-Kit from Invitrogen®. It allows to biobank the RNA in lysis buffer for a long and it was an easy to use and cost-effective technic for all the samples that we had. The RNA concentration and sample integrity were systematically determined on NanoDrop (Thermo Fisher®).

When I started this project, I first designed an in-house protocol for the amplification of these genetic materials, adapted from 387 . The sequencing was performed under the 454 protocol (Roche ® ) based on pyrosequencing technology. It took at least 3 days for the sequencing step just for one sample and the results were not always reproducible. Given the number of samples that we had to perform, we realized that this technology was no longer adapted to our project. At the same the Illumina ® HiSeq technology was emerging. It allowed sequencing much more samples in a reduced time. In parallel, Clonetech ® developped a standardize protocol of library preparation that was compatible with Illumina ® barcoding. This technology allowed us to performed 96 samples in the same batch. We assess that these technologies were adapted to our project in a multi-centric comparison of TCR repertoire library preparation. This comparison was the subject of a paper published in Nature Biotechnology. (See results) With this established TCR sequencing technology, we were able to provide an in-depth characterisation of the TCR repertoire analysis.

TCR repertoire analysis

Deep sequencing raw data generated on Hiseq Illumina ® were first evaluated for quality using the sequencer-specific quality programs provided by the manufacturer in order to ensure qualification of datasets. Thus, each generated dataset was subject to a standard of first-layer analysis comprising sequence quality control, barcode classification, and initial annotation. Each generated TCR sequence were annotated for V(D)J gene segment usage and boundaries, CDR1, CDR2 & CDR3 identification. This annotation step was performed with MiXCR 95 in accordance with the standards developed at ImMunoGeneTics 13 . For normalisation, we analysed the first 18,000 most expressed b or a CDR3s from each sample. We analysed the repertoire of purified CD4 + CD8 + CD3 - (DPCD3 -), CD4 + CD8 + CD3 + (DPCD3 + ) and CD4 -CD8 + CD3 + (CD8 + ) thymocytes. DPCD3 - thymocytes represent the earliest stage of TCRb-chain gene recombination and their repertoire embodies the unaltered outcome of the TCR generation process; DPCD3 + thymocytes are at an early stage of the selection process and their repertoire should be minimally modified; CD8 + thymocytes have passed the selection process and bear a fully selected repertoire.

There are three different ways that we used to analyse the thymopoiesis: the network, the Pgen and the specificity of the TCR.

First, we analysed and represented the structure of these repertoires by connecting CDR3s (nodes) differing by at most one single amino acid (AA) (Levenshtein distance less than or equal to one: LD≤1) as such similar CDR3s most often bind the same peptide 101,102,108,111,388 . These results are represented below in Figure 17: The second original way that we used to analyse the thymopoiesis is the generation probability (Pgen). The Pgen of a sequence is inferred using the Olga 389 algorithm, which is inferred by IGoR 230 . IGoR uses out-of-frame sequence information to infer patient-dependent models of VDJ recombination, effectively bypassing selection. From these models, the probability of a given recombination scenario can be computed. The generation probability of a sequence is then obtained by summing over all the scenarios that are compatible with it. infected by COVID-19 392 . We considered these TCR to be specific of COVID-19 as they were isolated in a primary site of infections.

To our knowledge, it was the first time that such biological samples were analysed these ways. In the main paper of my work, entitled: "Human thymopoiesis selects unconventional CD8 + T cells that respond to multiple viruses", we report novel findings based on human thymocyte TCR sequencing that indeed fit with recent concepts in the In this paper, we demonstrate for the first time that unconventional CD8 + ab TCR with innate-like recognition properties are preferentially selected in the thymus and respond to vaccination and infection.

Results and publications

First, we analysed the organisation of the TCR repertoire focusing on the CDR3 AA sequence which is independent of the MHC and directly interact with the antigen. We constructed network of the TCR repertoire, using the Levenshtein distance: CDR3 sequences are connected based on their level of similarity allowing a single amino acid difference (insertion, deletion, substitution). We observed an increase of clustered CDR3

and connections in ThyCD8 vs DPCD3-that reflect the selection of CDR3 with same capacities to recognize antigens used for thymic selection. These results highlight for the first times the oriented thymic selection process through CDR3 with shared specificities and invalidate the dogma of the largest possible diversity as a necessity to be selected.

Secondly, during this process of selection, a significant part of the selected TCR repertoire is public and sometimes shared by all individual. We found a significant increase of public CDR3 sequences in CD8 versus DPCD3 + . In CD8, public CDR3 represents 8,6% while it is only 3,7% in DPCD3 + . The public sequences were mostly those with the highest probability of generation and with shared specificities of recognition as highlighted by the presence of a public CDR3 network that is selected in the thymus. We also investigated the number of connected nodes between patients. We sampled 1500 CDR3 in each individual for DPCD3 + and CD8 + thymocytes and compared the level of clustering and connection. We observe that the connectivity significantly increased between individual from the beginning of CDR3 recombination to thymic post selection. The number of connections is the higher for CD8 + thymocytes, arguing for the selection of public specificities in the human thymus.

Thirdly, we observed an increase of CDR3 specific for pathogens during the process of selection. The proportion of these specific sequences is higher in CD8 + versus DPCD3 + arguing for an important selection of CDR3s specific of pathogens. We estimated that the viral antigen coverage in human CD8 + is at least about 12%. Moreover, these TCR are reported to bind several unrelated antigens. we investigate at the single cell level the capacity of these cells to bind different kind of pHLA.

Fourthly, we investigated these properties and performed in vitro and in vivo experiments to outline the functional relevance of our observations. We highlighted that these cells are able not only to bind multiple pHLA, but also to be activated by these complexes and that these cells are ubiquitously recruited during vaccination or infection, including infection with COVID-19.

These results contradict the admitted rule of the clonal selection theory proposed by Burnet, hypothesised that a single TCR specifically recognize only one antigen and unlikely the others 2 . These public TCR repertoires present the specific characteristic to recognize multiple viral antigens.

According to these results, the stochastic mechanism of selection is no longer an acceptable process to explain the selection of the TCR repertoire, especially if we consider that the primary function of the repertoire is the protection against pathogens.

These specific protections are related to the capacities of the adaptive system to identify pathogens antigens at the time of infection. So, changing the specificity of the repertoire over time will be ineffective. This paper calls into question the clonal selection theory of Burnet and also the admitted dogma of the necessity to select the most diverse TCR repertoire to protect against all the possible pathogens that the individual will encounter. However, it provides evidences of a selection of public and unconventional CD8 + T cells with TCR repertoire that is able to interact with multiple and unrelated human viruses. From the biobanking to the generation of RepSeq data results, we have to be able to produce high quality data that can be investigated with all kind of analysis process.

Methods comparison

Establishing a technological pipeline that can provide an in-depth characterisation of TCR with reproducibility and accuracy was one of the major goals of this project. Indeed, we have seen that TCR repertoire analysis is determinant as it is a key in understanding mechanism of the immune adaptive system. But as every new domain, it lacks gold standard for investigation. To assess if this protocol was reproducible and adapted to catch the different facets of the TCR repertoire, we started a comparison with others technologies from commercial providers or from academic laboratories. We wanted to investigate the possible differences between methods for intra-and inter-method reproducibility and the accuracy of TCR determination, for both, alpha and beta chains.

By using next generation sequencing and standardized input samples, we compared different methods used for TCR data generation. We also spiked the different samples with a known clonotype (Jurkat T-cell) at different concentration to estimate the capacity of the different method to detect low to high concentration clones.

Our study revealed that method RACE methods based on RNA performs better than multiplex PCR. DNA based commercial methods provide high quality data, however the absence of corresponding methods for the alpha TCR repertoire limits the interest of such approaches. Our method was less impacted by quantitative limitation of input material, which is an advantage compare to UMI-based protocol. Accuracy provided by UMIs was at the expense of some reduction in TCR diversity capture. It is evident that UMI-based methods require deeper sequencing to identify clonotypes.

All methods relatively accurately detected the Jurkat clonotype spiked into samples at pre-determined frequencies down to 0.1% but we observe intra-and inter method differences. Results from RACE methods were consistent among themselves, while those from multiplex differed from each other and from RACE method results.

This study highlights the advantages and limitations of different TCR data generation methods and their potential impact on studies. Importantly for my project, these analyses allowed to identify and validate technique protocol that is now being used for all the i3 laboratory TCR repertoire projects. Altogether, these four studies pointed out the importance of the analysis of the TCR repertoire in physiopathology. The standardization process of this analysis is ongoing and further improvements, such as the normalisation and the generation of gold standard repertoire, needs to be achieved. However, within the accuracy of the method that we have developed, we were able to extract important results on the analysis of the TCR repertoire, on the mechanism of immune response and on physiopathology of diseases. The issues raised a lot of other questions, further discussed in the following section of this manuscript, and many other investigations have to be performed based on these results.

Heterologous immunity between phage intestinal bacteria and cancer cells:

Discussions and Perspectives:

6.1. Unconventional TCR repertoire bridge Innate and Adaptive immunity:

It has been suggested that public TCR represent a primordial and necessary germlineencoded repertoire. The specificities of this repertoire that are unconventional in their peptide-binding properties, have higher affinity for MHC or are somehow different from other T-cell responses 397,398 . A parallel could be done with the B cell repertoire looking at the differences between natural IgM and IgG. IgM are low affinity bindings but their capacities of pentamerisation increase their affinity for antigens. There are able to bind low affinity antigens and initiate easily the immune response. The final steps of the immune response involving IgG are much more specific. The public-T-cell response, composed of TCR with high Pgen, may represent a subset of the TCR repertoire with low affinity or "degenerate affinity" but, as they are often present, they can act as "whistleblower", to initiate an immune response that will be much more specific with highly specific TCR. The action of these public-T-cell gives time to much more specific TCRs, that are less present, to be recruited and to interact with their cognate antigens, with a higher affinity. Thus, IgM and high Pgen TCR are able to quickly initiate a "not specific" immune response.

These high Pgen TCRs share a lot of common features with constitutive receptors of the innate immune system. This sows seeds of doubt in the strict discrimination of innate and adaptive immunity. In the text-book « Immunobiology: The Immune System in Health and Disease » 399 , the major characteristics of the innate and adaptive receptors are compared.

First of all, the distinction between TCR and Pattern recognition receptor (PRR), the major components of the innate immune system, is made on the inherited character of the receptor. Entire genes inherited through the germline encode the innate receptors, whereas genes that are combined from individual gene segments during lymphocyte development encode the adaptive receptors. However, we have seen that some TCR with high Pgen are germline encoded. It is also the case for the natural antibodies IgM, which are encoded by unmutated germ-line genes 400 . This part of the adaptive immune receptor shared this characteristic of germline-encoded proteins, with the slight difference of recombination.

Secondly, the distinction between innate and adaptive receptor is conditioned to the receptor characteristic, i.e. all cells of a class express identical receptors. Here, we are dealing with the structural identity of the receptor. For example, the expression of TLR1 by macrophages. They are not clonal. It is true that TCR with different structures are present on T-cell. However, it has been suggested that subgroup of T-cell could harbour the degenerate TCR 398 . In the textbook cited above, the adaptive immunity is defined by the fact that, all cells of a class, e.g. CD8 + T cells, express a single type of receptor with unique specificity. They are clonal. We have demonstrated that unconventional CD8 + T cells selected during thymopoiesis harboured some identical receptors. This identity is even much more pronounced at the amino acid level. Furthermore, the specificity of these receptors is no longer unique. These receptors are able to bind multiple kind of pHLA complex which keep them away still a little more from the classical definition of adaptive immunity.

Thirdly, innate receptors trigger a very rapid response without the delay imposed by the clonal expansion of cells needed in the adaptive immune response. If we stand in the classical concept of adaptive immunity, the immune response starts as soon as the specific TCR has encountered its cognate antigen. Pretty sure, it could take a long time…

The presence of pleiospecific TCR in high frequency allows a reduction of this delay. We have demonstrated that they are able to bind a multitude of pHLA complexes. The high frequency of this cells and their capacities to bind multiple pHLA ligands allow them to trigger a rapid immune response.

Finally, the discrimination of innate cells vs adaptive cells is based on the ligands recognized. The strategy of PRR is based on the detection of conserved molecular structures produced by microbial pathogens 401 . The classical example of PAMPs recognized by PRR is the lipopolysaccharide (LPS) of gram-negative bacteria. Evolution has tinkered PRRs so that they are able to recognize the common motifs on different pathogens. The classical T cells are defined as able to recognize specific details as proteic epitope. The pleiospecific cells with high Pgen TCR have the capacity to respond to a multiple of epitope from unrelated pathogens. Of course, all the pathogens and antigens have not been tested but we have seen that these TCR were able to respond to CMV, EBV, Influenza and HIV. The first three are classical infectious virus of the human species. HIV is, fortunately, not a common pathogen but it is a retrovirus and they are coexisting with mammalian for millions of years 402 . So, the hypothesis is that evolution has tinkered high Pgen TCR so that they are able to recognize antigens of the common infectious pathogens. They are able to recognize the pathogens with the highest probability of infection.

Unconventional CD8 + T cells have elements of both the innate and adaptive immunity.

Investigation of gene signature via transcriptome analysis of these T-cell will help to define this subgroup that harbour pleiospecific TCR. The high throughput single cell analysis will provide insight in the differences between the sub-versus supra-specific TCR repertoire.

Symbiosis with pathogens: are we experienced?

During a lifetime, many different organisms infect human. They can be cleared or persist as chronic infectious pathogens. This latter case is often perceived as a dysfunction of the immune system and, generally, pathogens are defined as more or less negative for wellbeing. However, some human pathogens can protect their hosts from infection by related viruses or from disease caused by completely unrelated pathogens. This symbiosis, defined as a relationship between these two dissimilar entities, is mutualistic if each member benefits from the relationship. However, depending of the circumstances, there is either a benefit or a cost for it 396 . This symbiosis has been presented at the level of each individual, for example we have seen different examples of positive heterologous immunity in human as the CMV that enhance the immune response against influenza and other herpes virus may also increase the immune response to different pathogens. Moreover, this symbiosis has to be evaluated at the human species scale. Those who think it unacceptable that man evolved from apes will be defeated: there is also virus inside us! Indeed, retroviruses have the capabilities to integrate the host genome and become what is known as endogenous retroviruses (ERVs). Over time, retrovirus DNA sequence has been significantly added in mammalian genomes and is estimated to be up to 8% of the human genome 403 . Some of ERV encoded functional genes involved in major evolutionary steps. In human, two envelope genes of retroviral origin, named syncytin 1 and 2 have a physiological function in the generation of the placenta and are involved in the formation of the syncytiotrophoblast layer 404 . Another example is the expression and activation of amylase in human salivary gland that is controlled by a retroviral insertion 405 . On an immunological point of view, there is a hypothesis about the presence of ERV, which may results in immunity to some lethal pathologies, so only individual with ERV survive 406 . For example, it has been recently highlighted that the role of ERV long terminal repeat domains (LTR) is implicated in the IFN-g response 407 . Another example is the implication of ERVs protein expression that seems to help the anti-tumour response by serving as tumour-specific antigens. Endogenous retroviral genes coding for peptides recognized by tumourspecific CTL were identified in some human melanoma. These finding suggest that these antigens are targeted by CTLs in melanoma patients but there are for the moment no correlation between the expression of the antigen and survival 408 . In the article 3, the findings reported by Fluckiger et al. seems to go in the same way, with the slightly difference that the anti-tumour effect is not due to an ERV but due to a phage.

These different examples illustrate the importance of infection in evolution, which are a kind of symbiosis between human and pathogens. All humans become infected with multiple herpesviruses during childhood. We have presented numerous example that herpesvirus confers a benefit to the host against virus. There are different major facts to extract from these results. First of all, the classical approach in cellular and molecular immunity is largely based on experiments with pathogen-free mice that have never encountered any pathogens. Previous published papers have highlighted that there are significant immune modulations, with potentially either an alteration or an improvement of the organism response to foreign antigens. I think that an accurate understanding of the immune responses requires to assess the immunity under the presence of these symbiotic agents. Secondly, the level of symbiosis have to be determined concerning these different symbionts, which have been exerting selective pressures on the mammalian immune system for millions of years. We have seen that the presence of some virus can lead to the modification of the TCR repertoire. One major question is to determine the level of action of the symbionts, i.e. if these modifications are due to expansion of the TL via TCR recognition or if the presence of symbionts influences the TCR repertoire generation or selection. It is known that pathogens have an impact on epigenetic 409 . This influence has to be evaluated especially since it has been established that the epigenetic variations contribute to the heritability of complex characters 410 .

Finally, comes the burning question of vaccine. Vaccination is one of the major breakthroughs in medicine. It has saved millions of people. Different vaccines, as those against Hepatitis B, Papilloma virus or meningococcal conjugate vaccine contains only some proteins of the pathogens that act as immunodominant epitopes. The purpose was to strongly focus the immune response against this epitope to improve the efficacy of immunization. Considering previously published results, the ubiquitarian presence of pleiospecific cytotoxic cells and the diminished functionality of a narrow repertoire, this strategy has to be revaluated. In fact, this strategy has been suspected to prevent immune response against virus variant 411,412 . It seems that vaccines with several epitopes, or the inactivated pathogens, might provide better protective immunity based on a broader TCR repertoire diversity. Furthermore, considering the impact of heterologous immunity on health and disease, the impact of vaccination versus natural infection has to be evaluated.

Heterologous immunity: is the answer blowing in the AIRE?

The thymus is not a chocolate box. Indeed, it seems that the thymus always "knows" what you are gonna get (Gump et al. 1994…). We have pointed out that the thymic selection result of unconventionnal CD8 T cells with a public and highly cross-reactive repertoire, specific for the recognition of pathogens. The thymopeptidome expressed by thymic APC is unique inasmuch as these APCs express AIRE 178 that controls the expression of sets of otherwise tissue-restricted antigens. The thymopeptidome expressed by AIRE in the thymus is known to be fundamental in the process of selection.

One hypothesis is that the AIRE complex presents the peptides that are the more likely to contribute to the selection of sufficiently cross-reactive TCR. The thymopeptidome lays in the endogenous protein's sequences of individual. Could the peptidome be a mean of all the peptides that human being has encountered during evolution? This "immune code" inside us has to be deciphered.

As thymocytes positive selection requires both proper interaction with thymic APC presenting self-peptides and thymocyte-thymocyte interaction 413 , we plan to evaluated the characteristics of the sequences of peptides presented in the thymus by MCH-I to understand the mechanisms underlying the selection of a repertoire specific for pathogens recognition. We used two public datasets of peptidome eluted from thymic cells MHC-I 414,415 to look for characteristics that could explain propensity for the selection of repertoires specific for pathogen recognition.

We investigated potential mechanisms for this selection of thymic TCRs with antiviral specificities in the absence of the viral antigens. Recent results show that physicochemical features of peptides can distinguish between non-immunogenic self and pathogen-derived foreign peptides and provide an accurate immunogenicity predictor that can be used to linked epitope immunogenicity and precursor frequency of specific T-cells 416,417 . We have therefore used the underlying classifier dataset, first published by Chowell et al., and from a physico-chemical perspective, to see whether the thymopeptidome is distinct from the overall set of human peptides in terms of immunogenicity. We have used mean values of Kidera factors to map peptides into the physicochemical feature space. Mean values were selected in order to compensate for length difference between eluted peptides and peptides from Chowell dataset. As can be seen from Figure 18.A, thymic peptides are closer to foreign peptides than self-peptides, even if they are also part of the self. Yet they do not have exactly the same feature profile and are situated between those two peptides set. Despite the fact that they are from self, thymic peptides have unique immunogenic features positioning them between foreign and self-peptides, suggesting a mimicry for pathogen-derived peptide properties.

To directly investigate a potential mimicry of the thymopeptidome for viral sequences, we blasted the thymopeptidome onto the public database of viral proteins (ViPR) 418 . We aligned viral-and self-peptide sequences based on the presence at a given position of the same AA or of an AA with the same physico-chemical properties. The hypothesis is that there is sufficiently mimicry between endogenous peptides and viral sequences to select a repertoire that is able to recognize viral proteins. Surprisingly, thymopeptides could be significantly aligned with peptide sequences of viruses known to be infectious for humans (Fig 18.B). We even observed stretch of up to nine identical amino acids (Fig These results highlight for the unique immunogenicity of the thymopeptidome in human, which appears uniquely suitable for selecting a TCR repertoire affine for, at least, human viruses. Our endogenous proteins sequences seem to contain an immune code involves in the shaping of the adaptive immune system for cross-reactive recognition of pathogens. Thus, we can hypothesis that some variations in the endogenous proteins sequences that are used in the thymopeptidome leads to variation in the selection of the repertoire and so, in the immune function. More investigations have to evaluate the linked between the composition of the thymopeptidome, which seems to be sufficiently immunogenic to mimic pathogens antigens sequences, and the immune response, including auto-immunity.

Conclusion

Different processes allow the immune system to generate a diverse repertoire, like recombination or selection. In this study, we used an original set of human samples, combined with the latest NGS technology to investigate the mechanism of TCR repertoire selection. By leveraging the specificity of thymic TCR repertoires, we have given a proof that the TCR repertoire generation and selection is not randomly made.

Furthermore, we have highlighted a convergence of the repertoire in the human species that allow a highly specific and efficient protection against human pathogens.

The network analysis provides a robust tool to assess the presence of close TCR repertoire that shared specificities. These specificities networks form antigen specific coverage that could act as cross-reactive public repertoire and improve the efficiency of the immune response. Moreover, it helps us to give an explanation to the overlooked heterologous immunity mechanism. Indeed, the shared capacities of recognition of the TCR repertoire appear to be fundamental in the survival of human species, especially in childhood. It seems that the pleiospecific selected repertoire is mainly oriented through pathogens that have been encountered by human being during evolution.

On the other hand, these unconventional CD8 T cells could be deleterious, but the presence of these cells is not totally illogical based on evolutionary perspective. Indeed, purpose of a species is survival via reproduction. So, it is necessary to protect species against acute lethal pathogens even if some individuals suffer from chronic autoreactivity. We anticipate these discoveries to provide unprecedented perspective for development of new types of vaccinations and for personalized therapy based on the TCR repertoire. thymocytes bCDR3s across individuals (Supplementary Figure 3), we investigated their private or public nature (Fig. 1g, Supplementary table 1). We found a significant increase of public (i.e. shared between at least 2 individuals) bCDR3s in CD8 + versus DPCD3 + thymocytes, which is mostly that of the clustered bCDR3s. For CD8 + thymocytes, up to 31.7% of clustered bCDR3s are public compared to barely 1% of the dispersed ones (Fig. 1g, Supplementary Figure 6). These results are independent of HLA alleles sharing (Supplementary Figure 7). The bCDR3s with the highest Pgen values and degree were the most shared between individuals (Supplementary Figure 8). Moreover, there is a convergence of specificities between individuals' repertoires, as many bCDR3s of one individual are connected to those of other individuals (up to twelve), and more frequently in CD8 + versus DPCD3 + thymocytes (Supplementary Figure 9). Altogether, these results indicate that the mechanisms for TCR generation and for their further thymic selection are biased to shape a public repertoire of connected bCDR3s with shared recognition properties. Sharing of virus-specific βCDR3s in CD8 + thymocytes. Pie charts represent the βCDR3s from private

Annexes

(1) to shared by all donors (12), in grey for βCDR3s with unknown specificity or in red for those with a virus specificity. e-g. Identification of virus-specific TCRs from single-cell sequencing dataset 16 . e.

Mean percentages of virus-specific aCDR3s (*p=0.0496, Mann-Whitney test, mean ± s.e.m.). f. Mean percentages of virus-specific βCDR3s (****p<0.0001, Mann-Whitney test, mean ± s.e.m.). g. Overlay of the βCDR3 network of CD8 + thymocytes from one individual with virus-specific βCDR3s identified in single-cell sequencing datasets 16 .

Intriguingly, we noted that TCRs with different assigned specificities could be detected within close proximity in single clusters (Supplementary Figure 12), although this should suggest similar specificities [6][7][8][9][10][11][12] (Supplementary Figure 1. ). We thus investigated this observation in greater detail, at the single-cell level 16 . We first analysed the different TCRs assigned to recognise EBV peptides, i.e. binding dextramers (Dex + ) matching the HLA of a given individual loaded with EBV peptides (Fig. 3a). Single TCRs were found to bind multiple dextramers loaded with distinct peptides from EBV (Fig. 3b) and some TCRs also bound dextramers loaded with peptides from unrelated viruses such as CMV, HIV, HPV, HTLV-1 or influenza (Fig. 3c); TCRs able to bind dextramers specific for both EBV and CMV were even found in a CMV and EBV seronegative patient (Supplementary Figure 13). TCRs binding multiple viral peptides have binding scores for the different viral peptides that are highly positively correlated (Fig. 3d); for example, the different TCRs that bind a dextramer expressing the "IPSINVHHY" CMV peptide have a strong positive correlation (blue dot) for the binding of a dextramer expressing the "YLLEMLWRL" EBV peptide (Fig. 3d; red arrows), indicating that most of the TCRs that bind one of these peptides have an equivalent binding score for the other. Noteworthily, there is only rare negative correlation (red dots) for the binding of dextramer harbouring different peptides.

We also analysed the binding of HLA-mismatched dextramers. When HLA-mismatch EBV Dex + cells are overlaid on a TSNE representation based on single-cell specificity (Fig. 3e), some of them corresponded to cells also labelled by HLA-matched EBV dextramers (Fig. 3a), while some others did not (Fig. 3e, red arrow). As for the HLA-matched dextramers, single TCRs were found to bind HLA-mismatched dextramers loaded with distinct unrelated peptides from EBV (Fig. 3f) and some TCRs even bound HLA-mismatched dextramers loaded with epitopes from different viruses such as CMV, HIV, HPV, HTLV-1 or influenza (Fig. 3g).

There were also mostly positive correlations for the binding to different HLA-mismatched dextramer specificities (Fig. 3h). Altogether, within a dataset of >160,000 single CD8 + T cells, among the 66,191 that did bind dextramers, 24,083 could bind more than one viral-derived peptide from either the same or different viruses, and presented by HLA-matched or even HLA-mismatched dextramers. Thus, there are pleiospecific CD8 + T cells (psT cells) whose

TCRs are diverse and bind HLA class-I based dextramers, but are not strictly constrained by HLA matching and the presented peptide. Such binding properties markedly differ from the classical cross-reactivity of TCRs for mimotopes 17 and from those of innate-like MAIT and NKT cells 18,19 . The latter have a restricted diversity, with an invariant TCRa chain and a constrained TCRb repertoire, and are MR1-or CD1-restricted, respectively 18,19 . These peculiar properties led us to assess the functional relevance of the innate-like recognition of psT cells' TCRs. We first evaluated the in vitro cross-activation of T cells with different peptides. Human effector memory CD8 + T cells (emCD8 + ) were purified according to their binding of CMV or EBV fluorescent dextramers; the sorted cells were then stimulated by either the peptide that was used to purify them, or by different ones, and their activation was measured by their IFNg production (Fig. 4a). All T cells were efficiently non-specifically activated by PMA/ionomycin. T cells that did not bind any dextramers could not be stimulated by any peptide. In contrast, dextramer-sorted cells could be activated by their cognate peptide and almost as well by the other (Fig. 4b). Thus, the binding of multiple dextramers appears functionally relevant, translating into proper psT cells activation by multiple unrelated peptides.
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We then investigated whether we could detect the involvement of psT cells during in vivo immune responses. We first analysed individuals vaccinated against yellow fever (YFV) (Fig. 4c) 20 or influenza (Flu) (Fig. 4d), identifying their TCR repertoires responding to YFV and Flu using the ALICE 21 and TCRNET algorithms 22,23 , respectively. Within these repertoires, we looked for known viral-specific TCR sequences. Besides YFV-and Flu-specific b and a CDR3s (Fig. 4c &d), we could also detect CDR3s of psT cells, i.e. assigned to one or even multiple other viral specificities, notably for CMV and EBV. We then also analysed the TCR repertoire of T cells from bronchoalveolar lavages (BAL) from patients with COVID-19 pulmonary infections 24 , i.e. cells responding to the local infection. We observed that many of these BAL T cells have the characteristics of psT cells: their CDR3s (i) could be detected within the clusters of psT cells responding to YFV and Flu infection (Fig. 4 c &d); (ii) they are highly connected to virus-specific sequences from databases (Fig. 4 e & f) and (iii) many harbour a TCR assigned to at least two specificities from CMV, EBV or Flu. Thus, psT cells migrate to the sites of primary antiviral immune responses. with virus-specific a and β CDR3 from databases [14][15][16] . Each node represents a single CDR3, the colour of which represents its degree (log scale). f. Statistical analysis of node degree from e. Our findings have important implications for the study of the adaptive immune response in health, diseases and immunotherapies. They prompt reconsideration of the paradigm of highly diverse adaptive immune repertoires driving a highly antigen-specific antiviral immune response. The immune response may instead proceed through tinkering, as evolution does 25 . For life-threatening situations, the initial recruitment of frequent pleiospecific effector T cells might be more efficient and rapid than having to rely on rare cells with stringent specificity. This would be another mechanism of preparedness of the immune system, reminiscent of the role of (i) other unconventional T cells like MAIT and NKT cells 4 , (ii) TCR activation by bacterial superantigen 26 and (iii) natural antibodies specific for microbial determinants 27 . Our findings would also explain the overlooked observation that a very restricted repertoire of only about 1,000 different TCRs arising from a single T cell progenitor was sufficient to cope with viral infections in a child with severe combined immunodeficiency 28 .

A fuzzy recognition by pleiospecific TCRs would explain the so-called "heterologous immunity" 29,30 in which T cell responses to one pathogen can have a major impact on the course and outcome of a subsequent infection with an unrelated pathogen 31 . In support of this concept, in humans, (i) there are abundant virus-specific memory-phenotype T cells in unexposed adults 32 , (ii) vaccination against measles provides better overall survival independently of measles infection 33 and (iii) CMV infection enhances immune responses to influenza 31 . Individuals' histories of fuzzy immune responses may create "antigenic sins" that might be responsible for the diverse immune responses to viruses, from inapparent infection to fulminant immunopathology [34][35][36] . Interestingly, heterologous immunity has rarely been linked to B cell/antibody responses, which might thus be the mediators of more specific immune responses. In this regard, it is noteworthy that B cells have a machinery for somatic mutations of their BCRs that ultimately allows them to generate antibodies with increased affinity (specificity) for antigens. While TCR generation and BCR generation share many common mechanisms, the fact that T cells did not evolve to use this available machinery is another indication that T cell recognition could have been selected to be more fuzzy than stringent. Further studies will have to evaluate the contribution of fuzzy immune responses to the efficacy but also the immunopathology of antimicrobial responses and to autoimmunity.

Materials and methods:

Human samples:

Thirteen human thymus samples were obtained from organ donors undergoing surgery (Department of Cardiac Surgery, Pitié-Salpêtrière Hospital, France) after approval by the Agence de Biomédecine and the Ministry of Research. Their age at the time of sampling ranged from 19 to 65 years old. The male-to-female sex ratio was 2.6.

For cross-activation experiments, six leukapheresis samples were freshly collected from healthy donors at EFS Paris Saint-Antoine-Crozatier (Etablissement Français du Sang, Paris, France) after informed consent and according to institutional guidelines. Donor selection was based on matching HLA-A2 class I allele.

For the influenza vaccination protocol, two unrelated healthy individuals were vaccinated with inactivated influenza vaccine (Influvac Tetra, Mylan) after written informed consent.

The blood was collected with informed consent.

Isolation of thymocytes and extraction of RNA:

Single-cell suspensions were prepared from the thymus by mechanical disruption through nylon mesh (cell strainer). Single-cell suspensions from whole thymus were stained with antibodies anti-CD3 (AF700), anti-CD4 (APC), anti-CD8 (FITC). Cells were sorted by fluorescent activated cell sorting (Becton Dickinson TM FACSAria II) with purity >95% to collect populations based on the following labelling: DPCD3 -were gated as CD3 -CD4 + CD8 + , DPCD3 + were gated as CD3 + CD4 + CD8 + and CD8 + were gated as CD3 + CD4 -CD8 + . RNA was isolated from sorted populations by means of lysis buffer with the RNAqueous-Kit (Invitrogen®) extraction kit, according to the manufacturer's protocol. The RNA concentration and sample integrity were determined on NanoDrop (Thermo Fisher®).

TCR repertoire library preparation and sequencing

T cell receptor (TCR) beta libraries were prepared on 100 ng of RNA from each sample with the SMARTer Human TCR a/b Profiling Kit (Takarabio®) following the provider's protocol.

Briefly, the reverse transcription was performed using TRBC reverse primers and further extended with a template-switching oligonucleotide (SMART-Seq® v4). cDNAs were then amplified following two semi-nested PCRs: a first PCR with TRBC and TRAC reverse primers threshold defining positive binding at UMI counts greater than 10 for any given dextramer.

This identified 15,195 unique virus-specific TCRs with at least one binding.

Single-cell sequencing of TCRs from bronchoalveolar lavages from COVID-19 patients

This dataset contains single-cell alpha/beta TCRs from T cells isolated from bronchoalveolar lavage (BAL) of 9 patients infected by COVID-19 24 . We excluded the TCRs from cells in which more than 1 CDR3aa alpha and 1 CDR3aa beta were detected.

