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Résumé

Le lymphome folliculaire (FL) est le lymphome non-hodgkinien indolent émanant de cellules B du centre germinatif (GC) le plus courant. La translocation t(14 :18) ayant lieu tôt dans le processus du développement B est la marque génétique du FL. Cette translocation place le gène Bcl2 sous le contrôle direct des éléments régulateurs situés en 3' du locus des chaînes License CC BY-NC-ND 4.0

Preamble

Follicular lymphoma (FL) is an indolent form of non-Hodgkin's lymphoma (NHL), accounting for 30 to 40% of the cases, making the most common. It originates from germinal center (GC) B cells and is considered incurable. The genetic hallmark that leads to the development of FL is the t (14:18) that occurs early in the bone marrow during the development of B lymphocytes. This translocation places the anti-apoptotic gene Bcl2 under the direct control of the enhancers of the immunoglobulin heavy chain locus 3' regulatory region (IgH 3'RR), leading to a deregulated expression of its promoters and thereby a constitutive expression of the anti-apoptotic Bcl2 protein.

The complex natural history of FL spans years of evolution. Before transformation, cells go through several cycles of entry and exit (with likely defective exit) from the GC, where they accumulate various oncogenic alterations in contact with a microenvironment that is supporting their survival and growth. Faithful modeling of this complex natural history requires animal models reproducing in vivo the interaction between malignant B cells and the microenvironment. However, no mouse model to date has faithfully modeled this pathogenesis. An "original sin" of the published models is the deregulation of Bcl2 distinct from that of FL; meaning either with overexpression in all hematopoietic cells (vavP-Bcl2) (Egle et al. 2004), or restricted to B cells but under the control of an enhancer (Eµ) without specificity for the activated GC B cell stage (Eµ-Bcl2) (McDonnell et al. 1989a;[START_REF] Strasser | E Mu-Bcl-2 Transgene Facilitates Spontaneous Transformation of Early Pre-B and Immunoglobulin-Secreting Cells but Not T Cells[END_REF].

The objective of my thesis project was thus to study the effect of this stage specificity by designing and comparing two new models:

1-Igk-Bcl2: Knock-in of human Bcl2 in the Igk light chain locus, ensuring "pan-B"

deregulation, but with maximum activity in terminal B cell differentiation.

2-3'RR-Bcl2: Transgene placing Bcl2 under the control of an enhancer which our laboratory has previously demonstrated the specificity of the GC stage and the capacity to stimulate both the transcription and the recruitment of the enzyme AID:

the super enhancer IgH 3'RR.

It should be noted that the promoter region of Bcl2 has a characteristic structure including two promoters P1 and P2. In healthy cells, transcription is only issued from P1. In FL however, cells show a shift from P1 to P2. Unlike the Bcl2 transgenes previously described, our two models contain the complete Bcl2 promoter region and

License CC BY-NC-ND 4.0 allow us to study its involvement in the Bcl2 deregulation process. This region includes sites binding transcription factors, such as the repressor Bcl6 that limits the expression of Bcl2 in normal GC cells.

Deregulation of Bcl2 alone is not enough to induce the development of FL, secondary genetic mutations are necessary. For that reason, we crossed our Bcl2-deregulated mice with three other models carrying alterations frequently detected during FL:

1-The presence of N-glycosylation sites in the variable region of BCR is almost constant in LB of FL. We have developed a new mouse model carrying a prerearranged N-glycosylated IgK chain (Kappa-MOUSS mouse).

2-Mutations affecting KMT2D (or MLL4) which are detected in 90% of cases of FL.

KMT2D is a histone methyltransferase. Its deletion disrupts the development of B cells in the GC and promotes lymphomagenesis in mice.

3-HVEM (Herpes Virus Entry Mediator, also referred to as TNFRSF14), frequently mutated during FL (in up to 40% of the cases). HVEM normally controls cell proliferation and its loss has been shown to disrupt cell-cell interactions, creating a tumor-supportive microenvironment. In other words, HVEM deletion facilitates escape from the immune response and leads to increased B proliferation.

Our aim in this thesis project was to understand the earliest stage of FL development and the mechanism leading to its transformation into a more aggressive lymphoma.

Such work could eventually lead to uncovering novel diagnostic and therapeutic strategies. We ran a multitude of experiments on all of our mice, including flow cytometry and immunohistochemistry ones to fully characterize our mice at the cellular level. In parallel various, high-throughput sequencing techniques were also conducted to help us better characterize our mice at the molecular level as well.

All the data we obtained showed that our mouse models were invaluable tools to recapitulate the early events of FL lymphomagenesis and could even be used for preclinical studies.
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License In their germline configuration, these Ig loci are nonfunctional and composed of a succession of genes, forming different segments: from 5 'to 3', we distinguish the segments of variability "V", the segments of diversity "D" (only on the IgH locus), the joining segments "J" and finally the constant segments "C". The V (D) J segments The variable domain (represented in light yellow) is composed of the variable regions of both the heavy and light chains (VH and VL respectively). Each of these domains contains three hypervariable regions, named CDR 1 to 3 (represented in dark blue), separating four less variable regions (FR 1 to 4). The constant domain (represented in light blue), is composed of the constant regions of both the heavy and light chains (CH and CL respectively). The hinge region, which confers flexibility is located in-between the CH1 and CH2.

License CC BY-NC-ND 4.0 encode the variable regions, while the C-segments encode the constant regions of the Ig chains. Despite the differences between different mammal species, both the murine and human loci have a very similar organization, making the mouse an ideal model for their analysis [START_REF] Hirano | The Evolution of Adaptive Immunity in Vertebrates[END_REF]. The efficient combination of a single light chain V and J segment along with heavy chain V, D and J segments occurs in a seemingly random fashion thereby resulting in the expression of a BCR on the cell surface, determining the further fate of the B cell. To be more specific, these loci must undergo several gene recombination events to allow the expression of functional Igs by B lymphocytes (Fig. 2). These events punctuate lymphopoiesis. We distinguish the socalled "early", events which occur in the bone marrow and precede the encounter with the antigen, followed by the "late" events, which occur in the secondary lymphoid organs (such as the spleen, Peyer's patches and lymph nodes) after engaging with the antigen [START_REF] Pieper | B-Cell Biology and Development[END_REF].

These events help to diversify the antigenic repertoire to optimize the efficiency of the immune response, by increasing the affinity of the Ig for the antigen on one hand, and on the other hand by adapting its effector functions (explained in detail later on in this chapter). License CC BY-NC-ND 4.0

I.1. The different stages of B cell development

The maturation of B cells is a sequential process, which progresses through a series of developmental stages to result in the generation of a functional antibody-producing B lymphocyte.

I.1.1. The antigen-independent early stage I.1.1.1. From hematopoietic stem cells to common lymphoid progenitors B cell ontogenesis begins in bone marrow (BM) and the fetal liver in the absence of an antigen (Ag). This journey is not clearly compartmentalized; meaning that we rather speak of a "continuum" during which the B lymphocytes come from hematopoietic stem cells (HSC for Hematopoietic Stem Cells) (Fig. 3). The latter constitute the selfrenewing multipotent progenitors capable of generating all blood cell lineages [START_REF] Pieper | B-Cell Biology and Development[END_REF][START_REF] Tsuneto | Environments of B Cell Development[END_REF].

These hematopoietic stem cells will initially differentiate as multipotent progenitors, always capable of differentiating into cells of different lineages, but having lost their capacity for self-renewal. Then, the differentiation and commitment of HSCs into specific cell types involves the sequential activation of lineage-specific transcription factors. The most crucial of which is the E26 transforming sequence (ETS) purine box transcription factor 1 (PU.1), the action of which allows these cells to engage into different lineages, thus forming myeloid or early lymphoid progenitors (ELP). Then, the zinc finger transcription factor IKAROS synergizes with PU.1, and through its control of lineage priming, sets the stage for lymphoid cell development and reduced myeloid potential. Cells at this stage will gradually acquire the expression of IL7 and Rag1, forming the population of common lymphoid progenitors (CLP), which is at the origin of T and B lymphocytes, Natural Killer (NK) as well as plasmacytoid dendritic cells (pDC) (For review: [START_REF] Dress | Plasmacytoid Dendritic Cells Develop from Ly6D+ Lymphoid Progenitors Distinct from the Myeloid Lineage[END_REF][START_REF] Hardy | The Protean Nature of Cells in the B Lymphocyte Lineage[END_REF][START_REF] Miyazaki | The Establishment of B versus T Cell Identity[END_REF][START_REF] Nutt | The Transcriptional Regulation of B Cell Lineage Commitment[END_REF]).

Entry into B cell lineage is mainly influenced by four transcription factors: E2A, EBF1, Pax5 and FOXO1, which promote the differentiation of B cells while suppressing the T and NK lineages (For review: [START_REF] Welinder | B-Lymphocyte Commitment: Identifying the Point of No Return[END_REF][START_REF] Zhang | Early Events in Lymphopoiesis: An Update[END_REF]). More specifically, stimulation of CLPs by IL-7 will induce the expression of Early B cell Factor (EBF1), which will limit the differentiation to B and T lymphocyte lineages. Finally, the expression of Pax5 (along with EBF1) will inhibit T and NK lymphocyte lineages,

License CC BY-NC-ND 4.0 allowing the expression of B220 (CD45 receptor), and the definitive engagement to the B lymphocyte line and differentiation into the pre-pro-B cell stage [START_REF] Souabni | Pax5 Promotes B Lymphopoiesis and Blocks T Cell Development by Repressing Notch1[END_REF][START_REF] Treiber | Early B Cell Factor 1 Regulates B Cell Gene Networks by Activation, Repression, and Transcription-Independent Poising of Chromatin[END_REF][START_REF] Tsuneto | Environments of B Cell Development[END_REF]. Studies have shown that inactivation of Pax-5 expression in mice blocks development B cells at the pre-pro B cell stage and leads to their return to the multipotent progenitor cell stage having the capacity to differentiate into macrophages or T cells [START_REF] Cobaleda | Pax5: The Guardian of B Cell Identity and Function[END_REF][START_REF] Mikkola | Reversion of B Cell Commitment upon Loss of Pax5 Expression[END_REF].

It is worthy to note that there is a subpopulation of particularly common lymphoid progenitors, capable of entering the B lymphocyte line in the absence of IL7, but not PU.1. This population, found in the fetal liver, is at the origin of B1 lymphocytes, a special class of B cells that play a role in innate immunity (For review: (Montecino-Rodriguez and Dorshkind, 2012)).

I.1.1.2. Pre-Pro-B stage: Definitive commitment to B cell lineage

The pre-pro-B cell stage is the most immature stage of the B cell lineage. These cells are distinguished from their progenitors only by the expression of markers specific for B cells. Thus, while still expressing the marker CD117 (c-kit), these cells express the surface marker B220 or CD45R specific of B cells as well as the signal transduction molecules CD79a (Igα) and CD79b (Igβ) which are all characteristics of B lymphocytes [START_REF] Hardy | The Protean Nature of Cells in the B Lymphocyte Lineage[END_REF]. Up to this point, the loci of the Ig chains are in germline conformation, therefore unable to express an Ig. All blood cells are derived from multipotent stem cells, which are themselves derived from hematopoietic stem cells. These cells, under the influence of certain transcription factors, will gradually engage in the lymphoid line, forming precursors common to T and B lymphocytes, but also to NK cells, before differentiating into pre-pro B and thus begin their differentiation into B lymphocytes.

License CC BY-NC-ND 4.0

Again, the prolonged expression of Pax5 and EBF1 at this stage is necessary to acquire the expression of the marker CD19, thereby allowing these cells to reach the pro-B cell stage, where the VHDJH rearrangements take place on the heavy chain loci [START_REF] Hardy | The Protean Nature of Cells in the B Lymphocyte Lineage[END_REF].

I.1.1.3. Pro-B stage: IgH locus rearrangement

Up to this point, the immunoglobulin (Ig) chain loci are in a germline conformation, and therefore do not allow the expression of Ig. However, when B cells reach the pro-B stage, they begin to express the marker CD19. This is particularly marked by the initiation of the VHDJH rearrangement process. The latter is an ordered (in which the IgH locus rearrangements occur before those of the IgL loci) and sequential mechanism (in which the D-JH recombination precedes the VH-DJH) [START_REF] Alt | Ordered Rearrangement of Immunoglobulin Heavy Chain Variable Region Segments[END_REF][START_REF] Jung | Mechanism and Control of V(D)J Recombination at the Immunoglobulin Heavy Chain Locus[END_REF].

First, and simultaneously on both alleles of the IgH locus, a segment D combines with a JH segment to form a D-JH junction resulting in the deletion of the DNA between these segments. Secondly, the VH-DJH rearrangement, which combines a segment VH to the previously formed D-JH segment, takes place only on a single allele. It is the allelic exclusion mechanism that ensures the uniqueness of the Ig produced by a cell [START_REF] Corcoran | Immunoglobulin Locus Silencing and Allelic Exclusion[END_REF][START_REF] Jung | Mechanism and Control of V(D)J Recombination at the Immunoglobulin Heavy Chain Locus[END_REF]. The VHDJH exon thus formed is transcribed and then spliced on the first exon Cμ resulting in the expression of a heavy chain μ.

The exact mechanism through which the VDJ recombination process occurs is detailed carefully in a later section in this chapter (see section I.2.1.).

I.1.1.4. Pre-B stage: IgL locus rearrangement

The expressed Ig heavy chain, will then associate with a pseudo light chain and with the CD79a and CD79b co-stimulatory molecules to form a pre-BCR. This constitutes the first control point during B cell development. This ensures that the cell expresses a single heavy chain, before initiating light chain recombination (For review: [START_REF] Mårtensson | The Pre-B Cell Receptor Checkpoint[END_REF]). The pre-B cells are separated into two sub-populations. We distinguish the large pre-B cells characterized by the expression of CD43 and the absence of CD25. These cells will undergo 2 to 5 division cycles [START_REF] Rolink | Precursor B Cell Receptor-Dependent B Cell Proliferation and Differentiation Does Not Require the Bone Marrow or Fetal Liver Environment[END_REF], before becoming small pre-B cells (small pre-B), expressing CD25 but no longer CD43. in order to ensure genome stability. This equilibrium is ensured by the balance between the receptor pathway to IL7 and the pre-BCR pathway [START_REF] Clark | Orchestrating B Cell Lymphopoiesis through Interplay of IL-7 Receptor and Pre-B Cell Receptor Signalling[END_REF]. At the large pre-B cell stage, pre-BCR activation (signaling through the BCR is explained in details in chapter 2), activates the PI3K pathway via the SYK protein, which results in phosphorylation and degradation of FOXO proteins, thereby inducing proliferation and subexpression of RAG proteins. During the transition to the small pre-B stage, SYK activates the SLP65 protein which then represses the signaling of pre-BCR via PI3K, and inhibits the degradation of FOXO proteins, thus stopping proliferation and reexpression of RAG proteins [START_REF] Herzog | Regulation of B-Cell Proliferation and Differentiation by Pre-B-Cell Receptor Signalling[END_REF][START_REF] Herzog | SLP-65 Regulates Immunoglobulin Light Chain Gene Recombination through the PI(3)K-PKB-Foxo Pathway[END_REF]; For review: [START_REF] Reth | Signaling Circuits in Early B-Cell Development[END_REF]). This repression of signaling by pre-BCR is amplified by a mechanism of negative feedback: signaling by pre-BCR induces the expression of the protein LAPTM5 (lysosome associated protein transmembrane 5) which causes degradation in intracellular pre-BCR lysosomes, limiting its expression to the membrane [START_REF] Kawano | A Novel Mechanism for the Autonomous Termination of Pre-B Cell Receptor Expression via Induction of Lysosome-Associated Protein Transmembrane 5[END_REF]. The inhibition of signaling via the pre-BCR leads to the inhibition of proliferation of cells and triggers rearrangements on light chain loci (detailed later in this chapter (see section I.2.1.)).

I.1.1.5. Immature B cell stage: Tolerance and editing of the BCR:

At this stage, after the various stages of maturation, the cells express a functional BCR and lose the expression of CD25 (Fig. 4). However, the expression of a BCR is not sufficient to allow the passage of B cells to the periphery: they must first undergo a new control checkpoint in order to eliminate the cells expressing self-reactive BCRs, i.e. recognizing an antigen of the organism itself. This second checkpoint ensures the immune tolerance, i.e. the ability of the body to withstand the presence of an antigen without triggering an immune response. For this, a negative selection mechanism occurs to eliminate cells expressing a self-reactive BCR by apoptosis, or to render them anergic [START_REF] Pike | Clonal Anergy: The Universally Anergic B Lymphocyte[END_REF][START_REF] Russell | Peripheral Deletion of Self-Reactive B Cells[END_REF]. To escape apoptosis, cells can modify their BCR, by performing new rearrangements at their Ig loci: this is called BCR editing [START_REF] Halverson | Receptor Editing Is the Main Mechanism of B Cell Tolerance toward Membrane Antigens[END_REF][START_REF] Tiegs | Receptor Editing in Self-Reactive Bone Marrow B Cells[END_REF]. On the Igκ locus, these rearrangements can easily take place between a Vκ segment upstream of the exon VκJκ and a Jκ segment downstream. The locus can also undergo recombination that lead to k locus inactivation and triggers recombination on the Igλ locus (Luning [START_REF] Prak | B Cell Receptor Editing in Tolerance and Autoimmunity[END_REF][START_REF] Moore | Deletions of Kappa Chain Constant Region Genes in Mouse Lambda Chain-Producing B Cells Involve Intrachromosomal DNA Recombinations Similar to V-J Joining[END_REF]. On the heavy chain locus and without going into much
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I.1.2.1. Transitional stage

When they exit the bone marrow, the B cells pass through the circulation to get to the spleen. However, these cells are not yet mature, and do not have the ability to respond to stimulation by an antigen. These functions are acquired gradually, during the socalled "transitional" stage (For review: [START_REF] Chung | Transitional B Cells: Step by Step towards Immune Competence[END_REF]). This stage corresponds to a population of heterogeneous cells, divided into three subpopulations: T1, T2 and T3, each with specific surface markers and functions. Schematically, T1 corresponds to early transitional cells, and T2 corresponds to the late ones. T3, described more recently, constitutes a distinct population of anergic and frequently self-reactive cells [START_REF] Liubchenko | Potentially Autoreactive Naturally Occurring Transitional T3 B Lymphocytes Exhibit a Unique Signaling Profile[END_REF][START_REF] Merrell | Identification of Anergic B Cells within a Wild-Type Repertoire[END_REF][START_REF] Teague | Cutting Edge: Transitional T3 B Cells Do Not Give Rise to Mature B Cells, Have Undergone Selection, and Are Reduced in Murine Lupus[END_REF].

The main difference between T1 and T2 cells is their response to BCR stimulation. In fact, at the T1 stage, the binding of an antigen to the BCR induces the apoptosis of the License CC BY-NC-ND 4.0 cell. It is therefore an additional selection, in the continuity of the checkpoints taking place at the immature stage in the bone marrow. However, transitional cells no longer express the enzymes of the RAG complex; recognition of a self-antigen does not induce the edition of BCR, and therefore causes the apoptosis of the cell or its anergy [START_REF] Sandel | Negative Selection of Immature B Cells by Receptor Editing or Deletion Is Determined by Site of Antigen Encounter[END_REF]. Several studies have demonstrated the importance of this selection in transitional cells, showing that deregulation at this stage is frequently associated with autoimmune diseases such as lupus erythematosus or Sjögren syndrome ( [START_REF] Teague | Cutting Edge: Transitional T3 B Cells Do Not Give Rise to Mature B Cells, Have Undergone Selection, and Are Reduced in Murine Lupus[END_REF]; for review: [START_REF] Vossenkämper | Translational Mini-Review Series on B Cell Subsets in Disease. Transitional B Cells in Systemic Lupus Erythematosus and Sjögren's Syndrome: Clinical Implications and Effects of B Cell-Targeted Therapies[END_REF]). At the T2 stage, cells will gradually acquire the characteristics of a mature B cell. Even though the different bibliographic sources differ significantly, it is well known that the T2 stage is marked by the progressive increase of resistance to apoptosis and proliferation capacity in response to stimulation via BCR.

It is the installation of signaling cascades upstream of the BCR that will regulate the continued lymphocyte development up to the mature stage, in combination in particular with the BAFF receptor pathway (B-cell Activating Factor, also called BLys) ( [START_REF] Sasaki | TNF Family Member B Cell-Activating Factor (BAFF) Receptor-Dependent and -Independent Roles for BAFF in B Cell Physiology[END_REF][START_REF] Schneider | BAFF, a Novel Ligand of the Tumor Necrosis Factor Family, Stimulates B Cell Growth[END_REF]; For review: [START_REF] Cancro | Peripheral B-Cell Maturation: The Intersection of Selection and Homeostasis[END_REF][START_REF] Jung | Mechanism and Control of V(D)J Recombination at the Immunoglobulin Heavy Chain Locus[END_REF][START_REF] Khan | B Cell Receptor and BAFF Receptor Signaling Regulation of B Cell Homeostasis[END_REF]). In parallel with the installation of these signs, the BCR acquires, at the mature stage, the ability to respond to stimulation by relocating within lipid rafts and overexpressing CD86, a costimulatory protein, thus forming a "signalosome" to optimize the BCR signal transduction [START_REF] Chung | Cutting Edge: Differential Sequestration of Plasma Membrane-Associated B Cell Antigen Receptor in Mature and Immature B Cells into Glycosphingolipid-Enriched Domains[END_REF][START_REF] Chung | CD23 Defines Two Distinct Subsets of Immature B Cells Which Differ in Their Responses to T Cell Help Signals[END_REF].

I.1.2.2. Signaling and B cell fate

The signaling can lead to blockade at the transitional stage, or a bias in the distribution of marginal and follicular subpopulations [START_REF] Allman | Alternative Routes to Maturity: Branch Points and Pathways for Generating Follicular and Marginal Zone B Cells[END_REF][START_REF] Chung | Transitional B Cells: Step by Step towards Immune Competence[END_REF].

Activation of signaling by BCR can be divided into 3 stages:

1-Initiation of signaling by binding of an antigen to the receptor 2-Propagation signaling and activation of phosphorylation cascades via second messengers 3-Signal integration, leading to activation and translocation to the nucleus of transcription promoting the survival and differentiation of B cells (For review: [START_REF] Porto | B Cell Antigen Receptor Signaling 101[END_REF][START_REF] Packard | B Lymphocyte Antigen Receptor Signaling: Initiation, Amplification, and Regulation[END_REF]).

In parallel to the BCR track, the binding of BAFF and APRIL proteins, ligands of the TNF family, to their receptors (BAFF-R and TACI for BAFF, BCMA and TACI for APRIL), promote differentiation and survival of B cells by activating the canonical and alternative pathways of NF-κB (For review: [START_REF] Chung | Transitional B Cells: Step by Step towards Immune Competence[END_REF][START_REF] Pieper | B-Cell Biology and Development[END_REF][START_REF] Pillai | The Follicular versus Marginal Zone B Lymphocyte Cell Fate Decision[END_REF]). B cells also express, from the early stages of their development, TLR receptors (Toll Like Receptors), capable of recognizing specific patterns pathogens such as lipopolysaccharides or specific DNA sequences, grouped under the name of DAMPs (for Damage Associated Molecular Patterns). Studies showed that the activation of these TLRs during the transitional stage influences the fate of B-cells, and can cause their differentiation into plasma cells [START_REF] Capolunghi | CpG Drives Human Transitional B Cells to Terminal Differentiation and Production of Natural Antibodies[END_REF] or memory B cells [START_REF] Aranburu | TLR Ligation Triggers Somatic Hypermutation in Transitional B Cells Inducing the Generation of IgM Memory B Cells[END_REF]. The balance between the activation of these different pathways will affect B cell fate. The most widely accepted assumption is that a strong BCR signaling induces differentiation into follicular B cells, while a weak BCR signal favors differentiation into marginal zone B cells. Some studies tend to qualify this theory, however, and suggest a finer regulation of B cell fate. Indeed, most of the models used to study the impact of BCR signaling on differentiation involves eliminating or altering proteins involved in the signaling cascade induced by the BCR, in order to modulate the intensity of this signal. The main failure of these models is that signaling is disrupted from the earliest stages of lymphopoiesis, well before the differentiation into MZ or FO B cells. It has been suggested that such mutations could disrupt the establishment of the antigenic repertoire, in particular by affecting the negative and / or positive selection of the clones, thus favoring the maintenance of selfreactive cells, which would disrupt the distribution of MZ and FO B cells (For review: [START_REF] Allman | Alternative Routes to Maturity: Branch Points and Pathways for Generating Follicular and Marginal Zone B Cells[END_REF][START_REF] Martin | Marginal-Zone B Cells[END_REF][START_REF] Pillai | The Follicular versus Marginal Zone B Lymphocyte Cell Fate Decision[END_REF]).
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I.1.2.3. Mature B cell stage and Germinal Center (GC) formation

Naive mature B lymphocytes, that is before their interaction with an antigen, are divided into 3 sub-populations which differ by their origin, their function, their localization within secondary lymphoid organs and their surface markers. We distinguish the marginal and follicular B cells, mentioned above, the latter forming the population of B2 lymphocytes, called the conventional B cell population, and B1 lymphocytes. The latter constitute a separate population of B-lymphocytes which is at the interface between innate and adaptive immunity, and therefore plays a crucial role, on one hand by ensuring a first line of defense against pathogens, and on the other hand by ensuring "maintenance" of the organism necessary to limit the risks of autoimmune pathologies (For review: [START_REF] Baumgarth | The Double Life of a B-1 Cell: Self-Reactivity Selects for Protective Effector Functions[END_REF]).

I.1.2.4. Follicular B lymphocytes (FO) and the formation of Germinal centers

The FO B lymphocytes represent the majority of spleen B cells and are, like their name suggests, located in the follicles of secondary lymphoid organs [START_REF] Allman | Peripheral B Cell Subsets[END_REF]. The center of these follicles is occupied by a network of follicular dendritic cells (FDCs), and they are surrounded by areas rich in T lymphocytes (called "T zones").

B cell activation by an antigen will cause these cells to migrate into the inter-follicular area, where they will interact with T cells, which will lead to the formation of a germinal center (GC) [START_REF] Batista | The Who, How and Where of Antigen Presentation to B Cells[END_REF][START_REF] Okada | B Cell Migration and Interactions in the Early Phase of Antibody Responses[END_REF][START_REF] Qi | SAP-Controlled T-B Cell Interactions Underlie Germinal Centre Formation[END_REF].

Within this GC, the B lymphocytes will proliferate very quickly, and undergo the secondary gene remodeling events, somatic hypermutation and class switch recombination (SHM and CSR respectively, which are detailed later in this chapter), coupled with a selection to promote the development of cells expressing Ig of higher affinity for the antigen. Proliferation and selection of clones are more or less separated physically: proliferation mostly takes place in the "dark zone" of the GC, while selection mostly takes place in the "light zone", in the presence of T lymphocytes and the FDCs (Fig. 5). The B cells cycle back and forth between the two areas to select the clones with the highest affinity for the antigen. So, the B cells come out of the dark zone after a proliferation phase and compete in the light zone to interact with CD4 + T cells (Tfh, for Follicular Helper T lymphocytes) and FDCs [START_REF] Maclennan | Germinal Centers[END_REF][START_REF] Victora | Germinal Centers[END_REF]. These cells provide the signals necessary for survival and proliferation in cells with a high affinity for the antigen presented. Conversely, cells with

License CC BY-NC-ND 4.0 a low affinity or self-reactive BCRs will go into apoptosis. Some cells are also selected for re-entry into the dark zone, where they will resume their proliferation and undergo another round of SHM to further increase their affinity. The reactions within the GC thus make it possible to favor the proliferation of B lymphocytes having receptors with the highest affinity for the antigen, before their differentiation into antibody-secreting or License CC BY-NC-ND 4.0

I.1.3. Final differentiation: antibody secretion and immune memory

At some points of their differentiation, B lymphocytes have opportunities to exit the GC reactions and will have two main roles: first is the secretion of antibodies to fight against pathogens, and second, the establishment of an immune memory, which will allow for a faster and more effective response during a future encounter with the same antigen.

The secretion of antibodies is provided by plasma cells. We distinguish plasma cells as either short-lived predominantly expressing IgM and some IgG3, mainly from MZ B cells or B1 cells after T-independent activation, but also from extrafollicular foci at the beginning of classical B2-cell stimulation, and long-lived plasma cells expressing Ig from other isotypes, mainly originating from GC B cells after T-dependent activation.

Short-lived plasma cells have little or no hyper mutation and have a limited affinity for the antigen. They are active during the early stages of the immune response.

Conversely, long-lived plasma cells are derived from cells which have passed through the germinal center and produce antibodies with strong affinity for the antigen (For review: [START_REF] Nutt | The Generation of Antibody-Secreting Plasma Cells[END_REF]).

Humoral memory thus relies on two populations: We distinguish the constitutive humoral memory and the reactive humoral memory. The former corresponds to longlived plasma cells, which are mainly located in the bone marrow, and will produce Abs on the long-term even in the absence of new antigen stimulation. The latter however is made up of long-lived B lymphocytes capable of reaching the germinal centers formed during an encounter with an antigen to optimize, again, the affinity of their receptor and eventually to undergo secondary CSR as known to occur for the IgG1 to IgE class switching. This memory, which is the basis of vaccination, allows the body to react much faster and more effectively to a pathogen if encountered for a second time (For review: [START_REF] Kurosaki | Memory B Cells[END_REF]). While it was claimed that only part of memory B cells reenter into GCs and herein compete with activated naïve cells, such reentering oligoclonal cells are however likely to provide the highest possible affinity, as well known to occur for generating broadly neutralizing antibodies after repetitive antigenic challenges [START_REF] Mesin | Restricted Clonality and Limited Germinal Center Reentry Characterize Memory B Cell Reactivation by Boosting[END_REF][START_REF] Tian | Induction of HIV Neutralizing Antibody Lineages in Mice with Diverse Precursor Repertoires[END_REF]. It is worthy to note that efforts to develop vaccines that induce broadly protective memory B cells to rapidly mutating License CC BY-NC-ND 4.0

I.1.4. Regulatory B lymphocytes (Bregs)

Beyond their role as Ig secretors, B lymphocytes also play a role as modulators of the immune response. Their function as negative regulators has long been underestimated, as B lymphocytes are generally considered as activators for their capacities to produce antibodies and activate T lymphocytes by presenting them with antigens.

There are different populations of regulatory B cells, which can be derived from B lymphocytes at different stages of maturation (from T2 to plasmablasts). Their main mechanism of action is the secretion of IL-10, an immunosuppressive cytokine. They can also act by secreting IL-35 or TGF-β, or by interacting directly with CD4+ T lymphocytes via membrane proteins to limit their proliferation or induce their apoptosis (For review: [START_REF] Mauri | The Expanding Family of Regulatory B Cells[END_REF][START_REF] Ray | IL-10-Independent Regulatory B-Cell Subsets and Mechanisms of Action[END_REF][START_REF] Rincón-Arévalo | Regulatory B Cells and Mechanisms[END_REF]).

A specific BREG population producing granzyme B was also reported in human grafted patients [START_REF] Chesneau | Tolerant Kidney Transplant Patients Produce B Cells with Regulatory Properties[END_REF].

Various studies have demonstrated the importance of regulatory B cells. Therefore, a defect in these subpopulations is very frequently associated with inflammatory or autoimmune pathologies. Conversely, they are also involved in the mitigation of the anti-tumor immune response (For review: [START_REF] Miyagaki | Regulatory B Cells in Human Inflammatory and Autoimmune Diseases: From Mouse Models to Clinical Research[END_REF][START_REF] Zhang | Regulatory B Cells in Anti-Tumor Immunity[END_REF]).

I.2. Mechanistic of Immunoglobulin (Ig) gene rearrangement I.2.1. Early V(D)J recombination of heavy/light chain loci and Ig assembly

As stated earlier in this chapter, V(D)J recombination is a highly ordered (rearrangements at the IgL locus begin only at the pre-B stage, after the end of rearrangements at the IgH locus), and sequential mechanism (D-JH recombination takes place before VH-DJH recombination). DJH rearrangement constitutes of the random association of a D segment with a JH segment, on both alleles simultaneously.

In contrast, the VH-DJH rearrangements, which randomly associates a VH segment to a previously assembled DJH segment, only takes place on one allele, suggesting a stricter regulation of this second rearrangement and an allelic exclusion mechanism ( [START_REF] Reth | Novel Immunoglobulin Heavy Chains Are Produced from DJH Gene Segment Rearrangements in Lymphoid Cells[END_REF] For review: [START_REF] Jung | Mechanism and Control of V(D)J Recombination at the Immunoglobulin Heavy Chain Locus[END_REF]). This was confirmed by the discovery of DJH rearrangement, but not VH-DJH in T lymphocytes (Kurosawa et al., License CC BY-NC-ND 4.0

1981). This process of combinatorial assembly-choosing one segment of each type from several possibilities is the fundamental engine driving antigen receptor diversity in mammals.

From a mechanistic point of view, the V(D)J recombination can be divided into two phases: the induction of double strand breaks (DSB), and their repair.

The first vital component for this process is the RAG (Recombination-Activating Gene) endonuclease, or simply V(D)J recombinase which consists of two subunits RAG1 and RAG2. The latter works with non-lymphoid-specific DNA bending factors, HMG1A or HMG1B to carry out DNA cleavage. This enzyme is necessary in vivo [START_REF] Mombaerts | RAG-1-Deficient Mice Have No Mature B and T Lymphocytes[END_REF][START_REF] Shinkai | RAG-2-Deficient Mice Lack Mature Lymphocytes Owing to Inability to Initiate V(D)J Rearrangement[END_REF] and sufficient in vitro [START_REF] Mcblane | Cleavage at a V(D)J Recombination Signal Requires Only RAG1 and RAG2 Proteins and Occurs in Two Steps[END_REF][START_REF] Mcblane | Cleavage at a V(D)J Recombination Signal Requires Only RAG1 and RAG2 Proteins and Occurs in Two Steps[END_REF] to induce these double strand breaks.

These endonucleases will target DNA specifically on signal sequences located between the segments, called RSS (Recombination Sequence Signal), with a very particular structure (Fig. 7). They are comprised of a heptameric (CACAGTG) and nonameric sequences (ACAAAAACC), both highly preserved during evolution, located adjacent to each of the coding segments and separated by either 12 or 23 nucleotides of less conserved "spacer" sequences.

The nucleotide sequences of the natural RSS vary considerably among one another, however the first three nucleotides of the heptamer, which are closest to the coding segment, show the highest level of conservation and have shown to be critical for the process of V(D)J recombination. The nonamer sequence on the other hand are less consensus with only a few highly conserved nucleotides particularly in the A/T tract. License CC BY-NC-ND 4.0

How does V(D)J recombination occur?

Efficient recombination occurs between spacer sequences of different lengths. In fact, different studies have shown that the DNA cleavage follows a sequential process (Fig. 8): it begins with the recognition and fixation of the RAG complex on an appropriate RSS, then it captures a "partner" RSS and forms a synapse between two segments [START_REF] Jones | Ordered Assembly of the V(D)J Synaptic Complex Ensures Accurate Recombination[END_REF][START_REF] Mundy | Assembly of the RAG1/RAG2 Synaptic Complex[END_REF]. This is followed by DNA cleavage using the help of HMG1A/B in the presence of a divalent metal ion. The DNA cleavage then proceeds via a 2-step mechanism, where a nick is introduced, at first, between the RSS and the coding segment adjacent to it thereby resulting in a 3'OH group which is then used to attack the opposite strand by trans-esterification, forming a hairpin-coding end and a blunt signal end. The second step is similar to transesterification reactions catalyzed by the HIV integrase and by bacterial transposases.

Following the so-called 12/23 rule; In the presence of the physiological divalent metal ion (Mg2+), trans-esterification requires assembly of a synaptic complex including both a 12-and a 23-RSS. After cleavage, the four DNA ends remain associated with the RAG proteins in a post-cleavage complex, thereby retaining the signal ends more stable than the coding ends. This complex is important for the proper rejoining of the broken DNA ends, which then proceeds following the classical non-homologous end joining (cNHEJ) pathway [START_REF] Roth | V(D)J Recombination: Mechanism, Errors, and Fidelity[END_REF]. Any errors in any of the key components of this repair mechanism (for example KU70/80, XRCC4, Artemis, DNA-PK) would result in severe impairment of the rejoining process.

One very important characteristic feature of the V(D)J recombination is the asymmetric processing of the coding and signal ends. In fact, while coding ends are joined with slight variations and imprecise repair (small deletions, short insertions), signal ends are generally joined with little or no end processing, so that the majority of the signal joints are perfect heptamer-to-heptamer fusions. One advantage behind that is the fact that the additional processing of coding ends provides additional so-called "junctional" diversity to the structure of antigen receptors. Despite the fact that V(D)J recombination is the founding mechanism by which the diversity of the antigen receptor is generated, this process could be considered as a dual ended sword (For review: (Brandt and Roth, License CC BY-NC-ND 4.0 2009)). Any error during any of the steps mentioned above would yield hazardous genomic rearrangements that often lead to lymphoid neoplasms such as Follicular Lymphoma, which is the basis of the work during my thesis.

Since RSS are small sequences and since this recombination mechanism allows variations in the structure of RSS itself and the heptamer/nonamer sequence, it does not seem surprising at all that errors could occur after DNA breaks at off-target genomic positions.

V(D)J recombination errors fall into two broad categories; errors in target recognition and errors in joining: The first type consists of recognition of one authentic RSS and one DNA sequence fortuitously resembling an RSS, termed a "cryptic RSS" (cRSS).

Such error could also occur between two cRSS sequences themselves. The latter could occur either in Trans, thereby generating a chromosome translocation, or in cis (meaning between two cRSS sequences on the same DNA molecule, thereby generating deletional "coding joint" and an excised "signal joint".

The second type of errors involves events that join a RAG-mediated double strand break (DSB) to a broken DNA end generated by a non-RAG mediated mechanism.

These can involve breaks resulting from an apparently normal V(D)J recombination event, which are then mistakenly joined with another break generated by a different mechanism. Another possibility could involve a combination of recognition and joining errors, meaning cleavage at a pair of cRSS followed by joining with a non-RAG mediated DSBs. It is worthy to note that joining errors may involve the normal cNHEJ mechanism; however, it is thought that such events may be favored by the use of errorprone alternative NHEJ (aNHEJ) mechanisms, which are often involved in the repair of long-distance breaks and translocations.

In conclusion, to limit the risks, breaks must be quickly detected, supported and repaired. The first protection is provided by RAG proteins, which require target sequences to be adequately joined into a synapsis before any DNA break can occur [START_REF] Eastman | Initiation of V(D)J Recombination in Vitro Obeying the 12/23 Rule[END_REF], and which remain attached to the generated ends [START_REF] Mcblane | Cleavage at a V(D)J Recombination Signal Requires Only RAG1 and RAG2 Proteins and Occurs in Two Steps[END_REF] Protein Kinase catalytic subunit), XRCC4 (X-ray Repair Cross-Complementing protein 4), DNA ligase-IV, Artemis and Cernunnos (or XLF for XRCC4-like Factor) (For review: [START_REF] Boboila | Classical and Alternative End-Joining Pathways for Repair of Lymphocyte-Specific and General DNA Double-Strand Breaks[END_REF]).

Although using the same remedy, the blunt ends of RSS are not repaired in the same way as the hairpin ends of the coding segments. The blunt ends are linked by direct junction, without modification of their sequence, which results in the formation of signal junctions. When located in inverted orientations, signal joints lead to the formation of episomes which are then eliminated by the cell. Contrary to signal ends, the coding ends undergo modifications before the repair. An asymmetrical break in the hairpin structure leads to the insertion of nucleotides on the shortest strand, homologous to the opposite strand, causing the appearance of short palindromic sequences called P nucleotides (for Palindromic Nucleotide). Of more, the TdT (Terminal deoxynucleotidyl Transferase) introduces nucleotides randomly at the ends of the coding regions and hereby increases junctional diversity [START_REF] Alt | Joining of Immunoglobulin Heavy Chain Gene Segments: Implications from a Chromosome with Evidence of Three D-JH Fusions[END_REF][START_REF] Desiderio | Insertion of N Regions into Heavy-Chain Genes Is Correlated with Expression of Terminal Deoxytransferase in B Cells[END_REF][START_REF] Kurosawa | Identification of D Segments of Immunoglobulin Heavy-Chain Genes and Their Rearrangement in T Lymphocytes[END_REF][START_REF] Sakano | Identification and Nucleotide Sequence of a Diversity DNA Segment (D) of Immunoglobulin Heavy-Chain Genes[END_REF]; For review: [START_REF] Schatz | Biochemistry of V(D)J Recombination[END_REF]).

These mechanisms ensure an almost unlimited diversity of the antigenic repertoire.

Indeed, the CDR1 and 2 coding sequences are located in the VH segments. Each VH segment having a different sequence, we obtain a first so-called "germinal" diversity.

The third CDR is coded by the junction region between the VHDJH segments, the diversity of junctions will therefore provide a second level of diversity, called "combinatorial". Finally, the diversity of the processing of the various V, D and JH segments before their imprecise repair, add a so-called "junctional" diversity during rearrangements, later amplified by the introduction of mutations during rearrangements, [START_REF] Jung | Mechanism and Control of V(D)J Recombination at the Immunoglobulin Heavy Chain Locus[END_REF].

This great diversity of repertoire is necessary to optimize immune responses but the partly random mechanisms involved in its generation are responsible for the frequent formation of unproductive VHDJH rearrangements. Indeed, rearrangements lead in 2/3 of the cases to a reading frame shift due to the insertion of a number of random nucleotides, which can also cause a stop codon to appear. In addition, there is the possibility of using a non-functional VH or D segment (For review [START_REF] Mostoslavsky | The Lingering Enigma of the Allelic Exclusion Mechanism[END_REF]). In the event of an unproductive VHDJH rearrangement, another VH-DJH

License CC BY-NC-ND 4.0 rearrangement will take place on the second allele. This yields two possibilities: either the new VHDJH segment is functional, in which case the cell will continue its development, or it is not, and in this case, the cell will go into apoptosis due to the lack of an Ig heavy chain. A part of the B lymphocytes will therefore have two rearranged IgH alleles. It has been shown that in this case the two alleles are expressed throughout B cell development. Transcripts from the non-productive allele will then be taken care of and degraded by different RNA monitoring mechanisms, thus avoiding the synthesis of truncated heavy chains which are potentially cytotoxic [START_REF] Daly | Transcription of Productive and Nonproductive VDJ-Recombined Alleles after IgH Allelic Exclusion[END_REF][START_REF] Tinguely | | 2021 220 License CC BY-NC-ND 4.0 Chain Transcription and RNA Surveillance during B Cell Development[END_REF]. After a productive rearrangement, a heavy chain will be expressed, and will associate with a pseudo light chain formed by the proteins CD179a and CD179b, allowing the expression of a pre-BCR on the cell surface [START_REF] Kudo | A Second Gene, VpreB in the Lambda 5 Locus of the Mouse, Which Appears to Be Selectively Expressed in Pre-B Lymphocytes[END_REF][START_REF] Mårtensson | The Pre-B Cell Receptor and Its Role in Proliferation and Ig Heavy Chain Allelic Exclusion[END_REF][START_REF] Sakaguchi | Lambda 5, a New Light-Chain-Related Locus Selectively Expressed in Pre-B Lymphocytes[END_REF]. This expression at the membrane marks the transition to the pre-B stage, on one hand by inhibiting a possible rearrangement on the second allele, if it has not already taken place, and on the other hand by inducing the rearrangements on light chain loci.

Regarding recombination on the light chain loci, they imply substantially the same mechanisms compared to recombination on heavy chains, the main difference being the absence of expression of TdT, which prevents the appearance of N-diversity. This process is ordered, and first affects the Igκ locus, then the Igλ locus [START_REF] Engel | Monocytes and T Cells Cooperate to Favor Normal and Follicular Lymphoma B-Cell Growth: Role of IL-15 and CD40L Signaling[END_REF].

As with the heavy chains, an allelic exclusion mechanism occurs. Indeed, the formation of a functional VLJL segment causes the recombination to stop and spare the other allele. We speak of allelic exclusion for stopping recombination on the second Igκ allele after formation of a functional VκJκ exon, and of isotypic exclusion for blocking recombination on the Igλ locus [START_REF] Jung | Mechanism and Control of V(D)J Recombination at the Immunoglobulin Heavy Chain Locus[END_REF][START_REF] Mostoslavsky | The Lingering Enigma of the Allelic Exclusion Mechanism[END_REF]. It is interesting to note that re-expression of RAG proteins does not induce VHDJH rearrangement on the second non-rearranged IgH allele; rather, the activity of these proteins during this pre-B stage is mainly limited to the IgL loci ( [START_REF] Constantinescu | Changes in Locus-Specific V(D)J Recombinase Activity Induced by Immunoglobulin Gene Products during B Cell Development[END_REF]; For review: [START_REF] Jung | Mechanism and Control of V(D)J Recombination at the Immunoglobulin Heavy Chain Locus[END_REF]). The formation of a productive VLJL exon allows the synthesis of an IgL, which then associates with the heavy chain already present, allowing the formation of a complete IgM. It is then exported to the membrane where it forms a BCR by associating with the CD79a / CD79b complex. The expression of a BCR characterizes the transition to the immature B stage.

I.2.2. Secondary remodeling of Ig genes: SHM and CSR

During their maturation in the GC, the mature activated B lymphocytes undergo two so-called secondary recombination mechanisms:

1-SHM, which consists of introducing mutations in the variable regions of the Ig heavy and light chains, thereby increasing the affinity for the antigen. License CC BY-NC-ND 4.0 2-CSR, which makes it possible to obtain an Ig isotype other than μ, by replacing the Cμ gene with one of the other constant genes, without modifying the region variable.

Although these two mechanisms have different functions, they all require two the intervention of the enzyme AID (AID for Activation Induced Cytidine Deaminase) (Larijani and [START_REF] Amé-Thomas | Characterization of Intratumoral Follicular Helper T Cells in Follicular Lymphoma: Lina Zawil[END_REF][START_REF] Nabel | Nucleic Acid Determinants for Selective Deamination of DNA over RNA by Activation-Induced Deaminase[END_REF].

I.2.2.1. AID : Structure and function

The AID enzyme and its role in CSR and SHM were discovered in 1999 by the Honjo team [START_REF] Muramatsu | Specific Expression of Activation-Induced Cytidine Deaminase (AID), a Novel Member of the RNA-Editing Deaminase Family in Germinal Center B Cells[END_REF]. AID is a small protein (198 amino acids, 26kDa), encoded by the Aicda gene. It is a part of the BRIGHT protein family (Apolipoprotein B RNA-Editing catalytic Component), which are RNA-editing enzymes that form a subgroup of a Zinc-dependent deaminase superfamily [START_REF] Conticello | DNA Deamination in Immunity: AID in the Context of Its APOBEC Relatives[END_REF].