Cross-activation experiment

PBMCs were separated on Ficoll gradient. CD8+ T cells were isolated from PBMCs by positive isolation using the DYNABEADS® CD8 Positive Isolation Kit (Thermo Fisher Scientific)

according to the manufacturer's instructions. emCD8 T cells were purified after staining with CD3-AF700, CD8-KO, CD45RA-PeCy7 according to the manufacturer's instructions. The samples were also stained either with CMV pp65 NLVPMVATV or with EBV BMLF-1 GLCTLVAML PE-conjugated Dextramers (Immudex®). emCD8 + Dex + cells were sorted by FACS (FACS Aria II®; BD Biosciences) with a purity >95%. Sorted cells were cultured at a maximum of 5 × 10 5 cells/mL in round-bottom 96-well plates in RPMI 1640 medium supplemented with 10% FCS, 1% penicillin/streptomycin and glutamate at 37°C with 5% CO2. In vitro stimulation was performed 24 hours after cell sorting. Sorted cells were stimulated for 6 hours with either nothing or 1 μg/mL of SIINFEKL ovalbumin peptide (OVA), NLVPMVATV cytomegalovirus pp65 peptide (CMV) or GLCTLVAML Epstein-Barr virus BMLF-1 peptide (Ozyme®). The positive control (Ctl PMA/Iono) was performed with 50 ng/mL phorbol myristate acetate (PMA) and 1 mM ionomycin. Intracellular IFN-γ production with an IFN-γ-FITC antibody (BD Pharmingen) was detected in the presence of Golgi-Plug (BD Pharmingen®) after fixation and permeabilisation (BD Cytofix/Cytoperm). Data were acquired using a Navios flow cytometer and analysed with Kaluza analysis software (Beckman Coulter).

Influenza vaccination protocol

Peripheral blood was obtained before vaccination and on day 14 after vaccination. PBMCs were stained with antibodies anti-CD3 (AF700), anti-CD8 (FITC), CD45RA (PeCy7), CCR7 (BV421). Cells were sorted by fluorescent activated cell sorting (Becton Dickinson TM FACSAria II) with purity >95% to collect populations based on the following labelling: naïve CD8 were gated as CD3 + CD8 -CD45RA + CCR7 + and effector memory CD8 were gated as CD3 + CD8 -CD45RA - CCR7 -. RNA extraction, library preparation, sequencing and raw data processing were performed as described above.

Identification of TCR enrichment after vaccination

Homologous groups of TCRs that are specifically recruited during an antigen-specific response following yellow fever or influenza vaccination were sought using with the previously published algorithms ALICE 21 and TCRNET 22,23 , respectively. The difference between the two algorithms is that ALICE uses the VDJ rearrangement model as a control 45 while TCRNET uses real control samples as background. 

Main

Sequencing of the TCR repertoire is increasingly used to measure lymphocyte dynamics in health, in pathological contexts such as autoimmune disease, infections and cancer [1][2][3][4][5][6] , and following interventions such as vaccination 4,[7][8][9] and immunotherapy [10][11][12] , with the goal of identifying TCR biomarkers of disease or of clinical response to treatment and to stratify patients for precision medicine 13 . These diverse applications have different requirements in A large number of TCRseq methods have been developed. They are all complex multistep protocols, and each step may have a profound impact on the TCRseq data and hence on their interpretation 21 . Methods can be broadly classified as DNA-or RNA-based, and the latter can be categorized as using multiplex PCR (mPCR) with panels of V and J primers 18,22,23 or using rapid amplification of cDNA-ends by PCR (RACE-PCR) 6,[24][25][26] optionally incorporating unique molecular identifiers (UMI) to limit PCR amplification bias and sequencing errors 6,26- 28 . Each method has potential advantages and limitations 24,[29][30][31][32] . Specifically, DNA-based methods are believed to be more quantitative and can be used on samples where RNA quality may not be guaranteed. In contrast, RNA-based methods are believed to be more sensitive because of the presence of multiple mRNA copies per cell, and also are more amenable to UMI incorporation 33 . In addition, although TCR germ line gene variability between individuals has not been extensively explored, the requirement of efficient primers for mPCR might also be an additional limitation. However, the relative robustness and accuracy of the different approaches have not been systematically compared. Here, we compared 9 different TCRseq library preparation protocols by analyzing the TCR repertoire of aliquots of the same T-cell sample. Nine protocols for TCR library preparation were selected according to at least one the following criteria: used by groups other than the one who developed it 6,18,22,[24][25][26] , (ii) their association with well-known analysis tools 23,27,34 and (iii) commercially available 18,22,26,35 

RESULTS

Experimental design to evaluate the robustness of human T-cell receptor repertoire analysis

We set out to compare 9 different academic or commercial protocols for library preparation and sequencing (Supplementary material and methods; Supplementary Table 1) based either on RACE-PCR (RACE-1 to RACE-6) or on multiplex-PCR (mPCR-1 to 3). We sequenced nucleic acids from CD4 + CD25 -CD127 + effector T-cells (Supplementary Fig. 1a) sorted from two healthy donors (experiments A&B). In experiment A, we evaluated the accuracy and sensitivity of the different methods by spiking donor A T-cell RNA (RACE-1 to RACE-6 and mPCR-3) or DNA (mPCR-1 and mPCR-2) aliquots with different amounts of RNA or DNA from Jurkat cells (Supplementary Fig. 1b). In experiment B, we analyzed the impact of decreasing amounts of the input material quantity by processing donor B RNA aliquots of 100 ng and 10 ng (Supplementary Fig. 1c). In both experiments, the CD4 + CD25 -CD127 + T-cells were sorted, and the RNA and DNA were extracted and aliquoted in a single laboratory. Triplicates of aliquots were distributed to service providers and academic laboratories. Raw and/or prefiltered sequences data were all processed using MiXCR 36 .

We obtained from 5.10 5 to 2.10 6 reads per aliquot depending on the method (Supplementary Fig. 2a-b). Numbers of unique V, J and VJ sequences as well as UMI distribution for RACE-1 and RACE-2 (Supplementary Fig. 2a-c) were comparable between all RACE-5 and RACE-2 (with and without UMI). Since RACE-6 showed extremely low replicability for TRB samples and was not reproduced by any other methods, we excluded it from further analysis. Altogether, our results showed that many fundamental parameters of the TCR repertoire, as well as inter-sample replicability and reproducibility, vary between the different methods tested.

The observed TRBV gene usage varies between RACE-and multiplex-PCR RNA-based methods.

We compared the TRBV usage obtained from the sequencing data with the percentage of TRBV protein expression quantified by flow cytometry (FC) (Fig. 2a and Supplementary Figs. 4a-b). mPCR-1 data were highly correlated with FC data (Fig. 2b, R 2 >0.9, P < 5.10 -12 ), which likely reflects the undisclosed proprietary filtering by the provider. All other methods also showed a significant R 2 Pearson correlation score ranging from 0.4 to 0.8, P < 0.05) with TRBV protein expression (Fig. 2a-b), except for mPCR-3 (R 2 <0.2, P > 0.05). The Pearson correlation of TRBV gene usage within replicates prepared with the same method (Fig. 2c) was high (R 2 >0.9). However, clustering showed that mPCR-3 formed a distinct cluster with a low correlation score (R 2 <0.5) with other methods. The RACE methods data were highly correlated between each other (R 2 >0.8), except RACE-1 and RACE-1_U, which had a lower correlation (0.6<R 2 <0.7). mPCR-1 and mPCR-2 formed an independent "DNA cluster" with an R 2 >0.6 when compared to RACE replicates and a low correlation with mPCR-3 (R 2 <0.4). This low correlation with mPCR-3 could in part be explained by a skewed TRBV9, TRBV29-1 and TRBV20-1 usage (Supplementary Fig. 4c). Spearman correlation scores were higher between FC data and mPCR-3 as well as RACE-1, and globally between the methods (Supplementary Fig. 4d-e). In summary, RACE-PCR methods and gDNA-based mPCR methods showed comparable TRBV usage results, in contrast with the mPCR-3 RNA based method.

Robustness of TRA and TRB detection is method-dependent

We compared the similarity and composition of the 1% most predominant clonotypes (1%_MPC) detected by each method. The Morisita-Horn similarity index (MH) was calculated for each replicate across all the methods for both TRA (Fig. 3a-left) and TRB sequences (Fig. 3a-right). TRA repertoires from RACE-3 and RACE-5 clustered together, inter-and intrareplicates having a high degree of similarity (MH≈0.8). RACE-1, RACE-2 and RACE-4 have a lower inter-and intra-method similarity (0.2<MH<0.5), but a higher similarity with RACE-3 and RACE-5. Comparable clustering was obtained with the Jaccard similarity index (JSI), a measure independent of clonotype frequency (Supplementary Fig. 5a). For the TRB repertoires, MH scores were low when comparing RACE and mPCR protocols (MH≈0.36), but high within the RACE cluster (0.6>MH>0.9). There was poor similarity between the results of the three mPCR methods, regardless of the template. Differences between RACE and mPCR methods disappeared when calculating the JSI, suggesting a bias in clonotype frequency, as expected when comparing RNA-with DNA-based methods, but less when comparing RNAbased methods. Similar results were obtained by iteratively increasing the percentage of clonotypes (Supplementary Fig. 5b). Rényi diversity profiles (Supplementary Fig. 5c) showed comparable results for TRB with all the methods, but the diversity of TRA varied depending on the method. However, the potential diversity estimated using Chao extrapolation was variable between methods (Supplementary Fig. 5d).

To test a possible bias in capturing the TRA diversity for some methods, we pooled and compared the three spiking replicates per method from experiment A, as suggested by Greiff replicates of all methods, corresponding to the most predominant clonotypes (Supplementary Fig. 7). RACE-3, RACE-5 (both RNA-based) and mPCR-1 (DNA_based) showed the lowest inter-sample variability in TCR frequency.

The quantity of starting material impacts TCR diversity capture

One major limitation when analyzing TCR repertoire is the number of T-cells that can be analyzed. Focusing on 4 RNA-based methods, we analyzed the influence of input RNA quantity on TRA and TRB repertoires (Supplementary Fig. 1c). We compared two sets of samples, one containing 10 ng or 100 ng (corresponding to 10 4 and 10 5 cells, respectively).

For all the methods, the richness was higher with large (100 ng) than small (10 ng) samples (Supplementary Fig. 8a). Rényi diversity profiles (Supplementary Fig. 8b) showed that when alpha < 2 (i.e. when the diversity metric is influenced by rare clones), the diversity of small samples is less than that of larger ones. In contrast, at alpha = 2 (Simpson index) or above, diversity profiles of both samples overlap. Thus, a low RNA input influences the number of rare TCR sequences detected, but not the distribution of the more abundant TCRs.

Finally, we evaluated the inter-sample similarity as a function of RNA input quantity by calculating the MH index with either the TRVJ combination usage (VJ_usage), all clonotype frequencies (Overall), or with the frequencies of the 1% most predominant clonotype (1%_MPC) (Supplementary Fig. 8c-middle). For TRA, the similarity between 10 ng replicates was lower at the level of VJ usage and of all clonotypes compared with that between 100 ng replicates (Supplementary Fig. 8c-top&bottom). For TRB, the results were comparable regardless of the quantity (MH>0.5). When focusing on the 1% MPC, the similarity was comparable regardless of the quantity for both TRA and TRB. These results indicated that RNA quantity impacts rare clonotype detection.

boxplots) were present at 10-to 100-fold lower abundance. A similar overall pattern was seen for TRB, although the frequencies were shifted to a lower range. This analysis suggested that RACE-3 and RACE-5 had increased sensitivity, and hence were able to detect a larger proportion of clonotypes at lower abundances. These differences were more evident for TRA than for TRB (Fig. 5c-right). The other methods compared behaved very similarly to each other. Importantly, those results were independent of sample size (Supplementary Fig. 10).

DISCUSSION

Interpreting the TCR repertoire is an increasingly important tool in understanding the underlying causes of immune-mediated diseases and in assisting the development of new immunotherapeutic strategies. However, despite hundreds of TCRseq studies in the last decade using a variety of different methodologies, there has been no systematic study comparing them.

In this work, we compared methods developed by academics, at a time when there was little or no reliable commercial service provision, with some currently available commercial methods. Both RNA-and gDNA-based methods were included. To avoid mis-implementation of protocols, each method (including appropriate pre-processing of sequence data) was performed by the laboratory or commercial provider (except for kit providers) that developed them.

Unexpectedly, some consistent differences were observed in TRBV usage when compared to FC measurement of TRBV-encoded proteins, especially for RNA-based profiling. This might reflect bias in amplification of RNA transcripts according to their expression levels, more efficient transcription of some V genes, or differences in nonsense-mediated decay 38 .

Further studies, using single-cell RNAseq may shed light on this phenomenon.

Working with human samples often imposes limits on the number of available T-cells.

Notably, lymphopenia is a common feature in people undergoing treatment (transplantation, immunosuppressive therapy) or with autoimmune disease 39 and infections.

Additionally, T-cell subsets of interest, as well as available counts of tumor-infiltrating T-cells, may be limited. Therefore, it is important to identify which methods provide reliable TCRseq profiles for small numbers of T-cells. In this context, we observed that, regardless of the method, starting from a highly polyclonal population, the initial amount of material is critical to obtaining representative results, notably in terms of diversity and rare clone detection.

Although our study focused on polyclonal CD4 T-cells from healthy repertoires, we analyzed a wide range of global and sequence-specific repertoire parameters, including V(D)J gene usage, junctional diversity, repertoire diversity and sequence sharing. These parameters are all relevant to any other alpha/beta T-cell populations, as indeed are all parameters routinely used to analyze repertoires of samples from pathological and clinical human samples 40 .

Because our study incorporated multiple replicates tested with each method, we were able to explore method replicability, i.e. the ability of each method to reproduce the same repertoire from different sub-samples from the same individual. Our results showed that, except mPCR-3, all the methods provided consistent results among replicates. We also evaluated the reproducibility, i.e. the extent to which different methods record the same results when applied to the same sample. We observed a low degree of TRB clonotype overlap between repertoires amplified from gDNA and RNA (cDNA), perhaps reflecting differences in gDNA and RNA copy numbers. The four RACE methods produced relatively similar repertoires as revealed by the Morisita-Horn index. The mPCR on gDNA showed low reproducibility between methods, suggesting that the choice of multiplexing primers might bias the amplification of some clonotypes, as suggested previously 31 . However, most RACE methods (not tested for mPCR) had a lower efficiency in capturing TRA rather than TRB diversity, which may reflect the 2-to 3-fold lower number of TRA transcripts than TRB transcripts 28 .

Finally, sensitivity is important for the study of circulating blood T-cells, especially when the goal is to track a few expanded clones associated with infection or autoimmunity, or in response to treatment. However, assessing sensitivity based on sample overlap is a complex performance metric, since it is impacted by experimental variability, but also by sampling. In order to tackle this problem directly, we generated an in silico meta-repertoire which provided a more robust platform with which to directly compare the sensitivity performance of the different methods. Interestingly, using this standard, we found that two non-UMI methods (RACE-3 and RACE-5) had greater sensitivity than UMI-based methods (RACE-1 and RACE-2) and were able to detect clonotypes at a 10-fold lower frequency. In part, this results from the reads-per-UMI cutoff, which may lead to a decrease in observed TCR diversity if sequencing coverage is not sufficient. For example, introducing a hard cutoff which discards all UMIs with less than 5 reads leads to a decrease in observed TCR diversity. UMI-based methods may be more accurate for assessing clonotype frequency, in line with their use to quantify and correct for PCR errors and bias 41 . Furthermore, a threshold of 2-4 reads per UMI efficiently protects against artefacts and cross-sample contamination 42 , which becomes critical with tighter cluster density on modern Illumina machines. UMI-based methods may require several replicates or higher sequencing coverage to consistently and unambiguously identify rare TCR sequence clonotypes. Noteworthy, both RACE-1 and RACE-2 methods performed better after UMI correction (see Table 1). Such in silico standards may be of value in further comparative TCRseq method evaluation, although ideally synthetic repertoires recapitulating at least the extent of the TRAVJ and TRBVJ combinations and distributions may provide an even more robust alternative. Two such approaches have been proposed for specific clone detection in Minimal Residual

Diseases 43,44 as well as for the BCR, but not TCR, repertoire engaged in AIRR-seq standardization 47,48 , may tackle in the future. Finally, in this study some data were pre-processed using proprietary (mPCR-1, mPCR-3) or published 27,34 (RACE-1_U

and RACE-2_U) tools and then aligned and error-corrected using MiXCR (v2.1.10) 36 . To further optimize TCR data accuracy, it would also be interesting to benchmark available software analysis tools, especially regarding UMI analysis and sequence alignment. Our datasets generated using different methods should be a valuable complement to using datasets generated purely in vitro 49,50 .

In conclusion, the take-home messages from this work are the following. Firstly, there are satisfactory TCRseq methods based on either DNA or RNA input, and in both cases the amount of material impacts both diversity and the detection of rare clones. Secondly, various methods are optimal for detecting maximal diversity, while others most accurately quantify the abundance of specific clonotypes. For the latter, UMI-based methods are potentially more accurate, although they could miss relevant but rare clones. In contrast, non-UMI RACE methods are more sensitive in capturing rare clones, especially for TRA.

Thirdly, the availability of raw data is crucial in allowing reliable and reproducible in-depth analyses of TCR repertoires; the mPCR-1 service provider does not provide access to raw sequence data, while mPCR-1 and mPCR-3 do not disclose the proprietary pre-processing filters. In contrast, the RACE-2 provider provides raw data and all preprocessing algorithms.

We summarized our results as well as practical aspects in Table 1. Regarding the results, we calculated for each method a rank value for Replicability, reliability and sensitivity based on various measures (Table 1 and Supplementary file). We also summarized cost per sample, presence of controls or standards, format of the method and raw data availability. The Table 1 highlight the advantages and disadvantages of the different methods which could serve as guidance for end-users. Improved and more sophisticated data analyses are essential to extract the full power of TCR repertoire data. We anticipate that now that TCR sequencing has come of age, the next key developments in the field will come from novel methods of data analysis, as has been the case in the related field of global transcriptomics.

TCR library preparation and sequencing

The nine protocols for TCR library preparation compared in this study were selected according to at least one the following criteria: published use by groups other than the one who developed it (mPCR-1, mPCR-3, RACE-1, RACE-2, RACE-4 and RACE-5), (ii) their association with well-known analysis tools (RACE-1, RACE-2, mPCR-2) and (iii) commercially available (RACE-2, RACE-3, mPCR-1, mPCR-3). Sequencing protocols were harmonized taking into account published recommendations or recommendations provided by the manufacturer of commercial kits or by the owner or users of the protocol. All protocols are detailed in Supplementary material and methods.

TCR deep sequencing data processing

FASTQ raw data files were obtained from each method, except for Multiplex-1 & 2, for which we obtained, respectively, FASTA file and FASTQ files following proprietary pre-processing.

For RACE-1 and RACE-2, UMI pre-processing was performed following protocols published elsewhere 27,28,34 . FASTQ and FASTA files were then processed for TRB and TRA sequence annotation using the MiXCR software 36 (v2.1.10) with RNA-Seq default parameters (-p rnaseq -s hsa) as available online. MiXCR extracts TRA and TRB repertoire providing correction of PCR and sequencing errors.

Data analysis

Statistical comparisons and multivariate analyses were performed using R software version 3.5.0 (www.r-project.org). We used the ggplot2 package to generate figures 51 , except heatmaps. More complex analyses are detailed in the next section.

discriminate indices represented by a heatmap with the pheatmap package 57 , we used a different set of colors. The Pearson and Spearman correlations are presented as yellow/white/orange (Fig. 2c and Supplementary Fig. 4e), MH is presented as blue/white/red (Fig. 3a) and JSI is presented as purple/yellow/green (Supplementary Fig. 5a).

Diversity profiling

The diversity was analyzed using two indices. Rényi entropy 58 is a generalization of Shannon entropy, which increases when both species richness and evenness are high. Rényi entropy is a function of a parameter α spanning from (i) the species richness (α = 0), which corresponds to the number of clonotypes regardless of their abundance, to (ii) the clonal dominance (α→ + ∞), corresponding to the frequency of the most predominant clonotype.

For α = 1, the Shannon diversity index is computed. The exponential of the Rényi entropy corresponds to the actual number of clonotypes in the datasets 59 and is used to build a diversity profile 60 . It was computed using the entropy package 61 on R. ChaoE 62 index was calculated with the iNEXT package 63 as a measure of extrapolation of the possible number of clonotypes based on the observed clonotypes. Rarefaction curves were interpolated from 0 to the current sample size and then extrapolated to the size of the largest of samples, allowing comparison of diversity estimates. Interpolation and extrapolation were based on ChaoE multinomial models 64 .

Meta-repertoire construction

We generated an in silico meta-repertoire from the sequences obtained from the 108 replicates (45 for TRA and 63 for TRB). This meta-repertoire, for each chain, was designed to minimize biases by (i) pooling all clonotypes from the 9 datasets and removed singletons to replicates (seen in n=9 replicates). Each method is represented independently. Jurkat TCR sequences were removed from datasets for this analysis. Boxplots visualize five summary statistics: the median, two hinges (the lower and upper hinges correspond to the first and third quartiles) and two whiskers (the upper whisker extends from the hinge to the largest value no further than 1.5*IQR from the hinge (where IQR is the inter-quartile range). The lower whisker extends from the hinge to the smallest value at most 1.5*IQR of the hinge).

Illumina MiSeq V3 300x300

Multiplex-1 TRB experiment B (blue) data as follows: a-b, Variable (V), Diversity (D) and Joining (J) segment usage distributions for TCR alpha (a) and beta (b) chains. c, Insert size distributions for VJ junctions (TRA) and VD/DJ junctions (TRB). d, Number of nucleotides trimmed from 5' and 3' ends of V, D and J segments for TRA and TRB chains. e, Non-template nucleotide frequencies for VJ (nVJ), VD/DJ (nVD and nDJ) junctions. Insertion probabilities of an observed base (top letter) given previous base (bottom letter) are given, 5'->3' direction is considered for nVJ and nVD, 3'->5' is considered for nDJ. Jurkat TCR sequences were removed from datasets for this analysis. 0.05 ). d, Spearman's correlation of the TRBV frequencies between the 5 flow cytometry datasets and the 9 TCRseq replicates was calculated for each method. The plot is represented by the correlation score (y-axis) and the P-value (x-axis) of the correlation, allowing the classification of the methods. e, Heatmap of the Spearman's correlations between each replicate for the distribution of TRBV gene usage (n=62 unique TRBV genes).

DNA

The Euclidean distance was used for hierarchical clustering as a color-coded matrix ranging from 0 (yellow, maximum dissimilarity) to 1 (orange, maximum similarity). Jurkat TCR sequences were removed from datasets for this analysis. Jurkat TCR sequences were removed from datasets for this analysis. constant region until the 3' end of the RNA), and to introduce adaptors for Illumina sequencing and indices for sample multiplexing. The sequencing is then carried out on a MiSeq V3 Illumina sequencer using a 2x300bp read length protocol for both experiment to obtain 0.5-1.5x10 6 reads per sample.

• RACE-2 TCR alpha and beta libraries were prepared on 10 or 100ng of RNA from each sample with Human TCR kit (MiLaboratory® LLC) following provider protocol. Briefly, it is a 5'RACE protocol with template switch oligo that carries 12 random "N" nucleotides (UMI). Reverse transcription starts from the primers located in the TRBC and TRAC genes, in one tube. 1 st PCR amplifies cDNA with a forward primer annealing on the template switch oligo, and reverse nested primers annealing on TRBC and TRAC genes. 2 nd PCR is performed separately for TCR alpha and beta chains and introduces Illumina adapters with indexing. PCR product is purified using AMPUre XP beads (Beckman-Coulter®), analyzed with real-time PCR. The sequencing is then carried out on a MiSeq V3 Illumina sequencer using a 2x300bp read length protocol for the experiment A and a MiSeq V2 Illumina sequencer using a 2x250bp read length protocol for the experiment B to obtain 0.5-1.5x10 6 reads per sample.

• RACE-3 T cell receptor (TCR) alpha/beta libraries were prepared on 10 or 100ng of RNA from each sample with SMARTer Human TCR a/b Profiling Kit (Takarabio®) following provider protocol 8 .

Briefly, the reverse transcription was performed using a mixture of TRBC and TRAC reverse primers and further extended with a template-switching oligonucleotide (SMART-Seq® v4). cDNAs were then amplified following two semi-nested PCR: a first PCR with TRBC and TRAC reverse primers as well as a forward primer hybridizing to the SMART-Seq v4 sequence added by template-switching and a second PCR targeting the PCR1 amplicons with reverse and forward primer including Illumina Indexes allowing for sample barcoding. PCR2 are then purified using AMPUre XP beads (Beckman-Coulter®). The sequencing is then carried out on a MiSeq V2 Illumina sequencer using a 2x250bp read length protocol for the experiment A and a MiSeq V3 Illumina sequencer using a 2x300bp read length protocol for the experiment B at "Institut du Cerveau et de Moelle epinière" (ICM) to obtain 0.5-1.5x10 6 reads per sample.

• RACE-4

T cell receptor genes were sequenced using a method similarly as described in Gros et al.

2014 9 . In brief, extracted RNA was denatured and cDNA was synthesized using an oligo (dT) primer and a template-switching oligo during an incubation at 42°C for 90 minutes then 70°C for 10 minutes. Following purification with AMPure XP beads (Beckman-Coulter®), cDNA was amplified using the 5PIIA primer ( 5 represents 2°C increment per cycle starting at 49°C), and 3rd: 1 l 1:100 in 50 l total (98°C 10 min, 58°C 7 min, 72°C 1 h 50 min). The final product was purified using AMPUre XP beads (Beckman-Coulter®). The sequencing is then carried out on a MiSeq V2 Illumina sequencer using a 2x250bp read length protocol for both experiment to obtain 0.5-1.5x10 6 reads per sample.

• RACE-6

This method of amplification was performed using the 5'RACE kit, Version 2.0 (Invitrogen®) according to the supplier's recommendations. Briefly, the first strand cDNA was synthesized using a constant region-specific TRBC-RT primer (5'-CACGTGGTCGGGGWAGAAGC-3'). RT and PCR amplification were performed using manufacturer recommendations on 10 or 100ng

One sentence summary:

Cytotoxic T lymphocytes that recognize antigens from a prophage of a commensal enterococcus can mediate anticancer immunosurveillance by recognizing cross-reactive tumor-associated antigens.

Abstract:

It has been speculated that the intestinal microbiota induces commensal-specific memory T cells that then cross-react with tumor-associated antigens. Here, we identified MHC class I-binding epitopes within the tail length tape measure protein (TMP) of a prophage found in the genome of Enterococcus hirae. Mice bearing E. hirae strains harboring this prophage mounted a TMPspecific H-2K b restricted CD8 + T lymphocyte response upon immunotherapy with cyclophosphamide or anti-PD1 antibodies. Such TMP-specific T cells also recognized a 78%identical H-2K b -binding peptide derived from the proteasome (20S) subunit beta type-4 (PSMB4), allowing them to control mouse tumors expressing this oncogenic driver.

Administration of bacterial strains engineered to express the TMP epitope improved the outcome of immunotherapy. Tumors bearing PSMB4 knock-in mutations that abolish crossreactivity with TMP became immunotherapy-resistant. In renal and lung cancer patients, the presence of the enterococcal prophage in stools, as well as the expression of a TMP-cross reactive antigen by tumors, predicted the long-term benefit of PD-1 blockade. In melanoma patients, we detected T cell clones recognizing naturally processed cancer antigens that are cross-reactive with microbial peptides. Altogether, these results support the idea that intestinal microbe-specific T cell responses contribute to anticancer immunosurveillance.

Main Text:

Unleashing immune responses against tumor-associated antigens through chemotherapy, radiotherapy, targeted therapies or immune checkpoint inhibitors has become the mainstay of successful cancer treatments (1, 2). The recent discovery that the gut microbiota determines the cancer-immune set point, thus influencing the clinical outcome of antineoplastic therapies, has rekindled the concept that microbes or their products modulate not only intestinal but also systemic immunity (3, 4). Indeed, memory responses by interferon-IFN ) secreting CD4 + and CD8 + T cells specific for Enterococcus hirae, Bacteroides fragilis, and Akkermansia muciniphila are associated with favorable clinical outcome in cancer patients (5-8), suggesting that microbe-specific T lymphocytes may contribute to antitumor immune responses. The mechanisms through which microbes trigger chronic intestinal inflammation and systemic autoimmune disease have not been resolved (9). The theory of molecular mimicry (10-14) posits that T cells elicited by bacteria or viruses accidentally recognize autoantigens as they 'escape'

from self-tolerance inducing mechanisms (such as clonal deletion or inactivation). While MHC class I and class II binding epitopes encoded by bacterial genomes may be immunogenic (10-14), very few reports have demonstrated that microbe-specific CD4 + or CD8 + T lymphocytes attack normal or neoplastic tissues (15-17).

Cyclophosphamide (CTX) induces the translocation of E. hirae from the gut lumen to the mesenteric and splenic immune tissues, thereby eliciting specific CD4 + and CD8 + T lymphocytes producing interleukin-17 (IL17) and interferon-(IFN correlating with therapeutically effective anticancer immune responses (6, 18). Broad-spectrum antibiotics abolished the therapeutic efficacy of CTX unless E. hirae was supplied by oral gavage (6). When comparing a panel of distinct E. hirae strains (Table S1, Figure S1A) for their capacity to restore the antibiotic-perturbed anticancer effects of CTX, we found that only a few E. hirae isolates (such as 13144 and IGR11) were efficient (Figure 1A-B, Ref. ( 6)). Given that the therapeutic efficacy of the combination of CTX and E. hirae 13144 is abrogated by the depletion of CD8 + T cells or the neutralization of IFN , we screened the differential capacity of E. hirae strains to elicit memory T cell responses after priming of the host, measured as the ex vivo recall response (IFN secretion) of splenic CD8 + T cells against various E. hirae strains loaded onto dendritic cells(DC) (Figure S2A). While E. hirae 13144 triggered specific CD8 + T cell responses (that were not cross-reactive against irrelevant enterococci), E. hirae 708 and 13344 (two prototypic inefficient strains) failed to do so (Figure S2A).

To identify relevant T cell epitopes, we aligned the sequences of bacterial genes encoding putative cell wall and secreted proteins for immunogenic (13144) versus non-immunogenic (708 and 13344) E. hirae strains, followed by the in silico identification of 13144-specific nonapeptides with strong affinity (<50 nM) for the MHC class I H-2K b protein (Table S2).

Subsequently, we recovered splenic CD8 + T cells from mice that had been exposed to E. hirae 13144 and CTX (Figure 1C), restimulated them in vitro with pools of potentially immunogenic nonapeptides from E. hirae 13144 to measure IFN production (Table S2, Figure S2B) and finally split the most efficient pool (No. 7) into individual peptides (Figure 1D). This approach led to the identification of one dominant epitope (one-letter amino acid [aa] code: TSLARFANI, abbreviation TMP1) in position 187 to 197 of the aa sequence of the phage tail length tape measure protein (TMP, 1506 aa) from a 39.2 kb prophage of E. hirae 13144 (Figure 1D, Figure S3, Tables S2-S3). The 39.2kb prophage encodes 65 genes, including one shared between all 18

E. hirae genomes and 38 unique to E. hirae 13144 (Figure S1B), encoding capsid, portal and tail structures characteristic of Siphoviridae phages. Importantly, the TMP1 epitope of the 39.2kb

prophage from E. hirae 13144 and the prophage fragment contained in E. hirae IGR11 showed 100% sequence identity (Figure S3 and S4A). Accordingly, E. hirae IGR11 was as efficient as E.

hirae 13144 in reducing the growth of MCA205 sarcomas treated with CTX (Figure 1A-B). In contrast, the absence of a bona fide TMP1 epitope (observed in E. hirae 708 and 13344, Figure S1B) and a mutation in position 3 of the TSLARFANI peptide (L F observed in E. hirae ATCC9790, Figure S4A) correlated with the lack of anticancer effects of these E. hirae strains (Figure 1B and Ref. (6)). ELIspot assays designed to detect peptide-specific IFN -producing T cells revealed that mice gavaged with E. hirae 13144 or IGR11 mounted a CD8 + T cell response against TMP1 (but not against the control peptides TMP2 and TMP3), while mice receiving E.

hirae strains lacking TMP1 (strains 708, 13344) or a strain possessing a mutated TMP1 (strain ATCC9790) were unable to do so (Figure 1D). We used a fluorescent H-2K b /TSLARFANI tetrameric complex (and its negative control H-2K b /SIINFEKL binding to ovalbumine (OVA) specific CD8 + T cells) to detect the frequency and distribution of TMP1-specific cytotoxic T lymphocytes (CTLs) in naive and MCA205 sarcoma bearing C57BL/6 mice. We observed a specific increase in splenic CD8 + T cells that recognized the TMP1 peptide (but not the OVA peptide SIINFEKL) at day 7 following treatment with CTX and gavage with E. hirae 13144 (Figure 1E), as well as in tumor draining lymph nodes (LN) of tumor bearers at day 14 after treatment with CTX and gavage with E. hirae 13144 (Figure S2C-D). Splenic TMP1 (but not OVA)-specific (H-2K b /TSLARFANI tetramer-positive) CTLs also increased in their frequency after gavage with E. hirae IGR11 (but not 13344 nor ATCC9790) (Figure 1E). The H-2K b /TSLARFANI tetramer-positive CTLs were specifically enriched in the CXCR3 + CCR9 + fraction of CD8 + T cells from secondary lymphoid organs (Figure S2C). Even in mice colonized with human fecal materials, CTX administration and oral gavage with E. hirae 13144 induced an anticancer effect (Figure S2E) and an expansion of H-2K b /TSLARFANI tetramer-positive CTL in tumor draining LN at day 7 and in tumor beds at day 17 while vanishing from mesenteric LN (Figure S2F-H). Hence, immunogenic E. hirae elicits a H-2K b restricted CTL response against the TMP-derived peptide TMP1/TSLARFANI.

To explore the capacity of TMP1-specific H-2K b restricted T cells to control the growth of MCA205 cancers, we subcutaneously (s.c.) immunized naive C57BL/6 mice with dendritic cells (DC) loaded with heat-inactivated E. hirae 13144 (positive control), the naturally occurring TMP1/TSLARFANI peptide from 13144 and IGR11, its L F mutant from E. hirae ATCC9790 ('mut3', Figure 2A, Figure S4A) or other non-immunogenic bacterial peptides (group 1, Figure S2B). In this prophylactic setting, DC pulsed with TMP1 (but not mut3) were as efficient as the whole E. hirae extract in reducing tumor growth (Figure 2B-C). Next, we explored whether the TMP1 peptide would be able to confer immunogenicity to the usually inefficient bacterium

Escherichia coli strain DH5α in the therapeutic setting, in which antibiotic treatment is followed by gavage with different bacterial strains and CTX-based chemotherapy (Figure 1A and Ref. (6)).

E. coli engineered to express TMP1 (Figure S5) was as efficient as E. hirae 13144 in restraining MCA205 tumor growth (Figure S4B, Figure 2D) and eliciting tetramer binding CTL in the spleen (Figure 2E). In contrast, E. coli expressing an irrelevant sequence (encoding mouse EGFP protein), mut3 or or mutant TMP1 bearing a S A exchange in the anchor position 2 ('mut2') (Figure 2A) failed to induce such a cancer-protective immune response (Figure 2D-E). To explore the mechanism by which TMP1 exerts its anticancer activity against MCA205 tumors in C57BL/6 mice, we investigated whether H-2K b -restricted mouse tumor antigens with high identity to the TMP1 peptide (TSLARFANI) exist. Using the NCBI BLASTP suite, we found that the peptide (GSLARFRNI) belonging to the proteasome subunit beta type-4 (PSMB4) located at amino acid positions 76-84 shared a strong homology (7 out of 9 amino acids with identical amino acids at the MHC Class I anchoring positions 2 and 9) with TMP1 (Figure 3A).

We queried for potential neoepitopes of MCA205 but found no significant homology with TMP1, prompting us to focus on the non-mutated PSMB4 peptide. In fact, some mouse tumors (such as MCA205 sarcomas and TC1 lung cancers) overexpress the PSMB4 antigen compared with their normal tissues of origin, while others (such as MC38 colon cancers) failed to do so (Figure 3B).

This correlates with the fact that MCA205 and TC1 tumors respond to the treatment with (Figure S6G). We analyzed the T cell receptor (TCR) repertoire of these two tetramer-reactive CD8 + T cell subsets. In accordance with the functional data, half of the CD8 + T cells labelled with PSMB4-H-2K b tetramers shared clonotypes with the much wider TCR repertoire of T cells labelled with the TMP1-H-2K b specific tetramers (Figure 4D, Table S4-S5) (but not with the negative fraction, Figure S6H). In sum, T cells recognizing the TMP1 epitope of immunogenic E.

hirae can crossreact with a peptide contained in the oncogenic driver PSMB4 and vice versa.

Temperate bacteriophages are bacterial viruses that can transfer virulence, antimicrobial resistance genes, and immunogenic sequences to new bacterial hosts (23). The TMP protein, which contains a variable number of tandem repeats with highly conserved tryptophan and phenylalanine residues at fixed positions is encoded by the genome of Siphoviridae phages (24, 25). To investigate the capacity of the E. hirae 13144 phage to lysogenize other bacterial species in vivo, we performed culturomic analyses of the ileal content from C57BL/6 mice subjected to oral gavage with E. hirae 13144 and systemic CTX therapy, followed by PCR analyses seeking TMP sequences (Figure S8A-B). We tested 7 to 18 bacterial colonies from each animal and a total of 76 colonies. We only found lysogenic conversion of E. gallinarum by the E. hirae-temperate phage in vivo, as confirmed by sequencing of the phage genome in the second host (Figure 4E, Figure S8B-C). In contrast, none of the 90 colonies (mostly of E. gallinarum) isolated from naive mice harbored the TMP sequence (Figure S8A). Similarly, in vitro coculture of TMP + E. hirae 13144 together with TMP -E. gallinarum spp. at a 1:1 ratio uncovered a significant (~15%) rate of lysogenic conversion (Figure S8D). Examination of a preparation admixing E. hirae 13144 and E.

gallinarum at a 1:10 ratio by means of transmission electron microscopy revealed numerous phages with the typical Siphoviridae morphology in the medium, whereas control cultures (bacteria separately) were free of such phages (Figure 4F). Altogether, these results indicate that the TMP1 peptide-encoding Siphoviridae phage from E. hirae 13144 is a virulent phage.

We next explored the possible pathophysiological relevance of these findings. We first screened a total of 3,027 adult and mother-infant metagenomes (26), validated by a second independent metagenomic-assembly based screening of 9,428 metagenomes (27) (28), to assess the breadth of coverage (BOC) of the E. hirae genome and its phages (Figure S9A). E.

hirae was present with 100% confidence (i.e. BOC > 80%) in less than 150 fecal samples from disparate geography, age and datasets. This phage (and its host) could be vertically transmitted from mothers to infants and then colonizes the neonate. There was an increased prevalence of the phage (57%) in fecal microbiomes from children (representing 16% of all metagenomes, Fisher's test p-value <0.00001). Of note, the E. hirae 13144 phage was detectable in many samples lacking the presence of the E. hirae core genome, suggesting that other bacteria than E. hirae can host this phage. All host genomes belonged to the Enterococcus genus (except two assigned to Coprobacillus), in particular E. faecalis (80 genomes), E. faecium (23), and E. hirae (15), suggesting that phage 13144 (and its homologues from E. hirae 708, and 13344) are genus-specific but not species-specific.

Contrasting with metagenomics that has a low sensitivity to detect poor abundance species, culturomics followed by matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF) provides a technology for detecting rare E. hirae colonies in the stool of healthy individuals (29) or cancer patients (8). PCR analyses of each single cultivatable enterococcal colony (up to 5 per species and individual) from 76 cancer patients led to the detection of the TMP sequence encompassing the TMP1 peptide in 34% of the patients, only in E. faecalis and E. hirae (Figure S9B, Figure S10). Advanced renal and lung cancer patients (cohort described in Ref. ( 16)) with detectable fecal TMP at diagnosis exhibited prolonged overall survival after therapy with immune checkpoint inhibitors targeting PD-1 (Figure 4G).

Therefore, we screened sixteen TMP-derived nonapeptides predicted to bind the human MHC class I HLA-A*0201 with high affinity for their ability to prime naive CD8 + T cells from six healthy volunteers in vitro. We found 6 out of 16 epitopes capable of triggering significant peptide-specific IFN release that were located in two distinct regions of the TMP protein (504-708 and 1397-1462, Figure S11A-B, Table S6). Using the NCBI BLASTP suite, we searched the human cancer peptidome (of the TCGA database) for a high degree of homology with these 6

HLA-A*0201 -restricted immunogenic nonapeptides. We found that only the TMP-derived peptide KLAKFASVV (aa 631-639) shared significant homology (7 out of 9 aa, with identical residues at the MHC anchoring positions 2 and 9) with a peptide contained in the protein glycerol-3-phosphate dehydrogenase 1-like (GPD1-L) (Figure S11C). GPD1-L reportedly counteracts the oncogenic HIF1 -dependent adaptation to hypoxia, and its expression is TMP1-expressing E. hirae. Third, when cancer cells were genetically modified to remove the TMP1-crossreactive peptide within the PSMB4 protein, they formed tumors that could no longer be controlled upon oral gavage with TMP1-expressing E. hirae. Fourth, cancer patients carrying the TMP phage sequence in fecal enterococci spp. or the GPD1-L tumoral antigen homologous to TMP epitopes exhibited a better response to PD-1 blockade, suggesting that this type of microbecancer cross-reactivity might be clinically relevant.

Recent reports point to the pathological relevance of autoantigen-crossreactive, microbiotaderived peptides for autoimmune disorders such as myocarditis, lupus and rheumatoid arthritis (34-36). Given the enormous richness of the commensal proteome (37), we expect the existence of other microbial antigens mimicking auto-and tumor antigens. In fact, we extended these findings to naturally processed melanoma-specific antigens that have microbial orthologs recognized by the same TCRs. Global phage numbers have been estimated to reach as high as 10 31 particles with the potential of 10 25 phage infections occurring every second (38, 39). Thus, the perspective opens that, within the microbiota, bacteriophages may enrich the therapeutic armamentarium for modulating the intestinal flora and for stimulating systemic anticancer immune responses. Refer to the statistical report. A. Flow cytometry analysis of CD8 + tumor-infiltrating lymphocytes (from tumors treated as in Fig. 1A) after co-staining with two different tetramers (H-2K b /TMP1 and H-2K b /PSMB4, sequences in Fig. 3A). Each dot depicts one tumor. Such (DC-like) cells were seeded in 96-well plates at 1 × 10 5 cells/well either alone or in the presence of peptides (20µg/mL) for 2 hours at 37°C, 5% CO2. The remaining autologous PBMC fractions were enriched for CD8 + T cells (CD8 + T Cell Isolation Kit, human, Miltenyi). The enriched CD8 + T cells were washed, counted and resuspended at 1 × 10 5 cells/well in RPMI-1640 supplemented with 10% human AB+ serum, 1% 2 mMol/L glutamine, 1% penicillin/streptomycin (GIBCO Invitrogen) and 50 U/mL IL-2 (Proleukin). DC-peptide/ T cell co-cultures were incubated for one week at 37°C, 5% CO2 (medium was changed every 2 days).

Legends to Figures

Then, the pools of cells were seeded in 96-well ELIspot plates at 2 x 10 5 cells/well and restimulated with or without peptides (20µg/mL) or anti-CD3/anti-CD28 coated beads (1µL/mL, Dynabeads T-Activator, Invitrogen) as a positive control for 20 hours at 37°C. IFN-γ ELISPOT assays were performed in 96-well PVDF bottomed sterile plates (Millipore MSIP S4510) by using a IFN-γ ELISPOT kit (Cell sciences, Newburyport, Etats-Unis) according to the manufacturer's instructions.

In vitro stimulation of PBMCs from healthy volunteers and cancer patients with HLA-A2restricted phage and cancer peptides. Cytapheresis cones were collected from healthy volunteers (EFS) and peripheral blood mononuclear cells (PBMC) were separated using a Ficoll Hypaque gradient. We selected only donors with HLA-A02*01 haplotype determined by flow cytometry with anti-HLA-A2 antibody (BB7-2 clone). 4 x 10 7 PBMC were seeded in 96

well/plates at 2 x 10 5 cells/well in RPMI 1640 medium supplemented with 8% human serum (HS), 50 IU/mL of IL-2 (Proleukin, Novartis) and stimulated with 5 µM of KLAKFASVV peptide. After 14 days, each microculture was evaluated for the percentage of specific CD8 + T lymphocytes by double staining with a HLA-A2-KLAKFASVV peptide tetramer and anti-CD8 mAb (Clone RPA-T8, Biolegend) using a FACS Canto HTS. Cross-reactivity of positive microcultures was evaluated by double staining with a HLA-A2 KLQKFASTV peptide tetramer and anti-CD8. HLA-A2 /peptide monomers were produced by the recombinant platform facility P2R, from SFR Santé, as previously described (1). Microcultures that contained at least 0.5% of specific T cells were selected, pooled and sorted with the relevant tetramer-coated beads and amplified as previously described (2). After the amplification step, purity and cross-reactivity of sorted T cell lines were evaluated by tetramer/CD8 double labeling. CD107A mobilization and TNFα production were evaluated after stimulation of sorted T cells with 5 µM of each peptide (KLAKFASVV or KLQKFASTV). After a 5 hour-stimulation period in the presence of brefeldin A at 10 µg/mL (Sigma, B7651), T cells were labeled with phycoerythrin (PE)-conjugated anti-CD8 antibody (Clone RPA-T8, Biolegend) and fixed with PBS 4% paraformaldehyde (VWR, 100504-858). Lymphocytes were then stained for TNF production using APC conjugated anti-TNFα (clone Mab11, Biolegend). Concerning CD107A labeling, specific T cells were stimulated for 3 hours at 37°C in the presence of Alexa-F647-conjugated mAb specific for CD107A (clone H4A3, Biolegend). T cells were then stained with anti-CD8 antibody (Clone RPA-T8, Biolegend) and analyzed by flow cytometry.

Short-term Ag-specific T cell lines from HLA-A*0201 lung cancer patients. Peripheral blood was collected from non-small cell lung cancer (NSCLC) patients at the time of surgery, after informed consent and PBMC were isolated on a Ficoll Hypaque gradient. Only PBMC from patients bearing the HLA-A*02*01 haplotype were used for in vitro short-term Ag-specific stimulation. CD8 + T cells were positively enriched using an anti-CD8-coated magnetic microbeads (Miltenyi Biotec) selection process resulting in more than 95% purity. CD8 + T cells were seeded in 96-well plates at 2 x 10 5 cells/well in RPMI-1640 medium supplemented with 10% human serum. Autologous CD8-depleted PBMC were used as antigen presenting cells (APCs), irradiated, pulsed with TMP epitope 10 (KLAKFASVV) (5 µg/mL) for 2 hours at 37°C in 5% CO2 and plated with CD8 + T cells at a 1:3 ratio. After 24 hours, human recombinant IL-2 (Miltenyi Biotec) and IL-7 (PeproTech Inc.) (25 U/mL and 5 ng/mL, respectively) were added to the culture wells. After one week, cells were restimulated with the soluble TMP epitope 10 peptide (1 µg/mL) for an additional week before functional analysis.

HLA-A2/peptide tetramer staining. Phycoerythrin (PE)-labeled HLA-A*0201/peptide (KLAKFASVV) tetramers were used. FITC-CD8 monoclonal antibody was purchased from Miltenyi Biotec (BW135/80). Briefly, 2-3 x 10 5 short-term in-vitro expanded T cells were first incubated with tetramer (10 µg/mL, 30 minutes, room temperature). After washing, cells were incubated with FITC-CD8 mAb (20 minutes, 4°C). Dead cells were excluded using propidium iodide staining (MP Biomedicals). Cells were immediately acquired on BD FACS Celesta and analyzed using FACS Diva software (BD).

Interferon (IFN)-γ and granzyme B (GrB) production. 3-4 x 10 5 autologous CD8depleted PBMC isolated from NSCLC patients were pulsed with the relevant TMP epitope 10

(KLAKFASVV) or the irrelevant TMP epitope 14 (KMAALAASA) (1 µg/mL) (Figure S13E).

Alternatively, instead of autologous APC, T2 cell lines (purchased from the American Type Culture Collection and routinely checked for mycoplasma using Mycoplasma PCR Reagent, Euroclone, Italy) were used at 1 x 10 5 cells/well and pulsed (or not) with the relevant TMP epitope 10, the irrelevant TMP epitope 14, or with irrelevant MART-1 A27L (ELAGIGILTV) and gp100 209-217 (IMDQVPFSV) peptides (1 µg/mL) (Figure S13F). Whenever indicated, the HLA Class I-blocking antibody (W6/32 mAb) was added (3). After 1 hour incubation at 37°C in and P8 residues were also recognized by two T cell clones, with an EC50 around 10 -9 M (Figure S15B), suggesting that these two positions are not essential for TCR recognition.

Calculation of EC50 for bacterial epitopes.

EC50 of MART-1 and MELOE-1-specific T-cell clones were evaluated for each bacterial peptide, by measuring TNFα production after co-culture with TAP-deficient T2 cells loaded with a range of peptides, at an effector/target ratio of 1:2. After a 5h-stimulation period in the presence of brefeldin A at 10 µg/mL (Sigma, B7651), T cells were labeled with PE-conjugated specific anti-CD8 antibody (Clone RPA-T8, BioLegend) and fixed with PBS 4% paraformaldehyde (VWR, 100504-858). Lymphocytes were then stained for cytokine production using APC conjugated anti-TNFα (clone cA2, Miltenyi Biotec).

Stool detection of phage TMP sequence by PCR in human or mouse samples (Figure S10).

We cultivated the stools (from cancer patients) or ileal material (mice) after several dilutions in aerobic conditions and permissive medium to allow for the isolation of enterococci colonies (according to a procedure described in (4). We performed a PCR of the TMP sequence in each single cultivatable Enterococcus colony. One colony was placed into 100µl of nuclease-free water to release the bacterial DNA and PCR was performed with 5µl of DNA, 12.5µl of PCR master mix (Thermofischer Scientific), 5µl nuclease-free water and 1.25µl of pairs of TMP primers (20 µM) (refer to Figure S10 for the position of the probe sets). PCR products were separated on 1.5% agarose gel containing ethidium bromide and revealed by UV exposure. The sequence of primers are: forward 5'-ACTGCAGCCGTAAAATGGGA-3' and reverse 5'-TCCGTATCGTTTGCCAGCTT-3' (amplicon 1026 bp).

Lysogenic conversion of E. gallinarum by the E.hirae 13144 phage.

In vivo. To investigate the capacity of the E. hirae 13144 phage to lysogenize other bacterial species in vivo, we performed culturomic analyses of the ileal content from C57BL/6 mice subjected to oral gavage with E. hirae 13144 and systemic CTX therapy, followed by PCR analyses seeking TMP sequences (Figure S8A-B). We tested 7 to 18 bacterial colonies from each animal and a total of 76 colonies. We only found lysogenic conversion of E. gallinarum by the E. Genome sequencing and analysis. The whole genome sequence of 5 E. hirae (13144, 708, 13152, 13344 and EH-17) strains was determined with PacBio technology (GATC Biotech, Konstanz, Germany). Genomic DNA was isolated from 15 other E. hirae isolates using the using the Quick-DNA fungal/bacterial miniprep kit (Zymo Research, Irvine, CA) according to the manufacturer's recommendations. After DNA shearing, the DNA libraries were prepared using the NEBNext Ultra DNA library prep kit for Illumina (New England Biolabs, Ipswich, MA) and sequenced as pairedend reads (2 x 300 bp) using an Illumina MiSeq platform and the MiSeq reagent kit version 3. The Illumina reads were trimmed using Trimmomatic ( 9), quality filtered with the Fastx-toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) and assembled using SPAdes (10). Protein sequences were predicted using prokka v1.11 software (11). Prophage regions were detected using PHAST software. Predicted proteins were annotated using BLASTp against the National Center for Biotechnology Information (NCBI) non-redundant (NR) database.

Phylogenomic and comparative genomics. Single nucleotide polymorphisms in 20 E. hirae genomes was investigated using the parsnp program (12) and using the genome of strain 1314 samples was carried out using DNA electrophoresis performed on Agilent 2100 Bioanalyser System in combination with the Agilent DNA 1000 kit, according to the manufacturer's protocol.

Sequencing has been performed with Miseq (Illumina) SR-300 protocols at Institut du Cerveau et de la Moelle (Paris, France). FASTQ raw data files were processed for TRAs and TRBs sequences annotation using MiXCR ( 15 (meaning CD8 binding to H-2K b -TMP1 tetramer) CD8 + TMP -, CD8 + PSMB4 + and CD8 + PSMB4 - TCR repertoires. These repertoires were respectively composed of 40.734, 416.541, 208 and 532.360 unique clonotypes. Venn diagrams and samples comparisons were performed using R software version 3.5.0 (www.r-project.org) and Prism (GraphPad Software, LaJolla, CA). To compare the TCR sharing of PSMB4 + with TMP + vs TMP -TCRs, a random sampling of 13842 αTCRs and 25057 βTCRs was performed 10 times within the TMP -repertoire (Fig. 4H).

Statistical analyses.

A statistical report has been written for each panel (online material). Data analyses and representations were performed with Prism 6 software (GraphPad, San Diego, CA, USA). Tumor size differences were calculated either using Anova or a dedicated software (https://kroemerlab.shinyapps.io/TumGrowth/). Briefly, tumor growth was subjected to a linear mixed effect modeling applied to log pre-processed tumor surfaces. P-values were calculated by testing jointly whether both tumor growth slopes and intercepts (on a log scale) were different between treatment groups of interests. Survival probabilities were estimated using the Kaplan-Meier method. Cutoffs for continuous variables were chosen using the median value or an optimal cutoff approach. Survival curves were evaluated using the log-rank test. All reported tests are twotailed and were considered significant at P-values <0.05. or saline solution (NaCl) at day 4 once (like in Fig. 1C). One week later, purified CD8 + T splenocytes were restimulated ex vivo in a recall assay with bone marrow-derived DC loaded with saline or distinct heat killed (65°C during 2 hours) bacterial strains (A) or groups of peptides (Table S2) (B). IFNγ-secreting CD8 + T cells (spots) were determined after 24h of coculture. Each dot represents one mouse. The experiment (with 5 mice/group) was performed three times.

Statistical analyses revealed that only group 7 of peptides induced a significant response (B). C. In 70% of the samples in which E. hirae was confidently found, one of the three phage sequences (from E. hirae 13144, 708 or 13344) were also detected, though in a partially mutually exclusive fashion (Figure S9A). Of note, the E. hirae 13144 phage was detectable in many samples lacking the presence of the E. hirae core genome, suggesting that other bacteria than E. hirae can host this phage. Analysis of the global prevalence of these phages (irrespective of the presence of E.

hirae) further confirmed their mutually co-exclusion in the microbiome. We could detect the presence of phage 13144 at 0.66 BOC in three mother-infant paired stool specimens and in the infants at 1, 3, and 7 days after birth suggesting that this phage (and its host) can be vertically transmitted from mothers to infants and then colonize the neonate. We complemented this analysis by a metagenomic-assembly based screening of Nucleotide sequence of the whole TMP protein as well as binding area for PCR primers indicated in green and TMP1 epitope sequence indicated in red. S6).

Restimulation at day 7 with each of the 16 TMP peptides for IFNγ ELIspot assays and enumeration of positive spots. ANOVA statistical analyses: *p<0.05. B. The HLA-A*0201 binding and immunogenic epitopes (Table S6) are located in defined domains of the TMP Table S4. List of TRA sequences shared between TMP1 and PSMB4-specific TCRs

V J aaSeqCDR3 CDR3dna VpJ VJ cloneCount TRAV14D-2 TRAJ22 CAASASSGSWQLIF TGTGCAGCAAGCGCATCTTCTGGCAGCTGGCAACTCATCTTT TRAV14D-2 CAASASSGSWQLIF TRAJ22 TRAV14D-2 TRAJ22 TRAV14-1 TRAJ26 CAASDNYAQGLTF TGTGCAGCAAGTGATAACTATGCCCAGGGATTAACCTTC TRAV14-1 CAASDNYAQGLTF TRAJ26 TRAV14-1 TRAJ26 TRAV16D-DV11 TRAJ17 CAMRDLNSAGNKLTF TGTGCTATGAGAGACCTTAACAGTGCAGGGAACAAGCTAACTTTT TRAV16D-DV11 CAMRDLNSAGNKLTF TRAJ17 TRAV16D-DV11 TRAJ17 TRAV16D-DV11 TRAJ27 CAMREDTNTGKLTF TGTGCTATGAGAGAGGACACCAATACAGGCAAATTAACCTTT TRAV16D-DV11 CAMREDTNTGKLTF TRAJ27 TRAV16D-DV11 TRAJ27 TRAV3D-3 TRAJ30 CAVSDTNAYKVIF TGCGCAGTCAGTGACACAAATGCTTACAAAGTCATCTTT TRAV3D-3 CAVSDTNAYKVIF TRAJ30 TRAV3D-3 TRAJ30 TRAV7-3 TRAJ9 CAVSNMGYKLTF TGTGCAGTGAGCAACATGGGCTACAAACTTACCTTC TRAV7-3 CAVSNMGYKLTF TRAJ9 TRAV7-3 TRAJ9 TRAV8-1 TRAJ18 CATGDRGSALGRLHF TGTGCTACTGGAGATAGAGGTTCAGCCTTAGGGAGGCTGCATTTT TRAV8-1 CATGDRGSALGRLHF TRAJ18 TRAV8-1 TRAJ18 TRAV6D-7 TRAJ31 CALGGNSNNRIFF TGTGCTCTGGGGGGGAATAGCAATAACAGAATCTTCTTT TRAV6D-7 CALGGNSNNRIFF TRAJ31 TRAV6D-7 TRAJ31 TRAV14D-2 TRAJ22 CAASASSGSWQLIF TGTGCAGCCTCTGCATCTTCTGGCAGCTGGCAACTCATCTTT TRAV14D-2 CAASASSGSWQLIF TRAJ22 TRAV14D-2 TRAJ22 TRAV16N TRAJ52 CAMRENTGANTGKLTF TGTGCTATGAGAGAGAACACTGGAGCTAACACTGGAAAGCTCACGTTT TRAV16N CAMRENTGANTGKLTF TRAJ52 TRAV16N TRAJ52 TRAV3D-3 TRAJ21 CAVRDLSNYNVLYF TGCGCAGTCAGGGATTTGTCTAATTACAACGTGCTTTACTTC TRAV3D-3 CAVRDLSNYNVLYF TRAJ21 TRAV3D-3 TRAJ21 TRAV14D-1 TRAJ26 CAARNNYAQGLTF TGTGCAGCAAGAAATAACTATGCCCAGGGATTAACCTTC TRAV14D-1 CAARNNYAQGLTF TRAJ26 TRAV14D-1 TRAJ26 TRAV12D-3 TRAJ33 CALSNYQLIW TGTGCTCTGAGCAACTATCAGTTGATCTGG TRAV12D-3 CALSNYQLIW TRAJ33 TRAV12D-3 TRAJ33 TRAV12D-3 TRAJ31 CALSDRDSNNRIFF TGTGCTCTGAGTGATCGAGATAGCAATAACAGAATCTTCTTT TRAV12D-3 CALSDRDSNNRIFF TRAJ31 TRAV12D-3 TRAJ31 TRAV6D-7 TRAJ31 CALGGNSNNRIFF TGTGCTCTGGGTGGGAATAGCAATAACAGAATCTTCTTT TRAV6D-7 CALGGNSNNRIFF TRAJ31 TRAV6D-7 TRAJ31 TRAV12D-3 TRAJ31 CALSDRDSNNRIFF TGTGCTCTGAGTGATCGGGATAGCAATAACAGAATCTTCTTT TRAV12D-3 CALSDRDSNNRIFF TRAJ31 TRAV12D-3 TRAJ31 TRAV14D-3-DV8 TRAJ22 CAASASSGSWQLIF TGTGCAGCAAGTGCAAGTTCTGGCAGCTGGCAACTCATCTTT TRAV14D-3-DV8 CAASASSGSWQLIF TRAJ22 TRAV14D-3-DV8 TRAJ22 TRAV12D-3 TRAJ31 CALSDRHSNNRIFF TGTGCTCTGAGTGATCGACATAGCAATAACAGAATCTTCTTT TRAV12D-3 CALSDRHSNNRIFF TRAJ31 TRAV12D-3 TRAJ31 TRAV8-1 TRAJ50 CATDPLASSSFSKLVF TGTGCTACTGACCCCCTAGCATCCTCCTCCTTCAGCAAGCTGGTGTTT TRAV8-1 CATDPLASSSFSKLVF TRAJ50 TRAV8-1 TRAJ50 TRAV10 TRAJ27 CAASRGTNTGKLTF TGTGCAGCAAGCAGAGGCACCAATACAGGCAAATTAACCTTT TRAV10 CAASRGTNTGKLTF TRAJ27 TRAV10 TRAJ27 TRAV7-2 TRAJ12 CAAPGTGGYKVVF TGTGCAGCCCCCGGGACTGGAGGCTATAAAGTGGTCTTT TRAV7-2 CAAPGTGGYKVVF TRAJ12 TRAV7-2 TRAJ12 TRAV6N-6 TRAJ22 CALRAASSGSWQLIF TGCGCTCTGAGGGCAGCATCTTCTGGCAGCTGGCAACTCATCTTT TRAV6N-6 CALRAASSGSWQLIF TRAJ22 TRAV6N-6 TRAJ22 TRAV13-2 TRAJ26 CAIDQYAQGLTF TGTGCTATAGACCAATATGCCCAGGGATTAACCTTC TRAV13-2 CAIDQYAQGLTF TRAJ26 TRAV13-2 TRAJ26 TRAV14-2 TRAJ44 CAGTGSGGKLTL TGTGCAGGGACTGGCAGTGGTGGAAAACTCACTTTG TRAV14-2 CAGTGSGGKLTL TRAJ44 TRAV14-2 TRAJ44 TRAV12D-3 TRAJ23 CALSGENYNQGKLIF TGTGCTCTGAGTGGGGAGAATTATAACCAGGGGAAGCTTATCTTT TRAV12D-3 CALSGENYNQGKLIF TRAJ23 TRAV12D-3 TRAJ23 TRAV19 TRAJ50 CAAGGVASSSFSKLVF TGCGCAGCAGGGGGGGTAGCATCCTCCTCCTTCAGCAAGCTGGTGTTT TRAV19 CAAGGVASSSFSKLVF TRAJ50 TRAV19 TRAJ50 TRAV13-1 TRAJ6 CALVLTSGGNYKPTF TGTGCTTTGGTCCTAACCTCAGGAGGAAACTACAAACCTACGTTT TRAV13-1 CALVLTSGGNYKPTF TRAJ6 TRAV13-1 TRAJ6 TRAV6N-6 TRAJ22 CALSVASSGSWQLIF TGCGCTCTGAGTGTCGCATCTTCTGGCAGCTGGCAACTCATCTTT TRAV6N-6 CALSVASSGSWQLIF TRAJ22 TRAV6N-6 TRAJ22 TRAV12-2 TRAJ58 CALSDPGTGSKLSF TGTGCTTTGAGTGATCCAGGCACTGGGTCTAAGCTGTCATTT TRAV12-2 CALSDPGTGSKLSF TRAJ58 TRAV12-2 TRAJ58 TRAV5D-4 TRAJ22 CAASTSSGSWQLIF TGTGCTGCAAGTACATCTTCTGGCAGCTGGCAACTCATCTTT TRAV5D-4 CAASTSSGSWQLIF TRAJ22 TRAV5D-4 TRAJ22 TRAV14D-2 TRAJ23 CAASEDYNQGKLIF TGTGCAGCAAGTGAGGATTATAACCAGGGGAAGCTTATCTTT TRAV14D-2 CAASEDYNQGKLIF TRAJ23 TRAV14D-2 TRAJ23 TRAV13N-1 TRAJ27 CAMEPGTNTGKLTF TGTGCTATGGAACCGGGCACCAATACAGGCAAATTAACCTTT TRAV13N-1 CAMEPGTNTGKLTF TRAJ27 TRAV13N-1 TRAJ27 TRAV12D-3 TRAJ31 CALSDRHSNNRIFF TGTGCTCTGAGTGATCGACACAGCAATAACAGAATCTTCTTT TRAV12D-3 CALSDRHSNNRIFF TRAJ31 TRAV12D-3 TRAJ31 TRAV13N-4 TRAJ28 CVLSLLPGTGSNRLTF TGTGTTCTGAGTCTGCTACCAGGCACTGGGAGTAACAGGCTCACTTTT TRAV13N-4 CVLSLLPGTGSNRLTF TRAJ28 TRAV13N-4 TRAJ28 TRAV8-1 TRAJ50 CATDPLASSSFSKLVF TGTGCTACTGACCCCCTAGCATCCTCCTCCTTCAGCAAGCTGGTGTTT TRAV8-1 CATDPLASSSFSKLVF TRAJ50 TRAV8-1 TRAJ50 TRAV12-2 TRAJ43 CVRNNNNAPRF TGTGTTCGCAATAACAACAATGCCCCACGATTT TRAV12-2 CVRNNNNAPRF TRAJ43 TRAV12-2 TRAJ43 TRAV16N TRAJ40 CAMRENTGNYKYVF TGTGCTATGAGAGAGAATACAGGAAACTACAAATACGTCTTT TRAV16N CAMRENTGNYKYVF TRAJ40 TRAV16N TRAJ40 TRAV8D-2 TRAJ9 CATDVGYKLTF TGTGCTACAGATGTGGGCTACAAACTTACCTTC TRAV8D-2 CATDVGYKLTF TRAJ9 TRAV8D-2 TRAJ9 TRAV12-2 TRAJ43 CVRNNNNAPRF TGTGTTCGCAATAACAACAATGCCCCAAGATTT TRAV12-2 CVRNNNNAPRF TRAJ43 TRAV12-2 TRAJ43 TRAV16D-DV11 TRAJ17 CAMRDLNSAGNKLTF TGTGCTATGAGAGACCTTAACAGTGCAGGGAACAAGCTAACTTTT TRAV16D-DV11 CAMRDLNSAGNKLTF TRAJ17 TRAV16D-DV11 TRAJ17 TRAV3D-3 TRAJ21 CAVRDLSNYNVLYF TGCGCAGTCAGGGATTTGTCTAATTACAACGTGCTTTACTTC TRAV3D-3 CAVRDLSNYNVLYF TRAJ21 TRAV3D-3 TRAJ21 TRAV4D-3 TRAJ15 CAADQGGRALIF TGTGCTGCTGACCAGGGAGGCAGAGCTCTGATATTT TRAV4D-3 CAADQGGRALIF TRAJ15 TRAV4D-3 TRAJ15 TRAV14D-2 TRAJ22 CAASASSGSWQLIF TGTGCAGCAAGTGCCTCTTCTGGCAGCTGGCAACTCATCTTT TRAV14D-2 CAASASSGSWQLIF TRAJ22 TRAV14D-2 TRAJ22 TRAV14D-3-DV8 TRAJ22 CAASASSGSWQLIF TGTGCAGCAAGTGCATCTTCTGGCAGCTGGCAACTCATCTTT TRAV14D-3-DV8 CAASASSGSWQLIF TRAJ22 TRAV14D-3-DV8 TRAJ22 TRAV12D-3 TRAJ33 CALSNYQLIW TGTGCTCTCAGCAACTATCAGTTGATCTGG TRAV12D-3 CALSNYQLIW TRAJ33 TRAV12D-3 TRAJ33 TRAV6D-7 TRAJ31 CALGGNSNNRIFF TGTGCTCTGGGTGGAAATAGCAATAACAGAATCTTCTTT TRAV6D-7 CALGGNSNNRIFF TRAJ31 TRAV6D-7 TRAJ31
Table S5. List of TRB sequences shared between TMP1 and PSMB4-specific TCRs Table S6. List of TMP epitopes selected in silico to bind HLA-A2 with high affinity (<50nM) 65 (45-81) 65,5 (46-85) 65 (42-83) Gender In bold are indicated recurrent motifs already described in the CDR3β of MART-1-specific T-cell clones (Simon et al, Front Immunol., 2018).