The expression of AID is strictly regulated and almost exclusively restricted to activated (GC or non-GC) B cells. Its deletion in mice does not disturb early B cell development but blocks CSR and SHM [START_REF] Muramatsu | Class Switch Recombination and Hypermutation Require Activation-Induced Cytidine Deaminase (AID), a Potential RNA Editing Enzyme[END_REF]. Inactivation of the Aicda gene, in humans, causes an onset of hyper IgM syndrome which is marked by increased IgM levels, absence of SHM in variable regions of Ig, absence of CSR, hypertrophy of the GC in immunized individuals and high susceptibility to bacterial infections [START_REF] Revy | Activation-Induced Cytidine Deaminase (AID) Deficiency Causes the Autosomal Recessive Form of the Hyper-IgM Syndrome (HIGM2)[END_REF]. While AID is predominantly located in the cytoplasm, it exerts its activity in after being adequately imported into the nucleus of activated B cells, and the balance between cytoplasmic retention, nuclear import/import and nuclear degradation after ubiquitinylation provides an additional level of regulation for AID activity, together with complex interactions with multiple co-factors (fo review: Cogné M, 2013, Biomedical Journal).

Due to its homology with the APOBEC proteins, it was first suggested that AID acts by altering RNA (RNA editing model). However, this model was later found to be incorrect and the DNA deamination model is now broadly accepted to explain the induction of DSB.

From a mechanistic point of view, AID induces a deamination of Cytosine (C) to Uracil (U) at particular DNA sites called "Hot spots" or "hotspots" [START_REF] Pham | Processive AID-Catalysed Cytosine Deamination on Single-Stranded DNA Simulates Somatic Hypermutation[END_REF]. These pathways, the consequence of which is the generation of point mutations in the Ig variable regions (case of SHM) or DSB in repetitive "switch" regions at the IgH locus (case of CSR) [START_REF] Alt | Mechanisms of Programmed DNA Lesions and Genomic Instability in the Immune System[END_REF][START_REF] Noia | Molecular Mechanisms of Antibody Somatic Hypermutation[END_REF]. A biochemical study has shown that AID's preference for DNA rather than RNA is due to the presence of the hydroxyl group in position β' on the deoxy-ribonucleotide sugar which is necessary for deamination [START_REF] Nabel | Nucleic Acid Determinants for Selective Deamination of DNA over RNA by Activation-Induced Deaminase[END_REF].

Deamination of a cytosine by AID creating a U: G mismatch constitutes the first step common to CSR and SHM. The differences between these two mechanisms are mainly due to the regions targeted by AID and the way in which these mismatches are handled. The specificities of each of these phenomena are detailed below

I.2.2.2. CSR versus SHM

Although the mechanisms used are significantly different, the first stages of CSR and SHM lead to the same point, which is the deamination of a cytosine and the creation a U:G mismatch, which is then handled by the MMR and BER pathways.

From this stage onward, the mechanisms involved differ, at least partially, to achieve either the introduction of mutations, or the recombination between two switch regions.

I.2.2.2.1. SHM

The SHM consists of the introduction of point mutations (in the order of 10 mutations per 1000 bp), in the variable region of the Ig heavy and light chains in order to increase the affinity of the BCR to the antigen. It occurs during the activation of a BCR by an antigen when mutations accumulate in the Ig hypervariable regions (CDRs) (Fig. 9) (Di [START_REF] Noia | Molecular Mechanisms of Antibody Somatic Hypermutation[END_REF][START_REF] Peled | The Biochemistry of Somatic Hypermutation[END_REF].

Lina Mechanically speaking, SHM is initiated by an increase in transcription in activated B cells, making the target DNA region accessible by forming small transcription loops with single stranded DNA (ssDNA) (Di [START_REF] Noia | Molecular Mechanisms of Antibody Somatic Hypermutation[END_REF][START_REF] Peled | The Biochemistry of Somatic Hypermutation[END_REF]) [START_REF] Chaudhuri | Transcription-Targeted DNA Deamination by the AID Antibody Diversification Enzyme[END_REF][START_REF] Pham | Processive AID-Catalysed Cytosine Deamination on Single-Stranded DNA Simulates Somatic Hypermutation[END_REF][START_REF] Ramiro | Transcription Enhances AID-Mediated Cytidine Deamination by Exposing Single-Stranded DNA on the Nontemplate Strand[END_REF][START_REF] Ronai | Detection of Chromatin-Associated Single-Stranded DNA in Regions Targeted for Somatic Hypermutation[END_REF].

When the two strands of DNA are dissociated, the RPA protein (RPA for Replication Associated Protein A) will bind to ssDNA and stabilize the structures formed. Once AID is phosphorylated by the PKA protein (PKA for c-AMP dependent Protein Kinase A), its serine at position 38 will interact with RPA and fill its role in deamination [START_REF] Basu | The AID Antibody Diversification Enzyme Is Regulated by Protein Kinase A Phosphorylation[END_REF]Chaudhuri et al., 2004). It has been shown that AID phosphorylation is essential for the SHM process [START_REF] Mcbride | Regulation of Class Switch Recombination and Somatic Mutation by AID Phosphorylation[END_REF]. After being defused, AID will detach and RPA will remain linked to ssDNA during the implementation of the DNA repair machinery (Chaudhuri et al., 2004). AID-induced basic mismatch can be addressed by different repair mechanisms (Fig. 10) [START_REF] Peled | The Biochemistry of Somatic Hypermutation[END_REF]:

1-The DNA containing the mismatch can be simply replicated; the dU being ignored by the polymerase and considered as a dT. This yields therefore a transitional mutation of dC towards dT on the deaminized strand and therefore dG towards dA on the complementary strand. 3-The mismatch can also be recognized by the MMR pathway (MMR for MisMatch Repair), which involves the heterodimer MSH2 / MSH6 (MSH for MutS Homolog 2 and 6), then the MARE1 / PMS2 protein complex (MLH1 for MutL Homolog 1;

PMS2 for Post Meiotic Segregation 2) which will recruit the Exo1 exonuclease.

The latter will excise the mismatch and potentially the surrounding bases over a length ranging from ten bases (short MMR patch) to several kilobases (long MMR patch) [START_REF] Iyer | DNA Mismatch Repair: Functions and Mechanisms[END_REF]. Unfaithful polymerases, notably Polη, will then intervene and synthesize the excised strand, leading to transition or transversion mutations [START_REF] Delbos | DNA Polymerase Eta Is the Sole Contributor of A/T Modifications during Immunoglobulin Gene Hypermutation in the Mouse[END_REF].

Lina 

I.2.2.2.2. CSR: Induction of double strand breaks and their repair

Isotypic recombination is a mechanism for expressing an Ig isotype other than μ, thus modifying the effector function of the BCR while retaining its antigenic specificity [START_REF] Chaudhuri | Evolution of the Immunoglobulin Heavy Chain Class Switch Recombination Mechanism[END_REF]. This process takes place in specific regions, called "switch" regions (S) (a donor region which is most often Sμ and a region Sx called acceptor region; x corresponding to the other isotypes), located upstream of each constant gene with the exception of Cδ. They are characterized by their GC rich sequences, ranging in size between 1kb and 10kb. They are the target of the mutations at the origin of the DSB of the CSR [START_REF] Dunnick | DNA Sequences at Immunoglobulin Switch Region Recombination Sites[END_REF]. As with SHM, transcription in S regions is an essential prerequisite for the CSR. This is the germline transcription which does not lead to the production of a protein but which aims to make the region accessible (Chaudhuri and Alt, 2004;[START_REF] Manis | Mechanism and Control of Class-Switch Recombination[END_REF][START_REF] Nambu | Transcription-Coupled Events Associating with Immunoglobulin Switch Region Chromatin[END_REF]. Indeed, each of the genes encoding the different isotypes constitutes an independent transcriptional unit having, in order, a promoter, an exon "I" (I for Intervening), an S region and the CH exons (Chaudhuri and Alt, 2004). Primary transcripts thus generated are spliced to give germinal transcripts of type IxCx (Fig. 11) (Chaudhuri and Alt, 2004). The transcription of exon Iμ occurs in one constitutive way and is also non-specifically increased by B-cell activation. On the other hand, transcription of the other Ix exon requires adequate stimulation in the presence of cytokines [START_REF] Li | Expression of I Mu-C Gamma Hybrid Germline Transcripts Subsequent to Immunoglobulin Heavy Chain Class Switching[END_REF][START_REF] Matthews | Regulation of Immunoglobulin Class-Switch Recombination: Choreography of Noncoding Transcription, Targeted DNA Deamination, and Long-Range DNA Repair[END_REF]. Thus, the choice of the synthesized isotype depends on the surrounding cytokines to which B cells are exposed. For example, stimulation of mouse B cells with LPS will activate transcription of Iγ3 and [START_REF] Bottaro | S Region Transcription per Se Promotes Basal IgE Class Switch Recombination but Additional Factors Regulate the Efficiency of the Process[END_REF][START_REF] Zhang | A Selective Defect in IgG2b Switching as a Result of Targeted Mutation of the I Gamma 2b Promoter and Exon[END_REF]. Each of the constant genes forms an independent transcriptional unit, which consists of a promoter (P), a sequence I, an S region and the Cx exons. The mature non-coding transcript is obtained after splicing and polyadenylation of the primary transcript. Adapted from Chaudhuri and Alt, 2004. License CC BY-NC-ND 4.0

The germline transcription of the switch regions will lead to the formation of a particular DNA structure, referred to as the R-loop, which has been demonstrated in vitro by Lieber's team [START_REF] Yu | R-Loops at Immunoglobulin Class Switch Regions in the Chromosomes of Stimulated B Cells[END_REF]. In this study, the neo-synthesized RNA hybridizes with the strand of template DNA leaving the opposite unpaired strand exposed in single strand in order to improve AID activity (Fig. 12) (Chaudhuri and Alt, 2004;[START_REF] Pavri | R Loops in the Regulation of Antibody Gene Diversification[END_REF].

Studies have demonstrated that the effectiveness of an S region in inducing the "switch" depends on its ability to form R-Loops. These structures therefore constitute an important element in the regulation of the CSR machinery [START_REF] Zhang | The Strength of an Ig Switch Region Is Determined by Its Ability to Lina Zawil[END_REF].

From a molecular point of view, CSR can be divided into two stages:

1-The induction of DSB following AID's action in S regions and 2-The repair of these DSB by the ligation of the two S regions of interest together thereby replacing the Cμ exon with Cx exons and therefore the expression of another Ig isotype.

DNA located between these two regions will be excised and circularized in the form of an episome in order to be eliminated (Fig. 13) [START_REF] Xu | Immunoglobulin Class-Switch DNA Recombination: Induction, Targeting and Beyond[END_REF].

The AID enzyme will induce the deamination of cytosines in the two donor and acceptor S regions. Similar to SHM, the basic mismatch dU:dG is excised by UNG. The abasic site created is then handled by the BER and MMR pathways, which will lead to a single strand break (SSB).

Because of the high density of GC (AID targets) present in S regions, multiple SSBs can take place simultaneously on both strands of DNA, to generate DSBs [START_REF] Hackney | DNA Targets of AID Evolutionary Link between Antibody Somatic Hypermutation and Class Switch Recombination[END_REF][START_REF] Meng | Chapter 19 -The Mechanism of IgH Class Switch Recombination[END_REF]. Repair pathway) (Fig. 14). Therefore, the protein complex MRN (MRE11-RAD50-NBS1) will bind to these DSBs and recruit the ATM protein kinase. The latter then phosphorylates NBS1 in the MRN complex and recruits other proteins (facilitating DSB stabilization) including 53BP1 (53BP1 for p53 Binding Protein 1) and histone H2AX [START_REF] Dinkelmann | Multiple Functions of MRN in End-Joining Pathways during Isotype Class Switching[END_REF][START_REF] Hwang | Related Mechanisms of Antibody Somatic Hypermutation and Class Switch Recombination[END_REF][START_REF] Petersen | AID Is Required to Initiate Nbs1/Gamma-H2AX Focus Formation and Mutations at Sites of Class Switching[END_REF]. The deletion of H2AX or 53BP1 protein causes a decrease in CSR, an increase in DSB frequency and genomic translocations [START_REF] Franco | H2AX Prevents DNA Breaks from Progressing to Chromosome Breaks and Translocations[END_REF][START_REF] Manis | 53BP1 Links DNA Damage-Response Pathways to Immunoglobulin Heavy Chain Class-Switch Recombination[END_REF][START_REF] Xu | Immunoglobulin Class-Switch DNA Recombination: Induction, Targeting and Beyond[END_REF]. Finally, the DSB is repaired by factors of the NHEJ pathway (Non-homologous end joining pathway) [START_REF] Boboila | Classical and Alternative End-Joining Pathways for Repair of Lymphocyte-Specific and General DNA Double-Strand Breaks[END_REF].

The impairment in one of the factors involved in this pathway decreases the effectiveness of CSR, but it does not abolish it completely. The existence of a residual CSR (20 to 40% of the normal rate) suggests that the NHEJ pathway can be replaced by a second alternative pathway called A-EJ (A-EJ for Alternative End Joining) [START_REF] Matthews | Regulation of Immunoglobulin Class-Switch Recombination: Choreography of Noncoding Transcription, Targeted DNA Deamination, and Long-Range DNA Repair[END_REF][START_REF] Vaidyanathan | AIDing Chromatin and Transcription-Coupled Orchestration of Immunoglobulin Class-Switch Recombination[END_REF][START_REF] Yan | IgH Class Switching and Translocations Use a Robust Non-Classical End-Joining Pathway[END_REF]. The AID enzyme induces DSB in the donor (Sµ) and acceptor (here Sγ1) region. The two S regions are then ligated. The DNA in-between is circularized and then eliminated as an episome. After the CSR, an mRNA is initiated from the promoter V (mRNA IgG1), allowing the production of an IgG1. Adapted from Chaudhuri and Alt, 2004.
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While the NHEJ pathways applies to DNA broken ends protected by 53bp1, A-EJ applied to unprotected DNA ends first bound by RPA. The proteins present in the A-EJ pathway are still incompletely characterized. It would seem that the MRN complex, PARP-1 (PARP-1 for poly ADP-ribose polymerase I), XRCC1 as well as ligases I and III are involved in this pathway [START_REF] Boboila | Classical and Alternative End-Joining Pathways for Repair of Lymphocyte-Specific and General DNA Double-Strand Breaks[END_REF][START_REF] Hwang | Related Mechanisms of Antibody Somatic Hypermutation and Class Switch Recombination[END_REF]) [START_REF] Saha | Charting a DNA Repair Roadmap for Immunoglobulin Class Switch Recombination[END_REF].

The A-EJ pathway mainly uses micro-homology sequences between S regions in order to recombine them. Thus, the analysis of the Sμ-Sx junctions allows, to a certain extent, the identification of the remedy used.

The junctions generated by the NHEJ path are mainly direct junctions (a straightforward connection of the two S regions) or junctions with short microhomologies (presence of some bases (≤ 5bp) homologous to the two regions S). On the other hand, the involvement of the A-EJ pathway results mainly in junctions with long microhomologies (presence of several bases (> 5bp) homologous to the two regions S) with also possible insertions [START_REF] Stavnezer | Mapping of Switch Recombination Junctions, a Tool for Studying DNA Repair Pathways during Immunoglobulin Class Switching[END_REF][START_REF] Stavnezer | IgH Chain Class Switch Recombination: Mechanism and Regulation[END_REF][START_REF] Yan | IgH Class Switching and Translocations Use a Robust Non-Classical End-Joining Pathway[END_REF].

Induction of DNA breaks, and their repair by more or less faithful pathways, are points in common with all of the gene events that take place throughout B cell development (early VHDJH rearrangements or late CSR and SHM rearrangements). Although at lower level than Ig genes, a number of other genes (and notably oncogenes such as bcl6, myc, bcl2…) are also sites for "off-target" cytidine deamination by AID, which can end with off-target mutation or DNA breaks. A "collateral effect" of all these distant but simultaneous DNA breaks is to transform the IgH locus into a "hot-spot" for different potentially oncogenic junctions and translocations. In order to avoid them, strict and fine-tuned regulation of these events is ensured by several cis-regulatory elements of the locus.
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Chapter II. Introduction into B cell lymphomagenesis

II.1. The origin of lymphoproliferations

II.1.1. Oncogenic lesions

The development and proliferation of B lymphocytes are tightly controlled phenomena.

The imbalance between apoptosis and proliferation of these cells will cause leukemia or lymphoma. When a B cell undergoes a malignant transformation, it retains certain original phenotypic traits, allowing identifying and classifying the precursor that caused the lymphoma. Thus, B lymphomas represent a heterogeneous group comprising more than 40 subtypes, the majority of which are derived from mature B cells (Dalla-Favera and [START_REF] Dalla-Favera | Chapter 22 -Molecular Pathogenesis of B Cell Lymphomas[END_REF].

To become malignant, a cell must undergo several oncogenic events, modifying the functions related to proliferation, apoptosis or even interaction with the environment. In the case of lymphomas, these events are, on one hand, mostly random genetic lesions, and on the other hand, lesions linked to the risks induced by the recombination events that punctuate B cell ontogeny [START_REF] Robbiani | Chromosome Translocation, B Cell Lymphoma, and Activation-Induced Cytidine Deaminase[END_REF].

The development of cytogenetic techniques in the 1970s made it possible to discover recurrent translocations in cancerous B cells (Rowley, 1973a(Rowley, , 1973b)). More recently, the arrival of high-speed sequencing techniques and TC-seq (Translocation Capturesequencing) allowed a more exhaustive study of translocations and mutations that cause many cancers, including lymphomas (Fig. 15) [START_REF] Campbell | Identification of Somatically Acquired Rearrangements in Cancer Using Genome-Wide Massively Parallel Paired-End Sequencing[END_REF][START_REF] Genome | The Cancer Genome Atlas Pan-Cancer Analysis Project[END_REF][START_REF] Greenman | Patterns of Somatic Mutation in Human Cancer Genomes[END_REF][START_REF] Wartman | Sequencing a Mouse Acute Promyelocytic Leukemia Genome Reveals Genetic Events Relevant for Disease Progression[END_REF]; for review [START_REF] Robbiani | Chromosome Translocation, B Cell Lymphoma, and Activation-Induced Cytidine Deaminase[END_REF].

Lina It may also happen that the combination of two genes initially located on two different chromosomes, but brought together by a translocation, allows the synthesis of an oncogenic fusion protein. This is the case, for example, of the fusion of the BCR and ABL1 genes in chronic myeloid leukemia (CML for Chronic Myeloid Leukemia) or acute lymphocytic leukemia (B-ALL) [START_REF] Küppers | Mechanisms of B-Cell Lymphoma Pathogenesis[END_REF][START_REF] Robbiani | Chromosome Translocation, B Cell Lymphoma, and Activation-Induced Cytidine Deaminase[END_REF].

Finally, it also happens that a translocation disrupts the function or the transcription of an anti-oncogene or a miRNA, resulting in deregulation of the latter's target genes [START_REF] Calin | Chromosomal Rearrangements and MicroRNAs: A New Cancer Link with Clinical Implications[END_REF]. License CC BY-NC-ND 4.0

These translocations are generally one of the earliest events in malignant transformation, but are usually not enough to result in cancer. The cell should undergo several gene events (or so called "hits") to lead to complete cancerization. These mutations will make it possible to bypass the various "checkpoints" of the cellular homeostasis, by affecting the cell cycle, resistance to apoptosis, intracellular signaling, transcriptional program, interaction with the microenvironment and / or recognition by the immune system etc… (Fig. 16) [START_REF] Hanahan | Hallmarks of Cancer: The next Generation[END_REF][START_REF] Vogelstein | The Multistep Nature of Cancer[END_REF]. These genetic alterations are not specific to lymphoproliferations, but are found in many types of cancer as well. It is the case for example of the TP53 gene, which codes for the tumor suppressor protein p53 that is found mutated in almost half of the tumors in humans. This transcription factor, sometimes called "Guardian of the genome" leads to the arrest of the cell cycle or apoptosis in response to stress (DNA damage, lack of replication etc...). Its mutation will therefore create an environment permissive to tumor development [START_REF] Goh | The Role of Mutant P53 in Human Cancer[END_REF][START_REF] Zilfou | Tumor Suppressive Functions of P53[END_REF]. License CC BY-NC-ND 4.0

II.1.2. Cellular origin of lymphomas

B cell lymphomas can involve more or less mature B cells, from the most undifferentiated cells during B-ALL to fully differentiated plasma cells in multiple myeloma [START_REF] Campos-Sanchez | Acute Lymphoblastic Leukemia and Developmental Biology: A Crucial Interrelationship[END_REF][START_REF] Robbiani | Chromosome Translocation, B Cell Lymphoma, and Activation-Induced Cytidine Deaminase[END_REF].

As stated in the previous section, B cells, even after becoming malignant, have the tendency to retain key features of their cell of origin, including certain characteristics of the particular differentiation stage of the lymphoma precursor [START_REF] Seifert | Origin and Pathogenesis of B Cell Lymphomas[END_REF].

Histological and immunohistochemical studies of lymphomas have hence become very crucial in classifying B cell malignancies and determining their cellular derivation.

In the case of follicular lymphoma for example, which is the heart of my thesis project, the malignant B cells morphologically resemble GC B cells, and express typical markers of these GC B cells. Not to mention, they grow in follicular structures that resemble the GC and that harbor GC T helper cells and FDC networks [START_REF] Seifert | Origin and Pathogenesis of B Cell Lymphomas[END_REF]. Taken together, all these features point to the fact that follicular lymphomas are derived from GC B cells.

These histopathological observations were further confirmed by polymerase chain reaction (PCR) and sequencing based studies of the Ig gene rearrangements. Such studies showed that malignant B cells in follicular lymphoma carry somatically mutated Ig V genes with intraclonal diversity as a sign of ongoing SHM throughout clonal expansion, further characteristic features of GC B cells [START_REF] Seifert | Origin and Pathogenesis of B Cell Lymphomas[END_REF], thereby validating the GC B cell origin of follicular lymphomas.

Another example is Burkitt lymphoma, for which cells were shown to morphologically resemble centroblasts, and express key GC B cell markers, in addition to having somatically mutated Ig V genes with ongoing hypermutation in a fraction of the cases [START_REF] Seifert | Origin and Pathogenesis of B Cell Lymphomas[END_REF], thus proving that Burkitt lymphomas derive from GC B cells, too.

To conclude, the majority of human lymphomas appear to originate from GC or post-GC B cells (Fig. 17). Even though this observation may seem surprising, since the B cells spend only a short time in the GC and only naive B cells represent more than half of the B cell pool, the intense proliferation of GC B cells along with the processes of SHM and CSR, which increase the risk of oncogenic mutations, explain this observation.
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The notion of an original or precursor cell must be qualified; as mentioned previously, the cancerization of a cell is done in several stages, which can take place at different stages of development. It is therefore difficult to determine which stage represents the actual original cell. For example, in follicular lymphomas, the t(14;18) Bcl2/IgH chromosomal translocation, occurs at the pro-B cell stage as a result of a misguided V gene recombination, but does not become pathogenetically relevant until much later in B cell development; more specifically in GC B cells when BCL2 is normally downregulated and only in conjunction with additional oncogenic hits.