V J aaSeqCDR3 CDR3dna VpJ VJ count TRBV13-3 TRBJ2-3 CARDGAETLYF TGTGCCAGGGACGGTGCAGAAACGCTGTATTTT TRBV13-3 CARDGAETLYF TRBJ2-3 TRBV13-3 TRBJ2-3 TRBV12-2 TRBJ2-5 CASAFNQDTQYF TGTGCCAGCGCTTTTAACCAAGACACCCAGTACTTT TRBV12-2 CASAFNQDTQYF TRBJ2-5 TRBV12-2 TRBJ2-5 TRBV13-2 TRBJ2-7 CASGDFYEQYF TGTGCCAGCGGGGACTTTTATGAACAGTACTTC TRBV13-2 CASGDFYEQYF TRBJ2-7 TRBV13-2 TRBJ2-7 TRBV13-2 TRBJ2-7 CASGDFYEQYF TGTGCCAGCGGTGATTTCTATGAACAGTACTTC TRBV13-2 CASGDFYEQYF TRBJ2-7 TRBV13-2 TRBJ2-7 TRBV13-2 TRBJ1-2 CASGDNANSDYPF TGTGCCAGCGGGGACAATGCAAACTCCGACTACCCCTTC TRBV13-2 CASGDNANSDYPF TRBJ1-2 TRBV13-2 TRBJ1-2 TRBV13-2 TRBJ1-2 CASGDNANSDYTF TGTGCCAGCGGGGACAATGCAAACTCCGACTACACCTTC TRBV13-2 CASGDNANSDYTF TRBJ1-2 TRBV13-2 TRBJ1-2 TRBV13-2 TRBJ2-4 CASGDRGSQNTLYF TGTGCCAGCGGTGACAGGGGTAGTCAAAACACCTTGTACTTT TRBV13-2 CASGDRGSQNTLYF TRBJ2-4 TRBV13-2 TRBJ2-4 TRBV13-2 TRBJ2-4 CASGDRGSQNTLYF TGTGCCAGCGGTGATCGGGGTAGTCAAAACACCTTGTACTTT TRBV13-2 CASGDRGSQNTLYF TRBJ2-4 TRBV13-2 TRBJ2-4 TRBV13-2 TRBJ1-4 CASGDSNERLFF TGTGCCAGCGGGGATTCCAACGAAAGATTATTTTTC TRBV13-2 CASGDSNERLFF TRBJ1-4 TRBV13-2 TRBJ1-4 TRBV13-2 TRBJ1-4 CASGDSNERLFF TGTGCCAGCGGTGATTCCAACGAAAGATTATTTTTC TRBV13-2 CASGDSNERLFF TRBJ1-4 TRBV13-2 TRBJ1-4 TRBV13-2 TRBJ1-4 CASGDSNERLFF TGTGCCAGCGGTGACAGCAACGAAAGATTATTTTTC TRBV13-2 CASGDSNERLFF TRBJ1-4 TRBV13-2 TRBJ1-4 TRBV13-2 TRBJ2-5 CASGGDRGQDTQYF TGTGCCAGCGGTGGGGACAGGGGGCAAGACACCCAGTACTTT TRBV13-2 CASGGDRGQDTQYF TRBJ2-5 TRBV13-2 TRBJ2-5 TRBV13-2 TRBJ2-1 CASGGTAPIYAEQFF TGTGCCAGCGGTGGGACAGCTCCTATCTATGCTGAGCAGTTCTTC TRBV13-2 CASGGTAPIYAEQFF TRBJ2-1 TRBV13-2 TRBJ2-1 TRBV17 TRBJ2-5 CASGTGTQDTQYF TGTGCTAGCGGGACTGGGACCCAAGACACCCAGTACTTT TRBV17 CASGTGTQDTQYF TRBJ2-5 TRBV17 TRBJ2-5 TRBV19 TRBJ1-3 CASRNRGSGNTLYF TGTGCCAGCAGAAACAGGGGTTCTGGAAATACGCTCTATTTT TRBV19 CASRNRGSGNTLYF TRBJ1-3 TRBV19 TRBJ1-3 TRBV13-1 TRBJ2-7 CASSDAAGQYF TGTGCCAGCAGTGATGCGGCTGGGCAGTACTTC TRBV13-1 CASSDAAGQYF TRBJ2-7 TRBV13-1 TRBJ2-7 TRBV13-3 TRBJ1-2 CASSDARGQDSDYTF TGTGCCAGCAGTGATGCCAGGGGGCAGGACTCCGACTACACCTTC TRBV13-3 CASSDARGQDSDYTF TRBJ1-2 TRBV13-3 TRBJ1-2 TRBV13-3 TRBJ2-1 CASSDGAEQFF TGTGCCAGCAGTGATGGTGCTGAGCAGTTCTTC TRBV13-3 CASSDGAEQFF TRBJ2-1 TRBV13-3 TRBJ2-1 TRBV13-3 TRBJ2-1 CASSDGAEQFF TGTGCCAGCAGTGATGGAGCTGAGCAGTTCTTC TRBV13-3 CASSDGAEQFF TRBJ2-1 TRBV13-3 TRBJ2-1 TRBV13-1 TRBJ1-4 CASSDGGSNERLFF TGTGCCAGCAGTGATGGGGGGTCCAACGAAAGATTATTTTTC TRBV13-1 CASSDGGSNERLFF TRBJ1-4 TRBV13-1 TRBJ1-4 TRBV13-1 TRBJ1-4 CASSDGGSNERLFF TGTGCCAGCAGTGATGGGGGGTCCAACGAAAGATTATTTTTC TRBV13-1 CASSDGGSNERLFF TRBJ1-4 TRBV13-1 TRBJ1-4 TRBV13-3 TRBJ1-2 CASSDHANSDYTF TGTGCCAGCAGTGACCATGCAAACTCCGACTACACCTTC TRBV13-3 CASSDHANSDYTF TRBJ1-2 TRBV13-3 TRBJ1-2 TRBV13-1 TRBJ2-7 CASSDRDWVYEQYF TGTGCCAGCAGTGACCGGGACTGGGTCTATGAACAGTACTTC TRBV13-1 CASSDRDWVYEQYF TRBJ2-7 TRBV13-1 TRBJ2-7 TRBV13-1 TRBJ2-4 CASSDRTGGFSQNTLYF TGTGCCAGCAGTGATCGTACAGGGGGCTTCAGTCAAAACACCTTGTACTTT TRBV13-1 CASSDRTGGFSQNTLYF TRBJ2-4 TRBV13-1 TRBJ2-4 TRBV13-1 TRBJ2-1 CASSDWGNYAEQFF TGTGCCAGCAGCGACTGGGGGAACTATGCTGAGCAGTTCTTC TRBV13-1 CASSDWGNYAEQFF TRBJ2-1 TRBV13-1 TRBJ2-1 TRBV13-1 TRBJ2-1 CASSDWGNYAEQFF TGTGCCAGCAGTGACTGGGGGAACTATGCTGAGCAGTTCTTC TRBV13-1 CASSDWGNYAEQFF TRBJ2-1 TRBV13-1 TRBJ2-1 TRBV13-1 TRBJ2-5 CASSELWGGQDTQYF TGTGCCAGCAGTGAACTCTGGGGGGGCCAAGACACCCAGTACTTT TRBV13-1 CASSELWGGQDTQYF TRBJ2-5 TRBV13-1 TRBJ2-5 TRBV13-1 TRBJ2-7 CASSEPEYEQYF TGTGCCAGCAGTGAACCAGAATATGAACAGTACTTC TRBV13-1 CASSEPEYEQYF TRBJ2-7 TRBV13-1 TRBJ2-7 TRBV12-1 TRBJ2-7 CASSFRDISYEQYF TGTGCCAGCTCTTTCCGGGACATCTCCTATGAACAGTACTTC TRBV12-1 CASSFRDISYEQYF TRBJ2-7 TRBV12-1 TRBJ2-7 TRBV12-1 TRBJ2-7 CASSFRDSSYEQYF TGTGCCAGCTCTTTCCGGGACAGCTCCTATGAACAGTACTTC TRBV12-1 CASSFRDSSYEQYF TRBJ2-7 TRBV12-1 TRBJ2-7 TRBV14 TRBJ2-7 CASSFRGPYEQYF TGTGCCAGCAGTTTCAGGGGTCCCTATGAACAGTACTTC TRBV14 CASSFRGPYEQYF TRBJ2-7 TRBV14 TRBJ2-7 TRBV14 TRBJ2-7 CASSFRVPYEQYF TGTGCCAGCAGTTTCAGGGTTCCCTATGAACAGTACTTC TRBV14 CASSFRVPYEQYF TRBJ2-7 TRBV14 TRBJ2-7 TRBV12-1 TRBJ2-4 CASSGDRDKNTLYC TGTGCCAGCTCTGGCGACAGGGACAAAAACACCTTGTACTGT TRBV12-1 CASSGDRDKNTLYC TRBJ2-4 TRBV12-1 TRBJ2-4 TRBV12-1 TRBJ2-4 CASSGDRDQNTLYF TGTGCCAGCTCTGGCGACAGGGACCAAAACACCTTGTACTTT TRBV12-1 CASSGDRDQNTLYF TRBJ2-4 TRBV12-1 TRBJ2-4 TRBV13-3 TRBJ1-2 CASSGTRNSDYPF TGTGCCAGCAGTGGAACCAGAAACTCCGACTACCCCTTC TRBV13-3 CASSGTRNSDYPF TRBJ1-2 TRBV13-3 TRBJ1-2 TRBV13-3 TRBJ1-2 CASSGTRNSDYTF TGTGCCAGCAGTGGAACCAGAAACTCCGACTACACCTTC TRBV13-3 CASSGTRNSDYTF TRBJ1-2 TRBV13-3 TRBJ1-2 TRBV12-1 TRBJ2-3 CASSGTTSAETLYF TGTGCCAGCTCCGGGACAACTAGTGCAGAAACGCTGTATTTT TRBV12-1 CASSGTTSAETLYF TRBJ2-3 TRBV12-1 TRBJ2-3 TRBV19 TRBJ2-3 CASSIGGTSSAETLYF TGTGCCAGCAGTATAGGGGGGACCTCTAGTGCAGAAACGCTGTATTTT TRBV19 CASSIGGTSSAETLYF TRBJ2-3 TRBV19 TRBJ2-3 TRBV19 TRBJ2-3 CASSIGGTSSAETLYF TGTGCCAGCAGTATAGGGGGGACCTCTAGTGCAGAAACGCTGTATTTT TRBV19 CASSIGGTSSAETLYF TRBJ2-3 TRBV19 TRBJ2-3 TRBV17 TRBJ2-7 CASSIGTGAYEQYF TGTGCTAGCAGTATAGGGACAGGGGCCTATGAACAGTACTTC TRBV17 CASSIGTGAYEQYF TRBJ2-7 TRBV17 TRBJ2-7 TRBV12-2 TRBJ2-5 CASSLDKDTQYF TGTGCCAGCTCTCTCGACAAAGACACCCAGTACTTT TRBV12-2 CASSLDKDTQYF TRBJ2-5 TRBV12-2 TRBJ2-5 TRBV12-2 TRBJ2-5 CASSLDKDTQYF TGTGCCAGCTCTCTCGACAAAGACACCCAGTACTTT TRBV12-2 CASSLDKDTQYF TRBJ2-5 TRBV12-2 TRBJ2-5 TRBV12-2 TRBJ2-3 CASSLDSSAETLYF TGTGCCAGCTCTCTCGACTCTAGTGCAGAAACGCTGTATTTT TRBV12-2 CASSLDSSAETLYF TRBJ2-3 TRBV12-2 TRBJ2-3 TRBV16 TRBJ2-4 CASSLERGASQNTLYF TGTGCAAGCAGCTTAGAAAGGGGAGCTAGTCAAAACACCTTGTACTTT TRBV16 CASSLERGASQNTLYF TRBJ2-4 TRBV16 TRBJ2-4 TRBV16 TRBJ2-4 CASSLETGGARQNTLYF TGTGCAAGCAGCTTAGAAACTGGGGGGGCGCGTCAAAACACCTTGTACTTT TRBV16 CASSLETGGARQNTLYF TRBJ2-4 TRBV16 TRBJ2-4 TRBV16 TRBJ2-5 CASSLGGQDTQYF TGTGCAAGCAGCTTGGGGGGCCAAGACACCCAGTACTTT TRBV16 CASSLGGQDTQYF TRBJ2-5 TRBV16 TRBJ2-5 TRBV16 TRBJ2-5 CASSLGGQDTQYF TGTGCAAGCAGCTTGGGGGGACAAGACACCCAGTACTTT TRBV16 CASSLGGQDTQYF TRBJ2-5 TRBV16 TRBJ2-5 TRBV16 TRBJ2-5 CASSLGGQDTQYF TGTGCAAGCAGCTTAGGGGGACAAGACACCCAGTACTTT TRBV16 CASSLGGQDTQYF TRBJ2-5 TRBV16 TRBJ2-5 TRBV26 TRBJ1-1 CASSLGQINTEVFF TGTGCCAGCAGTCTGGGACAAATCAACACAGAAGTCTTCTTT TRBV26 CASSLGQINTEVFF TRBJ1-1 TRBV26 TRBJ1-1 TRBV26 TRBJ1-1 CASSLGQSNTEVFF TGTGCCAGCAGTCTGGGACAATCAAACACAGAAGTCTTCTTT TRBV26 CASSLGQSNTEVFF TRBJ1-1 TRBV26 TRBJ1-1 TRBV26 TRBJ1-1 CASSLGQSNTEVFF TGTGCCAGCAGTCTGGGACAAAGCAACACAGAAGTCTTCTTT TRBV26 CASSLGQSNTEVFF TRBJ1-1 TRBV26 TRBJ1-1 TRBV12-2 TRBJ2-5 CASSLMGNQDTQYF TGTGCCAGCTCTCTCATGGGGAACCAAGACACCCAGTACTTT TRBV12-2 CASSLMGNQDTQYF TRBJ2-5 TRBV12-2 TRBJ2-5 TRBV12-2 TRBJ2-5 CASSLMGNQDTQYF TGTGCCAGCTCTCTCATGGGGAACCAAGACACCCAGTACTTT TRBV12-2 CASSLMGNQDTQYF TRBJ2-5 TRBV12-2 TRBJ2

Table S10. CDR3 alpha and beta sequences of MELOE-1-specific T-cell clones

MELOE-1-specific T-cell clones T-cell clone TRBV CDR3beta

TRAV CDR3alpha origin 1 P2. 70 10-3 CAISESWGRDTEAFFG 19 2 In bold are indicated recurrent motifs already described in the CDR3α of MELOE-1 specific -T-cell clones (Simon et al, Front Immunol., 2018).

In red are indicated T cell clones cross-reactive against at least one bacterial peptide.

Objective: To compare transcriptome and phenotype profiles of CD4 + T cells in patients with TA or GCA.

Methods:

We performed microarray gene analysis of purified CD4 + T cells and CD19 + B cells of TA and GCA patients. We further investigated their functionality in peripheral blood and arterial lesions in TA and GCA patients and in healthy donors (HD).

Results: Among 730 significantly dysregulated genes in CD4 + T cells of TA compared to GCA patients, we identified the overexpression of CXCR5, CCR6 and CCL20. Circulating CD4 + CXCR5 + T follicular helper (TFH) cells were significantly higher in TA patients as compared to GCA and HD [median of 15.4 % (10; 30.8) versus 5.3 % (1.4; 12.2) and 9.7% (5.6; 12.5) % of CD4 + cells (p<0.0001 and p=0.0001)], respectively. Among TFH subpopulations, CD4 + CXCR5 + CCR6 + CXCR3 -TFH -17 cells were specifically increased in TA. Functionally, CD4 + CXCR5 + T cells helped B cells to proliferate, to differentiate into memory cells and to secrete IgG through JAK/STAT pathway. In arterial inflammatory lesions, we found higher proportion of tertiary lymphoid structures composed of CD4 + , CXCR5 + , PD -1 + and CD -20 + cells in TA compared to GCA. Sequencing of the α/β TCR repertoire revealed oligoclonal CD4 + CXCR5 + T cells in the aorta of TA patients, suggesting an antigenic stimulation.

Conclusion:

We established a TFH -specific signature in circulating CD4 + T cells that efficiently distinguishes LVV patients. TFH and B cells cooperation might be critical in developing tertiary lymphoid structures in TA aorta.

Introduction:

Takayasu's arteritis (TA) and giant cell arteritis (GCA) are the two most common types of large vessel vasculitis (LVV). Historically, TA and GCA have been considered as distinct diseases on the basis of differences in age at disease onset, ethnic distribution and clinical features including predilection for different arterial territories. All patients with TA have disease involvement of the aorta or its primary branches. In contrast, GCA is traditionally considered as a disease of the cranial arteries. However, with the more frequent use of angio -computed tomography (CT) or 18F -fluorodeoxyglucose positron emission tomography (FDG -PET) recent reports estimated the presence of large vessel involvement in 30 to 70% of patients with GCA 1,2 . Older necropsic study found vascular changes in the large arteries in up to 80% of patients with GCA 3 .

Lesions in LVV are characterized by granulomatous inflammatory infiltrates of the media, the media -intimal junction and the adventitia, often affecting the vasa vasorum.

The inner half of the aorta is more often affected than the outer half and adventitia in GCA lesions 4 . Intimal hyperplasia is frequently observed whereas the adventitia is relatively spared in GCA as compared to TA. Scarring can be seen in the later phase, with dense adventitial fibrosis and great fibrous thickening of the intima.

Pathological mechanisms in LVV are not well understood. T cells have been shown to be critical since the secretion of inflammatory cytokines was abolished when T cells were depleted in SCID mice grafted with human inflammatory temporal arteries 5 . Consistently, both diseases are driven by Th1 and Th17 unbalanced immune responses 5,6 . Associations with specific MHC class II molecules (HLA -B52 in TA and HLA -DRB1*04 in GCA)

have been demonstrated 7,8 . Increasing evidence also supports a role for B cells in the pathogenesis of LVV. Immuno -histochemical analyses of aortic wall samples in patients with GCA and TA have shown B cells in the inflamed arterial lesions 11,12 and some studies have pinpointed the presence of tertiary lymphoid organs (TLOs) in aorta of LVV patients 11,12 . Altogether, these data suggest the role of T and B cells interactions in pathogenesis of LVV. However, immune activation pathways specifically involved in each disease are poorly known. Herein, we compared microarray gene analysis of purified CD4 + T cells of TA and GCA patients. We further investigated their functionality in peripheral blood and arterial lesions in TA and GCA patients.

patient group using ComBat method from sva R package. Additionally, low -quality samples and true outliers were removed, leading finally to the following sample numbers:

25 for CD4 + from TA, 8 for CD19 + from TA, 27 for CD4 + from GCA and 6 for CD19 + from GCA.

Generation of gene signatures

A broad variety of gene signatures specific of known B, T and TFH immune cell populations were generated using the GEO dataset GSE118165. Multiple differential transcriptome analyzes were performed using limma R package and crossing of such results were used to extract highly specific gene signatures of interest populations. The final gene signatures may include specifically upregulated or downregulated genes in the target population versus the others, as depicted in each signature file (Supplementary Table 1).

Analysis of cell surface markers and intracellular cytokines in PBMC by flow cytometry

PBMC of TA and CGA patients or healthy controls were stained with the following conjugated monoclonal antibodies, at predetermined optimal dilutions, for 20 minutes at 37°C: CD4 -APC -Alexa Fluor 750, CD45RA -PB (Beckman Coulter), CXCR3 -APC -Alexa

Fluor 700, CXCR5 -PE dazzle, ICOS -FITC, PD1 -PE, CCR6 -APC (BD biosciences). IL -17 staining (IL -17 eFluor 660, ebiosciences) was performed using fixation/permeabilization kit (BD cytofix -cytoperm) in accordance with the manufacturer protocol. Data were acquired using a Navios flow cytometer and analysed with the Kaluza analysis software (Beckman Coulter).

Immunohistochemistry

Detection of CXCR5, PD1, CD20, CD38, CD27, BAFF, CXCL-13, IL-21 and CD4 was performed on fixed, paraffin -embedded samples (aorta) from 7 TA and 7 GCA inflammatory aorta lesions and 3 non -inflammatory aorta. After dewaxing in baths of xylene and ethanol, slides were submitted to antigen retrieval by heating in citrate buffer pH 6.0. Blocking of endogenous peroxidase was performed. Before incubation with primary antibodies, Fc receptor was blocked with normal goat serum 5%. Slides were incubated over night with monoclonal mouse anti -human CD4 (dilution 1:50, Abcam)

were determined in culture supernatants at day 7 by Multiplex® (Merck Millipore). The IgG and IgM concentrations were measured by ELISA (Human IgM, IgA and IgG quantitation Set, Bethyl Laboratories).

from publicly available GEO dataset (GSE118165). The results show that this signature was also highly enriched in CD4 + T cells of TA compared to GCA patients (Figure 2A). Also, the raw expression of some of the most enriched genes composing this TFH17 -specific signature were indeed greatly enriched in CD4 + T cells of TA versus GCA patients and allow to efficiently separate both diseases (Figure 2A). By flow cytometry, we found that the frequency of total CXCR6 + cells among CD4 + T cells was also higher in TA as compared to GCA patients or HD [18.5 (2.8; 35.5)% in TA vs 4 (0.6; 10)% in GCA patients (p=0.001) and 7 (1.8; 17.5)% in HD (p=0.01)]. The proportion of CXCR5 + CCR6 + cells among CD4 + cells was also increased [4.52 (1.07; 13.35)% in TA vs 0.69 (0.13; 2.16)% in GCA (p=0.0001) and 2.3 (0.3; 4.2)% in HD (p=0.02)] (Figure 2 B and C). Circulating CXCR5 + T cells in TA were predominantly composed of TFH -17 cells (Figure 2D). Finally, we studied cytokines involved in TFH17 differentiation. We found that IL -17 and IL -6 were increased in culture supernatants of TA compared to GCA patients [IL -17: 79.2 (±109.9) pg/ml in TA vs 17.3 (±21.6) in GCA, p=0.02 and IL -6: 69.8 (±72.9) pg/ml in TA and 31.5(±26.8) in GCA, p=0.06]

(Figures 2E andF).

Specific B cells activation profile in TA

As we have evidenced a TFH gene signature in TA, we next studied the transcriptome of B cells in both diseases. To better characterize the differences between CD19 + B cells of TA and GCA patients, we performed a biological pathways enrichment analysis using GSVA R package and plotted all the obtained results on a network graph, each node representing an enriched gene set coming from Gene Ontology database (Figure 3A). Among all the clusters represented, we notably found that a cluster of pathways was specifically enriched in TA versus GCA patients, and that this cluster was itself enriched in pathways closely related to B cells homeostasis : "B cell proliferation", "B cell activation", "B cell differentiation" and "Regulation of B cell differentiation". Moreover, the most important genes associated with the previously described enriched pathways were very clearly enriched in TA versus GCA patients (Figure 3B). Together, these data strongly suggest that the homeostasis and the activation of B cells may participate in the physiopathology of TA disease. Consistently, histological analysis of TA aorta revealed major infiltrates of CD20 positive cells with nodular organisation whereas the presence of CD20 + cells was weaker in GCA with less nodular organization (Figure 3C). We also observed the expression of markers of B cells differentiation and growth such as CD27, CD38 and BAFF (Figure 3C and S2A). We next quantified the expression of CD20 in TA and GCA arteries. The surface area of CD20 positive cells was significantly higher in TA aorta as compared to GCA (p=0.01) (Figure 3D). The relative expression of CD20 mRNA by qPCR was also higher in TA aorta as compared to GCA aorta (p=0.05). Consistent with these data, we found that the absolute number of circulating CD19 + cells was significantly increased in TA patients as compared to GCA patients and HD [268.6 (±131) vs 111.9 (±78.8) and 203 (±116.6), p=0.002 and p=0.02, respectively] (Figure S2B). The frequency of circulating CD19 + cells was also increased in TA compared to GCA patients and HD [13.8 (±4)% vs 8.8 (±5)% and 11.6 (±4.5)%, p=0.04 and p=0.0004, respectively] (Figure 3E). Levels of BAFF in sera of TA tended to be higher compared to GCA patients [498.9 (±141.3) pg/ml vs 424.9(±177.4)] (Figure S2C). We did not find significant differences in B cells sub-populations between TA, GCA patients and HD.

CXCR5 + CD4 + T cells efficiently help naïve B cells in TA through JAK/STAT pathway

As we have shown a specific TFH differentiation in TA compared to GCA, we next aimed to confirm the functionality their functionality in TA. CXCR5 + or CXCR5 -CD4 + T cells of TA patients were cultured with naïve CD27 -IgD + CD19 + B cells of the same patients in the presence of a superantigen (Cytostim®). CXCR5 + CD4 + T cells induced a higher proliferation of B cells at day 3 as compared to CXCR5 -CD4 + T cells (Figure 4A and B). Consistently, the proportion of CD19 + cells was significantly increased in cultures including CXCR5 + CD4 + T cells as compared to those with CXCR5 -CD4 + T cells at day 7 [33.8% (±12) versus 24.9% (±6), p=0.008], respectively (Figure 4C). Compared to CXCR5 -CD4 + T cells, CXCR5 + CD4 + T cells of TA patients were able to enhance naïve B cells to differentiate into memory B cells [6.7% (±3.4) vs 3.7 % (±2.1), p=0.008], and to secrete IgG (p=0.04) (Figures 4D and4E).

We next studied by which cellular pathways CXCR5+ CD4 + T cells were able to help B cells to differentiate. We found that inhibition of JAK/STAT pathway with ruxolitinib led to significant decrease of CD27+ B cells at day 7 [6.7% (±3.4) 4E). Finally, we found that ruxolitinib inhibited significantly IL-6 secretion [11.26 (±10.26) vs 0.63 (±1.07) pg/ml, p=0.02] (Figure 4F) although no difference was noted between CXCR5 + and CXCR5 -CD4 + T cells. Altogether, these results showed that CXCR5 + CD4 + T cells that were shown to be increased in TA, were able to help B cells proliferation and differentiation, through JAK/STAT pathway.

Increased tertiary lymphoid structures composed of CXCR5 + , CD4 + , PD -1 + , CD20 + cells within inflammatory aortic lesions in TA patients

The presence of TLO (Tertiary Lymphoid Organs) has previously been shown in LVV 12 .

Thus, we compared the presence of tertiary lymphoid structures in aortic wall of TA (n=12)

and GCA (n=15) patients to further study the immune response within aorta inflammatory lesions. All histological aorta samples with haematoxylin and eosin and Masson's trichome colorations were evaluated by the same pathologist. Interestingly, we confirmed that TLO were more frequently observed in aorta of TA patients as compared to GCA patients (p<0.05) (Figures 5A, B andC). TLO exhibited high expression of CXCR5 within their periphery, as for CD4 staining in TA aorta (Figure 5B). PD -1 and BCL -6 were also highly expressed in these structures.

TCR sequencing of CXCR5 + CD4 + T cells in TA aorta

Next, we performed TCR repertoire analysis of FACS -sorted CXCR5 + CD4 + T cells and CXCR5 -CD4 + T in peripheral blood and in aorta in 2 TA patients (Figure 6A). We found a very broad repertoire of peripheral CD4 + T cells, whereas it switches to oligoclonality for CD4 + T cells originating from aorta TA lesions (Figure 6B and S3A). This trend was dramatically much stronger for CD4 + CXCR5 + T cells than for CD4 + CXCR5 -T cells in arteries of both patients. Indeed, we observed that the TCR repertoire in the aortic cells was much narrow for CXCR5 + CD4 + T cells than in CXCR5 -CD4 + T cells. In TA p# 1, one clonotype represent 97.6% of the TCRα repertoire in CD4 + CXCR5 + aortic T cells. In TA p# 2, two major clonotypes represent 96.1% of the TCRα repertoire founded in CD4 + CXCR5 + aortic T cells. The most frequent clonotypes founded in CD4 + CXCR5 + aortic T cells are reported on Figure S3B. Motifs of the major aortic CD4 + CXCR5 + sequences have been previously reported in auto -immune/inflammatory diseases 15,16 and in vascular diseases 17,18 (Figure S3B).

Discussion

Specific signature of CD4 T cells in TA disease

We demonstrated for the first time a specific gene signature of circulating CD4 + T cells that discriminates large vessel vasculitis patients. Among 730 differentially expressed genes, CXCR5, CCR6 and CCL20 were shown to be one of the most significantly up -regulated genes in CD4 + T cells of TA compared to GCA patients. Up -regulation of CXCR5 and CCR6

was further confirmed by flow cytometry. Circulating CD4 + CXCR5 + T cells have been found

in recent studies to have functional characteristics similar to TFH. Indeed, circulating CXCR5 + CD4 + T cells promote survival, proliferation and differentiation of B cells into plasma cells 19 . However, the phenotype of circulating TFH differs from "conventional" tissue -specific TFH cells that express high levels of PD -1 and ICOS. In peripheral blood, only few CXCR5 + CD4 + T cells express ICOS or PD -1 20 . Circulating TFH can be distinguished according their membrane expression of CCR6 and CXCR3 21 . In our study, we also demonstrated an increase of CXCR5 + CCR6 + CXCR3 -CD4 + T cells in TA, corresponding to TFH -17 population, that was consistently confirmed by transcriptomic analysis using a TFH17 specific gene signature that was greatly enriched in TA compared to GCA patients.

Specific activation profile of B cells in TA

Our unsupervised biological pathways analysis of CD19 + B cells in LVV patients revealed a significant enrichment of B cells -related pathways, such as "B cell activation", "B cell differentiation", "B cell proliferation" and "Regulation of B cell proliferation" in TA compared to GCA. Furthermore, the genes involved in such pathways discriminate very efficiently patients of both diseases, showing a clear up -regulation in TA. Consistently, our study confirmed increased B cells number in blood and also within the arterial lesions in TA as compared to GCA patients. Serum levels of BAFF tended to be higher in TA. Only few data have been published on B cells in TA. A study has reported an increased absolute number and frequency of peripheral blood CD19 ++ CD20 --/CD27high antibody -secreting cells in patients with active TA 22 . The role of B cells in TA could also be supported by the use of rituximab in case-reports 22 . In GCA, studies reported a decrease in circulating B cells in patients with active GCA 23 that normalized rapidly under treatment.

TLO in TA

Consistent with previous studies, we observed the presence of TLO in aorta lesions of TA and GCA patients 12,24,25 . However, we found significant differences between the two diseases.

First, the proportion of TLO was clearly increased in TA compared to GCA aorta lesions.

Moreover, their repartition was dramatically different with a highly ordered nodular organisation of the inflammatory infiltrates in TA. TLO may be observed in tissues affected by non -resolving inflammation as a result of infection, autoimmunity, cancer, and allograft rejection. These highly ordered structures are composed of the cells present in the lymphoid follicles typically associated with the spleen and lymph node compartments 26 . The structural similarities between TLOs and B cells follicles found in secondary lymphoid organs suggest a local recruitment of naive cells via HEV, their activation, as well as the establishment of an immunological humoral memory supported by TFH cells. In the present study, TLOs were mainly detected in the adventitia of TA aortic specimen. Analysis of immune adventitial cells revealed a high percentage of memory and antigen -experienced B cells and also the presence of cells expressing canonical TFH cell markers, such as CXCR5, Bcl6, and PD -1. TCR sequencing of CD4 + CXCR5 + T cells located within aorta inflammatory lesions of TA patients showed oligoclonal populations. The restricted repertory of CD4 + CXCR5 + T cells within the aorta strongly suggests antigenic selection of TFH cells. Interestingly, the TCR sequences found in our study have already been reported in diseases known to be linked to autoimmune mechanisms and B cells abnormalities such as Sjogren syndrome 15 and multiple sclerosis 16 , and also in coronary and cardiac injuries 17,27 . Altogether, these results suggest an antigen specific immune response based on cooperation of TFH and B cells occurring in the adventitia of TA vessels.

Cooperation between TFH and B cells in TA was further demonstrated by functional test

showing that CD4 + CXCR5 + T cells helped B cells to proliferate and to differentiate. The cooperation between TFH and B cells in TA was mediated by JAK/STAT pathway. In GCA, Zhang et al. have shown that tofacitinib effectively suppressed innate and adaptive immunity in the vessel wall, with reduced proliferation and minimal production of the effector molecules interferon-γ, interleukin-17, and interleukin-21 28 . Taken together, these data suggest that JAK inhibitors might be a promising therapeutic strategy in TA.