II.1.3. Tumor heterogeneity

During their malignant transformation, the cells eventually undergo hundreds of mutations, which will modify their genotype and/or their phenotype. Among these mutations, those called "drivers", contribute to giving a selective advantage to the cell and the so-called "passenger" mutations, which have a neutral effect [START_REF] Pon | Driver and Passenger Mutations in Cancer[END_REF]. Driver mutations are identified by their highly frequent oresence in the cells of tumor, whether it is solid or hematological, is composed of several clones rather than a single one. These different clones are close, of common origin, but have different mutations: that is intraclonal heterogeneity. This complexity of tumors must be taken into account, since it has influence on their evolution and eventual resistance to treatment (Fig. 18) (For review: [START_REF] Brioli | The Impact of Intra-Clonal Heterogeneity on the Treatment of Multiple Myeloma[END_REF]). This heterogeneity makes cancer a system subject to evolution according to a Darwinian model. This theory was first proposed in 1976 and has since been confirmed by modern high-throughput sequencing techniques [START_REF] Greaves | Clonal Evolution in Cancer[END_REF][START_REF] Nowell | The Clonal Evolution of Tumor Cell Populations[END_REF][START_REF] Pepper | Cancer Research Meets Evolutionary Biology[END_REF].

The surrounding environment, through resource limitation or immune response, limits tumor growth. A natural selection therefore takes place within the tumor, which will promote the emergence of a clone carrying advantageous mutations; meaning mutations that allow faster proliferation, resistance to apoptosis, better adaptation to the microenvironment, and exhaustion of the immune system ... [START_REF] Greaves | Clonal Evolution in Cancer[END_REF]. This notion of natural selection is important, since it suggests that the progression of a tumor does not depend solely on the cell of origin nor of the initial oncogenic alteration, but also of the context in which it is located. Thus, the evolution of a tumor and the selection of certain clones carrying new mutations will depend on its environment; that is the presence of growth factors, cytokines, contact with neighboring cells, spatial constraints etc... This phenomenon of selection will be amplified by the ability of the tumor to modify its microenvironment to make it favorable for its development (Amé-Thomas and Tarte, 2014; [START_REF] Taylor | Microenvironment Abnormalities and Lymphomagenesis: Immunological Aspects[END_REF]. In addition, certain mutations will facilitate the appearance of new alterations, either by inactivating proteins essential for chromatin remodeling or genome stability, or by weakening certain genome sites [START_REF] Miron | Oncogenes Create a Unique Landscape of Fragile Sites[END_REF][START_REF] Ozeri-Galai | Interplay between Genetic and Epigenetic Factors Governs Common Fragile Site Instability in Cancer[END_REF]. Thus, the evolution of a tumor will depend on the initial oncogenic alteration and the cell in which it took place, but will also be influenced by its microenvironment, epigenetic alterations, activated signaling pathways, secondary mutations, therapy (notably when based on genotoxic treatments), etc ... Although with less diversity than in human, because with a much shorter eveolution time-schedule, example of this complexity was also observed in various mouse models of myc-driven lymphomas, where the same deregulations of c-myc can end with a broad landscape of tumor phenotypes. One study demonstrated that two different mutations (affecting TP53 or CDK4) both induce

License CC BY-NC-ND 4.0 the appearance of tumors similar to mantle cell lymphomas (mantle cell lymphoma-like lymphomas) when they are coupled with the translocation of c-myc under the control of the 3'RR [START_REF] Rouaud | Mantle Cell Lymphoma-like Lymphomas in c-Myc-3'RR/P53+/-Mice and c-Myc-3'RR/Cdk4R24C Mice: Differential Oncogenic Mechanisms but Similar Cellular Origin[END_REF]. Conversely, another study has shown that the genetic background of mice strongly influences their sensitivity to the development of tumors induced by the same mutation [START_REF] Vincent-Fabert | Genetic Background Modulates Susceptibility to Oncogen-Driven Proliferation and Lymphoma Occurrence in Mice Carrying a Deregulated c-Myc Transgene[END_REF]. Finally, the addition of a mutation affecting TP53 considerably modifies the spectrum of lymphomas developed by mice already carrying a c-myc / 3'RR cassette, confirming the influence of secondary mutations on the tumor phenotype [START_REF] Pinaud | The IgH Locus 3' Regulatory Region: Pulling the Strings from Behind[END_REF]. This heterogeneity also influences the response of a tumor during treatment. Thus, the removal of a tumor clone by treatment can promote the development of a second clone, which was previously kept quiescent by competition of the first [START_REF] Brioli | The Impact of Intra-Clonal Heterogeneity on the Treatment of Multiple Myeloma[END_REF][START_REF] Keats | Clonal Competition with Alternating Dominance in Multiple Myeloma[END_REF]. In addition, therapy of cancer can eventually promote mutations and select or facilitate the emergence of new variants of an initial tumor. More importantly in this scenario, Non-Hodgkin lymphomas (NHL) are defined as a heterogenous group of lymphoid tumors that arise by a complex process of malignant transformation of mature lymphocytes during various stages of lymphocyte differentiation and clonal expansion in secondary lymphoid organs. A striking feature that differentiates these types of lymphomas from one another is the absence of the The current Revised European and American Lymphoma (REAL) along with the related WHO classification subdivides NHL into B cell and T cell, or natural killer (NK)cell types respectively accounting for 85% and 15% of cases, each having distinct pathophysiological and prognostic characteristics [START_REF] Winkfield | Chapter 77 -Non-Hodgkin's Lymphoma[END_REF] From a clinical point of view, these lymphomas comprise indolent, aggressive, or highly-aggressive malignancies that, not only differ in their etiology, pathogenesis, genetics, clinical manifestations and patterns of spread but also have different treatment and prognostic approaches [START_REF] Isaacson | Non-Hodgkin's Lymphoma[END_REF].

II.2. Oncogenic alterations during lymphomas

Most B cell lymphomas are characterized by the existence of a translocation displacing an oncogene within the Ig loci, where it will be constitutively transcribed under the control of the regulatory elements of these loci. The high frequency of these gene alterations is explained by the induction of DSBs during the rearrangements which punctuate the lymphopoiesis (VDJ, SHM and CSR processes), thereby making these Ig loci hotspots for such translocations (Fig. 20) [START_REF] Küppers | Mechanisms of B-Cell Lymphoma Pathogenesis[END_REF][START_REF] Seifert | Origin and Pathogenesis of B Cell Lymphomas[END_REF].

It is worthy to note that the nature of these so-called hits has diverse natures including viral infection, gene mutations, and epigenetic remodeling; all of which will be discussed in details below.

Lina In the case of one RAG dependent break, this "off target" activity may affect two types of targets: the so-called "cryptic" sites, sufficiently similar to RSS sites to be targeted by the RAG complex; or DNA fragments adopting a "non-B" structure, able to recruit the RAG complex. This last scenario is notably encountered during Bcl2 translocations where a part of the sequence, named Bcl2-Mbr (for Bcl2 major breakpoint) is frequently exhibited in single strand form.

However, in the case where both breaks are RAG dependent, the translocation is due to an illegitimate VDJ rearrangement, involving the formation of a synapse between the two RAG complexes. Finally, in the case of an independent RAG break, the end of the oncogene will invade a synaptic complex formed during a legitimate VDJ recombination [START_REF] Jankovic | Antigen Receptor Diversification and Chromosome Translocations[END_REF][START_REF] Lieber | Roles of Nonhomologous DNA End Joining, V(D)J Recombination, and Class Switch Recombination in Chromosomal Translocations[END_REF][START_REF] Marculescu | Recombinase, Chromosomal Translocations and Lymphoid Neoplasia: Targeting Mistakes and Repair Failures[END_REF].

II.2.2. Translocations during secondary recombination

General considerations: Implications of the AID enzyme and other genetic events

The breakpoints, during certain translocations, are located within or at a close proximity to the rearranged VDJ exon. This is for example the case of the c-myc-IgH translocation in endemic Burkitt's lymphoma. This type of translocation is characteristic of an error in the repair during SHM. Indeed, although they are not necessary, it often happens that a DSB is induced during this mechanism, thereby facilitating the appearance of translocations. On the other hand, some translocations take place within switch regions preceding the constant exons, and are due to illegitimate repairs during the CSR. It is the case for example of the c-myc-IgH or c-maf-IgH translocations, respectively observed in sporadic Burkitt lymphomas or multiple myelomas [START_REF] Robbiani | Chromosome Translocation, B Cell Lymphoma, and Activation-Induced Cytidine Deaminase[END_REF][START_REF] Seifert | Origin and Pathogenesis of B Cell Lymphomas[END_REF].

As described above, a translocation requires the simultaneous induction of two DSBs.

If the DSBs within the IgH locus are due to the physiological action of AID; the one situated in close proximity to the oncogene may be due to non-specific mechanisms of B cells, or AID's "off target" activity. Indeed, despite its very strict regulation, AID can target certain regions of the genome in a non-specific manner. As a matter of fact,

ChIP-seq experiments have demonstrated that AID is able to link to several hundred of sites together [START_REF] Yamane | Deep-Sequencing Identification of the Genomic Targets of the Cytidine Deaminase AID and Its Cofactor RPA in B Lymphocytes[END_REF].

Even if it has been established that AID fixation is not always representative of a mutagenic activity, its involvement in lymphomagenesis and in the induction of DSBs around oncogenes has been widely demonstrated, in particular through the use of murine models [START_REF] Jankovic | Role of the Translocation Partner in Protection against AID-Dependent Chromosomal Translocations[END_REF][START_REF] Matthews | Regulation of Immunoglobulin Class-Switch Recombination: Choreography of Noncoding Transcription, Targeted DNA Deamination, and Long-Range DNA Repair[END_REF][START_REF] Ramiro | AID Is Required for C-Myc/IgH Chromosome Translocations in Vivo[END_REF].
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Two studies have identified AID's main "off target" targets. By using I-SceI-induced breaks in c-myc or within the IgH locus as targets, the authors identified the partners involved in translocations by TC-seq. The comparison of results in the presence or absence of AID made it possible to identify hotspots for AID-dependent mutations (Fig. 21). Detection of numerous somatic mutations in the genes thus identified, confirmed their targeting by AID ( [START_REF] Chiarle | Genome-Wide Translocation Sequencing Reveals Mechanisms of Chromosome Breaks and Rearrangements in B Cells[END_REF][START_REF] Klein | Translocation-Capture Sequencing Reveals the Extent and Nature of Chromosomal Rearrangements in B Lymphocytes[END_REF] For review: [START_REF] Robbiani | Chromosome Translocation, B Cell Lymphoma, and Activation-Induced Cytidine Deaminase[END_REF]).

AID is strongly expressed in several human B lymphomas, in particular those originating from GC cells. This presence of AID is not always linked to the development of SHM, but is, in some cases, associated with a worse prognosis [START_REF] Okazaki | Role of AID in Tumorigenesis[END_REF].

Many teams have been working to determine the factors explaining the preferential involvement of these genes in AID-dependent translocations. The idea is that targeting by AID is due to the presence of certain factors on these genes: transcription machinery, epigenetic marks, R-loops etc… [START_REF] Duke | Multiple Transcription Factor Binding Sites Predict AID Targeting in Non-Ig Genes[END_REF][START_REF] Wang | Epigenetic Targeting of Activation-Induced Cytidine Deaminase[END_REF]. On the other hand, the nuclear space organization seems to play an important role, with translocations being more frequent between genes localized in cis or in proximity within the nucleus [START_REF] Klein | Translocation-Capture Sequencing Reveals the Extent and Nature of Chromosomal Rearrangements in B Lymphocytes[END_REF]Zhang et al., 2012). It has also been suggested that the localization of a gene near the IgH locus promotes its targeting by AID, but these results are controversial [START_REF] Casellas | The Origin of B Cell Recurrent Chromosomal Translocations: Proximity versus DNA Damage[END_REF][START_REF] Gramlich | AID-Targeting and Hypermutation of Non-Immunoglobulin Genes Does Not Correlate with Proximity to Immunoglobulin Genes in Germinal Center B Cells[END_REF][START_REF] Hakim | | 2021 204 License CC BY-NC-ND 4.0 Chromosomal Translocations in B Lymphocytes[END_REF][START_REF] Rocha | Close Proximity to Igh Is a Contributing Factor to AID-Mediated Translocations[END_REF][START_REF] Rocha | Response to Casellas et Al[END_REF].

II.2.3. 3'RR during lymphomagenesis

The translocation of an oncogene within the IgH locus leads to its overexpression, which suggests that it becomes under the transcriptional control of the regulatory elements of this locus (For review: [START_REF] Pinaud | The IgH Locus 3' Regulatory Region: Pulling the Strings from Behind[END_REF][START_REF] Vincent-Fabert | The IgH 3' Regulatory Region and Its Implication in Lymphomagenesis[END_REF]). License CC BY-NC-ND 4.0

The intronic enhancer Eμ was initially suggested as the critical player in this deregulation. However, the transgenic mice containing an Eμ-c-myc cassette only develop tumors of immature phenotypes, different from the mature Burkitt lymphomas found in humans following a c-myc-IgH translocation [START_REF] Janz | Myc Translocations in B Cell and Plasma Cell Neoplasms[END_REF][START_REF] Schmidt | Transgenic Mice Bearing the Human C-Myc Gene Activated by an Immunoglobulin Enhancer: A Pre-B-Cell Lymphoma Model[END_REF]. Likewise, the transfection of an Eμ-CCND1 cassette does not cause the appearance of any lymphoid tumor [START_REF] Lovec | Cyclin D1/Bcl-1 Cooperates with Myc Genes in the Generation of B-Cell Lymphoma in Transgenic Mice[END_REF]. These results and the fact that Eu can be deleted during c-myc-IgH translocations have led to the suggestion that the 3'RR is responsible for the deregulation of the translocated oncogene [START_REF] Gostissa | Long-Range Oncogenic Activation of Igh-c-Myc Translocations by the Igh 3' Regulatory Region[END_REF].

The involvement of the 3'RR has been confirmed by murine models: the transfection of c-myc-3'RR cassette or the knock-in of a 3'RR cassette 5' of endogenous c-myc induced the development of B cell lymphomas resembling human Burkitt lymphoma [START_REF] Truffinet | The 3' IgH Locus Control Region Is Sufficient to Deregulate a c-Myc Transgene and Promote Mature B Cell Malignancies with a Predominant Burkitt-like Phenotype[END_REF][START_REF] Wang | Regulatory Elements in the Immunoglobulin Heavy Chain Gene 3'-Enhancers Induce c-Myc Deregulation and Lymphomagenesis in Murine B Cells[END_REF].

The final definitive confirmation of the role of the 3'RR was brought about by the deletion of the enhancers hs3b and hs4 in mouse models favoring the development of lymphomas. The authors have demonstrated that the 3'RR is essential for the development of mature B cell lymphomas but not pro-B cell lymphomas [START_REF] Gostissa | Long-Range Oncogenic Activation of Igh-c-Myc Translocations by the Igh 3' Regulatory Region[END_REF]. It is the case also for the deregulation of Bcl-2 in FL involving the Bcl-2-IgH translocation, which was confirmed through in vitro studies [START_REF] Duan | The Immunoglobulin Heavy-Chain Gene 3' Enhancers Deregulate Bcl-2 Promoter Usage in t(14;18) Lymphoma Cells[END_REF].

All of these studies have confirmed the importance of the 3'RR during lymphomagenesis, and the relevance of mouse models as tools for studying the development of these pathologies. This role of the 3'RR in oncogenic deregulation suggests that targeted inhibition may prove to be a promising therapeutic strategy in the case of mature lymphomas. In particular, histone deacetylase inhibitors seem to be an interesting track [START_REF] Bose | Histone Deacetylase Inhibitor (HDACI) Mechanisms of Action: Emerging Insights[END_REF][START_REF] Lu | Histone Deacetylase Inhibitor Trichostatin A Reduces Anti-DNA Autoantibody Production and Represses IgH Gene Transcription[END_REF][START_REF] Slingerland | Histone Deacetylase Inhibitors: An Overview of the Clinical Studies in Solid Tumors[END_REF][START_REF] Waibel | Manipulation of B-Cell Responses with Histone Deacetylase Inhibitors[END_REF].

II.2.4. BCR and lymphomagenesis

The essential contribution of the BCR in human pathology concerns mainly The BCR is a multi-protein structure consisting of two subunits; the antigen binding subunit referred to as the membrane immunoglobulin (mIg) and the signaling subunit, a heterodimer composed of two proteins, Igα and Igβ that are non-covalently linked by a disulfide bond. Each of these proteins contain a single immunoreceptor tyrosinebased activation motif (ITAM which is a conserved motif composed of two precisely spaced tyrosine residues with surrounding consensus sequence that provide antigen receptors with specific binding sites for SH2 domain-containing effectors).

As mentioned earlier in chapter I, signaling through the BCR (Fig. 22) can be divided into 3 stages explained in detail below:

1-Signal Initiation: Earliest step requiring the BCR complex itself: Antigen binding activates the BCR leading to its aggregation, which then results in the phosphorylation of the ITAM tyrosine residues by protein tyrosine kinases (PTK;

primarily thought to be the src-family kinases such as Lyn, Fyn, Blk, or Lck).

More preferentially, the double phosphorylation of both tyrosine residues for the Igα and Igβ proteins will then recruit the cytosolic tyrosine kinase Syk which is crucial for facilitating the initiation of several different signaling pathways [START_REF] Rowley | Syk Protein-Tyrosine Kinase Is Regulated by Tyrosine-Phosphorylated Ig Alpha/Ig Beta Immunoreceptor Tyrosine Activation Motif Binding and Autophosphorylation[END_REF]. It is worthy to mention that signal initiation is also indirectly 3-Signal integration: This step is described as connection between the intracellular signaling pathways and the activation of transcription factors as well as the regulation of gene expression in the nucleus, which is, is a crucial aspect of BCR signaling: The key players in this step are the mitogen activated protein kinase family, consisting of three members: extracellular signal-regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK/SAPK) and p38 MAPK.

Following activation, these kinases phosphorylate different sets of transcription factors. Without going into infinite detail, multiple effector pathways can converge at this level and the BCR is connected to these "downstream" effectors by a "phospho-relay" system of cytoplasmic kinases which phosphorylate and regulate each other via a "checks and balance" system to ensure that the proper genes or processes are turned on or off at the proper time.

It is worthy to mention, at this point, that multiple receptor-associated accessory 

II.2.4.1.1. BCR signaling in B-cell malignancies

A number of B-cell malignancies feature BCR signaling, and it was notably shown in vitro in some such lymphoma cell lines that cell growth required BCR expression [START_REF] Davis | Chronic Active B-Cell-Receptor Signalling in Diffuse Large B-Cell Lymphoma[END_REF]. Since the signals provided by the BCR are both constitutive (tonic signal) and mediated by interaction with ligands (activated signal), interpretation of BCRdependence or BCR-addiction for malignant B-cell survival or proliferation is not What paved the way in deciphering the notion of a distinctive or "stereotyped" BCRs were the studies done initially on CLL. These initial studies revealed that the CLL IGHV gene repertoire is nonrandom and distinct from that of normal B cells. In addition, differences in SHM status and heavy chain CDR3 (VH CDR3) composition and features were shown to be gene-related and provided evidence for the presence of IGHV subgroups [START_REF] Chiorazzi | Cellular Origin(s) of Chronic Lymphocytic Leukemia: Cautionary Notes and Additional Considerations and Possibilities[END_REF].
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Further immuno-genetic studies on CLL have succeeded in proving the presence of sequence restrictions for the antigen binding sites (that is IGVH / IGHD / IGHJ genes) in the BCRs of the malignant cells in this disease. For example, a "stereotypic" IGHV1-69 BCR was found to be substantially un-mutated and used an IGHD3-3 gene and an IGHJ6 gene, thereby encoding for a long, tyrosine-rich, highly acidic VH CDR3 [START_REF] Widhopf | Normal B Cells Express 51p1-Encoded Ig Heavy Chains That Are Distinct from Those Expressed by Chronic Lymphocytic Leukemia B Cells[END_REF]. Later on, it was demonstrated that approximately half of CLL cases utilizing the IGHV3-21 gene display distinctive Igs with short and highly similar, if not identical, VH CDR3 along with a remarkable biased pairing with lambda light chains utilizing the IGLV3-21 gene [START_REF] Tobin | Chronic Lymphocytic Leukemias Utilizing the VH3-21 Gene Display Highly Restricted Vlambda2-14 Gene Use and Homologous CDR3s: Implicating Recognition of a Common Antigen Epitope[END_REF]. These findings show that distinct prototypic BCRs could be repeated with minimum or no variation in different subsets of patients with CLL, thereby strongly suggesting the presence of an antigen driven pathway of CLL development and that a particular antigen-binding site could be critical in determining the clinical features and prognosis of CLL patient subsets. One study also claimed that the CLL BCR structure could eventually be somehow "selfspecific" and thus providing cell-autonomous rather than Ag-driven activation (Dührenvon Minden et al., 2012).

Although initially thought to be exclusive only for CLL, the analyses of Ig gene repertoires of patient cohorts in other B cell malignancies like mantle cell lymphoma (MCL) and splenic marginal zone lymphoma (SMZL) have further proven the concept of BCR stereotypy.

In the case of MCL, the study of IgH gene rearrangements revealed a strong bias in the usage of certain IGHV genes, in particular, IGHV4-34, IGHV3-21 and IGHV3-23.

Such studies however eventually occulted the fact that some VH genes notably predominate in the normal B-cell repertoire, as in the case of VH3-23, which has been reported as involved in up to 17% of all BCR rearrangement in normal B cells [START_REF] Stewart | High-Frequency Representation of a Single VH Gene in the Expressed Human B Cell Repertoire[END_REF]. Further immuno-genetic studies of MCL cases confirmed the restricted associations of specific IGHV genes with certain IGHD or IGHJ genes. For instance, more than 30% of IGHV3-21 rearrangements utilized the IGHD3-3 gene. Similar yet less predominant biases were seen for IGHV1-8 and IGHV4-34 rearrangements, which were frequently recombined to the IGHD2-2 or the IGHD2-15 gene. Moreover, restricted patterns of associations with IGHJ genes were evident for certain IGHV genes; almost two-thirds of IGHV3-21 rearrangements utilized the IGHJ6 gene, compared to less than 10% of IGHV3-23 rearrangements. These restricted and biased

License CC BY-NC-ND 4.0 associations of IGHV, IGHD and IGHJ genes lead to the formation of distinctive antigen-binding sites with highly similar stereotyped VH CDR3 motifs, especially among subgroups of IGHV3-21 and IGHV4-34 -expressing MCL cases [START_REF] Hadzidimitriou | Is There a Role for Antigen Selection in Mantle Cell Lymphoma? Immunogenetic Support from a Series of 807 Cases[END_REF].

In the case of SMZL, it has been shown that over 30% of cases express biased Ig receptors that utilize a single polymorphic variant of the IGHV1-2 gene (denoted as IGHV1-2*04) as well as a low impact of SHM. Rearrangements in this variant gene in SMZL cases were shown to carry long, electropositive VH CDR3s with biased usage of the IGHD3-3 and IGHD3 -10 genes, mostly in reading frame-3, resulting in VH CDR3s with common "IGHD-derived" motifs [START_REF] Bikos | Over 30% of Patients with Splenic Marginal Zone Lymphoma Express the Same Immunoglobulin Heavy Variable Gene: Ontogenetic Implications[END_REF].

As a conclusion, the above data confirm the importance of the BCR stereotypy study, not only in the mentioned malignancies, but also in a wide variety of different diseases and syndromes. In other words, such studies aid in elucidating the pathogenesis of these diseases thereby improving personalized therapeutic applications.

II.2.4.3. Antigen or auto-antigen recognition during lymphomagenesis

Activation The information above show that:

First, the functional similarity between self-reactive BCRs and pre-BCRs, in matters of autonomous signaling, suggests that self-antigen recognition could play a role in lymphomagenesis. One example on that were the studies on BCRs from mutated and un-mutated CLL cases which have revealed that they have signaling properties equivalent to those of the pre-BCR. In addition, autonomous BCR activity was demonstrated in 72% of non-germinal center DLBCL cases [START_REF] Koning | Antigen-Independent, Autonomous B-Cell Receptor Signaling As a Dominant Candidate Oncogenic Mechanism in ABC DLBCL[END_REF]. Thus,

License CC BY-NC-ND 4.0 despite being structurally normal, this BCR autonomous signaling property provides strong evidence for the oncogenic role of the BCR in certain types of lymphomas.

Second, some role of BCR-mediated antigen recognition in lymphomagenesis has also been elucidated in several types of B cell lymphomas such as CLL, SMZL, and MZL of mucosa-associated lymphoid tissue (MALT). As explained in the previous section, the detection of an antigenic footprint in the BCR of the malignant cells in these lymphomas as well as the association of these malignancies with specific infections and auto- 

II.2.4.4. BCR N-glycosylation

N-glycosylation is uncommon in the BCR variable domains of normal B-cells, in agreement with the less than 10% occurrence of the adequate motif "Asn-X-Ser/Thr" (Asn for asparagine; X for any amino acid except proline and Ser/Thr for serine or

License CC BY-NC-ND 4.0 threonine) in the germline sequence of V genes. Such glycosylation is by contrast frequent in lymphoma. Speaking exclusively of GC-associated lymphomas, there is no doubt that tumor cells are subjected to continuous rounds of SHM. This ongoing process can notably result in the introduction of N-glycosylation motifs most commonly in the Ig variable region genes of both heavy and light chains. These motifs are referred to as N-glycosylation sites, and, strickingly, the oligosaccharides added to these V region sites are usually "immature", i.e. of the high-mannose type [START_REF] Hollander | Altered N-Linked Glycosylation in Follicular Lymphoma and Chronic Lymphocytic Leukemia: Involvement in Pathogenesis and Potential Therapeutic Targeting[END_REF].

Studies have shown that these acquired glycans are capable of interacting with mannose-specific lectins, especially the dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin, referred to as DC-SIGN. This interaction triggers continuous activation of the BCR, as well as signaling pathways similar to those demonstrated for BCR engagement by antigen, which has been shown to be indispensable for the survival of several tumor cell types. Malignant cells have also been shown to be able to interact in a similar manner to bacterial lectins and the best example for this alteration is FL (Fig. 23). Shockingly and while in normal Blymphocytes, N-glycosylation of V regions barely reach 10%, in FL cells however, it is found in more than 90% of the cases, which is a strong indicative of its pathogenic function (Detailed more in the next chapter).

With lower frequency, N-glycosylation sites in Ig variable regions has been found in other GC lymphomas, such as diffuse large B-cell lymphomas and Burkitt's lymphomas. It is worthy to note that even though these malignancies often show continuous rates of SHM, no correlation was found between acquisition of novel glycosylation sites and levels of SHM activity. In other words, some of these lymphomas had low SHM activity but specifically "devoted" to acquiring novel sites. On the contrary, mucosa-associated lymphoid tissue lymphomas showed high mutational activity but a low frequency of these sites, as expected in the normal process of an Agdriven selection. For all these reasons, the strong correlation observed between the tumor type and the occurrence of N-glycosylation suggests that it is a marker of a specific lymphomagenesis pathway in which tumor environmental factors are implicated in the positive selection of clones acquiring V-region glycans (for example, stromal lectins that interact with acquired oligosaccharides in the mutated BCR) [START_REF] Hollander | Altered N-Linked Glycosylation in Follicular Lymphoma and Chronic Lymphocytic Leukemia: Involvement in Pathogenesis and Potential Therapeutic Targeting[END_REF].
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By contrast to FL, it was found that the BCR in CLL carries immature high-mannose oligosaccharides, but in the heavy chain constant rather than the variable region, thus rather relating to post-translational anomaly (this notion will be discussed in a separate section in Chapter 3 on the role of the BCR in FL).

Taken together, these data thereby confirm the involvement of altered glycans in the pathogenesis of these different malignancies. This could also be extremely beneficial for the development of novel therapeutic strategies for the different types of lymphomas in question; targeting the interaction that occurs between the lectins and the glycosylated BCR, via certain blocking reagents like antibodies for either of the involved parties could be an innovative therapeutic strategy. In addition, starting from the fact that BCR signaling is activated post this interaction, inhibitors for this signal transduction pathway come in handy as effective therapeutics for these lectin-driven malignancies. [START_REF] Hollander | Altered N-Linked Glycosylation in Follicular Lymphoma and Chronic Lymphocytic Leukemia: Involvement in Pathogenesis and Potential Therapeutic Targeting[END_REF]. An outstanding finding of an in-depth epigenetic analysis of Burkitt lymphomas revealed that several pathways, also affected by recurrent genetic lesions in this lymphoma, are indeed affected by alterations of the DNA methylation patterns of genes encoding critical factors of these signaling pathways. Hence, both genetic and epigenetic alterations cooperate in the pathogenesis of Burkitt lymphoma [START_REF] Kretzmer | DNA-Methylome Analysis in Burkitt and Follicular Lymphomas Identifies Differentially Methylated Regions Linked to Somatic Lina Zawil[END_REF].

In addition to everything mentioned above, a cellular function that is not completely understood but, nevertheless, found to be recurrently deregulated in several types of lymphomas is chromatin remodeling. Major examples validating this notion are the recurrent inactivation of KMT2D (MLL4), a histone methyltransferase, and CREBBP, a histone acetyltransferase in both Follicular lymphoma and DLBCL [START_REF] Meyer | Unique and Shared Epigenetic Programs of the CREBBP and EP300 Acetyltransferases in Germinal Center B Cells Reveal Targetable Dependencies in Lymphoma[END_REF].

EP300, the paralogue of CREBBP is also eventually involved in the absence of CREBBP mutation. Since the loss of CREBP often occurs only on one allele, the alteration of CREBBP dosage appears sufficient for contributing to lymphomagenesis,
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notably by deregulating the BCL6 pathway and genes downstream of BCL6 which are normally inhibited by CREBBP.

Studies whereby the artificially induced inhibition of these genes in cell lines has shown that their activity controls the chromatin state of a variety of genetic loci. Their lowered dosage in malignant cells notably silences tumor suppressor genes such as P53, and to reactivate epigenetically silenced oncogenes by editing histone marks or by directly acetylating BCL6. This is validated even further with the observation that many lymphomas show an abnormal pattern of histone marks and/or DNA methylation when compared to their nonmalignant counterparts.

Another frequently affected chromatin modifying gene in FL is the histone methyl transferase EZH2. Mutations of EZH2 usually occur only one one allele and are missense mutations of tyrosine 641, resulting in increased activity for catalyzing the addition of the third methyl group to H3K27me2, but with reduced activity for adding the first and second methyl groups. Wild-type and mutantEZH2act thus likely cooperate in heterozygous mutant cells to promote H3K27me3, and then also cooperate with Bcl2 overexpression to promote lymphoma by repressing genes normally involved in GC exit and terminal differentiation (IRF4, PRDM1…), thus stalling B-cell differentiation at the GC stage [START_REF] Green | Chromatin Modifying Gene Mutations in Follicular Lymphoma[END_REF].

Advances in the understanding of micro-RNAs that have also emerged in recent years, it became obvious that this class of small noncoding RNAs is another frequent target of deregulation in lymphomas. For example, the microRNA cluster, comprising miR-15a and miR-16-1, was found to be recurrently deleted in CLL, mantle cell lymphoma and multiple myeloma. It was shown that this cluster along with the single proteincoding gene DLEU2 act as tumor suppressors thereby providing a selective advantage for tumor clones that have lost one or both copies of this region.
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Chapter III. Follicular lymphoma (FL)

III.1. Introduction to Follicular lymphoma

Follicular lymphoma (FL) is the most frequent indolent NHL, representing 30 to 40% of B cell malignancies, with a median survival ranging from 8 to 12 years [START_REF] Bastion | Incidence, Predictive Factors, and Outcome of Lymphoma Transformation in Follicular Lymphoma Patients[END_REF].

To be more specific, FL is a germinal center B cell malignancy that results from the malignant transformation of a clone of centrocytes. FL is a disseminated disease characterized by a very complex development. 

III.2. Classification and prognosis of FL

The Ann Arbor classification, identifies four stages of FL, depending on the number and location of the organs affected by the disease:

Stage I: the disease is present in only one group of lymph nodes or rarely in a nonlymphoid organ.

Stage II: FL is present in two or more groups of lymph nodes, but located on the same side of the diaphragm. A non-lymphoid organ close to the affected lymph nodes can be reached.

Stage III: involvement of the lymph nodes on both sides of the diaphragm or involvement of an adjacent organ or spleen. Lymphoma International Prognostic Index). This score identifies three major risk groups as: the low risk group (factor 0-1), the intermediate risk group (factor 2) and the high-risk group (factor 3 to 5). Survival at 10 years being 71%, 51% and 36% respectively [START_REF] Solal-Céligny | Follicular Lymphoma International Prognostic Index[END_REF]).

Other factors have also been suggested such as an elevated level of β2-microglobulin (greater than 3 mg / L), an albumin level less than 35 g / L and no response to treatment [START_REF] Bastion | Incidence, Predictive Factors, and Outcome of Lymphoma Transformation in Follicular Lymphoma Patients[END_REF].

It is worthy to note that the transformation into high-grade lymphoma is a part of the FL evolution with an incidence around 70%. More frequently, FL cases transform into DLBCL (with a centroblastic or immunoblastic variant) however less frequently into Burkitt or lymphoblastic type lymphomas.

The prognosis for transformed lymphomas remains grim with a survival rate of 36% at ten years. The factors of poor prognosis for transformation include: advanced age, diffuse lymph node involvement, spinal infiltration, the presence of extra-lymphatic localizations, impaired general condition, high LDH levels, high number of previously performed chemotherapy and the lack of response to treatment [START_REF] Bernstein | The Incidence, Natural History, Biology, and Treatment of Transformed Lymphomas[END_REF].

III.3. Cellular origin and phenotype of FL

With the exception of certain subtypes of mantle cell lymphomas or rare lymphoblastic lymphomas, all NHLs have a somatic IgV gene mutation indicating that they are derived from B cells which are blocked at the GC B cell stage or which have transited there (R. [START_REF] Küppers | Cellular Origin of Human B-Cell Lymphomas[END_REF][START_REF] Stevenson | Insight into the Origin and Clonal History of B-Cell Tumors as Revealed by Analysis of Immunoglobulin Variable Region Genes[END_REF]). In addition, the genome of these malignant cells has chromosomal translocations and aberrant somatic hyper-mutations that represent errors or dysfunctions of the immunoglobulin gene remodeling mechanisms. These genetic lesions often affect the Ig gene but can also affect other genes like BCL6, PRDM1 and MYC. These genetic aberrations participate strongly in the appearance of lymphomas in the GC (Fig. 24).

Lina The architectural and cytological characteristics of FL cells evoke those of the GC, with 80% of FL cases displaying a "GCB-like" phenotype and the remaining 20% showing similarity to plasmablasts. The malignant follicles contain centroblasts but also tumor centrocytes, normal T cells, FDCs and some macrophages. Analysis of genes encoding the variable regions of heavy and light chains of the BCR of the FL cells confirms their GC origin. The Ig (V) genes of FL cells show somatic mutations similar License CC BY-NC-ND 4.0 to those observed in normal cells that have encountered the antigen. FL cells can express the IgM isotype or the IgG isotype meaning that class switching is a phenomenon that can also touch FL cells. In fact, there have been a few cases of FL cells expressing both the IgM and the IgG isotype reflecting the clonal heterogeneity which can characterize some cases of FL [START_REF] Aarts | Variable Heavy Chain Gene Analysis of Follicular Lymphomas: Correlation between Heavy Chain Isotype Expression and Somatic Mutation Load[END_REF].

It is worthy to note, however, that the pattern of gene co-expression in single FL B cells is not compatible with the reference signatures of normal GC B cells. This was revealed by recent single-cell transcriptomic analyses of FL samples and indicates a major desynchronization of GC-specific gene expression programs in this disease. The mechanisms that underlie this desynchronization remain unknown, but it is plausible that FL-associated epigenetic alterations and/or interactions with the surrounding microenvironmental factors both have major influences [START_REF] Pasqualucci | Molecular Pathogenesis of Germinal Center-Derived B Cell Lymphomas[END_REF].

Immunophenotyping of lymph node, spinal or other samples revealed that the surface markers expressed in FL are: cell surface immunoglobulin (with a predominance for the IgM isotype followed by IgG and finally IgA), molecules such as CD10, CD19, CD20, CD38 and Bcl-6 with a defect in the expression of the markers CD5 and CD23.

Again, the overexpression of the proto-oncogene BCL-2, following a chromosomal translocation, is a characteristic feature of FL cells. Many other genetic aberrations affecting the P53, MDM2, FCGR2B, REL, BCL6, P73 genes, CDK4… have been identified in FL, some of them have established prognostic value (discussed in further detail in the upcoming section) [START_REF] Viardot | Cytogenetic Evolution of Follicular Lymphoma[END_REF].

III.4. FL genetic alterations

FL is considered as a multistep disease. In the natural history of FL, the hallmark for its development is comprised of a critical genetic event that occurs early during B cell development in the BM. Later on, this is accompanied with numerous entries and reentries of the malignant cells into the GC where they undergo several rounds of SHM thereby allowing the introduction of secondary mutations or hits that are even more favorable for the development of FL (Fig. 25). The section below aims to explain in detail these genetic alterations that occur during FL:

Lina Due to the DSBs induced by the RAG complex during the latter, this translocation juxtaposes the BCL2 oncogene located on chromosome 18q21 and the region coding for the immunoglobulin heavy chain locus located on chromosome 14q32 (IgH, segment JH) (Fig. 26). This leads to overexpression of the gene and thereby the constitutive expression of the transcribed protein Bcl2 [START_REF] Raghavan | A Non-B-DNA Structure at the Bcl-2 Major Breakpoint Region Is Cleaved by the RAG Complex[END_REF]).

This translocation is found in 90% of FL cases, 20% to 30% of de novo DLBCL cases and 50% of other histological types of lymphomas (mantle and marginal zone Detailed schematic representation of the different events that occur in FL. From the earliest event comprising the t(14;18) that occurs during V(D)J recombination in the BM (accompanied or not with other secondary genetic alterations), to their entry into the GC and their exit as t(14;18)+ sIgM+ memory B cells ( allelic paradox) or their developmental arrest at a centroblast/centrocyte like stage (follicular lymphoma (FL)-like cells or FLLCs) which could disseminate extensively and traffic between follicles, blood and BM compartments or potentially re-enter GCs following a second encounter with their cognate Ag (Ag recall) or following another yet unidentified signal. Together with a supportive microenvironment, these events gradually induce clonal expansion and acquisition of additional genomic alterations and evolve over decades through a putative committed precursor stage until progression to early malignant stages (in situ follicular neoplasia (ISFN) and FL with partial involvement (PFL)) and overt FL occurs. ISFN and PFL represent the putative earliest stages before full transformation to overt FL, but the sequence of oncogenic events linking those stages is still unclearin particular, whether they are mandatory developmental steps before the appearance of overt FL. Image taken from Huet et al., Nature reviews 2018.

License CC BY-NC-ND 4.0 lymphomas, Hodgkin's disease), with no identified prognostic association. It is also preserved during the transformation of FL into high-grade lymphoma. The functional result of this translocation is the imbalance of the balance between cell survival and death. Bcl2 is a transmembrane mitochondrial protein, which intervenes in the regulation of cell death by inhibiting the apoptosis phenomenon. The overexpression of protein Bcl2 thus leads to a defect in cell death. As already mentioned above, the cells of the GC are normally characterized by an increased ability to respond to apoptotic signals in order to eliminate B cells whose BCR is not functional or autoreactive. So, it is easy to imagine the deregulation yielded by t (14; 18) at this stage, where, normally, anti-apoptotic proteins are absent as a result of the action of proapoptotic proteins (such as Bak, Bax and Bad).

When naive B cells leave the BM and migrate to reach the periphery, those harboring the t(14;18) translocation display a selective advantage during the GC reaction allowing them to recirculate as atypical memory B cells, referred to as FL like cells (FLLC), carrying some features of FL cells. Even though detected at a low frequency in the peripheral blood of most healthy individuals (around 70%), it has been shown that these FLLCs retain a functional surface IgM allele (sIgM) despite the fact that they have passed through the GC and have undergone a round of CSR. This retention of sIgM would allow these cells to reenter the GC upon future Ag encounter subjecting them to additional rounds of SHM, making them even more susceptible to the accumulation of additional mutations and thereby perhaps contributing to malignant transformation. This process is what we call the "allelic paradox". (Milpied, Nadel, et Roulland 2015;Tellier et al. 2014;Huet, Sujobert, et Salles 2018). During the V(D)J recombination process that occurs early during B cell development in the BM, the DSBs induced by the RAG complex during the latter, juxtapose the BCL2 oncogene located on chromosome 18q21 and the region coding for the immunoglobulin heavy chain locus located on chromosome 14q32 (IgH, segment JH). This Bcl2 gene then falls under control by the IgH locus enhancers (Eµ and the 3'RR), hereby leading to the constitutive expression of the anti-apoptotic protein Bcl2.
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III.4.2. Secondary genetic alterations

As mentioned earlier, besides t(14;18) and the subsequent Bcl2 deregulation, additional secondary alterations and mutations, thanks to the recurrent subjection of these cells to SHM in the GC, are mandatory for the development of FL.

It is worthy to note that in some cases, FL can also be derived from the cells which do not have t(14;18) translocation/Bcl2 overexpression. These cells have been shown to have undergone a different translocation called t (3;14), which results in BCL6 deregulation and FL progression [START_REF] Ruminy | Two Patterns of Chromosomal Breakpoint Locations on the Immunoglobulin Heavy-Chain Locus in B-Cell Lymphomas with t(3;14)(Q27;Q32): Relevance to Histology[END_REF]).

The secondary alterations could involve mutations in epigenetic regulators (Fig. 27) such as histone methyl transferase 2 (MLL4), CREBBP, EZH2 etc. It has been shown

that mutations in the latter seem to drive early progression of FL and are thus considered as founder events as well. To be more specific, MLL4 or KMT2D is a member of the SET1 family of histone methyltransferases. KMT2D acts predominantly through mono-and di-methylating the lysine 4 in histone 3 (H3K4), a mark of active enhancers. In normal cases, KMT2D acts as a tumor suppressor, however its deletion or inactivation has been detected in 90% of FL cases (and DLBCL). The mutations that affect this enzyme are mainly biallelic truncating events that disrupt the enzymatic function of the protein by eliminating the C-terminal cluster of conserved domains, including the SET domain.

Studies using CD19-Cre conditional knock out models showed that KMT2D deletion accelerates lymphomagenesis through significant expansion of the GC B cell population as well as affecting B-cell physiology, including the positive regulation of apoptosis, CD40 signaling, and the control of cell migration and proliferation [START_REF] Pasqualucci | Molecular Pathogenesis of Germinal Center-Derived B Cell Lymphomas[END_REF]. Additional targets of MLL4 such as TNFAIP3, SOCS3 and TNFRSF14/HVEM are genes that were found to be frequently mutated in FL as well. This does not mean that tFL arises from a hematopoietic stem cell per se, but rather from a GC B cell with enhanced stem cell expression features. This ESC signature may reflect early epigenetic remodeling within the B-cell population carrying the t(14;18). This means that a somewhat programmed global change in gene expression may be a prerequisite for onset of FL or tFL.

Clinical data have succeeded in further validating this idea, with evidence of recurrences after HT as the initial indolent histologic subtype. The current notion that tFL (and indeed relapsed FL) may arise from a more immature cell, denoted as common ancestor cell or common progenitor cell (CPC; Fig. 28) is based on several lines of genetic evidence tracing the genetic changes in sequential biopsy samples taken over the clinical course of a patient's disease. These data suggest that, in some patients, the transformed tumor originates from a more undifferentiated B cell population rather than reflecting its clonal evolution from a previous episode of the disease.

In addition, it is worthy to note that a more complete picture of the clonal patterns of FL evolution has been defined via more comprehensive whole exome sequencing (WES) studies of paired diagnosis, relapsed, and transformed FL as well as thorough SNV analyses. Again, these studies have showed that most tFL do not directly evolve from FL, but rather from the CPC that is also ancestral to the dominant FL clones at diagnosis and relapse. Another striking finding are the recurrent mutations of epigenetic regulators such as KMT2D, CREBBP and EZH2 that seem to facilitate the early progression of FL, which have been found to be present in this CPC as well.

As a conclusion, the detection of the ESC signature within the CPC pool in FL (if found in an appropriate quantity in the biopsy with a strong HT signal) may serve as a good marker for later transformation in patients. Not to mention that the observed patterns of clonal evolution as well as early and late acquisition of mutations in key additional driver genes suggest a protracted yet very dynamic process leading from FL-like or

CPC to tFL

Although this CPC population has not been characterized, the development of multiplexed flow cytometry approaches has identified B-cell receptor insensitive cells that appear to increase in number at the time of tumor progression. This thrilling observation may offer a technical approach for sampling rare cell populations within Epigenetic reprogramming in conjunction with the acquisition of additional genetic events in a t(14;18) positive B cell leads to the development of an FL-initiating pool of common progenitor cells (CPCs). The emergence of a particular FL-CPC clone at diagnosis (FL-1) or relapse (FL-2, FL-3) is dependent on the selective pressure of these acquired genetic mutations as well as the cellular microenvironment that may differ between CPCs. Modular expression profile rises to transformed FL (tFL) in cells that have acquired a particular embryonic stem cell 1 (ESC1). This model is distinct from a process of direct evolution where FL1, FL2, FL3, and tFL reflect the sequential acquisition of events from a prior episode of disease. Image taken from Montoto and Fitzgibbon, 2011.
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III.6. Role of the BCR during FL

As stated earlier in Chapter 2, the introduction of an N-glycosylation site as a result of an error during SHM is a frequent secondary alteration that occurs during lymphomas in general. Indeed, this is the case for FL, where it has been shown that BCR Nglycosylation is, in fact, one of the most frequent genetic alterations that occur during this disease. To be more precise, 79% of FL cases carry the mutation in the IgVH region that generates the N-glycosylation sites. This mutation rate is significantly higher in FL compared to DLBCL (41%), CLL (13%), multiple myelomas (8%) or normal B (9%) (Zhu et al. 2002a).

This alteration on its own is not oncogenic per se and, conversely to DLBCL, is not associated with a constitutively active BCR signaling but is associated with an increased capacity to interact with lectin-expressing cells of the FL microenvironment (Fig. 23). Altogether, these data, that are further discussed in much more detail thereafter (see chapter 4), indicate that the microenvironment plays a key role in FL pathogenesis.

Deregulation of BCR signaling in FL has been demonstrated in various studies thus supporting the role that this receptor could play in the FL ontogeny. Several studies have demonstrated that: 1-BCR signaling in FL is more intense and longer lasting compared to normal B cells [START_REF] Irish | Altered B-Cell Receptor Signaling Kinetics Distinguish Human Follicular Lymphoma B Cells from Tumor-Infiltrating Nonmalignant B Cells[END_REF]), 2-Syk tyrosine kinase is overexpressed in FL and the mTOR pathway is excessively activated leading to increased proliferation of FL cells [START_REF] Leseux | Syk-Dependent MTOR Activation in Follicular Lymphoma Cells[END_REF]) and finally 3-the under-expression of phosphatase SHP-1 (a major protein for inhibiting the BCR signal and considered to be a tumor suppressor) during FL, which could be due to the hypermethylation of the promoter of its encoding gene (Chim et al. 2004, 1).