In summary, we established a TFH-specific signature in circulating CD4+ T cells that efficiently discriminates LVV patients. In arterial inflammatory lesions of TA, we found high proportion of highly organized tertiary lymphoid structures with oligoclonal CD4 + CXCR5 + T cells expansion. We demonstrated the cooperation between TFH and B cells in TA that was mediated by JAK/STAT pathway. Our results provided important insight into the pathogenesis of LVV and pave the way for interesting therapeutic avenue in TA. Figure S3. A. We found a very broad repertoire of peripheral CD4+ T cells, whereas it switches to oligoclonality for CD4+ T cells originating from aorta TA lesions. This trend was dramatically much stronger for CD4+ CXCR5+ T cells than for CD4+ CXCR5-T cells in arteries of both TA patients. B. Motifs of the major aortic CD4+ CXCR5+ sequences have been previously reported in auto-immune/inflammatory diseases and in vascular diseases.
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Figure 1 .

 1 Figure 1. Protein and gene structure of the TCR. A. TCR protein. CDRs from α and β TCR consist of hair pin loops linking β-strands. B. CDR1 and CDR2 are situated in the V region, whereas CDR3 lies at the junction between the rearranged V and J segments (αTCR) and V, D and J segments (βTCR). CDR1 and CDR2 are germline encoded, whereas CDR3 is made by random addition and deletion of nucleotides (blue for αTCR and orange for βTCR) 10 .

Figure 2 .

 2 Figure 2. Mechanism of V(D)J recombination. The recombination signal sequence (RSS) frame each antigen receptor gene segment and contains two conserved DNA sequences: the heptamer and the nonamer, separated by a spacer region of 12 or 23 nucleotides. The RAG complex binds to the RSS to cleave the DNA by forming a synapsis of one 12-RSS and one 23-RSS (the 12-23 rule). Subsequently to the hairpin formation, Artemis opens it. The asymmetrical opening allows the incorporation of the P nucleotides. Furthermore, the TdT introduces the N nucleotides. Finally, exonucleases trim nucleotides between the two coding ends 20 .

Figure 3 .

 3 Figure 3. Generation of TCR diversity.

  TLs are fundamental in the orchestration of the immune adaptive response. Upon encounter with their cognate antigen, naive TLs become activated, proliferate and are induced to differentiate into specific memory T-cell subsets. This differentiation depends on numerous factors including the type of APC, cytokines and the microenvironment. Both CD4 and CD8 T-cells activation requires three sequential signals: TCR triggering, co-stimulator signal (example CD28-B7) and IL-2 mediated signalling. The expression of IL-2 and its receptors is induced upon TCR signalling 62 .

  involve in Th1 and Th2 differentiation respectively. TLs stimulated with low dose of antigen exhibit an up-regulation of GATA-3, whereas stimulation of TL with high dose of antigen induces an up-regulation of ERK, which reduces the ability of cells to respond to IL-2 and inhibits GATA-3 pathway 67 . T CD8 cytotoxic lymphocytes Cytotoxic T lymphocytes (CTL), characterized by CD8 molecule on their membrane, are highly specific killer cells. The role of CTL is to monitor all the cells of the body and to destroy any of them that are considered to be a threat for the integrity of the host. CTL kill infected cells, preventing the production and dissemination of the intracellular pathogens. They are also providing a certain degree of protection against spontaneous malignant tumours, by their ability to detect quantitative and qualitative antigenic differences in malignant T-cells. In both cases, the protein repertoire presented by the target T-cells is altered. The TCR of CTL recognizes these antigens presented by class HLA-I molecule on the target T-cell surface 68 .

Figure 4 .

 4 Figure 4. TCR repertoire bias classification. Schematic model of the four categories of TCR repertoire bias. A. Type 1 bias: Identical uses of a specific Variable region across different individuals but no conservation in CDR3, Joining region. B. Type 2 bias: Identical uses of a specific Variable region across different individuals but no conservation in CDR3, Joining region. C. Type 3 bias: identical TCR chains across different individuals. D. Type 4 bias: near identical CDR3 across different individuals, differentiate by 1 or 2 AA within an invariant motif 103 . These TCR biases are present in the Teff, Treg and CTL 103 . This point out that the general rules of immune response are driven by universal mechanisms in all T-cells bearing a TCR and do not depend of the function of the cell. This model covers most of the TCR repertoire perturbations during immune response that have been observed in many fields including infectious disease, malignancy and autoimmunity. The main purpose of this classification is to determine how the specificity of the immune response works through the TCR repertoire.

  and HLA-DR3, DR4, DQ2 119 as there are involved in presentations of autoantigen epitopes, like preproinsulin, to Tcells 120,121 . Due to this presentation, autoreactive T-cells more easily survive thymic selection and are better stimulated in periphery. Even if autoreactive T-cells are present in healthy individuals, autoreactive T-cells in T1D patients are enriched in activated/memory cells 122 indicating that they are stimulated by their cognate antigens. This is confirmed by the presence of a type 3 bias in pancreatic islet from T1D patients 123 .

  Located in the mediastinum, the thymus consists of 2 pyramidal lobes, themselves made up of different lobules, each having an internal medulla surrounded by a cortex. The thymus has given its name to the TL because it plays a fundamental role in T-cell ontogeny, also named thymopoiesis. Numerous studies have focused on how T-cells learn to recognize antigen that are endogenous or exogenous. Many studies demonstrated that (i) TLs are educated within the thymus and (ii) auto-reactive TLs are eliminated to prevent autoimmune disorders. The general mechanisms of the thymic selection are represented in Figure 5:

Figure 5 .

 5 Figure 5. General mechanisms of thymic selection.

  the cortex and the medulla, which are composed of two different microenvironments, specialized for TCR repertoire selection. First of all, HSCs which arise into the thymus are characterized by the expression of CD34 + and the absence of expression of CD4 and CD8 T-cell lineage markers. They are referred to as CD4 -CD8 -(double negative cells (DN)). The DN step is divided in different sub-steps, from DN1 to DN4 with different phenotypes 148 . After the DN step, the second phenotype observed is CD3 -CD4 + or simple positive (SPI). Then come cells expressing CD3 + CD4 + CD8 + (double positive (DP)) 149 . Three populations of DP thymocytes have been identified that are at distinct stages of development: DP1 that are the most abundant and that express low levels of TCR and CD5 (TCR low CD5 low ). DP1 represents the preselected thymic repertoire; DP2 cells are TCR int CD5 high and consist of class I-and class II-restricted thymocytes in the first 12-48 h of development; and DP3 thymocytes are TCR high CD5 int and consist entirely of CD8 lineage cells 150 . The final step is the generation of the two major type of T-cells composing the adaptive system:

  peripheral T-cells. But what is the source of this bias? First, there may be a significant difference in the numbers of precursor DP thymocytes expressing functional TCR that are able to recognize MHC class I vs MHC class II during selection steps. The second hypothesis is that the thymic selection process of the two lineages are different and their efficiencies and the probabilities with which cells are selected or die at each checkpoint are different for TCR restricted MHC-I or MHC-II 150 . A first explanation seems to emerge with interesting experiments using tetracyclineinducible zap-70 (TetZap70) transgene mouse model to induce the selection of SP thymocytes in zap-70 knockout mice. As described above (1.2.2), ZAP-70 is a protein tyrosine kinase that is associated with the TCR signalling subunits CD3 and it has been shown that ZAP-70 plays a fundamental role in T-cell development 187,188 . Indeed, in human, several severe combined immunodeficiencies (SCID) present mutations in the zap-70 gene resulting in the absence of ZAP-70 expression 189 . The zap-70 KO mouse model has thymocytes development blocked at the DP stage and can be reconstituted following injection of tetracycline to induce tetracycline-inducible zap-70 transgene expression. The authors generated chimeric mice in which TetZap70 development occurred in the absence of either MHC-I or MHC-II. In this way, they were able to check both simultaneous and independent development of SPCD4 and/or SPCD8. Thymocytes from DP1 to DP2 were very similar between class MHC-I-and MHC-II deficient TetZap70

Figure 6 .

 6 Figure 6. Lineage fate estimation during thymic selection. Pie charts show the fate of MHC-I and MHC-II restricted thymocytes that initiate selection to the periphery (From Sinclair et al. 2013).

  affinity interactions provide sufficient avidity to induce signals that reaches a positively selecting threshold to fate thymocytes into CD4 or CD8. Stronger signals are required to reach a tolerizing threshold and fate thymocytes into Treg. The thymic selection avidity model fits well with the kinetic model of thymocytes activation previously evocated. The qualitative model of thymic selection This model is much more a Manichean selection model. It is mostly based on the AA sequence and physico-chemical properties of the antigenic peptides. It suggests that peptides promote always the same positive or negative signal of selection for a specific TCR. In this model, positive selection is achieved when TCR interactions generate a

  The relationship between positively and negatively selecting peptides distinguishes a qualitative model from a quantitative model. A qualitative model stresses the distinction between these two forms of selection through the peptide-mediated generation of unique signals, whereas an avidity model views selection as a gradient based on TCR-pMHC affinity in combination with coreceptor signalling. The observation that lowaffinity peptides induce positive selection more efficiently than high-affinity ligands is consistent with either model. However, studies reporting an overlap between positively and negatively selecting ligands clearly favour an avidity model. The majority of experiments support the avidity model for thymocytes development. Conclusions of these different observations are that both negative and positive selection depends, for a major part, on TCR signalling. How this signal is interpreted by thymocytes is one of the more haunted questions in the field of immunology and T-cell development. Deciphering the signals that drive the development of CTL, Teff or Treg is a field of intense research. It is largely accepted that positive and negative selections allow only cells with functional TCR that will not be self-reactive in the periphery. But the different phenotypes observed in individuals with a quantitative/qualitative defect in T regulatory cells, always leads to the apparition of an autoimmune phenotype. It is a proof that there are, in periphery, presence of auto-reactive T-cells that have passed the thymic selection. The composition of the T-cell repertoire after thymic selection arises from the use of self-ligands in the selection of the TCRs that compose the peripheral Tcell population. It seems like the thymopeptidome acts as an essential "test set" predictive of the capacity of a T-cell to recognize future presented foreign antigens and not too much autoreactive.

  model could be used to estimate the likelihood that different individuals could share CDR3 or to estimate the impact of the immune response on the TCR repertoire 231,237 . Convergent recombination: Convergent recombination mechanism has been proposed to play a role for the generation of public repertoire 232 . It assumes the fact that the same TCR sequences can be made by different means. Indeed, there are different examples of V(D)J recombination events that produce the same nucleotide sequence and many different nucleotide sequences that encode the same AA sequence 238-241 , the latter partly due to the redundancy of the genetic code which allows different CDR3 nucleotide sequences to encode the same AA CDR3 sequences. This can explain the observation of private nucleotide sequences encoding public AA TCR sequences 228,242-244 . Moreover, the convergent recombination mechanisms allow the production of CDR3 sequences that are made of few distinct AA usage, but with a conservation of a global AA pattern which are associated with public T-cell responses, like the type 4 bias previously described 245 .

Figure 7 .

 7 Figure 7. Different mechanisms of CDR3 convergences. Convergent recombination mechanisms are exampled by CDR3 beta sequences that are expanded during influenza virus infection in response to the NP366 epitope 246,247 . Variable gene: blue, Joining gene: green, and Diversity gene: red. A. First level of convergent recombination relies on multiple recombination events, involving different splices of the germline producing the same nucleotide sequences. The random nucleotide additions (not highlighted) could also lead to the same nucleotide sequence. B. Second level of convergent recombination involves different nucleotide sequences encoding the same amino-acid sequence due to redundancy of the genetic code. Protein sequences of the CDR3 that are encoded by many codons can be encoded by different nucleotide sequences. C. Third level of convergent recombination is at the level of the TCR repertoire, where some of the AA sequences form to a specific motif in the sequence, as illustrated in the type 4 bias. In this particular case, the 'XGGX' AA motif (where X are variable AA). The different sequences are still functional to recognize the same antigen 237 .

Flexible

  structure of TCR Different studies have highlighted structural rearrangement occurring when TCR bind to pMHC. Structural flexibility in the different CDR regions may allow a single TCR to recognize different pMHC. An example of flexible fit is provided by TCR BM3.3, which recognizes three distinct peptides bound to H2Kb MHC 251 . Comparison of the corresponding BM3.3-peptide-H2Kb structures showed that cross-reactivity is achieved through changes in the conformation of the flexible CDR loops region, which allow the TCR to adapt its binding to different pMHC. Most of the time, these variations are observed in the randomly generated CDR3 region. The germline encoded CDR1 and CDR2 loops undergoing relatively minor changes. Interestingly, there are less conformational changes on the beta than on the alpha chain, suggesting that the beta chain is the major driver of antigen recognition 252 . Flexible structure of the pMHC complex Previous works have shown that the pMHC structure shift could also append with the TCR binding. Indeed, recognition by the same TCR of two similar HLA-A2-restricted peptides: Tax from HLTV-1 and Tel1p from Saccharomyces cerevisiae show that a mechanism of conformational flexibility in pMHC allows recognition of different ligands

Figure 8 .

 8 Figure 8. TCR cross-reactivity mechanisms. TCR is in orange; peptides are red or purple; MHC are green or blue. First row. TCR flexible structure: induced binding site allow TCR to fit with different pMHC complex. Variable docking angle: TCR binds different pMHC using different docking orientations. Fuzzy recognition: structural degeneracy in the peptide can lead to suboptimal but sufficient complementarity between pMHC and TCR, allowed by variations of the kind of binding (i.e. Van der Walls). Second row. Peptide mimicry: different pMHC ligands can form similar interfaces with the cross-reactive TCR if the peptides have close structure. pMHC flexible structure: induced conformation of the pMHC complex allow recognition by TCR. 261 .

  One of the most studied cases of heterologous immunity is heterologous immunity conferred by LCMV (lymphocytic choriomeningitidis virus) against other virus such as Pichnide virus (PV) or Vaccinia virus (VV). LCMV infection in mice elicit a strong T-cells response where LCMV specific memory T-cells could constitute more 20% of the total pool of the CD8 memory cells and the specificity of the repertoire against the different epitope of the virus is relatively stable among genetically identical mice 265 . LCMV and PV are composed of cross-reactive nucleoprotein epitope NP205 that have 6 AA in common (LCMV epitope sequence: YTVKYPNL, PV epitope sequence: YTVKFPNM). Upon LCMV infection, staining of splenocytes with LCMV or PV tetramer NP show an induction of the same number of activated CD8 T-cells producing IFN-γ 266 . T-cells activated in response to one of those viruses are also able to recognize the alternative peptide 267 . By looking at the TCR repertoire level, both PV and LCMV induce an expansion of the Vβ16 germline encoded TCR NP specific T-cells. However, the PV induced repertoire is also composed of Vβ5 germline encoded TCR specific T-cells. It indicates the presence of a private repertoire in response to pathogens 266 .

  investigated the composition of the repertoire during adoptive transfer. The PV induced repertoire is composed of Vβ5 germline encoded TCR specific T-cells, whereas the LCMV induced repertoire is mostly composed of Vβ16 germline encoded TCR specific T-cells. Experiment of splenocytes infusion from immune mice in recipient then infected with the cross-reactive virus highlight bias in the activation of the NP205 specific repertoire. Even if recipients of a single donor generated similar T-cell repertoire following infection, recipients from different donors generated different set of responding TCR repertoire indicating that a part of the cross-reactive expansion was depending of each individual. The general dynamic of the TCR repertoire for this example of heterologous immunity is summarized in Figure 9:

Figure 9 .

 9 Figure 9. Dynamic of TCR repertoire during heterologous immunity. The coloured dots represent different T-cell clonotypes that have different specificities. On the left, a naive immune repertoire is challenged with either of two heterologous viruses LCMV or PV. Clonotypes stimulated by viral antigen expand and then undergo apoptosis, and some of them form a memory T-cell pool. The immune system conditioned by the first viral infection (LCMV) is exposed to another virus (PV), T-cell cross-reactive clonotypes (red outline) will expand preferentially and dominate the response. After the response, memory crossreactive T-cells are preserved and enriched in the resting memory pool(from 268 ).

Figure 10 .

 10 Figure 10. Protective heterologous immunity between CMV and Influenza in human. Green bars, CMV-; yellow bars, CMV+. To estimate vaccine response in young and older CMV-and CMV+, the Δ geometric mean titer was calculated (ΔGMT). To calculate ΔGMT, post-vaccination GMT was subtracted from pre-vaccination GMT. The GMT is calculated for all three strains in the vaccine, for each individual. The GMT is based on the standardized HAI assay 285 . A higher response is observed in young CMV seropositive individuals (yCMV+) compared to seronegative (yCMV-) in the first (A) and second (B) year following vaccination, as well as in an independent validation study conducted during the 2010 to 2011 influenza season (C). No significant differences (n.s.) were observed between old individuals (oCMV-and oCMV+).

Figure 11 .

 11 Figure 11. Survival curves for co-infected HIV and HGV patients. HIV seropositive patients with HGV coinfection survived significantly longer than HIV seropositive without HGV coinfection (P<0.001)(From 293 ).

Figure 12 .

 12 Figure 12. Molecular mimicry between EBV and MBP. A. The EBV HLA-DRB1*15 restricted peptide is drawn in green. B. Superposition of EBV (green) and MBP (red) peptides based on HLA-II structures. Residues critical for specific clones TCR recognition are labelled in black. C. Alignment of EBV and MBP sequences. Anchors residues required for specific TL stimulation are outlined in yellow, and vertical bars indicate importance for T-cell recognition. (From 259 ).

Figure 13 .

 13 Figure 13. First flu is forever.

Figure 14 .

 14 Figure 14. Theoretical mechanism of the original antigenic sin. During primary infection, serotype 1 viral antigen is processed and presented by the APC, leading to the activation and expansion of specific B and T-cells. The pathogen is cleared and a memory pool specific of the virus serotype 1 is generated. Following the second infection by serotype 2 with variant antigens, the memory pool developed during the primary infection is recruited, because of cross-reactivity. It renders an ineffective response against serotype 2 and a possible immune escape and/or immunopathology(from 340 ).

  Fever (DHF) or Dengue Shock Syndrome (DSS). It is a severe complication of dengue disease associated with a high rate of mortality. DSS patients die of progressive worsening shock and multi-organ failure. The classical mechanism of shock is linked to increased vascular permeability due to dysfunction of vascular endothelial cells induced by cytokines 360 . Two theories have been proposed to explain the physiopathology of DSS 361 . The first one stipulates that DSS is caused by more virulent strains of the dengue virus. The second one suggests that DSS results from abnormal and exaggerated host immune responses.

(

  NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) that regulate viral replication. NS3, NS4B and NS5 are the most frequently recognized proteins 364 but the level of immunodominance between proteins depends of the DENV strain. DENV 3 gives rise to similar proportions of CD8+ T-cells specific for the structural and non-structural proteins while DENV 1, 2 and 4 elicit a CD8+ T-cell responses are much more specific for the non-structural NS3, NS4B and NS5 365 .

Figure 15 .

 15 Figure 15. Original Antigenic Sin and the Dengue Shock Syndrome. A. During a primary infection with DENV 3, there is an expansion of a range of naïve T-cell precursors with high avidity for serotype-specific and conserved DENV 3 epitopes. T-cells that have high specificity for their cognate antigen are activated through TCR signalling which mainly leads to production of cytokines resulting in the clearance of the pathogen. A proportion of the cells became memory cells (blue cells) with specificities for the different epitopes of the virus. B. Dengue Shock Syndrome physiopathology. In the case of a subsequent infection of the same individual occurring with a heterologous DENV 2 serotype, crossreactive memory T-cells specific for the primary infecting virus will dominate the response due to their increased numbers and their lower activation threshold as compared to naïve T-cell precursors (red cells). Some of these cells may have a lower avidity for DENV 2 antigens, which results in suboptimal TCR activation leading to an inefficient clearance of DENV (From 371 ) .

Figure 16 .

 16 Figure 16. Flow chart of cell sorting strategy. Overview of the different T-cell phenotypes sorted for this study from 30 donors, with blood, spleen, lymph nodes and thymus., We sorted 8 distinct T-cell subsets population for the periphery and 5 distinct T-cell subsets for the primary lymphoid organ. The cells were sorted according to their different phenotypes.

Figure 17 .

 17 Figure 17. Networks of bCDR3s specific for antigen. bCDR3s specific for GILGFVFTL from influenza (orange), GLCTLVAML from Epstein-Barr virus (green) and FPRPWLHGL from human immunodeficiency virus (blue) are shown. These bCDR3s are from TCRs identified on CD8 T lymphocytes isolated with class I tetramer loaded with the indicated peptides. Each node represents a clonotype. Two different clonotypes are connected if their bCDR3s differ by at most one amino acid (LD≤1).

  way that we analysed the thymopoiesis was the use of public databases that provides the specificity of the TCR. The virus-associated CDR3 databases used for the search of specificity was compiled from the most complete previously published McPAS-TCR 390 and VDJdb 391 databases. However, public databases indicate TCRs as "specific" for a pathogen or a disease without explicitly specifying how this specificity has been demonstrated. Actually, for most TCRs, they are only "associated" with a condition, meaning found in certain experimental circumstances. As it was an important point, I manually curated the public databases, after checking in the referenced article to only retain TCRs for which specificity has been defined with tetramers/dextramers. In my work, all the TCRs referred to as "virus-specific" have thus been tested for binding a given viral peptide. Virus-specific CDR3s were selected from the original datasets only when derived from a TCR of sorted CD8 T cells that were bound by a specific tetramer. A total of 5,437 such unique tetramer-associated bCDR3s were identified and used. Peptides used for tetramer sorting were from cytomegalovirus (CMV), Epstein-Barr virus (EBV), hepatitis C virus (HCV), herpes simplex virus 2 (HSV2), human immunodeficiency virus (HIV), influenza and yellow fever virus (YFV). Moreover, we also used an original dataset of virus-specific CDR3 single-cell barcoded dextramers.This dataset contains single-cell ab TCRs from 160 914 CD8 + T cells isolated from peripheral blood mononuclear cells (PBMCs) from 4 healthy donors. A new technology, named dCODE™ Dextramer ® developed by Immudex ® as used in this experiment. The dCODE™ Dextramer ® are DNA barcoded MHC dextramers designed for used in singlecell sequencing analysis. Each of these dextramers has a unique barcode encoding the MHC-peptide specificity displayed. We performed the analysis on 30 dCODE™ dextramers with antigenic peptides derived from infectious diseases (9 from CMV, 12 from EBV, 1 for influenza, 1 for HTLV, 2 for HPV and 5 for HIV). They were simultaneously used to mark cells. We used this dataset to study the presence of multiple specificities in TCR and CDR3. We identified 15,195 unique virus-specific TCRs with at least one binding. We also used single-cell sequencing datasets of TCRs from bronchoalveolar lavages from COVID-19 patients. This dataset contains single-cell alpha/beta TCRs from T cells isolated from bronchoalveolar lavage (BAL) of 9 patients

  field. For example, in a recent review article, Thomas & Crawford hypothesized that "particular TCR sequences and sequence clusters are highly favoured and recurrently generated across humans, and these same clusters tend to dominate responses to relevant pathogens" 393 . Here, we actually report for the first time the generation, thymic selection and characteristics of such sequences. Moreover, we also report totally new findings, showing that clustered/public/Pgen high TCRs have unconventionnal properties, responding to multiple different viruses, far beyond the classic concept of crossreactivity.These results are in line with a very recent review by Hayday & Vantourout entitled "The innate biologies of adaptive antigen receptors" 394 which ends with the following statement "our minds should be open to the possibility that various antigen receptor Vregion-mediated innate interactions with endogenous and/or microbial moieties may regulate T and B lymphocytes independently of, or in concert with, clonotypic responsiveness. In particular, such interactions may ensure that appropriate lymphocyte repertoires are placed into a state of preparedness for mounting efficacious immune responsiveness." However, in this article, they mostly consider super-antigenlike activation of T cells, not a fuzzy MHC/peptide recognition, which we reveal. Classical thinking about cross-reactivity is that of totally unrelated sequences, which generate a similar spatial configuration (mimotopes) when presented by the MHC. In contrast, we propose here that a whole set of ab CD8+ T cells harbour TCRs that have an innate-like sensing of peptide/MHC complexes, i.e. more like pattern recognition receptors, a concept far beyond cross-reactivity.

Article 3 : 5 . 4 .

 354 "Cross-reactivity between MHC class I-restricted antigens from cancer cells and intestinal bacteria." (Fluckiger et al., Science)The intestinal microbiota is a field of intense research. Recently, several studies indicate that the intestinal microbiota could influence autoimmune pathologies or cancer. In this collaborative project, the principal investigators identified a peptide epitope from a phage of an Enterobacteraceae that seems to have an anti-tumour effect. Indeed, mice bearing this bacterium harbouring this specific phage mounted a cytotoxic immune response specific for the phage peptide. The phage-peptide CTL also recognized an oncogenic driver. The administration of bacterial strains engineered to express the phage epitope improved the outcome of cancer treatment, and tumours bearing knockin mutations for the oncogenic driver, that abolish cross-reactivity with phage specific CTL, became immunotherapy-resistant. We have highlighted based on tetramer cell sorting experiments that parts of TCR repertoire specific for the oncogenic driver and the phage were shared. These results highlight for the first time the implication of a phage as a part of heterologous immunity for antitumor activity.The results support (i) the concept of intestinal microbiota anticancer immunosurveillance 395 , (ii) the importance of heterologous immunity 272 and (iii) the concept of infectious symbiosis 396 . Oligoclonal repertoire in Takayasu lesions:Article 4: "Specific T follicular helper gene signature discriminates large vessel vasculitis patients." (Desbois et al., JCI insight, in review)Immune response profiles of Takayasu's arteritis (TAK) and giant cell arteritis (GCA), the two most common types of large vessel vasculitis (LVV), are currently poorly known.The lesions in LVV are characterized by granulomatous inflammatory infiltrate and the presence of unexpected tertiary lymphoid organs in the media of the vessels.First, we demonstrated for the first time a specific gene signature of circulating CD4 + Tcells that discriminates large vessel vasculitis patients. We were able to collect large blood vessels from TAK patient under surgery and to sort cells from the inflammatory lesions. First, in arterial inflammatory lesions, we found higher proportion of tertiary lymphoid structures composed of CD4 + , CXCR5 + , PD -1 + and CD -20 + cells in TA compared to GCA. Second, TCR sequencing of CD4 + CXCR5 + T-cells located within aorta inflammatory lesions of TAK patients showed oligoclonal populations. The restricted repertory of CD4 + CXCR5 + T-cells within the aorta strongly suggests specific antigenic selection of CD4 + CXCR5 + T-cells. Interestingly, the TCR sequences found in this study have already been reported in diseases with autoimmune mechanisms and B cells abnormalities such as Sjögren syndrome. These results provided important breakthrough in the physiopathology of these diseases and give clues for potential therapeutics.

  18.C). Out of 17 families of viruses that infect humans (and available in the database), thymopeptides could be significantly aligned with 15 of them, encompassing altogether 35 different viruses.

Figure 18 .

 18 Figure 18. Thymopeptidome immunogenicity and pleiospecificity of CDR3s. A. Similarity of physico-chemical properties between self-, foreign-and thymopeptidomes. Cumulative distribution function (CDF) of the PC1 (first principal component explaining most variance 416 ) values for self and foreign peptides compared to values for peptides eluted from human thymus tissue. PC1 values for thymic peptides lie in-between values for self and foreign peptide sets and are significantly different for both (D=0.11, P<4.10 -4 and D= 0.17, P<10 -9 respectively (Kolmogorov-Smirnov test)). B. Alignment of thymopeptides with viral peptides. Blue half circle represents the thymopeptides and the red half circle represent the virus class. The links on the circos plot represent the presence of an alignment of a thymopeptide with a virus peptide. Link colours represent the viral class. Thickness of the line represents the number of viruses from a viral class. Only thymopeptides with a significant alignment value (E-value<0.05) are represented. C. Sequence logo of thymopeptides alignment with viral peptide. Amino acids are coloured according to their chemical properties: polar (green), basic (blue), acidic (red) and hydrophobic (black).

Article 1 :

 1 "Human thymopoiesis selects unconventional CD8 + a/b T cells that respond to multiple viruses." (Quiniou et al., Nature, in review). T cell receptors (TCRs) are formed by stochastic gene rearrangements, theoretically generating >>10 19 sequences 1 . They are selected during thymopoiesis, which releases a repertoire of about 10 8 unique TCRs 2,3 per individual. How evolution shaped a process that produces TCRs that would effectively respond to infectious agents is a central question of immunology. The paradigm is that a diverse enough repertoire of TCRs should always provide a proper, though rare, specificity for any given need. Expansion of such rare T cells would provide enough fighters for an efficacious immune response and enough antigenexperienced cells for memory3,4 . We show here that thymopoiesis releases a large population of CD8 + T cells harbouring diverse a/bTCRs with innate-like properties. These TCRs (i) have high generation probabilities and a preferential usage of some V and J genes, (ii) are shared between individuals, (iii) are highly enriched for viral antigen recognition and (iv) have a fuzzy rather than tight specificity. In vitro, T cells expressing these TCRs bind to and are activated by multiple unrelated viral peptides; in vivo, they respond to vaccination and infection, being notably found in bronchoalveolar lavages of COVID-19 infected patients. Our results support an evolutionary selection of pleiospecific a/bTCRs for broad antiviral responses and heterologous immunity.

Figure 19 .Figure 2 .

 192 Figure 19. Thymocyte differentiation produces clustered and public CDR3s with high generation probability.Representations and analysis are performed on the first 18,000 most frequent bCDR3s. a.Representation of βCDR3 LD≤1 networks from DPCD3 -, DPCD3 + and CD8 + thymocytes for one representative donor. Each node represents a single βCDR3. b. Node degree (number of connections) of clustered βCDR3 for DPCD3 + and CD8 + thymocytes from 6 donors (P11 to P25). Each node

Figure 3 .

 3 Figure 3. Innate-like TCR binding properties. a. TSNE representation of the single-cell TCR specificities from one individual. HLA-matched EBV-Dex + cells are in blue. b. Chord diagram showing TCR binding to multiple HLA-matched EBV Dextramers loaded with different peptides. Each segment represents TCR binding to the peptides marked above.The size of the segments corresponds to the number of TCRs binding to these peptides. The link

  multiple TCR binding to different peptides. c. Chord diagram showing TCR binding to HLA-matched dextramers loaded with peptides from unrelated viruses. The colours of the segments represent the different viruses: CMV (red), EBV (green), HIV (dark blue), HPV (light green), HTLV (purple) and influenza (dark grey). The same colour code is used in d, g and h. The full list of the different peptides is in Supplementary table 4. d. Correlation between the binding scores for the different HLA-matched virus-specific dextramers from 2 patients. Significant correlations (pvalue < 0.01, Pearson correlation) are represented by coloured circles. The intensity of the colours and the size of the circles are proportional to the correlation coefficients. Positive correlations are displayed in blue and negative correlations in red. e. TSNE representation of the single-cell TCR specificities from one individual. HLA-mismatched EBV-Dex + cells are in blue. Red arrows highlight cells only labelled by HLA-mismatched EBV dextramers. f. Chord diagram showing TCR binding to HLA-mismatched dextramers loaded with peptides from EBV. g. Chord diagram showing TCR binding to HLA-mismatched dextramers loaded with peptides from unrelated viruses. The full list of the different peptides is in Supplementary table 5. h. Correlation between the binding scores for the different HLA-mismatched virus-specific dextramers from 2 patients.

Figure 4 .

 4 Figure 4. In vitro activation and in vivo recruitment of psT cells. a. Schematic representation of the in vitro cross-activation experiment. b. In vitro activation of innate-like T cells. Percentage of IFNg producing emCD8 + cells after activation with PMA/ionomycin (positive control), or CMV, EBV and OVA peptides (mean ± s.e.m. *p<0.05, Mann-Whitney test,) c. Identification of unconventional T cells responding to yellow fever vaccination 20 (Patient P1 in 20 ). The identification of

(

  ****p<0.0001, Mann-Whitney test). g. Multiple viral specificities of the a and β CDR3s from BAL of COVID-19 patients. Every combination of specificities is represented by the middle-coloured plot (same colour codes as in c & d). The occurrence of each combination is shown for a (top bar plot) and β CDR3s (bottom bar plot).

  terms of sensitivity, specificity and depth. Accurately capturing the TCR repertoire therefore presents great challenges. . Challenges are reproducibility, replicability and sensitivity since the diversity of the repertoire is by essence unknown when studying a new sample. T-cell receptors, which drive T-cell activation by antigenic peptide recognition, are heterodimers formed by an a and a b chain 14 produced by somatic V(D)J rearrangements during thymopoiesis15 of 47V and 61J functional TRA genes and 48V, 2D, 12J functional TRB genes16 . The stochastic V(D)J recombination generates a combinatorial diversity that is further increased by random nucleotide excision and addition at the V(D)J junctions. The independent recombination and subsequent pairing of TRA and TRB chains add an additional level of combinatorial diversity. Recently, computational chain pairing experiments suggested that the potential diversity of the paired repertoire is ∼2x10 19 TCRs 17 , while the number of different TRB clonotypes in an individual has been estimated to range from 10 6 to 108 18-20 . The TCR repertoire is dynamic, as lymphocytes are continuously generated, die and expand in response to stimulation, and reflects both an individual's immune potential and history.

  , and Sensitivity (three first column) and practical information have been summarized (4 last columns). Ranks have been calculated as the average of the ranks for results from Fig. 1e, 2c, 3b, 4c for "Replicability"; Fig. 1e, 2b, 4b, 5a, 5b for "Reliability"; Fig. 4c, 5b & Supplementary Fig. 2a, 5c for "Sensitivity". Rank values are comprised between 2 (best) and 7 (worst) and represented as bars with their values. Details are provided as Supplementary information. Cost per sample" is expressed in USD as per current prices for a depth of 1 million TCR sequences per sample on a 25 million reads sequencing format. The costs cover reagents for library preparation to sequencing. *mPCR1 and mPCR3 price ranges correspond to the cost for either purchasing kits (lowest price) or service up to sequencing and basic data analyses from the provider.
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 23 Fig. 2: TRBV usage comparison between flow cytometry and TCRseq.