III.7. FL murine models

With a disease as complex as FL, it is virtually impossible to understand the With advances in recombinant DNA technologies and genetic engineering, it became feasible to create genetically modified mice carrying genetic alterations or mutations identical to those that occur in humans in a wide variety of diseases, in aims of, not only understanding the underlying mechanisms for the development of these diseases, but also of discovering novel potential therapeutical strategies for these diseases. The section below is dedicated to describing specifically the different FL murine models that have been described in the bibliography.

III.7.1. Eµ-Bcl2 transgenic mouse model

Eµ-Bcl2 is a transgenic mouse model that carries the human bcl-2 gene linked to the murine 5' IgH enhancer (Eµ enhancer) to direct Bcl-2 expression to B lymphocytes.

Initial studies of this transgene showed that they uniformly develop atypical lymphoid hyperplasia manifesting as expanded splenic follicles that grow together into massive geographic regions of white pulp. These studies have also revealed that this transgene possesses a lymphoid pattern of expression and an expanded follicular center cell population. The expanded lymphoid compartment was shown to be composed primarily of polyclonal B220+ as well as IgM/IgD+ B cells that seemed to have an extended survival. Moreover, regional lymphadenopathy with abnormal cellular infiltrates was demonstrated in mice over 15 weeks of age. (McDonnell et al. 1989a).

Additional studies done on different strains of these mice showed that they have elevated levels of B cell counts in peripheral blood, lymph nodes, bone marrow, and spleen. It has been shown also that these mice exhibit high Bcl2 expression levels in the different subsets of the B cell population, including the Bcl2-negative counterparts [START_REF] Secord | The Emu-Bcl-2 Transgene Enhances Antigen-Induced Germinal Center Formation in Both BALB/c and SJL Mice but Causes Age-Dependent Germinal Center Hyperplasia Only in the Lymphoma-Prone SJL Strain[END_REF].

Taken together, these data show that this transgene succeeded in conferring a survival advantage for the B cells but not a strong proliferative signal, thereby resulting in an apparently immortalized, expanded population of polyclonal B cells.

The downfalls of this model would be that the advantages given were predominantly limited to mature B cells, in general, and not specifically to GC B cells, which is not really the case of FL as we have previously established. Moreover, it is well known that FL is a monoclonal disease; meaning that the t(14;18) is acquired in a single somatic cell that clonally expands later on. On the contrary, this transgene carries the Bcl2 deregulation in its germ line, hence in all of the cells, which explains why the expanded Therefore, even though this initial mouse model represented a significant leap in the study of FL and provided further evidence on the oncogenic effects of the t(14;18), however it was not completely relevant to the accurate study of this disease.

III.7.2. VavP-Bcl2 transgenic mouse model

This mouse models bears a Bcl2 transgene controlled by Vav gene regulatory sequences (VavP), which confer expression in multiple hemato-poietic lineages (Egle et al. 2004).

The study of this mouse model showed that mice older than 10 months developed FL. Young VavP-Bcl2 mice, however, exhibited overabundant enlarged germinal centers and greatly elevated numbers of cycling B cells that had undergone IgH class switching and V-gene hypermutation. In addition to the B cell compartment, the peripheral T cell compartment was found to be expanded in this mouse model as well

(5-fold increase compared to normal). This notion suggested a potential role of T cells in the development of the enlarged germinal centers and the greatly increased pool of immunoglobulin class switched B cells observed.

While this mouse model conferred a bigger advantage compared to the previous Eµ-Bcl2 model. To be more specific, the mice, after a certain amount of time, actually developed lymphomas that shared morphological features with FL. In addition, they had switched and hyper mutated B cells which are at the origin of the developed monoclonal FL. However, on the molecular level, the high expression of the Bcl2 transgene in the T cell compartment represents an artificial situation that is not found in FL and the fact that the deregulation of Bcl2 is present in all of the hematopoietic compartment is not quite relevant to FL.

III.7.3. IgH-3'E-bcl2 mouse model

This mouse model is a knock-in containing the and progression through the cell cycle. These mice also showed increased levels of pre-B, immature, and mature B cells, which, similarly to the previous Bcl2 mouse models, turned out to be polyclonal rather than monoclonal and had the ability to survive longer in cell culture compared to wild-type B cells. With age, these mice developed monoclonal B cell lymphomas, whose subsequent histological analyses showed that the tumors exhibit enlarged lymph nodes and spleens with extensive infiltrates of small lymphocytes having irregular nuclear outlines and hyperchromatic chromatin. The examination of the Bcl2 promoter usage by real-time PCR in these mice revealed the use of both promoters in malignant B cells with an increased activity of P2 compared to P1, which is similar but not completely relevant to human follicular lymphoma.

As a conclusion, even though this mouse model has a few advantages compared to the previously explained mouse models, it is still not accurately mimicking human FL development.

Based on everything mentioned above, it is quite clear that to this very day, there is no mouse model that has managed to accurately reproduce the complex development of Up to this level, we have strongly established that the microenvironment plays an important role in the development of FL (Fig. 29). In other words, malignant B cells in FL seem to not only strongly rely on their interaction with the surrounding cell types, but also have the ability to modulate these cell types in their favor. This has been illustrated by the presence of numerous secondary genetic alterations in FL that seem to highlight the dysfunction that occurs in the cell-cell interactions during this disease.

The best proof for this notion is the deletion of HVEM, previously explained in detail in chapter 2. This recurrent malfunction in FL provides solid evidence that the creation of a tumor-supporting microenvironment, by the extensive recruitment of stromal and helper T cells, is mandatory for the survival and the proliferation of malignant B cells.

Another critical player in FL pathogenesis is the BCR. We have previously established 

IV.1. B-cell/T-lymphocyte interaction during FL

Irrespective of the biopsy site, studies have shown that FL cells reside and proliferate in follicular structures that are in close association with helper T cells (Th) and follicular dendritic cells (FDCs) [START_REF] Carbone | The Germinal Centre-Derived Lymphomas Seen through Their Cellular Microenvironment[END_REF]. License CC BY-NC-ND 4.0

Flow cytometry-based studies on FL have revealed higher levels of CD4+ helper T cells compared to the CD8+ cytotoxic T cells along with higher CD4/CD8 ratios in these organs. This proves the fact that there is a vital stimulus for FL cells to increase the recruitment of CD4+ T cells while reducing that of CD8+ T cells due to their opposing roles in supporting versus killing the FL cells respectively [START_REF] Wahlin | Entourage: The Immune Microenvironment Following Follicular Lymphoma[END_REF].

Starting with CD4+ helper T cells, the pivotal role played by these cells in supporting the FL development is revealed by the fact that genes related to this subtype are prominently found in the FL prognostic signature at diagnosis. The follicular helper T cell compartment in FL (FL-Tfh) has been shown to display a specific gene expression profile mainly characterized by the overexpression of certain cytokines including IL4, IL2, IFN-Ɣ, and TNF (P. [START_REF] Amé-Thomas | Characterization of Intratumoral Follicular Helper T Cells in Follicular Lymphoma: Lina Zawil[END_REF]). Briefly, the potential role of these Tfh cells in supporting FL growth is mainly highlighted by: 1-the action of CD40 ligand (CD40L) in inhibiting TRAIL-induced apoptosis (TRAIL being a TNF family member) in FL B cells (Travert et al. 2008, 40). 

IV.2. Myeloid cells

Myeloid cells include monocytes, macrophages, neutrophils, basophils, eosinophils, erythrocytes, and megakaryocytes to platelets.

Focusing predominantly on macrophages; tumor-associated macrophages also known as TAM (see Fig. 29) have been shown to have dual roles in FL, meaning they could favor FL progression (through the release of tumor growth factors, proangiogenic molecules, and immunosuppressive mediators (described below)) as well as contributing to the clinical efficacy of antibody-based anti-lymphoma drugs.

The positive role that macrophages could play in FL progression is associated with the important role played by the BCR in this disease as well. We have already established that the majority of malignant B cells express mannosylated BCRs that have the ability to interact with c-type lectin DC-SIGN, also known as CD209, as well as mannose receptors, also known as CD206, which are also known to be upregulated in M2 macrophages and TAMs during FL. Therefore, even in the absence of an antigen, the interaction between CD209/CD206 and the mannosylated BCR leads to activation of the BCR and induction of the subsequent signaling cascade. Another interesting finding is that IFN-γ, also upregulated in FL microenvironment, has been shown to increase the migration and recruitment of macrophages, through an upregulation of STAT1 expression, in response to CCL2 [START_REF] Hu | IFN-Gamma-Primed Macrophages Exhibit Increased CCR2-Dependent Migration and Altered IFN-Gamma Responses Mediated by Stat1[END_REF]. TAMs not only help FL B cells by increasing their activation and proliferation, they also seem to have a role in the escape of these malignant B cells from the local immune response, mainly by the secretion of immune suppressive molecules such as IL-41 (Carbonnelle-Puscian et al. 2009). In parallel, these macrophages have been shown to have a role in angiogenesis as well, which in the case of FL, is related to poor prognosis. This was confirmed by the analysis of tissue microarrays of diagnostic biopsies from patients at the extremes of FL survival with respect to the number of formed angiogenic sprouts.

The poor prognostic group revealed a higher angiogenic activity and demonstrated an association between increased sprouting and elevated numbers of infiltrating CD163+ macrophages within the immediate surrounding microenvironment of the neovascular sprout [START_REF] Clear | Increased Angiogenic Sprouting in Poor Prognosis FL Is Associated with Elevated Numbers of CD163+ Macrophages within the Immediate Sprouting Lina Zawil[END_REF].

As supportive as these TAMs may appear to the progression of FL, several studies 2014). In addition, the interaction of malignant B cells and FDCs was recently suggested to upregulate MDR1, an ABC transporter which triggers multidrug resistance in FL B cells [START_REF] Yagi | Expression of Multidrug Resistance 1 Gene in B-Cell Lymphomas: Association with Follicular Dendritic Cells[END_REF].

It is worthy to note at this point that the BM is one organ that has been found to be involved in up to 70% of FL cases at diagnosis. Comparisons of cultures between MSCs obtained from healthy donor BM (HD-MSC) and those obtained from invaded FL BM (FL-MSC) revealed that the latter support more efficiently the growth of malignant B cells [START_REF] Guilloton | Mesenchymal Stromal Cells Orchestrate Follicular Lymphoma Cell Niche through the CCL2-Dependent Recruitment and Polarization of Monocytes[END_REF]. As a conclusion, the above information supports the hypothesis that MSCs in the BM could also be involved in the development of FL alongside FRCs, FDCs and MRCs in the secondary lymphoid organs.

This is further
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Thesis Objectives

Broadly speaking, the main objective of my thesis was to study the complex development of Follicular lymphoma, which is the most common type of non-Hodgkin's lymphoma. Our work was primarily focused on the early stage of FL development in order to not only have a better understanding of the way this indolent disease develops, but also to try to identify new therapeutic strategies for the treatment.

Starting from the fact that a complex disease as FL would be virtually impossible to study without the help of living organisms, our work was focused on the analysis of several genetically modified mouse models, all carrying alterations or mutations which have been shown to be involved in the development of FL in the literature.

The pattern by which our project evolved was rather a sequential process, where we started with the analysis of the most general mouse models carrying a single mutation which is considered the hallmark for the development of FL, i.e. deregulation of the anti-apoptotic protein BCL2 (mimicking the BCL2 deregulation that occurs in FL human patients after the translocation t(14;18)). Two new mouse models were developed in our laboratory, named Ig-BCL2 and 3'RR-BCL2. The main objective was to monitor the development of tumors naturally in these mouse models, while also mimicking the entries and re-entries of B cells into the GC (a characteristic feature of FL), via iterative immunizations, to try to characterize the early stage of oligoclonal proliferation in both of these mouse models to see which is more relevant for the study of FL. Following that, we moved to studying other mouse models, baring additional mutations that were famously known to occur in FL. First, we began by analyzing the effect of BCR Nglycosylation on B cell development. For that we used a mouse model, named Kappa-MOUSS, carrying a pre-rearranged N-glycosylated Ig chain. The presence of Nglycosylation sites in the variable region of the BCR is a well-established event that occurs almost constantly in FL, so our goal was to really examine the effect of this Nglycosylation on B cell development and to see whether this modification has a cumulative effect along with BCL2 deregulation or not. After that, our goal was to really mimic the involvement of the surrounding microenvironment in the complex development of FL. For that we chose to cross our mice carrying the BCL2 deregulation with two additional mouse models carrying mutations in two proteins called KMT2D or MLL4, which is mutated in 90% of FL cases, and HVEM, Herpes Virus Entry Mediator,

License CC BY-NC-ND 4.0 also referred to as TNFRSF14, also frequently mutated during FL (in up to 40% of the cases). Both of these strains were crossed with AID-CreERT2/LSL-Tomato mice to induce the secondary hit in GC B cells. Again, our main objective was to carefully analyze and characterize the early stage of FL development to have a better understanding of how this complex disease progresses over time.
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Results

Results

License CC BY-NC-ND 4.0 We were able to show, via the detailed analyses of these two mice models, that, indeed, the deregulation of BCL2, alone, was not sufficient for the development of FL.

On their own, the mice developed plasma cell tumors at a very late stage which were rather polyclonal. It was evident, though, that we were indeed on the right path in our study, because the comparison of early oligoclonal proliferation (by performing iterative intra-peritoneal immunizations) through FACS analyses in both of our mouse models, confirmed that there is an initial increase of the germinal center B and T cell populations, more significant in the 3'RR-BCL2 model compared to the Ig-BCL2 one.

We were also able to prove that the enlargement of this GC B cell population is indeed due to an increased differentiation in both models but more significantly in the 3'RR-BCL2 model. This was not the case, however, for the plasma cell population, whose increased number (more significantly in the Ig-BCL2 mouse model) is due to cells living longer rather than cells being newly differentiated. In parallel, we were also able to show that both of our mouse models are capable of mounting a specific and efficient immune response by producing antibodies with high affinity against a specific antigen.

These data allowed us to conclude also that the transgenic 3'RR-BCL2 mouse model is the more relevant model for the study of FL.

One remarkable feature of both our mice, which had never been done before, was the fact that both of them contained the full promoter region of BCL2. This region was of specific importance to our work and to the study of FL in general, due to its characteristic structure comprised of two distinct promoters named P1 and P2. Such Sequencing of this region revealed that B cells in the secondary lymphoid organs of iteratively immunized mice (i.e. B cells that had undergone several rounds of GC reactions) indeed have a higher mutation rate. This was also validated in human lymphoma cell lines where mutations at the BCL2 promoter region were detected at 50%. The analysis of primary transcripts of P1 and P2 promoters in our mice showed a higher P2/P1 ratio in both of our mouse models compared to wild-type. This was established even more by comparing class-switched versus non-class switched B cells in both of our models as well, where we showed that indeed the ratio of P2/P1 is higher in B cells that have undergone the GC reaction compared to those that have not. All together these data showed that the shift from P1 to P2 during FL is most probably due to mutations at the level of the P1 promoter.

Introduction

Follicular lymphoma (FL) is the most frequent indolent non-Hodgkin's lymphoma (NHL), representing about 25% of B-cell malignancies [START_REF] Milpied | Follicular Lymphoma Dynamics[END_REF]. This germinal center (GC) B-cell malignancy results from the malignant and clonal accumulation of centrocytes and follows a multistep lymphomagenesis process evolving over decades before clinical manifestations. After a long premalignant phase, the clinical course is slow and associates with multiple relapses associated with increasing resistant to therapy. Over time, approximately 30% of FL cases transform into aggressive diffuse large B-cell lymphoma (DLBCL).

The FL genetic hallmark is the translocation t(14; 18) (q32, q21) found in 90% of FL cases and deregulating the anti-apoptotic factor BCL2 under the control of immunoglobulin (Ig) heavy chain promoter. A translocation less frequent in FL, t (3;14), involves BCL6 such, hereby indirectly deregulating BCL2 [START_REF] Ruminy | Two Patterns of Chromosomal Breakpoint Locations on the Immunoglobulin Heavy-Chain Locus in B-Cell Lymphomas with t(3;14)(Q27;Q32): Relevance to Histology[END_REF]). Contrasting to MYC in Burkitt lymphoma, for which variant translocations onto Ig light chain loci are common, BCL2 t(2;18) and t(18;22) translocations are rare in FL but found in 9% of chronic lymphocytic leukemia cases [START_REF] Hillion | A Variant Translocation t(2;18) in Follicular Lymphoma Involves the 5' End of Bcl-2 and Ig Kappa Light Chain Gene[END_REF][START_REF] Lin | Translocation (18;22)(Q21;Q11) in B-Cell Lymphomas: A Report of 4 Cases and Review of the Literature[END_REF]. Beside translocations, chromosomal amplification of BCL2 is also observed in DLBCL and in mantle cell lymphoma [START_REF] Monni | BCL2 Overexpression Associated with Chromosomal Amplification in Diffuse Large B-Cell Lymphoma[END_REF]). The precise pattern of BCL2 deregulated expression is thus likely impacting the phenotype of BCL2-driven lymphoproliferative disorders. The t(14;18) translocation stands as an aberrant V(D)J recombination product, joining double-strand breaks (DSBs) induced by RAG both in the IgH JH region (at position 14q32) and close to BCL2 oncogene (at position 18q21) and hereby imposing an IgH-like pattern on BCL2 gene accessibility and transcription [START_REF] Raghavan | A Non-B-DNA Structure at the Bcl-2 Major Breakpoint Region Is Cleaved by the RAG Complex[END_REF]). The BCL2 gene encodes a transmembrane mitochondrial protein with dual roles, both inhibiting apoptosis and cell cycle entry. In mature B cells, expression of the IgH-translocated BCL2 is mostly under the control of the IgH transcriptional enhancers located at the 3' end of the IgH locus, which are the main IgH locus drivers at mature stages [START_REF] Pinaud | The IgH Locus 3' Regulatory Region: Pulling the Strings from Behind[END_REF]). These enhancers notably ensure accessibility of the locus to class switch recombination (CSR), somatic hypermutation (SHM) and hyper-transcription in activated B cells or plasma cells [START_REF] Cogné | A Class Switch Control Region at the 3' End of the Immunoglobulin Heavy Chain Locus[END_REF]Rouaud et al. 2013;Saintamand et al. 2015;[START_REF] Pinaud | The IgH Locus 3' Regulatory Region: Pulling the Strings from Behind[END_REF].

The functional result of this translocation is the imbalance between cell survival and death at a stage where mature B cells are intensely exposed to affinity-based selection within the GC. Normal GC B cells are indeed prone to undergo cell death unless they are positively selected and induced to enter the memory B cell or the plasma cell compartments. [START_REF] Mayer | The Microanatomic Segregation of Selection by Apoptosis in the Germinal Center[END_REF][START_REF] Tinguely | | 2021 220 License CC BY-NC-ND 4.0 Chain Transcription and RNA Surveillance during B Cell Development[END_REF]. BCL2 is normally repressed in the GC while apoptosis is promoted by proteins such as Bak, Bax and Bad. BCL2 deregulation yielded by t(14; 18) thus jeopardizes the GC B cell survival checkpoint and BCL2 translocation stands as a driver genetic event initiating lymphomagenesis in FL.

Among naive B cells having left the BM and circulating in the periphery, those harboring the t(14;18) translocation display a selective advantage during the GC reaction allowing them to persist as atypical memory B cells already carrying some features of FL cells and considered as FL precursor cells. These premalignant cells are prone to re-enter the GC upon future Ag encounter, undergoing additional SHM and eventual additional oncogenic hits under the iterative exposure to AID activity (Milpied, Nadel, and Roulland 2015;Tellier et al. 2014;Huet, Sujobert, and Salles 2018). Although an early and crucial anomaly, the t(14;18) by itself is not sufficient for FL development since the prevalence of FL does not exceed 0.03%. Among the most frequent additional hits, alterations of histone/chromatin modifying enzymes, including KMT2D, and CREBBP, are collectively found in almost 100% of FL cases whereas mutations of HVEM/TNFRSF14 or introduction of N-glycosylation sites within Ig variable regions have been shown to affect the crosstalk between tumor B cells and their surrounding microenvironment [START_REF] Boice | Loss of the HVEM Tumor Suppressor in Lymphoma and Restoration by Modified CAR-T Cells[END_REF]Amin et al. 2015;Huet, Sujobert, and Salles 2018).

Exploring the mechanisms of such a complex disease requires to study whole living organisms and has prompted the generation of several models in mice. Initial transgenic mouse models expressing BCL2 driven by the Eµ enhancer have mostly resulted in polyclonal expansion of all B-cell compartments overexpressing BCL2, from progenitors to plasma cells (McDonnell et al. 1989;[START_REF] Strasser | Enforced BCL2 Expression in B-Lymphoid Cells Prolongs Antibody Responses and Elicits Autoimmune Disease[END_REF]. Lymphoma development was reported mostly when the BCL2 deregulation was associated with other spontaneously selected or experimentally enforced genetic anomalies, notably involving Myc [START_REF] Strasser | Novel Primitive Lymphoid Tumours Induced in Transgenic Mice by Cooperation between Myc and Bcl-2[END_REF][START_REF] Mcdonnell | Progression from Lymphoid Hyperplasia to High-Grade Malignant Lymphoma in Mice Transgenic for the t(14; 18)[END_REF]. However, lymphoproliferation observed in such conditions rather involved immature B cells and did not represent models for post-GC low-grade human lymphoma. Strikingly, the most widely used transgenic mice considered as a pertinent model of human FL and based on the tumorigenic potential of BCL2 have been the vavP-BCL2 transgenics, although they broadly overexpress BCL2 in all hematopoietic lineages, including T-cells and thus cannot recapitulate the natural story of human FL where BCL2 overexpression is strictly restricted to mature B cells (Ogilvy et al. 1999;Egle et al. 2004).

Therefore, in an aim to better understand the complex development of FL and the impact of BCL2 deregulation, our current study explores two new mouse models, designed either for pan-B cell expression through a knock-in of BCL2 in the Ig locus, or for a specific targeting of activated B-cells with a BCL2 transgene driven by the IgH 3'RR enhancers. Since these elements are major drivers of Ig gene remodeling in the GC, the latter model is expected to more specifically mimic the BCL2 deregulation associated with FL. The BCL2 promoter region has a characteristic structure comprising the P1 and P2 promoters, with P1 dominating in healthy lymphocytes, while a shift from P1 to P2 is observed in FL. Contrary to previous BCL2 transgenes in the literature, the full human BCL2 promoter region was thus included in our BCL2 gene cassettes. Indeed, this region includes transcription factor-binding sites, notably for the repressor BCL6, that limits BCL2 expression in normal GC cells (Saito et al. 2009).

The design of our constructs should thus allow to reproduce in mice the deregulation or the mutations of the BCL2 promoter region documented in patients. On their own, both models develop B-cell expansion which differed in terms of stage-specificity according to the context of BCL2 deregulation, 3'RR-BCL2 mice showing the most "GC-restricted" phenotype. These models are pertinent for studying a pre-FL stage in young mice, notably showing the impact of GC B-cell expansion on the TFH counterparts. In the absence of other genetic abnormality, neither of these models however develop FL-like lymphoma at late ages, but rather plasma cell tumors with mutated Ig genes corresponding to post-GC cells.

Materials and methods:

1-Cell lines and mouse models: DoHH2, SU-DHL-4, SU-DHL-6 and OCI-Ly3 cell lines (Germinal center or activated B cell type Diffuse large B cell lymphoma (DLBCL)) were grown in RPMI 1640 medium supplemented with 10% Fetal calf serum (Dominique Dutscher, Catalog number: S1810-500) at 37°C with 5% CO2 atmosphere). All in vivo experiments were performed in accordance with animal ethical rules, and all protocols were authorized by the French Ministry of Research according to European Union regulations (APAFiS 13900). All mice were bred in a specific and opportunistic free (SOPF) animal facility.