  Comparison between individual replicates (Single, n = 9 from experiment A) and pooled replicates (Pool, n = 3) by the MH similarity index. Datasets from replicates of the same dilution were pooled for each method to get 1 pooled sample per dilution. Singletons (count=1) were removed; MH similarity scores were calculated for the top 1% of most predominant clonotypes for TRA (left) and TRB (right). Boxplots visualize five summary statistics: the median, two hinges (the lower and upper hinges correspond to the first and third quartiles) and two whiskers (the upper whisker extends from the hinge to the largest value no further than 1.5*IQR from the hinge (where IQR is the inter-quartile range). The lower whisker extends from the hinge to the smallest value at most 1.5*IQR of the hinge).Mann-Whitney statistical test was performed to compare Single vs Pool results by method and by chain. ns, not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. Jurkat TCR sequences were removed from datasets for this analysis.
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 45 Fig. 4: Sensitivity of TCR sequence detection by different methods.

• RACE- 5 First

 5 of 98°C 15 sec, 72°C 1 min, 5 cycles of 98°C 15 sec, 70°C 10 sec, 72°C 1 min, 10-15 cycles of 98°C 15 sec, 68°C 10 sec, 72°C 1 min). The amplicons were purified using AMPure XP beads, amplified further to incorporate Illumina sequences. The sequencing is then carried out on a MiSeq V2 Illumina sequencer using a 2x150bp read length protocol for both experiment to obtain 0.5-1.5x10 6 reads per sample. -strand cDNA was synthesized by 5' RACE. RNA, 1 mM dNTP and 0.125 M final of the 3' primer binding to the TCRa C region (5'-CACTGTTGCTCTTGAAGTCC-3') were denatured for 5', 65°C. A mix containing 2.5 M final of the template switching primer (5' GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTrGrGrG-3'), 2 mM DTT, 20 U rRNAsin (Promega®, Madison, WI), 50 mM TrisHCl (pH 8), 187 mM KCl, 3 mM MnCl2, and 0.05% Tween 20 was added to a final volume of 20 l. After preincubation (2', 42°C), 200 U SuperScript II Reverse Transcriptase (Invitrogen®, Life Technologies) were added, incubation was continued for 90', 42°C, and 15', 70°C. cDNA was purified using the MinElute PCR Purification Kit (Qiagen®). Whole cDNA was amplified over 3 rounds PCR with PrimeSTAR HS DNA Polymerase (TAKARA®, Japan), allowing the addition of barcodes and adaptors for Illumina sequencing. Primers: 1st: 5'-TCGGTGAATAGGCAGACAGA-3' and 525 cycles with the following conditions: 1st: 50 l total (98°C 10 min, 56°C 7min, 72°C 1 h 50min), 2nd: 1 l in 20 l total (98°C 10 min, 49*°C 7 min, 72°C 1 h 50 min)(asterisk [*] 

Figure 1 .

 1 Figure 1. Phage Tail Length Tape Measure Protein as the unique antigenic sequence in E. hirae 13144. A, B. C57BL/6 mice bearing MCA205 sarcomas were conditioned with broad spectrum antibiotics (streptomycin, colistin, ampicillin, vancomycin) for 3 days before performing oral gavages with E. hirae strain 13144 and i.p. injections of cyclophosphamide (CTX), as indicated (A), and tumor size was recorded for each mouse at sacrifice on day 25 (B). C-E. Naïve C57BL/6 mice were conditioned with antibiotics, gavaged with distinct E. hirae strains and treated with CTX (C). Day 11 purified CD8 + T splenocytes were restimulated ex vivo in a recall assay with bone marrow-derived dendritic cells loaded with the indicated peptides (Table S2, group 7) to quantify IFNγ-secreting CD8 + T cells (D). H-2K b /TMP1 (TSLARFANI) or H-2K b /SIINFEKL tetramer binding CD8 + splenocytes were detected by cytofluorometry at day 11 (E). Also refer to Figure S2. Each graph assembles results from 2-3 independent experiments containing groups of 5-6 mice. ANOVA statistical analyses (Kruskal-wallis test): *p<0.05, **p<0.01, ***p<0.001.

Figure 2 .

 2 Figure 2. Prophylactic and therapeutic immunization using Phage Tail Length Tape Measure Protein (TMP) against sarcomas. A. Sequence of the immunogenic epitope TMP1 (TSLARFANI) with the artificial and naturally occuring mutations in positions 2 and 3, respectively. B-C. Prophylactic vaccinations. TLR3 ligand-exposed dendritic cell (DC) were pulsed with peptides or heat-inactivated bacteria and then s.c. inoculated twice into mice. One month later, MCA205 sarcomas were implanted in the opposite flank, followed by monitoring of tumor size (means±SEM in B, individual results in C). D-E. Therapeutic settings. MCA205 tumor bearing mice were treated with cyclophosphamide (CTX) and gavaged with E. hirae 13144 or E. coli (like in Fig. 1A) that were genetically modified to express the indicated peptides or enhanced green fluorescent protein (EGFP) as a negative control. Tumor growth at sacrifice (D) and the frequency of H-2K b /TMP1 tetramer binding splenic CD8 + T cells (E) were monitored. Results are shown for 12-18 animals, gathered from 2-3 independent experiments. ANOVA statistical analyses (Kruskal-wallis test): *p<0.05, ** p<0.01, ***p<0.001. Refer to the statistical report.

Figure 3 .

 3 Figure 3. Molecular mimicry between enterophage TMP and the oncogenic driver PSMB4 in two mouse cancers. A. Sequence alignment of the enterophage TMP1 peptide and a PSMB4 epitope with its two experimental mutants. B. Relative expression of PSMB4 mRNA in MCA205 sarcoma, TC1 lung cancer and MC38 colon carcinomas as compared to their healthy tissue of origin (mean ratio+SEM, n=3). C-D. Therapeutic response of wild type versus knock-in mutants of MCA205 to cyclophosphamide (CTX) alone or in combination with immunogenic E. hirae strain 13144 (setting as in Fig. 1A). Results are shown as tumor growth kinetics (means±SEM) for selected MCA205 clones (C) or as individual results (one dot corresponds to one mouse) on day 25 (D). E. Therapeutic response of wild type versus mutated TC1 lung cancers to CTX alone or in combination with E. hirae 13144 (setting as in Fig. 1A, but without antibiotic preconditioning) reflected by tumor growth kinetics and individual tumor sizes at sacrifice. Results are shown as means +SEM. Mann Whitney test or ANOVA statistical analyses (Kruskal-wallis test): *p<0.05, ** p<0.01, ***p<0.001. Refer to the statistical report.

Figure 4 .

 4 Figure 4. TMP crossreacts with the PSMB4 cancer epitope and affects human anticancer immune responses.

  10 10 CFU/mL, monitored using a fluorescence spectrophotometer (Eppendorf) at an optical density of 600 nm in PBS. Depending on the experimental setting, 2 or 6 bacterial gavages were performed for each mouse: the first, the same day as CTX injection, and then 24 hours after the injection of CTX. For anti-PD1 mAb, 5 bacterial oral gavages were performed for each mouse: the first, the same day and 24h before the first anti-PD1 injection, and the same day for the three other injections of anti-PD1 Abs. The efficacy of colonization was confirmed by culturing the feces 48 hours post-gavage. Fecal pellets were harvested and resuspended in BHI+15% glycerol at 0.1 g/mL. Serial dilutions of feces were plated onto COS plates and incubated for 48 hours at 37°C in aerobic and anaerobic conditions. After 48 hours, the identification of specific bacteria was accomplished using a Matrix-Assisted Laser Desorption/Ionisation Time of Flight (MALDI-TOF) mass spectrometer (Andromas, Beckman Coulter, France).Culture and propagation of bone marrow-derived dendritic cells. Bone marrow-derived dendritic cells (BM-DCs) were generated by flushing bone marrow precursors from the femurs and tibia of female C57Bl/6 WT mice aged between 8 and 12 weeks. Bones were collected in sterile PBS, washed in alcohol and Iscove's medium (IMDM, Sigma-Aldrich) baths, extremities of bones were cut and flushed using a 26G needle. After red blood cell lysis, cells were cultured in IMDM supplemented with 10% of FCS + 2mM L-glutamine + 100 UI/mL penicillin/streptomycin + 50µM 2-mercaptoethanol (Sigma-Aldrich) (referred herein as complete IMDM medium) at 0.5 × 10 6 /mL and treated with 40ng/mL of GM-CSF (supernatant of GM-CSF transfected-cells J558) and 10 ng/mL of recombinant interleukin-4 (IL-4) for BM-DCs (from Peprotech). Cells were split at day 3 and used in experiments on day 7 or 8.Test of memory TC1 immune responseand H-2K b restricted-peptides on splenic CD8 + T cells. Interferon-γ (IFN-γ) ELISPOT assay were performed in 96-well PVDF bottomed sterile plates (Millipore MSIP S4510) by means of a commercial kit (Cell sciences, Newburyport, US) according to the manufacturer's instructions. After PVDF membrane activation with ethanol 35%, plates were coated overnight with capture antibody to IFN-γ and washed before incubation of blocking buffer during 2 hours. BM-DC (1 × 10 5 /well) were exposed to heat-inactivated (2 hours at 65°C) bacterial strains (E. hirae 13144, E.hirae 708, E.hirae 13344 and L.plantarum at a multiplicity of infection [MOI] of 1:10) or pulsed with peptides (20µg/mL) and were added to CD8 + T cells (2 x 10 5 /well) for 20 hours at 37°C. Cells were then removed and plates were developed with a biotinylated antibody specific for IFN-γ during 1 hour and 30 minutes, followed by streptavidin-alkaline phosphatase during 1 hour. Finally, the substrate of streptavidin (BCIP/NBT buffer) was added for 5-20 min. Spots were counted by means of a CTL Immunospot Analyzer (Cellular Technology Limited, Cleveland, OH). Vaccination of mice. BM-DCs were activated with poly I:C (10µg/mL, Invivogen) overnight before infection with heat-inactivated (2 hours at 65°C) bacterial strains (MOI 10) or pulsed with peptides (20µg/mL, peptide 2.0). After 6 hours of incubation with bacteria or 1 hour of incubation with peptides, BM-DCs were washed 3 times with PBS before subcutaneous injection in the right flank of mice (1.5 x 10 5 cells per mice). Mice were vaccinated twice at 10 days apart and challenged 4 weeks after the second vaccination with the minimal tumorigenic dose of MCA205 tumor cells in left flank. Flow cytometry analyses. In experiments without tumor, spleens were harvested 7 days after the injection of CTX. In tumor growth experiments, spleens, tumors and tumor draining lymph node were harvested at different time points, 7, 14 and 21 days after the first injection of CTX into mice bearing MCA205 tumors. Excised tumors were cut into small pieces and digested in RPMI medium containing Liberase TM at 25 µg/mL and DNase1 at 150 UI/mL (Roche) for 30 minutes at 37°C and then crushed and filtered twice using 100 and 40µm cell strainers (Becton & Dickinson, BD). Lymph nodes and spleen were crushed in RPMI medium and subsequently filtered through a 70 µm cell strainer. Two million splenocytes, tumor cells or lymph node cells were preincubated with purified antimouse CD16/CD32 (clone 93; eBioscience) for 15 minutes at 4°C, before membrane staining. Dead cells were excluded using the Live/Dead Fixable Yellow dead cell stain kit (Life Technologies). Anti-mouse antibodies for CD3 (145-2C11), CD4 (GK1.5), CD8 (eBioH35-17.2), CXCR3 (CXCR3-173), CCR9 (CW-1.2), and TMP specific tetramer (BD, BioLegend, eBioscience and Cliniscience). Stained samples were acquired on Canto II 7 colors cytometer (BD) and analyses were performed with FlowJo software (Tree Star, Ashland, OR, USA).Human T cell responses to HLA-A*0201 restricted-TMP epitopes. Cytapheresis cones were collected from healthy volunteers (Etablissement français du sang, EFS) and peripheral blood mononuclear cells (PBMC) were separated using a Ficoll Hypaque (Sigma Aldrich) gradient. We selected only donors with the HLA-A02*01 haplotype determined by immunofluorescence and flow cytometry. PBMC were washed and resuspended in the separation medium (PBS, 1mM ethylenediaminetetraacetic acid, 2% human AB + serum) for magnetic bead separation. CD14 + monocytic cells (human CD14 MicroBeads, Miltenyi) were enriched from 75 × 10 6 peripheral blood mononuclear cells (PBMC) and cultured at 0.5 x 10 6 /mL in IMDM supplemented with 10% human AB + serum, 1% of 2 mmol/L glutamine (GIBCO Invitrogen), 1000 IU/mL GM-CSF and 1000 IU/mL IL-4 (Miltenyi). Cells were split at day 3 and used in experiments on day 6 or 7.

  hirae-temperate phage in vivo, as confirmed by sequencing of the phage genome in the second Oligonucleotides containing the designed sequence were synthesized (Sigma) and ligated into the pX458 backbone (Addgene #48138, (8)) containing the Cas9 gene (human codon-optimised and fused with 2A-GFP allowing for selection) under a CBh promoter and the cloned sgRNA under a U6 promoter. Homology templates (sequence attached) containing the mutation sites were synthesized by Invitrogen GeneArt Gene Synthesis (Thermo Fisher Scientifc, Inc.). The cloned pX458 plasmid and synthesized homology arms were cotransfected into MCA205 cells by means of lipofectamine 3000 (Thermo Fisher Scientific, Inc.) following the manufacturer's protocol. Fortyeight hours after transfection, GFP-positive cells were sorted to 96-well plates as single cells before surviving clones were expanded in duplicated conditions, one for frozen storage at -80 and the other for genomic DNA extraction. The targeted region in genomic DNA from clones was further amplified by PCR using the Phusion® High-Fidelity PCR Master Mix (New England BioLabs; 3', and purified with the Monarch® DNA Gel Extraction Kit (New England BioLabs) before being sent to Eurofins Genomics GmbH (BERSBERG GERMANY) for sequencing with the primer 5'GGACCCTTTTCACGATTCAGG 3'. Positive clones were expanded and subjected to DNA extraction for further validating the mutations.

  ) software (v2.1.10) with RNA-Seq parameter. MiXCR extracts TRA and TRB providing corrections of PCR and sequencing errors. Generation of datasets was done by concatenating the FASTQ raw data files based on the specificity of the different sorted cell population samples from the different organs. We obtained 4 datasets representing CD8 + TMP +

Figure S2 .

 S2 Figure S2. Identification of group 7 as the only group of peptides containing an immunogenic one.A-B. Naive mice were treated with broad spectrum antibiotics (streptomycin, colistin, ampicillin, vancomycin) for 3 days before oral gavage with E. hirae strain 13144 or 708 (1x10 9 bacteria) was performed prior to and after systemic administration of cyclophosphamide (ip CTX -100 mg/kg)

Flow

  cytometric determination of H-2K b /TSLARFANI tetramer-binding CD8 + T cells in the spleen of naive mice (left panel) and tumor draining lymph node (right panel) of tumor bearers in the gate of CXCR3 + CCR9 + double positive cells. D. Flow cytometry analyses of H-2K b /TSLARFANI (left panel) or H-2K b /SIINFEKL (right panel) tetramer binding CTL in tumor draining lymph nodes at various time points in tumor bearing mice treated with CTX and E. hirae 13144 (like in Fig. 1A). One representative experiment out of two yielding similar conclusions is shown. Each dot represents one animal, each experiment containing 5-6 mice/group. Data from two independent experiments are depicted. E-H. Avatar mice are SPF C57BL/6 animals treated with 3 days of ATB to allow establishment of a fecal microbial transplant (FMT from a breast cancer patient) 21 days prior to CTX+E. hirae 13144 therapy (E). Kinetic study of H-2K b /TSLARFANI tetramer-binding CD8 + T cells by flow cytometry analyses in various organs (mesenteric lymph nodes (mLN) (F), tumor draining lymph nodes (tdLN) (G) and tumor beds (MCA205) (H) during a therapy of established MCA205 with the combination of CTX+E. hirae 13144 in human fecal material (FMT) subjected avatar mice according to the experimental setting detailed in E. Each dot represents one animal, each experiment containing 5-6 mice/group. Data from one representative experiment are depicted. ANOVA statistical analyses (Kruskal-wallis test): *p<0.05, **p<0.01, ***p<0.001. Refer to the statistical report.

  Figure S3TMP39.2-kb prophage (1506 aa) 

Figure S5 .

 S5 Figure S5. Sub-cloning expression of part of the TMP gene in E.coli. A. Amino acid sequences of TMP-FLAG, TMP-mut2-FLAG and TMP-mut3-FLAG expressed in E. coli DH5α. Note that only the N-terminal part of the TMP protein, including the indicated

Figure S6 .

 S6 Figure S6. Molecular mimicry between the TMP1 phage and the PSMB4 oncogenic driver. A-B. Tumor growth of TC1 (A) and MC38 (B) cancers with or without therapy combining CTX ± E. hirae 13144 (or saline) following the experimental setting described in Fig1A. C-D. Tumor growth of WT clones or clone harboring a knock-in mutation in position 2 (mut2) of GSLARFRNI for MCA205 (C) and TC1 (D). Each line represents one animal. Two concatenated experiments comprising each 6 mice/group are depicted. E. Tumor sizes at day 9 of SPF mice implanted with WT or mut3 MCA205 clones treated every 3 days three times with anti-PD1 ± E. hirae 13144. F. Flow cytometric determination of splenic T cells co-staining with two different tetramers (TMP1 related H-2K b /TSLARFANI or PSMB4-related GSLARFRNI/H-2K b complexes). Representative dot plot of CD3 + CD8 + splenic T lymphocytes staining with either or both tetramers in one representative tumor bearing animal treated with PBS, or CTX or

Figure S8 .

 S8 Figure S8. Identification of ileal bacterial colonies after treatment with CTX+oral gavage with E. hirae 13144. A-B. PCR amplification of the TMP sequence in each colony growing after seeding of ileal content in aerobic conditions to isolate Gram + bacteria. A photograph of each agarose electrophoresis gel is shown for each animal. A depicts the results in 5 naive mice (A) and B depicts the findings after CTX+oral gavage with the phage encoding bacterium E. hirae 13144 (10 9 cfu) (B). Each vertical lane corresponds to the bacterium identified in MALDI-TOF. Initials are detailed in the lower part of panel A. The positive control (Ctl+) represents the DNA of E. hirae 13144. C. Sequence

Figure S9 .

 S9 Figure S9A

Figure S11 .

 S11 Figure S11. Identification and functional impact of TMP-crossreactive epitopes in the GPD1-L protein . A. Priming of naive CD8 + T cells from six HLA-A*0201 healthy volunteers with autologous monocyte-derived DC pulsed (or not) with 16 HLA-A*0201 binding TMP epitopes (TableS6).

Figure

  Figure S13. Crossreactive T cells recognizing HLA-A*0201-restricted peptides from TMP and GPD1-L proteins. A-C. In vitro stimulation of T cells from normal volunteers. A. Experimental setting (upper left panel). HLA-A*0201 + PBMC extracted from a healthy volunteer were stimulated in microculture assays for 14 days, ex vivo, with KLAKFASVV peptide. Each well was screened for costaining with both tetramers (HLA-A*0201/KLAKFASVV from TMP and HLA-A*0201 /KLQKFASTV from GPD1-L). One well out of 192 tested was positive and subjected to cell sorting using HLA-A*0201/KLAKFASVV multimer-coated beads and re-expanded for 15 days. The resulting T cell line was further characterized by flow cytometric analyses for binding to each and both tetramers (A, lower panels) and for its functional cross-reactivity with both epitopes (KLAKFASVV from TMP and KLQKFASTV from GPD1-L), as measured by degranulation (CD107A surface expression) and TNFa release assays. One representative dot plot is depicted for each experimental condition of stimulation (A, upper right panels). B. After cloning of the T cell line by limiting dilution assays, we studied the five KLAKFASVVspecific CD8 + CTL clones (1F10, 2A6, 2H6, 3A2 and 3C4) for their capacity to bind the HLA-A*0201/KLAKFASVV tetramer (B) and to secrete TNFa after exposure to increasing concentrations of the two peptides. Three clones exhibited lower or similar affinity for KLQKFASTV (KLQ) compared with KLAKFASVV (KLA) peptides (C). D-F. In vitro stimulation of T cells from NSCLC patients. Representative flow cytometry dot plot analyses of PBMC from one of the five HLA-A*0201 NSCLC patients tested, after short term ex vivo restimulation with KLAKFASVV peptide followed by tetramer staining using HLA-A*0201/KLAKFASVV tetramers (D, left). Results from 5 different NSCLC patients (D, right panel), each dot representing the percentages of tetramer + CD8 + T cells for each patient evaluated. Dots with a similar color represent values from two independent experiments performed using the same patient's PBMC. E-F. Percentages of co-production of GrB and IFN-γ, as measured by multicolor intracellular staining, in CD8 + T-cell lines obtained from three HLA-A*0201 NSCLC patients (out of 6 tested) after priming with TMP epitope 10 (KLAKFASVV) and final exposure to the same TMP epitope p10 or irrelevant TMP epitope p14 (KMAALAASA) (E) or irrelevant MART-1/MelanA or pg100 peptides with or without

Figure S14 .

 S14 Figure S14. Crossreactivity of T cell clones specific for the MART-1 melanoma peptide with microbial antigens. A. Numbers of Melan-A specific CD8 + T cell clones reactive against bacterial peptides. The blue histogram represents the number of clones reactive against their cognate/naturally

Figure 1 :Figure 2 :Figure 3 :

 123 Figure 1: Specific CXCR5, CCR6 and PD1 CD4 + T cells genes signature in TA (A) A microarray gene analysis of purified CD4 + T cells of active GCA (n=27) and TA (n=25) patients was performed. Included patients had steroids ≤ 10mg/day and no immunosuppressants. CD4 + T cells of GCA and TA patients exhibited distinct mRNA signatures. CXCR5, CCR6 and CCL20 were significantly up -regulated in TA as compared with GCA patients. (B) PCA analyse revealed that the gene signature leading to the best discrimination between GCA and TA included CXCR5, CCR6 and PD -1 genes. (C) Using publicly available GEO microarray data (GSE118165), we constructed a TFH-specific gene signature that is significantly more present in the CD4+ T cells of TA versus GCA patients. (D-E) Increased frequency of CXCR5+ cells in CD4+ T cells of TA patients in comparison with GCA patients and HD confirmed by flow cytometry. The membrane expression of CXCR -5, CCR -6 and CXCR -3 was analysed among CD4 + T cells of TA (n=13), and GCA (n=14) patients and HD (n=14) by flow cytometry. (D) Dot plots represent the proportion of CXCR5 + CD4 + T cells in a TA patient (left panel) and a GCA patient (right panel). (E)The whole patient's data are displayed on scatter plots. (F) Also, the frequency of CXCR5 + cells was higher in active (n=13) compared to inactive (n=8) TA patients. **P<0.01. These data are shown as the mean ±SEM. **P<0.01 ***P<0.001

Figure 4 :

 4 Figure 4: CXCR5 + CD4 + T cells efficiently help naive B cells in TA through JAK/STAT pathway (A) FACS-sorted CXCR5 + or CXCR5 -CD4 + T cells of TA (n=8) and GCA (n=8) patients were cultured with naïve B cells (defined as CD27 -IgD + CD19 + cells) with stimulation with a surperantigen. Included patients had steroids ≤ 10mg/day and no immunosuppressants Proliferation of B cells was assessed at day 3 by CFSE staining. Histograms of 3 TA patients are represented (P1, P2 and P3) for each culture condition. (B)The proportion of proliferative B cells was higher if they are cultured with CXCR5 + CD4 + T cells as compared to culture with CXCR5 -T cells. (C)The proportion of CD19 + cells was significantly higher at day 7 in cocultures including CXCR5 + T cells as compared to those with CXCR5 -cells. Results of 8 active TA patients are shown. (D) The proportion of CD27 + B cells was significantly higher at day 7 in cocultures including CXCR5 + T cells as compared to those with CXCR5 -cells. Inhibition of the JAK pathway via Ruxolitinib led to suppression of differentiation to CD27+ B cells. Results of 8 active TA patients are shown. (E) Measurement of IgG and IgM secretion were performed in culture supernatant (n=9) of naïve B cells cultured with CXCR5 + or CXCR5 -cells. The subsequent secretion IgG/IgM ratio was higher in B cells cultured with CXCR5 + T cells. Ruxolitinib was also associated with a decreased IgG/IgM ratio. (F) IL-6 secretion was significantly inhibited when Ruxolitinib was added to cocultures (n=7). *P<0.05 ,**P<0.01. These data are shown as the mean ±SEM

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

5.1. Human thymopoiesis is not private and stochastic but public and pleiospecific. Article 1: "Human thymopoiesis selects unconventional CD8 +

  

a/b T

cells that respond to multiple viruses." (Quiniou et al., Nature, in review)

  How the immune system shapes a functional repertoire able to respond to not yet encounter antigens is one of the major questions of immunology. Hypothesis admitted is that a sufficiently diverse set of receptors makes it possible to generate a repertoire able to respond efficiently to not yet encounter antigens. However, considering the wide number of antigens and the limited number of lymphocytes in an organism, this theory could not be totally correct. We have notice numerous examples before that go against this theory.

table 4 . List of peptides represented in the chord plot of Fig 3c.

 4 The table is organized according to the clockwise order of the chord plot segments.

	Peptide	Virus
	FLRGRAYGL	EBV
	FLYALALLL	EBV
	GLCTLVAML	EBV
	LLDFVRFMGV	EBV
	RAKFKQLL	EBV
	RTLNAWVKV	HIV
	SLFNTVATL	HIV
	SLFNTVATLY	HIV
	MLDLQPETT	HPV
	LLFGYPVYV	HTLV
	GILGFVFTL	Influenza
	ELRRKMMYM	CMV
	VTEHDTLLY	CMV
	SLYNTVATLY	HIV
	Supplementary	

table 5 . List of peptides represented in the chord plot of Fig 3g.

 5 The table is organized according to the clockwise order of the chord plot segments.

	Article 2:

"Benchmarking of T-cell receptor repertoire profiling reveals large systematic biases." (Barennes et al., Nature Biotechnology) chains

  . Most methods showed a lower ability to capture TRA than TRB diversity. Low RNA input generated non-representative repertoires. Results from the 5'RACE-PCR methods were consistent among themselves, but differed from the RNA-based multiplex-PCR results. Using an in silico meta-repertoire generated from 108 replicates, we found that one gDNA-based method and two non-UMI RNA-based methods were more sensitive than UMI methods in detecting rare clonotypes, despite the better clonotype quantification accuracy of the latter.

  . Our results clearly show that (i) RACE-PCR and mPCR perform differently in TCR clonotype detection, (ii) few of the evaluated methods accurately capture the TRA diversity and (iii) UMI-based methods are likely appropriate to study major clonotypes with a high accuracy while robust non-UMI based methods allows to capture a larger repertoire.

Table 1 : Comparative performance of the nine TCRseq molecular methods

 1 

. For each method, an average rank score for TRA (top) and TRB (bottom) sequencing has been calculated for Replicability, Reliability

  The graphs assemble the results of 3 independent experiments with 5 mice/group. B,C. Purified CD3 + T splenocytes from animals treated with CTX and E. hirae 13144 were restimulated ex vivo with bone marrow-derived dendritic cells (DC) loaded with TMP1 or PSMB4 peptide. One week after ex vivo restimulation, peptide-specific CD8 + T cells were purified after staining with the corresponding tetramer to measure IFNγ secretion in response to DC loaded with peptides (TMP1, PSMB4, SIINFEKL as negative control) or heat-inactivated E. hirae 13144. These results were performed in parallel on the tetramer-binding versus non-binding fraction and were normalized to the PBS controls (Ctrl). Each dot represents one culture. Mann Whitney test or ANOVA statistical analyses (Kruskal-wallis test): *p<0.05, ** p<0.01, ***p<0.001. D. Venn diagram of TCRa and b chains from tetramer positive CD8 + T cells specific for PSMB4 (yellow) or TMP1 (green). E. Lysogenic conversion of E. gallinarum by the E. hirae siphoviridae phage in vivo. Ileal content was obtained from naïve mice or from mice receiving E. hirae together with cyclophosphamide (CTX), followed by cultivation and isolation of bacterial colonies, MALDI-TOF identification and PCR-based detection of TMP. Results are from 5 mice/group. F. Transmission electron microscopy of the phage produced by E. hirae 13144. G. Kaplan Meier survival plots of 76 patients with non-small cell lung cancer or renal cell cancer subjected to PD-1-targeting immunotherapy, stratified according to the presence or absence of TMP in at least 5 E. faecalis or E. hirae colonies/patient. Univariate Log-rank (Mantel-Cox) analysis. Refer to the statistical report.were injected 4 times at 3-day intervals with anti-PD-1 mAb. Tumor size was routinely monitored every 3 days by means of a caliper. France. L. plantarum was provided by Prof. Ivo Gomperts Boneca from the Institut Pasteur strain repository, France. All E.hirae IGR strains were isolated from the stools of NSCLC patients in our laboratory, according to patient informed consent and local IRB approval (ancillary study "Oncobiotics"). All bacteria were grown in COS plates for 24 to 48 hours at 37°C in aerobic conditions. Colonization of ATB pre-treated mice was performed by oral gavage with 100 µl of suspension containing 1 × 10 9 bacteria. For bacterial gavage, we used suspensions of

	Gut colonization with dedicated commensal species. Enterococcus hirae 13144 were originally
	isolated from spleens of SPF mice treated with CTX in our laboratory. E. hirae 708 was provided
	by INRA (P. Langella), while E. hirae 13344, ATCC9790 were provided by Prof. Cattoir, CHU
	de Caen,

  E.hirae sequences (E.hirae 13144, 708, ATCC9790) and its phage in 3,027 adult and motherinfant metagenomes (mostly from human stools but also from various mucosae) by referencebased mapping of metagenomic reads from 17 publicly available datasets annotated in curatedMetagenomicData. The BOC measures the fraction of the genome that is covered by the reads in the metagenomes. The color code is indicated with highest BOC towards yellow/red colors and no BOC in black. We first screened a total of 3,027 adult and mother-infant metagenomes (mostly from human stools but also from other mucosae) by reference-based mapping of metagenomic reads from 17 publicly available datasets annotated in curatedMetagenomicData to assess the breadth of coverage (BOC) of the E. hirae genome and its phages. E. hirae was present with 100% confidence (i.e. BOC > 80%) in 13 samples from disparate geography, age and datasets. In another ~40 cases, the presence of E. hirae was very likely but could not be confirmed with high confidence because of insufficient sequencing depth.

Figure S10. Sequence of the Phage Tail Length Tape Measure Protein in E. hirae.

  

	Figure S10 ATTGGGAGTGTGATACCTTTAGTCATCGAACCGCCGACTTTTTCAATGCTTTGGCCGATACTTGCAGTTTTATCACCAAAACTTTTC
	ATCGCACCACTAACTGTGTTCAAATTACTGGGAATATCAGAAGCATTCGAACTAAGTTTTTTTAGCGAAGAGGTAGCACTCCCCAT
	TCAACTACGATACCTCCCATCTTGCTTTTGTTGTTCTGCTAAATTAAGATTCATCGGGCTACCTAGTGCTCCCACTACTTGGCCAGTA TGTCTGAGTAAACCCTTTATCTATTGCTGTAAGTACCGCTTTGACTGTTTTACTTTGTGCCAC
	TCCATCACAACAGTTAAATGACGTATTTCTTCTAAGATTTCTACCATTTTCCCCATCGGCGTATTATCTATAGAATGTTTTACCTCAA
	TTGCATTTGATCGTTTTATCAAACGACTGCCTGTAATAGACTGGTGAATGCTTGAAATCATATCTTTTGCACTTTGTACGGCAACTA CGTATCTTCTCGAATACCTGCTGCCACACCCTGTGCAAGGAAAACACCAACGTCATATTTCAATAGGCGTGATGGAGATTTAATCT Primers
	TTGCTTTTTTCTGTGCTTCTGCATTAACTGCAGCTACTAAATTTTGCATAGCAGATACTGCTTCTCCTTGGCTAGCTCTAATACCAGA GCAACACCTTTAGCCATATTAGATCCAACGGATGTCATATTGACTGAACCAGCACCACTTTTTACTGCGTTTCCTAATTCTCTACCA Sequence of TMP1
	GCGTTATTAGCTGAACCAACCTGTGATGCCAATCCTTGAACGAAACTACGCCCAAGCTGTTCTCCTACGCTTCGCATAGCAGAAGC
	TTTCGTTTTTACTCCTTCAACAGGCGCTGATCCTAATTCTGCACCTTTTTGTTTTGCGTTGCTTTTCTGTTTCGCTAGCCCTGTGTTAT
	ACTCTCCAGCATTAGAATTACCGCCGCTATTGTATTCTTTACCTTTACTTTTTGCGCCCTTTGCACCAGATGAAGCTACATCACCAGA
	AGTTTTTTCCGCTTCTGCTTTCTTATTTTTTACGCCTGAGTTCATCTGATTCATTAACTCTTGACCGACATTATTGATTTCAACTTTTCC
	TGAGTTCAACCCGTCGATTAATTTGTTTTTACCATCTTGACCGTTTTTAAACAAATCAGGCGGTAATGATTGCAAGGTATTCACAAT
	GTCAGCTTTTGACATATTCGCCCATAATTTAGGATCGTTGCTTTGCAATCCTTGAACTAGTCCGTTAGAACCATCAATTCCTCGTTG
	ACGTAACATTCCAGCTAATAAAGCCATTTGTTGGTCAATGCTAGCACCGTTGTTTACATACGATTGATAAATTCCTAATAACTGTTG
	GTCTGTCACTCCTTTTAATTGAGCTAAATTATCAGCCGTCACCGCAATTTTATTTGCACCATTTTGTGAAATAATCGCTAGAAGCTG
	CGCTCCTTGTTCTAATTCACTTTGACGTATCTGATCGTTCTGTGTTTGTAATTGCGTAATTTGGTTTTGGAAAGCCGCCTTTTCTGAT
	TCAGTTTTCGCTTGGTTCTTTTGTGTTTCCAATTGCTGAATTTGTGCATTATTCTCCTGCACTTGCTGTGCTTGAATTTCTCCAAAAGT
	TTTTAAACTTGATAAAGTTTGTTCTTTTTCTTGTTCACTTAACGCTTGGTTGTTATTCAGCTTATTCACACCAGCTTCGACAAACTGTT
	TCTGTTGATCCAACAATTGATCACGAATAATATTCGTTTGATTTTGCAAAGTTGCTCTTTGCTGATCGGTTAACTCTTGACCTTCTAC
	CGTTTTATTATTCTTCAACTGATTAGAGTAATCTGTGTATACTTTCAACAGATCGCTATTGTTTGATTGAACAGCCTTCATATACTCA
	GTTGAAGCATTGGCAAAAATCTTTTGTTTTTCAGCTTCCGATTTACCTTCTGCCGCTTCAATCTGCTTATTATAGGTTTCAACAGCCT
	TTTTCTGTTGTTCTTTTAGATTTGTCACTAAATCAAGTGTATGATTGAAATAAGCTTCTACGCCAGCCGTGCTACCGTTTTGCTGTGA
	GAAAAGTTCAGTCATTGCCTGTTTAGCTTCATCAAGTTTTGATGAGTAATTTTCAACACTATTTGATACCTCTTCCATATTCATGGAC
	ATGGCTTTCGTAGTGTCTTTCGATTTCTTCCCTAATTCTTCTGTGCTTTTAGCTGCTTTTTTTAGAGCAGAATCAGAAAACATGGTAT
	CCCAGTCTTTTCCGATATCAGCTAAACTTTTCTTCACATCTTTAAATGATTTATCGGCTCCTTTTGAATCGCCTTTTAATCTTTGCCAA
	AGTCCTTTTACTCCGTTAGCAATGGCCATTATTGCATTTACTGCTGTCTTTCCTACAGTAATAATGGCTCGCAATCCATCTACAAAAC
	CTGCAATAGCAAAAGTAACTCCGACAAGAGTTCCTGTTCCTAACCATTTAAAAATATTTCCTAATCCTTTTATTGTTTTAGTAACACT
	CGCGGAGCTAGGAAGTACACTTTTAAACGATTTTACTATTCCGCTAAAAGCGGTTTTCACGTAGCCTTGAATGTTCATAAAATTGG
	ATTTCCAAGCTTGCACTACACCAACTATTGTAGTGGTTATTGCTACTAAAATTGCAGTTATAGGATTGCTCAACATAGCTCCTGTTA
	AACTAGCTATAGATCGTATACCCGTTGCTGCAAATGTTCTAAAACCTCCACCTGCTTTTGAGGCGGCTACACCAAGTCCTGATAAA
	ACCGTCCCTGATTTACCAGCTGCAGAAGATAAATTCCTTAGCGACCCAATAGGATTAATAACAACGGAGGCGAATTTCGCTAATTT
	GCTATTAGATAATTGTAAAGAAGCAGAAAAAGAACGGAAAAAGTTAGTAACTTTATTCCCTTCCCCTAGCATATTTAGCTGTCTTT
	GGCTTGCTCGAAGATTTGCTCCAAAAGTGTCCAATGTGGGAAAGAGACCTACAATGGTATCTTTTAGCGTAGTAAAACGGGTAAG
	CAGATTTACATTTATCCCCGCACTTTCAAGCCCTGCAAGATTTGATTTATATTTAGAAACAAACCCTTTTACAGCTTGTAATGCGCTA
	CTAGAACCGTTTTTGATAGGAGTAACGATAAATTGTTTCCACTTGCTATCTATGTTTCCAGCTTTCTCAAACATTGTTGAAATTGTTT
	9,428 metagenomes, confirming the TGCCAAAAACACTAGTCATTTTCCCAAACACTTTTAATACAGGACCAGCAGAAGCAGCTAATGCAGCCATTTTTAAAATAAATTCTT
	GAGTTTTTGGATCAGCTGATGCAAAAGCCTCGGCCATATTTGCTAAAGCTTCAATCATAGGCTTAGCAGCACTTATTGCGCTATTT presence of phage 13144 in humans across the world at a low prevalence (272 positive samples), AATGCGGCTACTAATGGACCGCCAAACGTAATTGCTACATCGTTTAATTGACCACGTAAAATCTTTAACTGTGATTCTGTAGTTCCG
	though possibly with a overrepresentation among a non-Westernized population from TATCGTTTGCCAGCTTCTTCTGCTAGAGCTGTATTTTCGTTAAACGCTTCGTTACCTCGTTTTACAGCACCTTCAAAGACATCACTCG
	CATTAGCCGCACGTAGTAAACTATCACGTAATCGAACTTCGGTAATCCCCATATCATCAAGTACTTTAATAGCTGAGATTCCATGCT Madagascar (19 positive samples). Importantly, this analysis highlighted an increased prevalence TTTCTGAGTCTTTCAAACCTTGAATAAACTCAATCATAGCTTGAGAAGGATTACTCTTGAATAATTCCGCGAACTCTTCGCCAGTTC
	of the phage (57%) in fecal microbiomes from children (representing 16% of all metagenomes, GACCAGTAACATTTGCAAAATCTTCCAAACTTCCAGACGCCTTGCTTGCTTCTTTATATAATTTTTTCAATTCTGAAGCTGGTACTCC
	Fisher's test p-value <0.00001). We confirmed the integration of the phage into the genome of CATTTGTTTAGAAACAGCTGTTAATTCTTTACCACCCCAATTAACAGCATGAACAAATTTTTCCCAAGACACTCCTTGTATAGCTACA
	GCTTGTTTTAAAGGTTCAAAAGCTTTAACCCCTGTTTCGGTGGCTAATTGCATTTGTACCATCAACCTAGAAAAAGCTGAACCACCC distinct bacterial species for 128 positive samples (47%), when re-evaluating 154,723 microbial GCTTCGGCCTCTATACCAACAGATGATAACGCCGCTGCAAAACCGACAATGTCTCCTTCAGTCATACCAATTTGTTTTCCTGCACCA
	genomes reconstructed from the same 9,428 samples. All host genomes belonged to the GCCAAACGGAGTCCCATTTCTGTGATTTCTGATTCAGTAGTTGCTAAGTTATTCCCTAAGTCAACAATAGCTGAGCCAAGATTGCT
	AAATTTATCTTGAGACATTTGAGTAATATTAGCAAAACGAGCTAAGGAAGTAGCAGCTGTATCTGCAGACATATTTGTTGATTCG
	CCCATATCGATCATTGTTTTAGTAAATCCGACAACTTTATCAGTTTTTATTCCTAACTGTCCAGCTGCTTCTGCTACTTTTGCAATTTC
	TTCATGACTAGTAGGTAATTCTTTTGCTAAATCTCTAAGGCCTTTTTCTAAATCATCATAAGAATAAATGACTTTACCGTTAGAATCG
	ACCATCTCATCGTTGGTCTTTTTAACACCAGTAAATGCACTTTCCCATTTTACGGCTGCAGTTGTGACTGCTCCAACAGCACCCGCA

Table S2 . H-2K b restricted-E.hirae epitopes (<50nM binding affinity)

 S2 

		EH17	AAYVFEMNF	Membrane proteins related to metalloendopep dases
	Group Group 12	Hirae EH17 EH17	sequence EMYRKLSTL YNYGYKSVL	Membrane proteins related to metalloendopep dases names of the proteins enhancin family protein
		708 EH17	INAKFSSQL VIHELYNSL	Membrane proteins related to metalloendopep dases bacteriocin immunity protein
	Group 1	708	YIYNHYKDM	Membrane proteins related to metalloendopep dases
		708	YVYGKSRTM	Membrane proteins related to metalloendopep dases
		708	IAFLSYKLF	cell surface protein precursor
		708	IMYEYMYPV	hypothe cal protein
	Group 2	708	SSMEYFLKV	Phage tail length tape-measure protein
		708	ISFFQENQL	Collagen adhesin
		708	TNLLFMTSL	extracellular protein
		708	KIFSIFMLL	Phospha dylinositol-specific phospholipase C
	Group 3	708	LNIFKFNRF	Chi nase
		708	MTYDYRGGF	Chi nase
		708	PSYMFRTSF	Chi nase
		708	QSYTYYMTA	cell wall surface anchor family protein
	Group 4	708	ITFSHYEPT	cell wall surface anchor family protein
			SAFPYEQEL	C3 family ADP-ribosyltransferase
			YNYSKSYPV	hypothe cal protein
			VSFSHYRPG	hypothe cal protein
	Group 5		VTFLGYNAF	cell surface protein
			TVYTFHVNI	cell surface protein
			TSYSPLFLL	cell surface protein (puta ve)
			TNYIYPNIL	2',3'-cyclic-nucleo de 2'-phosphodiesterase
			VVPILFLGL	FmtB protein
	Group 6		KNYKAYVEL	hypothe cal protein
			SAMKYGIPL	hypothe cal protein
			TSLARFANI	Phage tail length tape-measure protein	TMP1
	Group 7		AMIEFIQGL VAITFGGPL	Phage tail length tape-measure protein Phage tail length tape-measure protein	TMP2 TMP3
			VSTNHYGLL	hypothe cal protein
			VMFGLFITI	cell surface protein precursor
	Group 8		TVFSLVSLL	Chi nase
			SIYNLEKPL	IgA1 protease
			YTIIRYGNL	IgA1 protease
			SNGLLYTPM	IgA1 protease
	Group 9		NNYHYVGGL	IgA1 protease
			SMFLNCNNL	hypothe cal protein
			IAFQGYSSL	hypothe cal protein
			QVTNFFNMF	hypothe cal protein
	Group 10		IMLGLFMTM	cell surface protein precursor
		EH17	MSFTFFSST	hypothe cal protein
		EH17	IAFQNFVNL	Chi nase
		EH17	SMFIAFQNF	Chi nase
	Group 11	EH17	LNYDYGNRI	Chi nase
		EH17	AGICFFTGV	Pep doglycan N-acetylglucosamine deacetylase
		EH17	VEYTYFPTL	Membrane proteins related to metalloendopep dases

Table S3 . Seeking prophage sequence in E.hirae 13144 genome

 S3 

	Region	Region Length	Completeness	Score	# Total Proteins	Region Pos i on	Most Common Phage	GC %
	1	40.6Kb	intact	150	58	481066-521729	PHAGE_Entero_phiEf11_NC_013696(9)	33.79%
	2	39.2Kb	intact	140	59	2123983-2163272	PHAGE_Entero_vB_IME197_NC_028671(6) 34.95%

Table S7 . Patient characteristics. Description corresponding to Figure 4E-F

 S7 

	Stage IIIC/IV NSCLC	Cohort (CHUM)	Cohort (CGFL)	Cohort (validation)
	Numbers (n)	44	62	51
	Age (mean, range)			

Table S8 . Peptide sequences

 S8 

	Peptide_Name	Peptide_Sequence
	MART-1_A2_26-35_WT	EAAGIGILIV
	MART-1_A2_26-35_Mut	ELAGIGILIV
	MART-1_A2_26-35_B1	EAAGIGILAT
	MART-1_A2_26-35_B2	EAAGIGFLTA
	MART-1_A2_26-35_B3	FLAGIGILTV
	MART-1_A2_26-35_B4	ILAGSGILTV
	MART-1_A2_26-35_B5	LLAGIGILTV
	MELOE-1_A2_36-44_WT	TLNDECWPA
	MELOE-1_A2_36-44_B1	DLNDECSPA
	MELOE-1_A2_36-44_B2	TLNDECDPT
	MELOE-1_A2_36-44_B3	TLNDECINA
	MELOE-1_A2_36-44_B4	TLNDEEWAA
	MELOE-1_A2_36-44_B5	TLNDEEWKA
	MELOE-1_A2_36-44_B6	TLNDEGYPA
	MELOE-1_A2_36-44_B7	TLNDELLPA
	MELOE-1_A2_36-44_B8	TLNDENWNA
	MELOE-1_A2_36-44_B9	TLNDPRWPA
	MELOE-1_A2_36-44_B10	TLPDECNPA
	MELOE-1_A2_36-44_B11	TLTDEYWPA

Table S9 . CDR3 alpha and beta sequences of MART-1-specific T-cell clones MART-1-specific T-cell clones

 S9 MART-1 specific T-cell clones were obtained either from PBMC of melanoma patients or healthy volunteers, fter a step of peptide stimulation, followed by HLA-p/multimer sorting and cloning by limiting dilution, or irectly from TIL spontaneously enriched in Melan-A specific T lymphocytes(Godet et al., Eur J Immunol. 2010).

	T-cell clone TRBV CDR3beta	TRAV CDR3alpha	origin 1
	10C10 4-3 CASSPGTLSDTQYFG	12-2 CAVNLEGNNRLAFG	
	12A8 20-1 CSARDGLGELFFG 2	12-2 CAVNFDQTGANNLFFG	Patient PBMC
	24B7 4-2 CASSQDRGGAETQYFG	12-2 CAASQGFQKLVFG	
	Cl12 19 CASRWGYLSNQPQHFG	35 CAGLGAQKLVFG	
	10F8 20-1 CSARDGLGELFFG	12-2 CAVNLEGNNRLAFG	
	8A7 5-5 CASSSGEGLDTQYFG	12-2 CAVKAIYFG	HV PBMC
	HA1 25-1 CASSEPYKETQYFG	12-2 CAVGTGTYKYIFG	
	M77-84 6-1 CASSEEVAWGRAETQYFG	39 CAVDIVPTNDYKLSFG	
	M77-80 28 CASTSALLAGGEQYFG	29 CAASVNARLMFG	TIL
	M199.75 28 CASSLQGLGTEAFFG	12-2 CALNQAGTALIFG	
	M180.51 28 CASSFEGLGTEAFFG	19 CALSDNTNAGKSTFG	

  MELOE-1 specific T-cell clones were obtained either from PBMC of melanoma patients or healthy volunteers, after a step of peptide stimulation, followed by HLA-p/multimer sorting and cloning by limiting dilution, or directly from TIL spontaneously enriched in MELOE-1 specific T lymphocytes(Godet et al., Eur J Immunol. 2010).

			CALSEAKYNQGGKLIFG	
	P2.45	14 CASSQPSRDRKDNEQFFG	19 CALSGPLLGTSYGKLTFG 2	Patient PBMC
	P3.26	3-1 CASSQGSGTSGRRDNEQFFG	19 CALSGPISGGGADGLTFG	
		Cl1 10-3 CAIARTANYGYTFG	24 CAFIQGNNDMRFG	
	Cl37	14 CASSQERDRGRTNEQFFG	19 CALSGPILTGGGNKLTFG	
	E4H	11-1 CASSVQVSGANVLTFG	17 CASRGTPLVFG	HV PBMC
	DS1.33	7-2 CASSSGLAGTRNYEQYFG	19 CALRGPMDTGRRALTFG	
	DS2.25	20-1 CSATSLAGIDYGYTFG	19 CALSGPFSGGYNKLIFG	
	M170.48	3-1 CASSHKWKREPTDTQYFG	19 CALSGPFSDGQKLLFA	TIL
	M117.35	19 CASSISEPARRDNEQFFG	19 CALRGPILTGGGNKLTFG	

1 

  vs 1.3% (±0.52), p=0.01] (Figures 4D) and decrease in IgG/IgM ratio [3.17 (±0.58) vs 1.5 (±0.05), p<0.0001] (Figures

Table 1 : Main characteristics of GCA and TA patients

 1 

	Parameters	TA	GCA
		N=54	n-=52
	Demographic features		
	Median age [IQR]	32.4 [27.2; 53.2]	74.7 [66.3; 83.2]
	Female gender	43 (79.6%)	35 (67.4%)
	Geographic origin		
	Caucasian	20 (36.4%)	50 (96.2%)
	African	15 (27.4%)	0 (0%)
	North African	15 (27.4%)	2 (3.8%)
	Other	5 (9%)	0 (0%)
	Clinical features		
	Numano Classification		
	I	7 (14.3%)	NA
	II	8 (16.3%)	NA
	III	5 (10.2%)	NA
	IV	1 (2%)	NA
	V	27 (55%)	NA
	Stroke	12 (22.2%)	7 (13.4%)
	Aortic aneurysms	18 (33.3%)	4 (7.7%)
	Aortitis	54 (100%)	14 (26.9%)
	Optic neuritis	NA	5 (5.6%)
	Mean C reactive Protein (mg/l)	21.4 (±28)	45.3 (±48.3)
	(±SD)		

Apr.25, 2020, Fluckiger et al. Cross-reactivity between a tumor antigen and an intestinal bacteriophage.
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Synopsis
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We analysed the TCR repertoire dynamics of developing thymocytes. We first focused on the hypervariable CDR3 region of the TCR that interacts with the antigenic peptide, while CDR1 and CDR2 usually interact with HLA molecules 5 . CDR3 analyses can therefore be used to investigate the sharing of TCR specificities between individuals with distinct HLA molecules. We analysed the repertoire of purified CD4 + CD8 + CD3 -(DPCD3 -), CD4 + CD8 + CD3 + (DPCD3 + ) and CD4 -CD8 + CD3 + (CD8 + ) thymocytes. DPCD3 -thymocytes represent the earliest stage of TCR b-chain gene recombination and their repertoire embodies the unaltered outcome of the TCR generation process; DPCD3 + thymocytes are at an early stage of the selection process and their repertoire should be minimally modified; CD8 + thymocytes have passed the selection process and bear a fully selected repertoire. We analysed and represented the structure of these repertoires by connecting CDR3s (nodes) differing by at most one single amino acid (AA) (Levenshtein distance less than or equal to one: LD≤1) as such similar CDR3s most often bind the same peptide [6][7][8][9][10][11][12] (Supplementary Figure 1. In these networks, connected CDR3s are designated as clustered nodes and the others as dispersed nodes. For normalisation, we represented the first 18,000 most expressed b or a CDR3s from each sample. We observed a marked increase in the number of clustered CDR3s from DPCD3 -to CD8 + thymocytes (Fig. 1a andc, Supplementary Figure 2), which was remarkably consistent among all individuals studied, independently of their age, sex or HLA (Supplementary Figure 3). The node degree, i.e. its number of connections, was also significantly increased during T cell differentiation for clustered CDR3s (Fig. 1b andd, Supplementary Figure 2). The major and statistically significant (p<0.0001) increase in the proportion of clustered TCRs from DPCD3 + to CD8 + thymocytes, which was also accompanied by a significant increase (p<0.0001) in the node degree of clustered TCRs, reveals a positive selection of TCRs with shared recognition properties during thymopoiesis.

The probability of generation (Pgen) of a given TCR varies enormously from one TCR to the other, spanning over 10 orders of magnitude 1 . The clustered TCRs from both DPCD3 + and CD8 + thymocytes have a significantly higher Pgen (p<0.0001) than the dispersed ones (Fig. 1e). Pgen also increased significantly (p<0.0001) from DPCD3 + to CD8 + thymocytes (Fig. 1e). Moreover, the Pgen of CD8 + thymocytes is significantly correlated with the node degree (Supplementary Figure 4). Clustered TCRs have a preferential usage of some V and J genes, resulting in a markedly different VJ recombination usage, notably similar across individuals (Fig. 1f, Supplementary Figure 5). As there is a remarkably shared clustered structure of CD8 + represents a single βCDR3, the colour of which represents its degree (log scale). c-e. Data are mean ± s.e.m. from two DPCD3 -, ten DPCD3 + and twelve CD8 + thymocyte samples; c. Percentage of clustered βCDR3s (*p=0.0152 and ****p<0.0001, Mann-Whitney test); d. Node degree for clustered βCDR3s (****p<0.0001, Mann-Whitney test); e. Generation probability (Pgen) of dispersed and clustered βCDR3s (****p<0.0001, Mann-Whitney test). f. PCA analysis of TRB VJ gene combinations in CD8 thymocytes. Blue: dispersed nodes; Red: clustered nodes. g. Mean percentages of public (black) or private (grey) βCDR3s in all, dispersed or clustered nodes. (****p<0.0001, Mann-Whitney test).

The preferential selection of clustered public TCRs that could represent over 8% of the sampled repertoire (Fig. 1g) raises the question of their specificities 13 . As the main function of CD8 + T cells is cytotoxicity towards virally infected cells, we investigated whether the clustered TCRs could be associated with virus recognition. We curated databases of βCDR3s specific for human infectious pathogens 14,15 to retain only those 5,437 that had been identified by tetramer-based selection, i.e. binding to a soluble HLA bound to a defined peptide. We detected an enrichment of these βCDR3s in CD8 + versus DPCD3 + thymocytes (p<0.0001) and in clustered versus dispersed CD8 + thymocytes (p<0.0001) (Fig. 2a andb, Supplementary Figure 10. , Supplementary table 2). Moreover, these virus-specific βCDR3s were significantly enriched within βCDR3s with the highest Pgen and node degree (Fig. 2c, Supplementary Figure 11. ) and were highly shared between individuals (Fig. 2d).

We aimed to confirm these observations with virus-specific paired a and b TCR chains obtained from single-cell TCR sequencing. These sequences were obtained from 160,914 blood CD8 + T cells isolated from four healthy donors and incubated simultaneously with barcoded dextramers complexed with peptides from CMV, EBV, HIV, HPV, HTLV and influenza 16 . We observed a significant increase in the representation of the virus-specific a and b TCR chains in CD8 + versus DPCD3 + thymocytes (Fig. 2e andf), with a higher representation of the virus-specific alpha chains than that of the beta chains. Noteworthily, these TCRs are also mostly represented in clustered rather than dispersed TCRs from CD8 + thymocytes (Fig. 2g, Supplementary table 3). Altogether, these results indicate that the selection of clustered TCRs with high generation probabilities corresponds, at least in part, to the selection of virus-associated TCRs whose CDR3s are remarkably conserved between individuals independently of their HLA.

as well as a forward primer hybridising to the SMART-Seqv4 sequence added by templateswitching and a second PCR targeting the PCR1 amplicons with reverse and forward primers including Illumina Indexes allowing for sample barcoding. PCR2 were then purified using AMPure beads (Beckman-Coulter®). The cDNA samples were quantified and their integrity was checked using DNA electrophoresis performed on an Agilent 2100 Bioanalyzer System in combination with the Agilent DNA 1000 kit, according to the manufacturer's protocol.

Sequencing was performed with Hiseq 2500 (Illumina®) SR-300 protocols using the LIGAN-PM Genomics platform (Lille, France).

TCR deep sequencing data processing

FASTQ raw data files were processed for TRB sequence annotation using MiXCR 37 software (v2. 1.10) with RNA-Seq parameters. MiXCR extracts TRBs and provides corrections of PCR and sequencing errors.

Network generation and representation

To construct a network, we computed a distance matrix of pairwise Levenshtein distances between CDR3s using the "stringdist" 38 R package. When two sequences were similar under the defined threshold, LD>1 (i.e., at most one amino acid difference), they were connected and designated as "clustered" nodes. CDR3s with more than one amino acid difference from any other sequences are not connected and were designated as "dispersed" nodes.

Layout of networks for Fig. 1b and Supplementary Fig. 9a were obtained by using the graphopt algorithm of the "Igraph" 39 R package and plotted in 2D with "ggplot2" to generate figures 40 . Only clustered nodes are represented, edges are not shown and colours represent the node degree (log scale).

Layouts of detailed networks in Fig. 1a, Fig. 2g, Fig. 4c, Fig. 4d & Supplementary Fig. 1a, Supplementary Fig. 3 & Supplementary Fig. 12 were done with Cytoscape 41 .

Statistical analysis and visualisation

Normalisation was performed by sampling on the top a or b 18,000 CDR3s based on their frequency in each sample. The repertoires with less than 18,000 a or b CDR3s were not included in the statistical analysis. The numbers of samples included in the statistical analysis for the b repertoire were: two for DPCD3 -, ten for DPCD3 + and twelve for CD8 + . The numbers of samples included in the statistical analysis of the a repertoire were: six for DPCD3 + and ten for CD8 + . Statistical tests used to analyse data are included in the figure legends.

Comparisons of two groups were done using the Mann-Whitney test (Fig. 1c, Fig. 1d, Fig. 1e, Fig. 1g, Fig. 2a, Fig. 2c, Fig. 2e Fig. 2f, Fig. 4b) and multiple t-test (Supplementary Fig. 5, Supplementary Fig. 9). The correlation coefficient was calculated using the Pearson correlation coefficient (Supplementary Fig. 4). Enrichment of public CDR3s or virusassociated CDR3s was done using the two-tailed Chi-square test with Yate's correction (Fig. 2f, Supplementary table 1, 2 &3) and the Fisher test (Supplementary Fig. 8, Supplementary Fig. 11). Statistical comparisons and multivariate analyses were performed using Prism (GraphPad Software, La Jolla, CA) and using R software version 3.5.0 (www.r-project.org).

PCA was performed on the frequency of VJ combination usage frequency within each donor using the factoextra R package. Tsnes were generated using the binding scores of each cell across all the antigens present in the dataset, disregarding the HLA matching with the donor.

The function Rtsne of the homonymous R package 42 was applied with the perplexity parameter set to 10. Correlograms were generated using the cells that have a significant binding score (i.e. >10) for at least one of the virus-specific dextramers tested. The correlation was calculated across all the antigens present on each correlogram (Pearson test). Correlograms were plotted using the corrplot R package.

Probability of generation calculation

The generation probability (Pgen) of a sequence is inferred using the Olga 33 algorithm, which is inferred by IGoR 44 , for Fig. 1e, Fig. 2c. IGoR uses out-of-frame sequence information to infer patient-dependent models of VDJ recombination, effectively bypassing selection.

From these models, the probability of a given recombination scenario can be computed. The generation probability of a sequence is then obtained by summing over all the scenarios that are compatible with it. We also used OLGA to generate a random repertoire of 500,000 sequences for each a or b repertoire and 3 down-sampling (of unique sequences) to get control repertoire equal to the size of COVID-19 BAL dataset used in fig. 4c,4d. The control repertoire was parametrized by the predefined genomic templates provided with the package.

CDR3 connections between individuals

In Supplementary Fig. 9, the top 1,500 bCDR3s were sampled from each of the 12 datasets of DPCD3 + and CD8 + , then merged to obtain two datasets of 18,000 bCDR3s for DPCD3 + and CD8 + . We generated and represented networks, as described above, to investigate the bCDR3 inter-individual network structure.

Virus-specific bCDR3 tetramer public databases

The virus-associated CDR3 databases used for the search for specificity was compiled from the most complete previously published McPAS-TCR 14 and VDJdb 15 databases. Virusassociated bCDR3s were selected from the original datasets only when derived from a TCR of sorted CD8 T cells that were bound by a specific tetramer. A total of 5,437 such unique tetramer-associated bCDR3s were identified and used. Peptides used for tetramer sorting were from cytomegalovirus (CMV), Epstein-Barr virus (EBV), hepatitis C virus (HCV), herpes simplex virus 2 (HSV2), human immunodeficiency virus (HIV), influenza and yellow fever virus (YFV).

Virus-specific CDR3 single-cell dextramer public dataset

This dataset contains single-cell alpha/beta TCRs from 160 914 CD8 + T cells isolated from peripheral blood mononuclear cells (PBMCs) from 4 healthy donors. Briefly, 30 dCODE™ Dextramer® reagents (Immudex®) with antigenic peptides derived from infectious diseases (9 from CMV, 12 from EBV, 1 for influenza, 1 for HTLV, 2 for HPV and 5 for HIV) were simultaneously used to mark cells. Each Dextramer® reagent included a distinct nucleic acid barcode. A panel of fluorescently labelled antibodies was used to sort pure Dextramer®positive cells within the CD8 + T cell population using an MA900 Multi-Application Cell Sorter (Sony Biotechnology) in a reaction mix containing RT Reagent Mix and Poly dT RT primers.

The Chromium Single Cell V(D)J workflow generates single cell V(D)J and Dextramer® libraries from amplified DNA derived from Dextramer®-conjugated barcode oligonucleotides, which are bound to TCRs. Chromium Single Cell V(D)J enriched libraries and cell surface protein libraries were quantified, normalised, and sequenced according to the user guide for Chromium Single Cell V(D)J reagent kits with feature barcoding technology for cell surface protein. We used this dataset to study the presence of multiple specificities in TCR and CDR3. There were 139,378 unambiguous TCRs (with only one α and one β chain). We set the SUPPLEMENTARY MATERIALS Supplementary Figure 1. TCRs with the same specificity form clusters. a. Networks of bCDR3s specific for GILGFVFTL from influenza (orange), GLCTLVAML from Epstein-Barr virus (green) and FPRPWLHGL from human immunodeficiency virus (blue) are shown. These bCDR3s are from TCRs identified on CD8 T lymphocytes isolated with class I tetramer 14,15 loaded with the indicated peptides 14,15 . Each node represents a clonotype. Two different clonotypes are connected if their bCDR3s differ by at most one amino acid (LD≤1). Supplementary Figure 6. βCDR3 sharing between individuals. Pie charts represent the sharing between individuals before (DPCD3 + ) and after thymic selection (CD8 + ). Colours represent the dispersed (grey) or clustered (blue) CDR3s. Sharing was analyzed within the 10 donors for which there were at least 18,000 bCDR3s in DPCD3 + and in CD8 + thymocytes. Supplementary Figure 7. The number of public bCDR3s in CD8 + thymocytes is independent of the number of HLA-I alleles shared. Each dot represents the number of bCDR3s shared between two donors in the first 18,000 CD8 + thymocytes. There is no significant difference in the number of public bCDR3s according to the number of HLA-I alleles shared. The number of public bCDR3s is independent of the number of HLA alleles shared. Representation of the generation probability as a function of bCDR3 connections in individuals (Pn). The contour plots represent shared (blue) or private (grey) bCDR3s. The Pearson correlation coefficient "R" and p-value "p" are calculated for each group. The black dotted lines delimit the threshold for the 2.5% sequences with the higher Pgen and connection. bCDR3s with both the highest Pgen and connections are also the most public for 12 out of 12 individuals (p<0.0001, two-tailed Fisher test). Supplementary Figure 10. Virus-specific CDR3s among DPCD3 + and CD8 + thymocytes. Bar plots represent the percentage, within the top 18,000 bCDR3s of each donors, of bCDR3s from TCRs identified as virus-specific based on tetramer identification 14,15 . For each panel, the percentage is calculated within dispersed (left boxplot) or clustered (right boxplot) bCDR3s.

Supplementary Figure 2. Clustered

Supplementary

Colours correspond to different viral specificities.

Supplementary Figure 11. Enrichment of virus-specific bCDR3s in the CD8 + thymocyte repertoire. Representation of the generation probability as a function of bCDR3 connections in individuals (Pn). The contour plots represent bCDR3s from TCRs identified as virus-specific based on tetramer identification 14,15 (red) or with unknown specificity (grey). The Pearson correlation coefficient "R" and p-value "p" are calculated for each group. The black dotted lines delimit the threshold for the 2.5% sequences with both higher Pgen and degree of connection. bCDR3s with both the highest Pgen and connections were also the most virusspecific for 11 out of 12 individuals (p-value <0.0001, two-tailed Fisher test).

Supplementary Figure 12. Single clusters of bCDR3s from CD8 + thymocytes comprise TCRs with different viral specificities. The tagged dots represent bCDR3s with known specificity according to the public database 14,15 . bCDR3 specific for unrelated virus epitopes can be found close to or even directly linked in the cluster. Data from the donors are available on request to the authors.
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Monitoring the T-cell receptor (TCR) repertoire in health and disease can provide key insights into adaptive immune responses, but the accuracy of current TCR sequencing (TCRseq) methods is unclear. Here, we systematically compared the results of nine commercial and academic TCRseq methods, including six RACE-PCR and three multiplex-PCR approaches, when applied to the same T-cell sample. We found marked differences in accuracy and intra-and inter-method reproducibility for alpha (TRA) and beta (TRB) TCR the methods. Numbers of TCR sequences and clonotypes were correlated in a methoddependent manner, but not globally, suggesting that the sequencing depth required for a given number of clonotypes is method-dependent (Supplementary Fig. 2d).

Replicability and reproducibility differ among methods

For each method, we first analyzed the proportion of reads that were identified as TCRs (Fig. 1a and Supplementary Fig. 2). For 7/9 methods, we observed 20 to 60% of non-aligned reads, which were mainly explained by no V and/or J sequence identification. TCR sequences had a high-quality score (phred > 30, Fig. 1b) and contained less than 1% PCR errors (Fig. 1c), except for RACE-2, RACE-6, mPCR-2 and mPCR-3. Note that these parameters could not be assessed for one of the commercialized mPCR-1 for which undisclosed proprietary preprocessing of the data is performed.

Using a VDJ rearrangement model (Methods), we computed 17 rearrangement parameters for TRA and TRB sequences from experiments A&B (Supplementary Fig. 3) and calculated

Jensen-Shannon Divergence (JSD) distances between samples per parameter. Multi-Dimensional Scaling (MDS, Fig. 1d) showed that, within each experiment, samples obtained with the same method clustered together, suggesting that each method imposed its methodological imprint on the repertoire profile.