Two new mouse models were designed for this study (Fig 1A ): 1-The "3'RR-BCL2" model, with random integration of a transgene which contains a human BCL2 gene cassette driven by the BCL2 P1/P2 promoter region, under the control of 3' IgH superenhancer (a "micro IgH 3'RR" combining the various enhancer elements from the Ig heavy chain locus 3' regulatory region) 2-The "Ig-BCL2" model which is a deletion () of the J region, replaced with the same BCL2 cassette [P1/P2 promoter BCL2 gene] described above, thus as a knock-in in the mouse Ig light chain locus, immediately upstream of the E enhancer.

Both of our models thus contain the full promoter region of BCL2, including its two alternative promoters P1 and P2, all in a mixed B6;129S genetic background.

2-Flow cytometry analysis of lymphoid compartment:

Single cell suspensions from the Bone marrow (BM), and secondary lymphoid organs (spleen and mesenteric lymph nodes) were taken from mice that were either resting or or immunized with 3 iterative monthly SRBC injections.These cell suspensions were then labelled using various extracellular antibodies designed to see the different early and late B cell populations as well as the different T cell populations in each of the organs mentioned above. Following the extracellular staining step, cells were fixed and permeabilized using the eBioscience FOXP3/transcription staining buffer set (Invitrogen, Reference: 00-5523-00) and then stained for the intracellular proteins (highlighted in grey in Supplementary Table1). The detailed list of antibodies used in each of these panels is summariz ed in Supplementary Table 1. Cells were then analyzed by flow cytometry using an LSR FORTESSA cytometer (Beckton Dickinson) and data analysis was done using the <Flow Logic> system (the precise gating strategies for the different panels are listed in supplementary data 2 to 4). Percentages were determined (for the different B cell sub-populations among CD19+ cells and for the different T cell sub-populations among CD4+ cells) as well as absolute cell numbers only in immunized mice (calculated based on the measured cell counts and lymphocyte percentages in organ analyzed).

The mice used for evaluating lymphoid compartments represented 2 cohorts: 1-Resting cohort: this cohort comprised of 6 wildtype, 13 hemizygous Ig-BCL2 Δ/+ (Ig-BCL2 Δ/+) and 7 3'RR-BCL2 mice were analyzed to carry out full characterizations of our mice at the resting state. 2-Iteratively immunized cohort: 3 groups of 13 wildtype, 7 Ig-BCL2 Δ/+ and 10 3'RR-BCL2 mice were immunized with the following protocol: at 3 months of age, mice were immunized intra-peritoneally with 200 µl of Sheep Red Blood Cells (SRBC) iteratively over 3 consecutive months and were sacrificed one month after the third immunization.

3-Western Blots:

For detection of human BCL2, we used a cohort of 2 wildtype mice (as a negative control), 2 3'RR-BCL2, 2 homozygous Ig-BCL2 (IgK-BCL2 Δ/Δ), 2 hemizygous Ig-BCL2 (Ig-BCL2 Δ/+) and 1 DoHH2 cell line (as a positive control). 10 μg of total proteins were extracted (using 2X Laemmli buffer, Biorad, Catalog number # 161-0737, Composition: 65.8 mM Tris-HCl PH 6.8, 26.3% (w/v) glycerol, 2.1% SDS, 0.01% bromophenol blue) and denatured / reduced using mercaptoethanol (2.5% final) at 95 °c for 5 mins.

After electrophoresis on a 12% polyacrylamide gel (Biorad), proteins were transferred onto PVDF membranes (GE Healthcare). The human BCL2 protein was detected using the same mouse anti-human BCL2 antibody we use for flow cytometry followed by an HRP-linked anti-mouse Ig antibody (eBioscience, #18-8817-30).

Actin was used as a housekeeping protein (Rabbit anti-Actin antibody (Sigma-Aldrich A2066) followed by Goat anti-Rabbit-HRP (Southern Biotech 4050-05)).

Membranes were developed by enhanced chemiluminescence for high sensitivity detection system according to the manufacturer's instructions (Biorad).

4-Proliferation Test:

A separate cohort of 6 wildtype, 5 3'RR-BCL2 and 4 Ig-BCL2 Δ/+ mice were injected intraperitoneally with 200 µl of SRBC at day 0, followed by another intraperitoneal injection with 200 µl of 5-ethynyl-2′-deoxyuridine (EdU) at Day 6 and their sacrifice at day 7. Single cell suspensions were taken from the bone marrow, spleen and mesenteric lymph nodes and stained using the same panel described above but modified to be able to see the EDU+ cells. This was done following the "Click-iT EdU Flow Cytometry Assay Kit protocol" (Molecular probes by Life technologies, catalog numbers C10419, C10420). Cells were then analyzed by flow cytometry using the BD LSR FORTESSA and data analysis was done using the <Flow Logic> system.

5-Quantification of Antibody affinity:

We followed the indirect enzyme-linked immunosorbent assay (ELISA) described by Zhang et al. to quantify the affinity of the produced antibodies (Notably IgG) in both of our mouse models compared to wildtype. Mice were injected with Ovalbumin at 1ng/ml and Addavax (equal volume for both) at Day 0 and Day 14. Sera was taken at different time points to follow up the secretion of IgM and IgG (Day 0, 7, 14, 21 and 28). Only sera of day 28 were eventually studied. Quantification of total IgG in the serum was first done followed by the ELISA based affinity study. 96-well plates were coated with Ovalbumin at 2 µg/ml. In parallel, sera of Day 28 for each mouse model (at a fixed concentration of 5x10 -10 M for IgG) was incubated overnight with Ovalbumin at different concentrations but always in large excess compared to IgG (4x10 -7 to 6.25x10 -9 M). The next day, the mix of serum IgG / Ovalbumin was incubated with the plate previously coated with Ovalbumin. Then, the alkaline phosphatase conjugated secondary antibody (anti-Mouse IgG) was added. After 45 minutes of incubation, P-Nitrophenyl phosphate (1 mg/ml) was added and alkaline-phosphatase activity was blocked with 3M Sodium hydroxide (NaOH) and the optical density was measured at 405 nm using a Multiskan FC photometer.

Finally, the dissociation constant (KD) was evaluated by measuring the slope of the linear dependence A0 / (A0 -A) upon 1/a0 (Zhang et al. 2012).

6-Next-generation sequencing for repertoire analysis:

We performed repertoire sequencing analysis on RNA (500ng -1.5mg) extracted from: 1-Primary cell suspensions of tumoral tissue, spleen and mesenteric LNs of 5 Ig-BCL2 Δ/Δ tumoral mice, 3 Ig-BCL2 Δ/+ tumoral mice and only one 3'RR-BCL2 tumoral mouse 2-Primary cell suspensions of bone marrow, spleen and mesenteric LNs of 5 Ig-BCL2 Δ/+ mice, 5 3'RR-BCL2 mice and 9 wildtype mice from the iteratively immunized cohort.

Sequencing was done using the strategy described by Li et al. developed for T-cell repertoire diversity and clonotype. These experiments used a new generation methodology, which combines 5' RACE PCR; sequencing; and, for analysis, the international ImMunoGeneTics information system (IMGT), IMGT/HighV-QUEST Web portal, and IMGT-ONTOLOGY concepts. Briefly, we amplified transcripts with 5' RACE PCR using a reverse primer hybridizing within the Mu (µ) and gamma (Ɣ).

Sequencing adapter sequences was thus added by primer extension, and resulting amplicons were sequenced on a GS FLX 1 Sequencing system (Roche, Pleasanton, CA). Repertoire was done using IMGT/High-V-Quest and associated RStudio package scripts; associated tools are available on the IMGT Web site.

7-Single cell sequencing and analysis

Three sets of 10-day splenic B cells were magnetically sorted (StemCell B cell negative selection kit) from mice immunized once with SRBC. Single cells were captured and barcoded using the 10X 3' sequencing kit (Chromium Next Gem Single cell 3' reagent kit v3.1, 10X Genomics), and libraries were prepared following the manufacturer's instruction. Libraries were run using 2x75 paired end reads on the HiSeq4000 Illumina sequencer. Raw data were successively processed and analyzed with the 10X Cell Ranger (10XGenomics) and Seurat (v3.2.3) package [START_REF] Stuart | Comprehensive Integration of Single-Cell Data[END_REF]. Mean reads per cell was 40,766 for the WT sample, 66,971 for the BCL2-3'RR sample and 102,596 for the Igk-BCL2 sample. Median genes per cell over 3 samples varied from 1767 to 1869. Cells expressing less than 800 or more than 4500 genes or with more than 20000 umi counts were filtered out. Cells with the frequency of mitochondrial genes more than 8% or with the frequency of ribosome genes less than 10% were also removed from the analysis.

Contaminating T-cells and myeloid cells were detected based on canonical markers (Cd3 genes and C1q genes) and filtered out. Gene counts were normalized using the SCTransform package (v0.3.1) with a second non-regularized linear regression applied to percentage of mitochondrial and ribosomal genes [START_REF] Hafemeister | Normalization and Variance Stabilization of Single-Cell RNA-Seq Data Using Regularized Negative Binomial Regression[END_REF] . Canonical correlation analysis was used to integrate data from different batches by running the following steps as implemented in Seurat package [START_REF] Butler | Integrating Single-Cell Transcriptomic Data across Different Conditions, Technologies, and Species[END_REF]): Selection of integration features; Removal of immunoglobulin genes from the features used for integration; Preparation for integration with the PrepSCTIntegration function. Data integration was then performed using the FindIntegrationAnchors and IntegrateData functions based on the first 30 correlation components. PCA analysis was performed on the integrated dataset and the first 12 principal components were used for UMAP computation and clustering (using 30 nearest neighbors and a resolution of 0.2). Cluster 1 was subclustered by executing the same steps previously described (PCA analysis on the subset and clustering computation with the first 10 principal components, 15 nearest neighbors and a resolution of 0.2). Using lognormalized expression values, marker genes for each cluster as well as differentially expressed genes between conditions were inferred by the Wilcoxon test as implemented in the FindAllMarkers function. Cell cycle score and classification were calculated by CellCycleScoring function based on the expression of G2/M and S phase markers [START_REF] Kowalczyk | Single-Cell RNA-Seq Reveals Changes in Cell Cycle and Differentiation Programs upon Aging of Hematopoietic Stem Cells[END_REF].

8-Tumor Follow up:

A cohort of 12 Ig-BCL2 Δ/Δ, 7 Ig-BCL2 Δ/+ and 8 3'RR-BCL2 mice were monitored for the spontaneous development of tumors with time.

9-Study of BCL2 promoter mutations:

For this study, DNA was extracted following the classical phenol/chloroform protocol from: 1-The various cell lines listed in section 1 (DoHH2, SU-DHL-4, SU-DHL-6 and OCI-Ly3). 2-From our iteratively immunized cohort: total spleens of 4 Ig-BCL2 Δ/+ and 4 3'RR-BCL2 mice. 3-Class switched versus non-class switched B cells of a new cohort comprised of: 3 young (3 months old) Ig-BCL2 Δ/+ and 3 3'RR-BCL2 mice. These mice were induced only once with SRBC and sacrificed at day7. Single cell suspensions from the spleen were stained with CD19 coupled to BV510 (BD Biosciences, Clone: 1D3) and IgM coupled to FITC (Southern Biotech, Cat number: 1020-02) antibodies. Cells were then sorted using the BD Aria III cell sorter to obtain class switched B cells (CD19 + /IgM -) and non-class switched B cells (CD19 + /IgM + ).

4-From our tumoral cohort:

-Tumoral tissues of 3 Ig-BCL2 Δ/+ mice -Mesenteric LNs of one Ig-BCL2, used as positive controls Δ/+ and one 3'RR-BCL2 tumoral mice -Total spleen of two 3'RR-BCL2 tumoral mice The full promoter region of BCL2 was then amplified by polymerase chain reaction (PCR) using specific forward (having the sequence 5' TGAATGAACCGTGTGACGTTACGC 3') and reverse (having the sequence 5' CTCAGCCCAGACTCACATCA 3') primers. The amplification of the PCR product (2,184 bp long) is verified by gel electrophoresis using agarose 2% gel in TBE. The amplified PCR product is then purified from gel using the "Nucleospin Gel and PCR Clean-up" kit (Macherey-Nagel, Reference: 740609.250). Next-generation sequencing was performed according to the user guide of the Ion Xpress Plus gDNA Fragment Library Preparation (Life Technologies catalog no. 4471269;) from amplified products (1 μg), and libraries were sequenced on an Ion Proton System. Two negative controls are mandatory for each library run. In this study, we our negative controls comprised of genomic DNA samples extracted from the tails of an IgK-BCL2 Δ/+ and a 3'RR-BCL2 mouse respectively. Analysis was done using Deminer software developed by our laboratory in order to subtract the background level of mutations observed on the same sequence in a control experiment [START_REF] Martin | Detecting Rare AID-Induced Mutations in B-Lineage Oncogenes from High-Throughput Sequencing Data Using the Detection of Minor Variants by Error Correction Method[END_REF].

Results

Generation of mice carrying B-cell specific BCL2 deregulation

Mice hemizygous for any of our 2 BCL2 transgenic models were studied and produced high amounts of human BCL2 of normal size in B-lineage specific manner (Fig 1A -D). Both revealed overexpression of the human BCL2 protein in spleen follicular and GC B cells with a stronger BCL2 expression in the Ig-BCL2 than in the 3'RR-BCL2 mice (Fig 1D). In addition, BCL2 expression patterns along B cell differentiation stages strongly differed (Fig 1D). The Ig-locus driven deregulation consisted in very high and stable BCL2 overexpression throughout B-cell differentiation in the bone marrow from B cell progenitors to recirculating mature B cells, plasmablasts having migrated to the bone marrow and plasma cells. This architecture of the transgene also yielded a constitutively high expression in peripheral spleen and lymph node lymphoid tissues, homogeneously affecting all B-cell compartments, but strongly culminating in plasmablasts. In striking contrast, the IgH 3'RR-BCL2 drove low BCL2 expression in bone marrow B cell progenitors and plasma cells. In spleen and lymph nodes, it provided the highest expression in GC B cells, either centrocytes or centroblasts, with expression remaining high in plasmablasts but rapidly falling down in plasma cells.

Impact of BCL2 deregulation on B and T cell differentiation.

We analyzed early B cell compartments by flow cytometry in non-immunized mice bred in an SOPF facility, comparing mutant mice to wildtype controls. Prior to any immunization, the percentage of bone marrow CD19+ cells was similar to that in WT controls and showed no amplification of any progenitor compartment, even with rather decreased percentages of pro-B and pre-B cells in Ig-BCL2 mice (Fig 2A). By contrast, bone marrow plasmablasts and PCs were constitutively increased in the Ig-BCL2 mice. In the periphery of resting unimmunized Ig-BCL2 mice, CD19+ cells were globally more abundant than in WT controls in both lymph nodes and spleen, while 3'RR-BCL2 mice inconstantly showed such an increase. The difference between both strains was still more striking for plasmablasts and plasma cells, which were in normal amount in 3'RR-BCL2 mice while increased in number by up to ten-fold in Ig-BCL2 (Fig 2B and2C). By contrast, marginal zone (MZ) cells were decreased in Ig-BCL2 mice. The ratio of CD93+CD138+ vs CD93-CD138+ plasmablasts was rather increased in both strains, significantly in lymph nodes, suggesting increased amount of recently differentiating plasmablasts [START_REF] Chevrier | CD93 Is Required for Maintenance of Antibody Secretion and Persistence of Plasma Cells in the Bone Marrow Niche[END_REF]). In PCs, for which CD93 expression marks long-lived PCs having arisen from T-dependent responses, there was a tendency to an increased ratio of such cells in the BCL2-3'RR mice, but not reaching significance [START_REF] Chevrier | CD93 Is Required for Maintenance of Antibody Secretion and Persistence of Plasma Cells in the Bone Marrow Niche[END_REF]). Regarding the GC B-cell compartments in spleen and lymph nodes (corresponding to background GCs in non-immunized mice), both strains showed a constitutive increase of both centroblasts and centrocytes and an increased ratio of centroblasts vs centrocytes. Relatively to expanded B cell populations, the percentage of helper T cells appeared significant decreased in the periphery of Ig-BCL2 mice only ( 

Lymphoid compartments in immunized mice

Human lymphoid malignancies are often correlated with past chronic activation by viral Ag or auto-Ag, and we thus explored the behavior of BCL2 transgenic mice in conditions of 3 consecutive B-cell stimulations with the particulate Ag sheep red blood cells (SRBCs). Such a repeated stimulation resulted in a strong global increase of the B-cell compartment in all lymphoid tissues from Ig-BCL2 mice, but not 3'RR-BCL2 mice (Fig 3). The Ig-BCL2 also confirmed an MZ B-cell decrease. In bone marrow (Fig 3A), the B-cell increase corresponded to recirculating B-cells, whereas all B-cell progenitor compartments appeared to be decreased. Percentages and absolute number of bone marrow plasmablasts and plasma cells were also significantly increased in Ig-BCL2 mice. In spleen and lymph nodes from Ig-BCL2 mice (Fig 3B -C), the global increase of CD19+ cells also associated with a strong persisting increase of plasmablasts and to a lower extent of plasma cells. Plasma cells quantified after immunization did not show the abovementioned increased ratio of CD93+ cells and not yet express the markers of LLPCs. By contrast for the burst of plasmablasts seen in Ig-BCL2 mice, a strongly increased ratio of CD93+CD138+ plasmabasts was seen in spleen, corresponding to a high amount a recently differentiated cells [START_REF] Chevrier | CD93 Is Required for Maintenance of Antibody Secretion and Persistence of Plasma Cells in the Bone Marrow Niche[END_REF]. In order to evaluate whether the plasmacytosis in Ig-BCL2 mice rather involves the ongoing entry of B-cells into the PC stage or the accumulation of long-lived PCs, we measured BrDU incorporation into PCs and GC B-cells one week after immunization (Fig 3D). This experiment revealed a decreased ratio of BrDU+/ BrDU PCs, indicating that accumulation of long-lived PCs predominantly contributed to the peripheral plasmacytosis. Parallel evaluation of BrdU incorporation in GC B cells showed a preserved ratio of recently divided vs lately divided cells. By contrast to Ig-BCL2 mice, 3'RR-BCL2 mice showed a more specific relative increase of GC B-cells, involving both centrocytes and centroblasts, together with a higher ratio of centroblasts vs centrocytes, suggesting that BCL2 expression in these mice mostly impacted B-cell survival at the centroblast stage. Anomalies of T-cell compartments after repetitive immunization remained similar to those in resting mice, with a significant decrease of the peripheral helper T cell population in the Ig-BCL2 mice, together with increased Teff and TFH cell populations in the LNs of both models (Fig3E-F). 

Antibody affinity

In parallel, we wanted to assess the ability of these mice to mount an efficient immune response against a T-dependent Ag despite their altered GC regulation. We quantified the affinity of anti-Ovalbumin IgG antibodies using the ELISA-based protocol. Analysis of the obtained dissociation constant (KD) showed that both models are able to produce large amount of high affinity antibodies (the higher the affinity of the produced antibody the lower the KD). With an ELISA-based evaluation of antibody affinity, both of our models produced high-affinity circulating IgG with dissociation constant similar to wildtype (or even with a tendency towards a lower value) (Fig 4). This finding is reminiscent from observations previously done for Eµ-BCL2 mice, in which the selection of Ag-specific B-cells appeared to maintained [START_REF] Smith | Bcl-2 Transgene Expression Inhibits Apoptosis in the Germinal Center and Reveals Differences in the Selection of Memory B Cells and Bone Marrow Antibody-Forming Cells[END_REF].

Single cell transcriptome analysis

In order to appreciate the impact of BCL2 deregulation on the B-cell transcriptome more precisely than by following surface expression of a limited set of membrane markers, we carried a single cell analysis of B-linaeage splenocytes 10 days after immunization. This analysis allowed to identify 13 clusters and sub-clusters, from transitional cells, recirculating resting B-cells, extrafollicular and interfollicular cells, IFN-activated cells, marginal zone, pre-centroblastic, centroblasts, early centrocytes (AID+ BCL6+), late centrocytes (AID-, BCL6+), preplasmablasts, plasmablasts and plasma cells (Fig 5A). This analysis confirmed and extended the observations made by flow cytometry, but with much better precision. All compartments upstream of GC formation were rather decreased in BCL2 transgenics (from transitional cells to resting, extrafollicular, IFN-activated, marginal zone and pre-centroblastic cells… In the Igk-BCL2 model, the compartments amplified began with centrocytes but culminated with plasmablasts and plasma cells. By contrast in the BCL2-3'RR model, the amplified sublcusters were more focused on the GC including centroblasts, centrocytes, late centrocytes and plasmablasts (Fig 5B). This analysis also allowed to monitor the mean expression level of a number of highly expressed genes comparatively between WT, Igk-BCL2 and BCL2-Tg mice. With more precision than in flow cytometric measurements, this analysis showed a broad overexpression of BCL2 in all subclusters in the Ig-BCL2 model, compared with a lower and much more specific expression in BCL2-3'RR B cells, focused on centroblasts, centrocytes and plasma cells ( 

Immunohistochemical analysis and tumor development in BCL2 transgenic mice.

We allowed cohorts of 40 mice for each genotype to grow older, in order to monitor the potential onset of spontaneous tumors. Aggressive tumors indeed started to appear after around 25 weeks of age in about 15% of mice with either configuration of the BCL2 (Table 1 andFig 7A). Representative immunohistochemistry analyses of tissues either from young mice (thus in the pre-lymphomatous stage) or old mice (affected with overt lymphoma, notably 3'RR-BCL2 mouse Tg-6 and Ig-BCL2 Δ/Δ mouse KI-8 in Table 1) are shown in Fig 6B . At the pre-lymphoma stage, the organization of the spleen is respected showing large follicles densely occupied with CD19+ B-lymphocytes, mixed with less abundant plasma cells. In such young BCL2-3'RR mice, BCL2 staining is mostly seen in B-cells within germinal centers. By the contrary in the Ig-BCL2 mice, abundant plasma cells populate the red pulp already at the early stage, and stain the most strongly for BCL2. In mice carrying tumors from either genotype, the spleen red pulp later appeared heavily infiltrated by CD138+ BCL2+ plasma cells. These tumors affected mostly the mesenteric lymph nodes, spleen and liver. The tumors analyzed at other distant locations also consisted into CD138+ cells and the disease thus appears like a disseminated plasmablastic lymphoma. (Fig 7B).

Table 1 : Table describing in the mice that developed tumors in both BCL2 models. This cohort comprised of 19 IgK-BCL2 (total) and 8 3'RR-BCL2 mice was allowed to grow older and these tumors were monitored for tumor development over time. For each mouse, the age at which they developed the tumor (or pre-tumoral symptoms) along with detailed description of the location and the phenotype of each tumor is listed. Ig repertoire analysis by REPseq was done for tumors from 4 Ig-BCL2 Δ/Δ tumoral mice (KI-2, KI-3, KI-4 and KI-8, Table 1), 3 Ig-BCL2 Δ/+ tumoral mice numbers KI-16, KI-18 and KI-19 and one 3'RR-BCL2 tumoral mouse number Tg-6. All tumors analyzed in both strains included one or eventually two strongly predominant clonal cell populations, each so-called "predominant clonotype" representing 30% to 98% of all Ig reads (Table 2). Both IgM producing and IgG clones were found, 5 of them carrying no mutation of the expressed VDJ regions, while 7 had clearly accumulated somatic hypermutation (from 3.5 to 21 / Kbp), indicating that malignant clones could originate in some cases from an extra-follicular pathway or in other cases be GCderived.