We further compared the different library methods' replicability (i.e. the similarity among data obtained with the same method) and reproducibility (i.e. the similarity among data obtained with different methods) using JSD as a measure of the distance between datasets 37 . Figure 1e showed that for TRB, both the replicability and reproducibility of RACE-6 and mPCR-2 are lower than for all the other methods tested. However, when considering TRA, replicability is higher for RACE-3 and RACE-5 and reproducibility is higher for RACE-3, et al. 21 . The MH similarity significantly increased for all the RACE-based methods for TRA (Fig. 3b-top) (except RACE-3) and for TRB (Fig. 3b-bottom), with the TRA MH similarity remaining lower than that of TRB. Similar observations were made for mPCR replicates. This suggests that for a given depth of sequencing, the TRB diversity is better captured than that of TRA.

Detection sensitivity of rare TCRs depends on the method

To determine the accuracy of the different library amplifications for different clonotype frequencies, we compared the observed frequencies of the TCR from the Jurkat spike-in to their theoretical frequencies of 1/10, 1/100 and 1/1000. (Supplementary Fig. 1b). TRA observed frequencies were on average 3 times lower than expected (Fig. 4a-top;

Supplementary Table 2 and Supplementary Fig. 6a). In contrast, TRB frequencies were on average 3 times higher than the theoretical percentage, except for mPCR-1 (Fig. 4a-bottom;

Supplementary Table 2 and Supplementary Fig. 6a). For most of the methods, except RACE-1_U, RACE-4 and mPCR-3, the ratio between the different dilutions was maintained, as

shown by the mean slope values close to 1 (Fig. 4b).

We then compared the inter-sample variation in clonal frequency for those TCR sequences shared between all replicates of an individual method (excluding the Jurkat clone). Figure 4c represents the standard deviation of the frequency of each shared clonotype (dots) per method (see details in Supplementary Fig. 6b-d). For TRA, RACE-3 and RACE-5 had the highest number of clonotypes shared between the 9 replicates and the lowest standard deviation. For TRB, all the methods captured a high number of shared clonotypes, and mPCR-1 and RACE-3 had the lowest standard deviation. Finally, pooling all the clonotypes from all the replicates, we identified 9 TRA and 31 TRB clonotypes shared by all the Reliability and sensitivity of each method highlighted using an in silico meta-repertoire

One unavoidable issue when aiming at capturing the diversity of a repertoire is sampling, i.e.

only a fraction of the cells are analyzed and then a fraction of their nucleic acids 21 . To better assess the ability of each method robustly to capture rare and frequent clonotypes, we took advantage of the fact that altogether we generated 45 TRA and 63 TRB replicates of the same cell sample. We aggregated these results to generate an in silico meta-repertoire. To ensure the accuracy of the TCR sequences composing this meta-repertoire, we removed singletons and kept clonotypes found by at least 3 methods.

We first analyzed how many of the clonotypes present in this meta-repertoire were detected by each method. For TRA (Fig. Finally, we analyzed the frequency of MRC TCRs that were detected or not by each method (Fig. 5c and Supplementary Fig. 9). For TRA (Fig. 5c-left), the frequency of MRC found in 9

replicates (red boxplots) ranged from 1% to 0.001% for RACE-3 and RACE-5 and from 1% to 0.05% for the other methods. In contrast, clonotypes not detected in any replicates (black 

METHODS

Blood effector T cell isolation

Peripheral blood mononuclear cells (PBMC) from two healthy blood donors (Etablissement with a purity > 95% (Supplementary Fig. 1a).

Jurkat cell culture

The Jurkat cell line with a known TCR (TRAV8-4-CAVSDLEPNSSASKIIF-TRAJ3; TRBV12-3-CASSFSTCSANYGYTF-TRBJ1-2) (clone E6-1), from ATCC, was grown in 5% CO2, in RPMI 1640 medium, supplemented with 10% (v/v) fetal bovine serum (FBS), 2 mM L-glutamine, 50 U/mL penicillin, and 50 µg/mL streptomycin at the Sorbonne Université laboratory.

RNA and DNA extraction

In experiment A, DNA and RNA were both extracted using TRIzol Reagent (Invitrogen®) from 5 million Jurkat cells and 20 million CD4 + T effector cells and, in experiment B, only RNA was extracted using the RNAqueous-Kit (Invitrogen®) from 7.2 million CD4 + T effector cells following the manufacturer's recommendations. DNA concentration and RNA concentration were measured on a NanoDrop1000 (Thermo Scientific TM ) and RNA integrity was determined on a Bioanalyzer (Agilent®) with measurements higher than 8. RNA and DNA extraction and validation were performed at the Sorbonne Université laboratory.

Aliquot preparation for method comparison

In experiment A, 100 ng of RNA or DNA from the CD4 + effector T-cells sorted from donor A was split into 3 aliquots that were spiked with different amounts of RNA or DNA from the Jurkat cell line, at ratios of 1/10, 1/100 and 1/1000. Each spiked aliquot was further split into 3 and all replicates were processed by all methods tested (7 for RNA and 2 for DNA; Supplementary Fig. 1b). With experiment B, we analyzed the impact of the input material quantity. RNA from sorted CD4 + effector T-cells of donor B was extracted, split into 15 aliquots of 100 ng each and 15 aliquots of 10 ng each and processed in triplicate using 5 of the RNA-based methods (Supplementary Fig. 1c). Aliquots were prepared at the Sorbonne Université laboratory and sent to the partners.

Flow Cytometry

Vβ identification was performed on enriched CD4 + effector T-cells from experiment A (see Blood effector T cell isolation for enrichment procedure) stained with the IOTest Beta Mark TR Repertoire Kit (Beckman Coulter®) according to the manufacturer's protocol as well as with CD4-APC, CD127-BV421, CD25-PECy7. Data acquisition was performed on a Cytoflex® (Beckman Coulter®) using CytExpert® software. FlowJo® was used for data analysis. Vb frequencies were calculated on CD4 + CD25 -CD127 + gated cells (Supplementary Fig. 4a-b).

Staining was performed at the Sorbonne Université laboratory.

Comparing VDJ rearrangement statistics

An empirical VDJ rearrangement model for each method was built as follows. We analyzed clonotype tables to obtain comprehensive statistics of VDJ rearrangements including the frequencies of V/D/J segment usage, number of added N Bases (namely "insert profile", i.e.

the probability distribution of having A/T/G/C inserted in the N-region of CDR3 given that we observe a certain base inserted before it) and V/J segment trimming bases, with the IGoR package 52 . This model is built in a 'greedy' way in the sense that it uses best alignments provided by MiXCR rather than running expectation maximization procedures as described in Murugan et al. 53 . We utilized the Jensen-Shannon divergence (JSD) between distributions of VDJ usage to define the following two statistics that we use for comparative analysis of different TCRseq methods: 1) replicability measured as the distance between different samples produced by the same protocol and 2) reproducibility measured as the distance between samples produced by two different protocols. MDS used for sample mapping was performed on rank-transformed distances to avoid the distorting effect of outliers. All the analyses involve VDJ usage inferred from weighted data (TCR clonotype is weighted by its frequency in the sample) to account for TCRseq method amplification biases.

Similarity analysis

Pearson and Spearman correlations, the Morisita-Horn index 54 (MH) and the Jaccard similarity index 55 (JSI) were used to assess the similarity between samples. The MH index takes into account the relative abundance of species in the sample, while the JSI is a measure of the intersection between two populations relative to the size of their union, and is independent of relative abundances. Both indices vary between 0 (no overlap) and 1 (perfect overlap). JSI and MH were calculated using the DIVO package 56 on R. In order to from experiment A) was calculated for each method. The plot is represented by the correlation score (y-axis) and the P-value (x-axis) of the correlation, allowing the classification of the methods. c, Heatmap of the Pearson correlations between each replicate for the distribution of TRBV gene usage (n=62 unique TRBV genes). The Euclidean distance was used for hierarchical clustering as a color-coded matrix ranging from 0 (yellow, maximum dissimilarity) to 1 (orange, maximum similarity). Jurkat TCR sequences were removed from datasets for this analysis.

whisker extends from the hinge to the largest value no further than 1.5*IQR from the hinge (where IQR is the inter-quartile range). The lower whisker extends from the hinge to the smallest value at most 1.5*IQR of the hinge). 

Supplementary material and methods

Supplementary table legends

Supplementary 

Supplementary Material and methods

• Multiplex-1

DNA was sent to Adaptive technology® (USA) for TCR amplification following their Survey protocol 2,3 . Briefly, from genomic DNA (gDNA), each TCR rearrangement is amplified using a set of 24 forward primers, each targeting one TRBV human gene, and 12 reverse TRBJ primers targeting each TRBJ gene to ensure a complete coverage of the CDR3 sequence. A 30 cycle PCR1 leads to amplicons further purified. 2µL of such purified amplicons are amplified in a second round of PCR (7 cycles) where sample barcodes are added. PCR2

amplicons are further purified. The sequencing is then carried out on a MiSeq V3 Illumina sequencer using a 2x300bp read length protocol by the provider.

• Multiplex-2

TCRB sequencing was performed using primers from the IMonitor publication 4 • Multiplex-3

RNA has been processed with the iProfile-human TRB kit (iRepertoire®). Briefly, each TRB is reverse-transcribed using a set of 24 forward primers, each targeting one TRBV human gene, and a reverse primer located in the TRBC gene to ensure a complete coverage of the TRB sequence. PCR1 primers include barcodes to allow sample identification after the sequencing. PCR1 products are then purified on magnetic beads and a second round of PCR is performed. Amplified libraries are excised from agarose gel and purified 5 . The sequencing is then carried out on a MiSeq V2 Illumina sequencer using a 2x250bp read length protocol for the experiment A and a MiSeq V3 Illumina sequencer using a 2x300bp read length protocol for the experiment B at "Institut du Cerveau et de Moelle epinière" (ICM) to obtain 0.5-1.5x106 reads per sample. Details can be found on the iRepertoire resources document available online (https://docs.wixstatic.com/ugd/c9f231_a02ccf9aa124475e86a7c384c810c077.pdf)

• RACE-1

The alpha and beta chains of the TCR repertoire were sequenced by amplifying cDNA generated from the 10ng and 100ng RNA samples provided. Details of the method are published 6,7 . Briefly, the RNA is reverse transcribed from a TCR constant region primer. A oligonucleotide containing an anchor primer, together with a 12 base pair UMI is ligated onto the 3' end of the cDNA using the single strand T4 RNA ligase 1 (NEB, #MO204).

Subsequent PCR reactions are then used to amplify the TCR cDNA (from the 3' end of the RNA. Libraries were purified by using AMPUre XP beads (Beckman-Coulter®). The sequencing is then carried out on a MiSeq V2 Illumina sequencer using a 2x250bp read length protocol for the experiment A and a MiSeq V3 Illumina sequencer using a 2x300bp read length protocol for the experiment B at "Institut du Cerveau et de Moelle epinière" (ICM) to obtain 0.5-1.5x10 6 reads per sample.

Supplementary references Article 3: "Cross-reactivity between MHC class I-restricted antigens from cancer cells and intestinal bacteria." (Fluckiger et al., Science)

Title: Crossreactivity between MHC class I-restricted antigens from cancer cells and an enterococcal bacteriophage.

CTX+E. hirae 13144, while MC38 cancer does not (Figure S6A-B). PSMB4 is an oncogenic driver involved in proliferation and invasion (19) in a variety of malignancies such as glioblastoma (20), melanoma (21) and breast cancers (22), associated with dismal prognosis (19, 20, 22). CRISPR/Cas9-mediated genomic knock-in of the PSMB4 sequence replacing GSLARFRNI by GALARFRNI (with an S A exchange in position 2) or GSFARFRNI (with an L F exchange in position 3 equivalent to mut 3 of TSLARFANI) in MCA205 cells (Figure S7) significantly affected tumor growth kinetics (Figure S6C-D), suggesting that this PSMB4 epitope contributes to the oncogenic activity of PSMB4. While these knock-in mutations did not interfere with the efficacy of CTX treatment alone, they drastically blunted the anticancer effects of E.

hirae 13144 (Figure 3C-D). We extended these findings to a second tumor model where the anticancer effects of the combination of CTX+E. hirae 13144 were additive even in the absence of antibiotic-induced dysbiosis. Introducing a knock-in mutation in position 3 of PSMB4 into TC1 lung cancer cells again compromised the antitumor effects of CTX (Figure 3E). Moreover, in the setting of PD-1 blockade, administration of E. hirae 13144 without prior conditioning with antibiotics reduced the growth of parental but not PSMB4-mutated MCA205 cancers (Figure S6E). These results support the idea that the TSLARFANI TMP1 peptide encoded by E. hirae 13144 indeed induces T cell responses against the PSMB4-derived GSLARFRNI peptide across different tumor types and therapy modalities.

Reenforcing the notion of molecular mimicry between phage-encoded and cancer antigens, flow cytometric analyses using fluorescent-labelled tetramers H-2K b /TSLARFANI (from TMP1) and H-2K b /GSLARFRNI (from PSMB4) identified a subset of double-positive CTLs that infiltrate MCA205 tumors from CTX/E. hirae 13144-treated mice (Figure S6F) and that was as frequent as CTLs recognizing the PSMB4 peptide only (Figure 4A). We purified the splenic CD8 + T cells using either the TMP1-H-2K b or PSMB4-H-2K b specific tetramers and stimulated them with irrelevant (OVA-derived-SIINFEKL) versus relevant (TMP-derived TSLARFANI or PSMB4derived GSLARFRNI) peptides (Figure 4B). CD8 + T cells binding H-2K b -TMP1 tetramers produced IFN not only in response to TMP1 (up to 5-fold increase in IFN secreting T cells) but also in response to the PSMB4 epitope (2-fold increase, as much as with heat-killed E. hirae 13144 processed by DC) (Figure 4C, Figure S6G). Similarly, CD8 + T cells binding H-2K b -PSMB4 tetramers functionally recognized TMP1, albeit less efficiently than the PSMB4 epitope associated with favorable prognosis in head and neck squamous cell carcinomas (30-32). The TCGA transcriptomics database unveiled that high expression of GPD1-L is associated with improved overall survival in lung adenocarcinoma and kidney cancers (Figure S11D). Moreover, high expression of GPD1-L mRNA by tumors at diagnosis was associated with improved progression-free survival in three independent cohorts of non-small cell lung cancer (NSCLC) patients (n=157, Table S7) treated with anti-PD1 Abs (Figure S11E-F). Expression of GPD-1L failed to correlate with that of PD-L1 in NSCLC (Figure S11G). Of note, mutations in or adjacent to the 631-639 amino acid sequence of GPD-1L gene could rarely be identified in several types of neoplasia (Figure S12).

We derived an HLA-A*0201-restricted, phage peptide (KLAKFASVV)-specific T cell line from peripheral blood mononuclear cells of a human volunteer. Clones from this line also recognized the HLA-A*0201 -restricted, GPD-1L epitope (KLQKFASTV) (Figure S13A-C). Moreover, we detected CD8 + T cells binding HLA-A*0201/KLAKFASVV tetramers exhibiting hallmarks of effector functions after in vitro stimulation of PBMC with the KLAKFASVV phage epitope in 3 out of 6 NSCLC patients (Fig. S13D-F). In the reverse attempt searching for molecular mimicry between well known and naturally processed non-mutated melanoma differentiation antigens recognized by human T cell clones (such as HLA-A*0201-binding MART-1 or MELOE epitopes) and gut commensal antigens, we found microbial analogs in the public microbiome data bases (Figure S14, Table S8-Table S9, Figure S15, Table S8-S10). Some of these microbial peptides are recognized by the corresponding TCR (Tables S9-S10) with similar affinities as the parental (tumoral) epitope.

Altogether the present results demonstrate that microbial genomes code for MHC class Irestricted antigens that induce a memory CD8 + T cell response, which then crossreacts with cancer antigens. Several lines of evidence plead in favor of this interpretation, as exemplified for the TMP1 epitope found within a phage that infects enterococci. First, naturally occurring ('mut3' in E. hirae strain ATCC9790) or artificial mutations ('mut2' or 'mut3' in E.coli) introduced into the TMP1 epitope suppressed the tumor-prophylactic and therapeutic potential of bacteria expressing TMP1. Second, transfer of the TMP1-encoding gene into E. coli conferred immunogenic capacity to this proteobacterium, which acquired the same antitumor properties as Antibiotic treatments. Mice were treated during 3 days (biotinylated) an antibiotic (ATB) solution containing ampicillin (1 mg/mL), streptomycin (5 mg/mL), colistin (1 mg/mL) and vancomycin (0.25 mg/mL) (Sigma-Aldrich) added to the sterile drinking water of mice.

Antibiotic activity was confirmed by cultivating fecal pellets resuspended in brain heart infusion (BHI) broth + 15% glycerol at 0.1 g/mL on COS (BD Columbia agar with 5% sheep blood, BioMérieux) plates for 48h at 37°C in aerobic and anaerobic conditions. In the context of bacterial or fecal transplantation, mice received 3 days of ATB before undergoing bacterial or fecal transplantation the next day by oral gavage using animal feeding needles. ATB were not used for Figure 3E and Figure S6E. CO2, in the presence of the protein transport inhibitor GolgiStop (BD). After 5 h, T cells were collected, washed in PBS and incubated for 30 minutes at 4°C with the following mAbs from BD Biosciences: PE-CD3 (SP34-2), APC-H7-CD8 (SK1), FITC-CD4 (SK3), BV786-CD137 (4B4-1). After washing, cells were fixed and permeabilized by means of the Cytofix/Cytoperm kit (BD Biosciences), following the manufacturer's instructions. Intracellular staining was performed for 30 minutes at room temperature by the use of following mAbs from BD Biosciences: PE-Cy7-IFN-γ (B27), and Alexa Fluor647-GrB (GB11). Cells were immediately acquired on a FACS Celesta and analyzed using FACS Diva software (BD).

MART-1 and MELOE-1-specific T cell clones and responses to bacterial peptides.

Principles.

We identified microbial analogs of non-mutated tumor-associated antigens relevant to human malignancies (such as the MART-1/Melan-A melanoma differentiation antigen or MELOE-1 abberrantly expressed antigen). In the public microbiome database (metaHIT), 5 and 11 microbial sequences shared more than 78% homology with EAAGIGILTV (from MART-1/Melan-A) (Figure S14A) and TLNDECWPA (from MELOE-1) (Figure S15A), respectively. The cross- S8). We also evaluated 11 microbial peptides for their capacity to stimulate 10 MELOE-1 specific T cell clones, which exhibited a bias towards another TRAV segment (TRAV19, Table S9). Four out of 10 MELOE-1 specific T cell clones responded to at least 1 bacterial peptide (Figure S15B). One of these peptides, differing from the cognate peptide at positions 6 (P6) and 8 (P8) (predicted as weak binder to the HLA-A2 molecule), was recognized by 3 MELOE-1-specific T-cell clones with EC50 values similar to the one observed for the WT MELOE-1 peptide (Figure S15B). The two other analogous peptides with different P6 host (Figure 4F, Figure S8B-C). In contrast, none of the 90 colonies (mostly of E. gallinarum) isolated from naive mice harbored the TMP sequence (Figure S8A).

In vitro. One E. gallinarum strain (isolated from naïve mice) were incubated at a ratio of 1:1 (10 7 of each bacteria), in the presence of small intestinal organoids, during one hour before treatment with mafosfomide (25µg/mL). Six and twenty hours post-incubation, organoid supernatants were plated to allow for the isolation of E.gallinarum colonies followed by PCR-based detection of the TMP sequence on each E.gallinarum colony. For preparation of small intestine organoids, ileal intestinal crypts were isolated and enriched from 8-12 week old C57BL/6 mice as previously described ( 5) with the following modifications. Briefly, pieces of ileum washed in PBS were incubated in PBS containing 2mM EDTA for 30 minutes on ice. and the presence of plasmids with the correct insert was verified by sequence analysis (5'-CCCAGTCACGACGTTGTAAAACG-3' and 5'-GAGCGGATAACAATTTCACACAGG-3').

Expression of EGFP and TMP-FLAG in E. coli was verified by western blot analysis using antibodies targeting GFP (Cell Signaling, 2956) or FLAG (Sigma-Aldrich, F7425), respectively.

CRISPR/Cas9-mediated mutations of mouse Psmb4 in MCA205 and TC1 lung cancer cells.

Wild type MCA205 cell line was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and was maintained in RPMI-1640 medium (Thermo Fisher Scientifc, Inc., Waltham, MA, USA) supplemented with 10% FBS (Thermo Fisher Scientific, Inc), 100 U/mL penicillin and 100µg/mL streptomycin (Thermo Fisher Scientific, Inc.) at 37˚C. For the CRISPR knock in mutations, we designed the gRNA (sequence AGATATTGCGGAAACGAGCC) by using the CRISPR design tool developed by the Zhang lab (http://crispr.mit.edu/).

genome as a reference. Phylogenetic analysis was performed by considering the 47,303 polymorphic sites retained in the core genome of the 20 genomes. Maximum likelihood phylogeny was constructed using Fastree (13). Phylogenetic tree was visualized using figtree (http://tree.bio.ed.ac.uk/ software/figtree/). Complete proteome sequences of 20 E. hirae strains were compared using by BlastP and pairwise alignments using ClustalW. We clustered the E. hirae homologous genes using orthoMCL ( 14) on the translated protein sequences of all predicted genes with a conservative parameter value of 70% amino acid sequence identity and 50% sequence A. Phylogenetic tree of 19 E.hirae genomes based on SNP alignments.

B.

A particular genomic trait of E. hirae 13144 is that it encodes two intact prophage regions (of 40.6 kb and 39.2 kb) showing weak sequence identities with the most common Enterococcus phage phiEf11 vB_EfaS_IME197 (14% and 11% of shared genes, respectively) (Table S3).

Comparative analysis of the 39.2kb prophage of E. hirae 13144 with 18 other sequenced E. hirae genomes showed that this phage was strain-specific, although portions of its genome were detectable in other E.hirae strains. Comparative analysis through a "heatmap" clustering based on a matrix of presence (black) and absence (white) of the E.hirae 13144 39.2kb-prophage protein sequence or the TMP1 epitope and HLA-A2 TMP epitope 10 without mutation (red), with 1 mutation (violet) or 2 mutations (blue). Functional avidities were evaluated by measuring TNFα production in response to T2 cells loaded with a dose range of each indicated peptide, at an E:T ratio of 1:2, by flow cytometry.

Ranges of EC50 for each peptide were calculated using PRISM software.

Supplemental Tables:

Table S1. Description of E. hirae strains.

Table S2. H-2K b restricted-E. hirae epitopes (<50nM).

We performed sequence alignments of bacterial genes encoding putative cell wall and secreted proteins for immunogenic (13144) versus non-immunogenic (708 and 13344) E. hirae strains (using the PSORT software), followed by a selection of high affinity epitopes for the MHC class I H-2K b protein (<50 nM binding affinity) using the NetMHC software.

Table S3. Seeking prophage sequences in E. hirae 13144 genomes.

Table S4. List of TRA sequences shared between TMP1 and PSMB4-specific TCRs.

Table S5. List of TRB sequences shared between TMP1 and PSMB4-specific TCRs.

Table S6. List of TMP epitopes selected in silico to bind with high affinity (<50nM) HLA-A*0201 molecules.

Table S7. Description of cancer patients treated with anti-PD1 Abs in three independent cohorts (corresponding to Figure S11E-F).

Table S8. Sequence of peptides tested in MART-1 and MELOE-1-specific T cell clones.

Table S9. 

Abstract

Background: Takayasu's arteritis (TAK) and giant cell arteritis (GCA), the two most common types of large vessel vasculitis (LVV) exhibit distinct immune response profiles that are currently poorly known.

Methods

Patients

The study population consisted of 54 13,14 . GCA patients fulfilled the international criteria for GCA 17 . The study was approved by our institutional ethics review board and was performed according to the Helsinki declaration. Patients gave informed consent.

Transcriptome of CD4+ T and CD19+B cells

CD3 + T cells were isolated from PBMC of active TA (n=25) and GCA (n=27) patients by negative isolation using DYNABEADS® untouched™ Human T Cells Kit (Thermofisher Scientific) according to the manufacturer's instructions. Patients should not receive steroids higher than 10mg/day and/or immunosuppressants. CD4+ cells were then isolated by positive selection using DYNABEADS® CD4 isolation kit according to the manufacturer's instructions. CD19 + B cells were isolated from PBMCs of active TA (n = 10) and GCA (n = 8) patients by DYNABEADS® CD19 positive isolation kit according the instructions of the manufacturer. Once isolated, total RNA from CD4, or CD19 positive cells was extracted using the NucleoSpin® RNA kit (Macherey -Nagel), according to the manufacturer's instructions. Total RNA was quantified by a NanoDrop ND -1000 spectrophotometer. Samples with RNA concentration<20ng/µl were excluded.

For quality control, RNA dilution was performed using Agilent RNA 6000 Nano Kit and 1µL of the sample was run on the Nano chip using an Agilent 2100 electrophoresis bioanalyser. The quality of total RNA was assessed by the profile of the electropherogram and by the RNA integrity number that was included between 7.3 and 9.3. For Illumina Beadarrays, cRNA samples were prepared using Illumina TotalPre -96 RNA Amp kit (LifeTechnologies) and hybridized to Illumina Human HT -12 v4

Beadarrays.

Data acquisition and normalization

Raw IDAT files were processed using illuminaio R package and concatenated into a single text file summarizing all patients and genes. Data were further background - corrected using limma R package and inter -chip batch effects were also removed for each rabbit polyclonal anti -CXCR5 (dilution 1:20, Abcam), mouse monoclonal anti -PD1

(dilution 1:50, Abcam), monoclonal anti -CD20 (dilution 1:200, DAKO), CD38 (dilution 1:100, Abcam), CD27 (dilution 1:100, Abcam), BAFF (dilution 1:100, Abcam), CXCL13

(dilution 1:100, R&D), IL-21 (dilution 1:100; Merc) or with isotype control: polyclonal Rabbit IgG or monoclonal mouse IgG (Abcam). Slides were then incubated for 30 minutes at room temperature with a biotinylated secondary antibody (1:250). To amplify the signal, Avidin -Biotin complex is then incubated with the tissue section and peroxidase was revealed by diaminobenzidine (DAB) in the presence of H2O2. Finally, slides were mounted in Mowiol, and evaluated under microscopy.

Gene expression quantification at the mRNA level

Quantification of mRNA expression was performed on CD4 positive cells of TA and GCA patients. CD20, PD -1, CXCR5 and CD -45 genes were analyzed. Briefly, total RNA was extracted using the High Pure FFPET RNA Isolation Kit (Roche) for aorta and NucleoSpin® RNA kit (Macherey -Nagel) for CD4 positive cells and reverse -transcribed using SuperScript VILO cDNA Synthesis Kit (Invitrogen) according to the manufacturer's instruction. Gene expression was determined by real -time PCR. Each cDNA sample was amplified in triplicate using SYBR Green (Applied Biosystems) on 7500 FAST Real -time PCR System (Applied Biosystems). The thermal cycling conditions comprised an initial denaturation step at 95°C for 10 minutes, followed by 40 cycles at 95°C for 15 seconds and 65°C for 1 minute. Quantitative values were obtained from the threshold cycle (Ct) number at which the increase in the signal associated with exponential growth of PCR products began to be detected. RPLPO gene was used as an endogenous control and each sample was normalized on the basis of its RPLPO content and the expression of CD45. The primers were designed to span introns and are listed in supplementary Table 2.

Cultures of B cells and T cells

CXCR5 + or CXCR5 -CD4 + T cells (50 000 cells each/well) of active TA (n=8) patients were cultured with 20 000 naïve B cells (defined as CD27 We performed a microarray gene analysis of purified CD4 + T cells of active GCA (n=27) and TA (n=25) patients (with steroids ≤10mg/day and no immunosuppressants) to analyse distinct molecular pathways. We found that CD4 + T cells of GCA and TA patients exhibit distinct RNA signatures. A total of 730 genes were significantly dysregulated between these two diseases (with an adjusted p -value threshold of 0.05) of which 419 and 311 of them were up - regulated and down -regulated in TA versus GCA, respectively. Among the most up -regulated genes in TA, we found CXCR5, CCR6 and CCL20 (Figure 1A). Interestingly, CXCR5 and CCR6 genes are expressed by T Follicular Helper (TFH cells in blood, in particular by TFH - 17. As TA and GCA patients are characterized by different ages, we confirmed that the expression of CXCR5 was not correlated with the age of patients in both diseases (Figures S1A andB). We next performed a principal component analysis (PCA) using the signature previously generated. We showed a gene signature leading to a very clear discrimination between the 2 diseases and the genes explaining the most such discrimination included CXCR5, CCR6, PD -1 and CCL20 that were all up -regulated in TA (Figure 1B). We confirmed by qPCR the overexpression of CXCR5 mRNA in CD4 + T cells of TA compared to GCA patients (p=0.02) (Figure S1C). Next, using publicly available GEO microarray data (GSE118165), we constructed a TFH -specific gene signature and computed a signature score using an in -house algorithm (see Material and Methods section) that allows estimating the enrichment of a signature in a given patient group. We found that this TFH -specific gene - signature was significantly more present in the CD4 + T cells of TA compared to GCA patients (Figure 1C).

We next confirmed by flow cytometry the over -expression of CXCR5 by CD4 + cells in TA.

The proportion of CXCR5 + CD4 + cells [defined as circulating TFH (cTFH)] among CD4 + cells was dramatically higher in TA compared to GCA patients or healthy donors (HD)

[median proportion of CXCR5 + CD4 + T cells of 15.4 (10; 30.8)% in TA versus 5.3 (1.4; 12.2)% in GCA (p<0.0001) and 9.7 (5.6; 12.5)% in HD (p=0.0001)] (Figures 1D andE).

CXCR5 + cells were also higher in active TA patients as compared to inactive one (Figure 1F).

Circulating CCR6 + CXCR5 + CD4 + TFH -17 cells are significantly increased in TA

We next studied more deeply TFH differentiation in LVV patients. The same procedure as the one described in Figure 1C was performed with a TFH17 -specific gene signature obtained 372 Table S1: List of genes included in Tfh signature Table S2.List of primers used for quantification of gene expression Supplementary Tables Table S1: 

Supplementary Methods

Computation of signature scores

We used specific gene signatures to compute a signature score using an R custom algorithm for each patient involved in the dataset, in order to estimate a given sample orientation in terms of transcriptomic profile. For a given gene signature and patient, the final signature score is the sum of all subscores computed for individual genes. A subscore is defined by the current gene expression value pondered by a given linear weight, depending 1) on the gene direction (up -regulated or down -regulated) and 2) on the intensity of the patient's gene expression compared to all patients' expression of the same gene. In the case of an up - regulated gene, a patient gene expression value close to the maximum of the gene -matching distribution will lead to a weight close to 1, whereas an expression value close to the minimum of the gene -matching distribution will lead to a weight close to 0, and vice versa for a down -regulated gene. In the end, the final score reflects the likeliness of the signature to match the patient's transcriptomic profile: the higher the score is, the more likely the signature describes well the patient's transcriptomic profile. With this technique, we can either compare several signature scores in one patient group, or compare a given signature score between several patient groups.

Analysis of cytokine production in LVV patients

Peripheral blood mononuclear cells (PBMCs) were stimulated for 4 hours with 0,05 µg/mL Phorbol 12 -myristate 13 -acetate (PMA) and 1 mM (1µg/mL) ionomycin (Sigma -Aldrich).

Culture supernatants were harvested and immediately frozen at -80°C. Quantitative determination of IL -17 and IL -6 was performed in culture supernatant using Human Cytokine 25 -Plex (Invitrogen, Cergy Pontoise, France) in accordance with the manufacturer protocol.

Counting of B cells

Images where converted from Hamamatsu slide scanner native format ndpi to .tiff format to facilitate the workflow process under Fiji, an open source image processing toolbox. Most of the pre -established parameters of the (Hamamatsu) software were maintained for all the samples. Fiji was downloaded from http://fiji.sc/Fiji (US National Institutes of Health, Bethesda, MD, USA) and used for image segmentation and analysis. For reliable and 380 automated data analysis, we developed an efficient image analysis software solution as plugin to Fiji. Our plugin quantified the signal of the specific marked cells selectively and separately for the rest of the sample. First, the image brightness and contrast were changed to increase the contrast of the specific stained cells and then were separated from the background using a simple intensity threshold. Subsequently, our plugin generated a binary mask from the images of the respective marker after intensity thresholding. The binary masks were separately applied to the original channel and the specific marked regions were identified. Measurements of area and mean grey value were calculated and then processed under Microsoft Excel.

Valentin Quiniou -Thèse de doctorat d'Immunologie -2020 Summary:

Specificity is the hallmark of the adaptive immune response. For T cells, specificity is mediated by T cell receptors (TCRs), which interact with peptides presented by major histocompatibility complex molecules through their complementary-determiningregion-3 (CDR3). TCRs are formed by rearrangements between hundreds of gene segments at the alpha and beta loci, theoretically generating >10 19 sequences. TCR selection during thymopoiesis releases for each individual a repertoire of approximately 10 7 to 10 8 unique TCRs. How evolution shaped a process that selects TCRs that would efficiently respond to antigens that are not yet present is a central question of immunology. The paradigm is that the selection of a diverse enough repertoire of TCRs should always provide a proper specificity for any given need. Expansion of such rare T cells would provide enough fighters for an efficacious immune response and later enough antigen-experienced cells for memory. However, this theory is challenged by overlooked data questioning the essence of specificity, including robust experimental and epidemiological data highlighting heterologous immunity, i.e. exposure to one agent protecting against infection by another. We show here that, during human thymopoiesis, there is a marked enrichment of CDR3s with high generation probabilities, shared between individuals and specific for viral peptides. Furthermore, at the single cell level, unique alpha/beta TCRs to which these CDR3s belong can bind multiple peptides from different viruses. Our results support an evolutionary selection that favors polyspecific TCRs for antiviral responses and heterologous immunity.