The BCL2 cassette is exposed to low SHM in both transgenic models. Sequencing the promoter region of BCL2 in both models revealed that SHM occurred all along a 1.5 kb sequence fragment, and globally appeared diversified in polyclonal cells (in agreement with the B-cell diversity indicated by Ig repertoire experiments) in mice not affected with tumors (Fig 8). The mutation rate at a given position thus never exceeded 0.6%. Sequences with the highest rate of SHM were rather obtained in class-switched B cells from immunized Ig-BCL2 mice, and the most often mutated positions were located around the P1 promoter. In some but not all tumors, mutations were present at a higher level, eventually approaching 10% of the reads. Based on the previous repertoire data obtained from WT mice, a certain threshold for the clone frequency was used and only the clones that were present at a frequency higher than or equal to 30% were selected. For each clone, the V and J gene used along with their corresponding V mutation frequency (without CDR3 as it is highly mutated) are also indicated.

(clones carrying a VDJ N-glycosylation site are in red)

Total spleens are from mice immunized iteratively 3 times with SRBC however, CSR and non-CSR are mice who were immunized only once with SRBC for 7 days

DISCUSSION

We herein report two new models of B-lineage specific BCL2 deregulation in mice. These models yield different patterns of expression, either with a global increase of BCL2 expression at all B-cell maturation stages in the Ig-BCL2 knock-in strain, but with a climax in plasma cells, or with a more restricted GC-specific expression in transgenics driven by the IgH locus 3'RR enhancers. Although both models roughly yield the same level of BCL2 expression in GC B cells, its higher "GC-specificity" makes the 3'RR-driven model a potentially attractive "first hit" platform for studying early events of FL lymphomagenesis. Indeed, FL is currently considered as evolving from FLLC cells carrying an initial t(14;18) translocation then followed by multiple additional driver mutations, the latter concurring to block plasma cell differentiation and exit of the transformed cells from the GC-stage. By contrast, the strongest and broadest deregulation observed after the knock-in of BCL2 within the Ig locus principally results into the expansion of the plasmablastic and plasma cell compartments even in young mice prior to any immunization. Finally, regarding the occurrence of spontaneous tumors in either of these BCL2 strains, both appear exposed to plasma cell tumors, whether or not this was preceded by overt polyclonal plasmacytosis. A similar situation is likely occurring for human cells deregulating only BCL2, which circulate and can be found in blood and lymphoid tissues of many healthy individuals and do not appear to be blocked in their differentiation [START_REF] Roulland | Early Steps of Follicular Lymphoma Pathogenesis[END_REF][START_REF] Sungalee | Germinal Center Reentries of BCL2-Overexpressing B Cells Drive Follicular Lymphoma Progression[END_REF]. By contrast, local amplification of a more aggressive B-cell clone, either in the early situation of in situ follicular neoplasia or of overt FL is always associated to mutations additional to the BCL2 deregulation [START_REF] Vogelsberg | Genetic Evolution of in Situ Follicular Neoplasia to Aggressive B-Cell Lymphoma of Germinal Center Subtype[END_REF]. The most obvious roles of all such mutations, notably involving chromatin modifier genes such as CREBBP, EZH2 or TET2, is to reprogram B-cells towards an iterative GC reentry cycle by up-regulating BCL6 expression, and inhibiting genes either involved into B-cell egress form the GC and/or into PC differentiation and progress beyond the GC B-cell stage [START_REF] Lu | PRMT5 Interacts with the BCL6 Oncoprotein and Is Required for Germinal Center Formation and Lymphoma Cell Survival[END_REF][START_REF] Dominguez | TET2 Deficiency Causes Germinal Center Hyperplasia, Impairs Plasma Cell Differentiation, and Promotes B-Cell Lymphomagenesis[END_REF]; "Mutant EZH2 Induces a Pre-Malignant Lymphoma Niche by Reprogramming the Immune Response -PubMed" n.d.;Rivas et al. 2021). Although we have no indication about the eventual second hits supporting the growth of plasmacytoma in aged mice from this study, such acquired genetic or epigenetic anomalies are likely since no tumor arise in young mice and since, whatever the BCL2 expression dosage in both mouse strains, the clonotypic diversity of B-cells in younger tumor-free animals is normal and does not reveal the early expansion of a monoclonal population. Contrary to our expectations, presence of a large P1/P2 BCL2 promoter fragment including the negative regulatory sites for BCL6 binding does not seem to repress expression in those mouse models, and is not affected by acquired mutations unleashing expression in some B-cell clones. It is thus likely that the spontaneous expression yielded by the BCL2 cassette in either model, is already sufficiently high by itself for initiating the clonal malignant development without the need of promoter mutations. Although the P1/P2 fragment is accessible to a significant amount of SHM, notably when inserted in the Ig locus, these mutations rather seem to randomly accumulate at low level. Tumors occurring in both models are thus mostly made up of clonal plasma cells (with biclonal proliferations in some cases), either producing IgG or IgM with roughly similar frequencies, and revealing SHM of VH genes ranging from 3.5 to 21 per Kbp for 7 out of 12 malignant clones, thus with a clear indication of a "post-GC" origin of the malignant clones, but without any mutation for 5 of them, which could thus likely correspond to extrafollicular PCs or to PCs differentiated independently of T-cell help. Toellner et al previously characterized extrafollicular and classical GC-derived plasma cells respectively withs means of 0.7/Kbp vs 5.6 Kbp [START_REF] Toellner | Low-Level Hypermutation in T Cell-Independent Germinal Centers Compared with High Mutation Rates Associated with T Cell-Dependent Germinal Centers[END_REF]. Although attributed to V(D)J recombination errors, which could potentially affect any Ig locus, BCL2 translocations associated with FL overwhelmingly involve the IgH locus on chromosome 14 and much more rarely Ig light chain loci [START_REF] Szymanowska | BCL2 and BCL3 Are Recurrent Translocation Partners of the IGH Locus[END_REF]Hillion et al. 1991, 2). Such translocations replace all the V constant gene cluster with BCL2 and thus associates the oncogene with regulatory elements for the constant gene cluster, i.e. predominantly under the influence of the IgH 3'RR in mature B-cells. Such conditions are thus likely to favor a strong expression in activated B-cells and at the GC-stage, as observed in our IgH-3'RR model. Why both BCL2 strains explored in this study strongly differ for the polyclonal PC expansion developed in Igk-BCL2 mice reveals an unexpected impact of the level of BCL2 expression into B-cell differentiation. Such an effect could either be related to an imprinting of activated B-cells, more prone to enter into the PC-differentiation pathway when BCL2 is higher, but such a differentiation bias should then decrease entry into the alternate pathway of memory B cell differentiation, which is in fact not observed. By the contrary, BCL2 transgenic Bcells show a conserved ability to mount high-affinity Ag-dependent responses after immunization. The most likely explanation for PC accumulation is thus at this stage, that the high level of BCL2 expression reached by Ig-BCL2 cells, and to a lower extent in BCL2-3'RR mice, significantly impact first plasmablast, and secondarily PC survival. Initial steps of PC differentiation are indeed known to depend on endogenous BCL2 expression (Peperzak et al. 2013), and survival is thus initially increased when no decrease of BCL2 expression occurs in transgenic B cells. Later on, long-live PCs normally do not rely on BCL2 at all for their survival but rather on BCMA-dependent MCL1 expression (Peperzak et al. 2013). Since MCL1 and BCL2 share a similar pro-survival function, the knock-in Ig-BCL2 construction maintaining or even increasing constitutive BCL2 expression in all PCs necessarily ends with deregulated survival of these cells and hypertrophy of the LLPC compartment. PCs are also strongly exposed to endothelial reticulum (ER)-mediated stress, which triggers autophagy and mitophagy. BCL2-family members such as BCL2-L13 and BNIP3 are major actors of autophagy and mitophagy (Onnis et al. 2018;Onishi et al. 2021). These factors share interactions with some BCL2 partners, such as BECLIN-1 and their function in promoting mitophagy might likely be hampered by excessive amounts of BCL2. Noticeably, human myeloma often associates up-regulation of the BCL2 homolog MCL1 and silencing of BNIP3 [START_REF] Murai | Aberrant DNA Methylation Associated with Silencing BNIP3 Gene Expression in Haematopoietic Tumours[END_REF]. Altogether, either by reducing ER-stress induced apoptosis, autophagy or mitophagy, the BCL2 up-regulation triggered at the plasmablast/PC stage in Ig-BCL2 mice appears to open up the gate for entry of more B cells into the plasma cell stage together with deregulated accumulation of non-dying longlived PCs.
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Unpublished Data: BCL2 deregulation and secondary mutations.

It is well established that FL has a very complex development that spans over several years or decades. This means that the deregulation of BCL2 alone is never sufficient to induce FL. Over the course of the years, the malignant cells go through several cycles of entry and, most probably, a defective exit into and from the GC, making them highly susceptible for the accumulation of additional mutations that help facilitate the development of FL.

So, as mentioned in my thesis objective, our work progressed in a sequential manner.

The upcoming part of my thesis focuses on the additional mouse models we used, that carry secondary mutations well known to occur in FL.

Based on the results obtained in article 1, we came to a conclusion that the 3'RR-BCL2 model is the most pertinent mouse model for our study. The main reasons being the focused increase of BCL2 expression at the GC B cell stage rather than very early in B cell development, the less significant enlargement of the PC population compared to the Ig-BCL2 model and of course, the pertinent increase in the GC compartment in the periphery.

Kappa-MOUSS mice

The first mouse model that we chose is called Kappa-MOUSS. These mice are a Knock-in carrying a fixed Kappa light chain with the insertion of an N-glycosylation motif in the variable region. While extremely rare in normal B cells (occurring in less than 10%), V region N-glycosylation is quite frequent in FL (roughly 90% of cases, involving either IgH or IgL variable domain). Again, the continuous entry and exit of malignant cells into and from the GC, and their subjection to several rounds of SHM may lead to the introduction of N-glycosylation motifs in the variable regions of both the heavy and light Ig chains. A striking feature is that the oligosaccharides added to Based on these data, we crossed our 3'RR-BCL2 mice with hemizygous Kappa-MOUSS mice, thus bringing a "pre-rearranged Ig gene, which then mediates allelic exclusion and restricts all B-cells to the expression of this artificially monoclonal VJ rearrangement. The work done on these mice can be divided into 3 sections which I will discuss below, each of which was dedicated to answering a certain question we had in mind:

1-Is there a cumulative a cumulative effect of both mutations on B cell development?

Method used: We ran a 7-day SRBC injection on a cohort of 7 WT, 3 3'RR-BCL2, 4 Kappa-MOUSS ∆/+ and 4 3'RR-BCL2 x MOUSS ∆/+ (referred to as double mutant) mice. Mice were sacrificed at day 7 and splenocytes were primarily analyzed by flow cytometry using the same B-cell panel explained in article 1.

Results obtained:

The preliminary data obtained (Fig. 30) showed that the presence of a fixed kappa light chain along with BCL2 deregulation lead to a decrease in both B and Plasma cell levels compared to the 3'RR-BCL2 mice that carry the BCL2 deregulation only.

On the contrary, GC B cells and centroblasts increased in the double mutant mice compared to both WT and 3'RR-BCL2 mice, thereby suggesting that there is indeed a cumulative effect of both mutations on the GC B cells compartment. Despite the countless efforts and the immense amount of time that were devoted to this section of our project, unfortunately, we were not able to yield good and reproducible data.

Method used:

To briefly explain, we tried to do several in-vitro culture assays on splenocytes from 7-day immunized WT, Kappa-MOUSS, 3'RR-BCL2 and double mutant mice in the presence of lipopolysaccharide (LPS, B4 ultrapure, as a positive Cultures were done under appropriate conditions, using culture media with calcium, for 24, 48 and 72 hrs followed by flow cytometry data analyses using the same lectins but coupled to a fluorescent label, as well as 2 fluorescently labelled proteins that are effectors in the BCR signaling pathways: In parallel, we tried to run kinetics assays for 0, 2, 5 and 10 minutes of induction with either of the lectins as well as IgM as a positive control (Goat anti-mouse IgM unlabeled, southern biotech) as a positive control, followed by the same flow cytometry staining.

Our goal was to analyze B, GC B and plasma cells and see if we can detect their interaction with lectins and whether this interaction is leading to BCR activation (by detection of both cell-signaling proteins) or not.

Results obtained: Unfortunately, none of the results that we obtained were as we anticipated (data not shown).

With flow cytometry, we did not obtain a much-elevated level of neither GC B / plasma cells binding the lectins, nor the signaling proteins (ERK and SYK). Not to mention that we always seemed to have a lot of trouble with compensation of the fluorescent signals, especially for ERK and SYK.

After the countless trials with flow cytometry, we decided to switch to a less quantitative assay which was Western Blot, but even with that we could not yield good reproducible data.

3-Are WT mice were really the pertinent controls for this specific part of this study?

The answer was no, because we assumed that a control harboring the same conditions of "quasi-monoclonal" restriction of the Ig light chain repertoire as our Kappa-Mouss mice would be more ideal. So, we decided to switch to another, more License CC BY-NC-ND 4.0 appropriate, mouse model, called ROC, that is also a knock-in carrying fixed kappa light chain (same Vk1 subgroup as for Kappa-MOUSS), but this time it was without any N-glycosylation motif.

Method used:

We ran the same 7-day SRBC injection on another cohort comprised of 13 Kappa-MOUSS ∆/+, 9 ROC ∆/+ and 11 WT mice followed by the same flow cytometry analysis on splenocytes.

Results obtained:

We saw that ROC mice were, figuratively speaking, "killing" the Kappa-MOUSS mice by having a higher amount of both GC B cells and centroblasts (Fig 31). Knowing that, it is important to consider both WT controls and "k-monoclonal" controls before taking any firm conclusions from all studies made with Kappa-MOUSS mice.

Therefore, based on such discouraging preliminary results and after devoting so much time on this part of our project, we thought it would be fit to press pause on experimenting with these double mutant MOUSS x 3'RR-BCL2 mice in order to carry on with the analysis of other mice that we were developing in parallel. The other mouse models that we chose for our study involved proteins that were involved in the regulation of the microenvironment surrounding the malignant cells. KMT2D on the other hand, is a histone methyltransferase which, in normal cases, acts as a tumor suppressor. However, its deletion or inactivation has been detected in 90% of FL cases (and DLBCL). Again, studies using CD19-Cre conditional knock out models showed that KMT2D deletion not only accelerates lymphomagenesis through significant expansion of the GC B cell population but also affects B-cell physiology, including the positive regulation of apoptosis, CD40 signaling, and the control of cell migration and proliferation [START_REF] Pasqualucci | Molecular Pathogenesis of Germinal Center-Derived B Cell Lymphomas[END_REF].

Based on these data, we decided to cross our 3'RR-BCL2 mice with mice that are conditional knock-outs for either HVEM or KMT2D. In order to induce this secondary mutation exclusively in GC B cells, these mice were also crossed with mice expressing the Cre recombinase under the control of an AID promoter (a knock-in of the crerecombinase gene within the AICDA gene on mouse chromosome 6), in response to tamoxifen induction (AID-CreERT2/LSL-Tomato).

Mice that carried the 3'RR-BCL2 deregulation, were homozygous for HVEM / KMT2D (HVEM / KMT2D fl/fl ) and were hemizygous for both AID and Tomato expression (AID-Cre Ert2 -/+ x LSL-Tomato -/+ ) were considered "Triple mutant (TM)". In order to generate License CC BY-NC-ND 4.0 adequate animals for study (with one functional allele of AICDA left), we had to generate colonies of "perfect parents", both with homozygous Floxed KMT2D or HVEM, one parent bringing the deregulated Bcl2 and the other homozygous for the AICDA replacement (AID-creERT2).

To really highlight the impact of BCL2 deregulation, we chose to compare these mice to a control group (which I will be referring to as double mutants) that harbored the exact same conditions but without the deregulation of BCL2 (i.e. double mutant controls were HVEM / KMT2D fl/fl and AID-Cre Ert2 -/+ , LSL-Tomato -/+ ).

To activate the Cre-recombinase with tamoxifen in mice, we ran several tests and concluded that the optimal induction method is the oral introduction of tamoxifen (at a concentration of 40 mg/ml) at day 0, when mice turn 3 months of age, accompanied with an intra-peritoneal injection of SRBC. Tamoxifen administration is then repeated twice at days 2 and 4 (Fig 32 A).

To verify that indeed our system is functional, we verified the deletion of either gene by PCR (data not shown). In parallel, we withdrew blood from the submandibular vein of our living mice at day 10 (i.e. one week after the last tamoxifen introduction) and we verified the expression, by flow cytometry, of tomato (excitation and emission maxima at 554 nm and 581 nm, similar to PE) in the B cell population found in the blood.

Markers for B cells (CD19 BV510 and IgM FITC) Though the percentage of lymphocytes is low in the blood, we were indeed able to see an elevated level of B cells expressing tomato, compared to the control mice (Fig 32 B).

After that, 5 SRBC injections were carried out on a monthly basis (i.e. from the 3 rd to the 7 th month).

In parallel, a monthly follow up of tomato expression in the blood was also carried out (even after the SRBC injections stopped). With that we showed that we were able to maintain and detect a stable expression of tomato in our mice for almost a year after the primary induction (Fig 32 C).

License CC BY-NC-ND 4.0 cohorts which I will be referring to as the SOPF cohort and the conventional cohort respectively.

2-KMT2D Triple mutant (KTM) mouse cohorts:

For these mice we only obtained one cohort comprised of 4 KMT2D triple mutants and 2 double mutant controls. Again, we struggled with the breeding of these mice and were only capable of obtaining this initial cohort. Breeding is still ongoing however and we expect additional cohorts in the near future.

Results obtained:

I will begin first by describing the preliminary results obtained for the HVEM TM mice, as we were able to obtain bigger cohorts which we were able to analyze more carefully compared to KMT2D TM mice.

1-HVEM triple mutant mice:

To highlight the impact of BCL2 deregulation in our mice, we first began by analyzing the TM mice before they develop any tumor, compared to the double mutant controls.

FACS data using the same staining panel described in article 1, but slightly modified to have the expression of tomato, were done.

Focusing primarily on the periphery (Spleen and mesenteric LNs), we were able to show that, while there was no significant effect on B cells in the TM mice compared to the controls, there was an expansion of the plasma cell population, only in the LNs. On the other hand, a significant increase was seen for the GC B cells (most of which are expressing tomato), centroblasts and centrocytes was seen in both peripheral organs as well.

Interestingly, the comparison of the ratio of GC to plasma cells (PCs) between Tomato+ cells (thus with HVEM deletion) and Tomato neg cells (then HVEM proficient), showed that this ratio is more significantly higher in TM mice compared to their respective controls only in the Tomato+ population, in both spleen and LNs. These data confirmed the cumulative effect of both mutations on the GC compartment (Fig.

33).

License CC BY-NC-ND 4.0 5 out of 11 mice for the SOPF cohort developed tumors and 3 out of 7 for the conventional cohort developed tumors at different ages and in different locations. All of the tumors developed revealed a GC / centrocyte phenotype, which is in contrast with the plasmacytic lymphomas developed in BCL2 single transgenic mice (article 1).

In the majority of the cases, almost all of the malignant GC B cells expressed tomato (Tables 1 and2). Only one case (HTM-5) however, showed no tomato expression but however carried the Cre-deletion of HVEM, this simply indicating that the Cre enzyme did a "partial job" in this clone during tamoxifen induction, only disrupting HVEM. This occurred as a result of Cre recombinase activity which we validated by the same PCR (data not shown). Table 2: Summary of tumor development, or not, in the HVEM triple mutant cohort bred in the conventional animal facility. Full details are given for the mice that did develop tumors, indicating the corresponding age at which the tumor developed, the precise location of the tumor, whether, or not, there were any remarkable additional observations seen upon sacrifice in these tumoral mice and finally stating the phenotype obtained by flow cytometry data of each tumor.

Table 1 : Summary of tumor development, or not, in the HVEM triple mutant cohort bred in the SOPF animal facility. Full details are given for the mice that did develop tumors, indicating the corresponding age at which the tumor developed, the precise location of the tumor, whether, or not, there were any remarkable additional observations seen upon sacrifice in these tumoral mice and finally stating the phenotype obtained by flow cytometry data of each tumor.

License CC BY-NC-ND 4.0

After that, we ran repertoire analyses using the exact same method described in article 1, but this time with UMIs to have a better quantification of the relative abundance of RNA templates, i.e. clearer identification of diversity and potential predominant clonotypes. IgM and IgG repertoires were evaluated in the periphery of TM mice carrying no tumor, and we saw no significant global effect on the clonality in our mice compared to the controls (Fig. 34).

The same Ig repertoire sequencing analysis was run on the different tumors that were developed in both HVEM TM cohorts, this time with a more detailed description of each isotype in each tumor location (Tables 3). We observed that tumors obtained were rather oligoclonal than monoclonal, involving both IgM-producing and/or IgG-producing clones. Interestingly however, in some cases we saw that the same clone (as identified by its unique combination of VH, CDR3 length and JH) disseminated onto two different locations in the same mouse, sometimes with a different V mutation frequency between the 2 locations (such clones are highlighted in the same color (either red or blue) for identification). Shannon diversity index for IgM and IgG in the triple mutant mice that did not develop tumors compared to their respective controls (i.e. only mice from the conventional cohort are shown) in the spleen (A) and mesenteric LNs in (B). The shannon diversity index is calculated via an R-studio script that analyzes the sequences of each heavy chain after high-throughput sequencing and a primary analysis step with IMGT High-V-Quest. The shannon diversity index is presented in bar graphs as medians with interquartile range and the statistical significance is realized via Mann-Whitney U test.

Tables 3 : Detailed Ig heavy chain repertoire analyses of the different tumor tissues obtained for both HVEM TM cohorts. The tumors obtained in the SOPF cohort are summarized in the table on top and conventional cohort ones are summarized in the table on the bottom). Data are obtained by an R-studio script after high-throughput sequencing of both IgM and IgG (when possible) and a primary analysis step with IMGT High-V-Quest tool. For each tumor, complete characterization of the most abundant clones is realized. A threshold of 10% was selected and only the clones having a frequency equal or higher to 10% are presented. For each tumor, in IgM and /or IgG, the total number of clones, the total number of productive reads is indicated and then for each most abundant clone, the used V and J gene along with the V mutation frequency (without CDR3) and the corresponding CDR3 length (in amino acids (AA)) is indicated. Clones that are found in different tumor locations in the same mouse are highlighted in the same color (Either red or Blue).

License CC BY-NC-ND 4.0 Finally, we ran the same sequencing analysis of the BCL2 promoter region, as done in article 1, in the spleen and LNs of mice from the SOPF cohort only (Fig 35 A andB respectively), as well as some of the tumor tissues obtained in this cohort as well (Fig 36). Data revealed a much lower global rate of mutations across this region, with a low frequency, but with an overall similar phenotype, where most of the mutations seem to occur around P1 promoter. In some cases, however (spleen and LNs of mice HTM-6 and HTM-11) we could identify some mutations at a higher frequency (reaching 8 to 10%), then compatible with the size of a malignant subclone present within the tumoral Full details are given for the mice that did develop tumors (in this cohort only one), indicating the corresponding age at which the tumor developped, the precise location of the tumor, whether, or not, there were any remarkable additional observations seen upon sacrifice in these tumoral mice and finally stating the phenotype obtained by flow cytometry data of each tumor.

2-KMT2D triple mutant mice:

The data obtained for these mice are preliminary and quite limited due to the limited number of mice we were able to obtain. Indeed, the work on these mice is yet to be finished and a lot of future experiments are to be done on them.

Out of 5 TM mice, only one developed a tumor which was, again of GC / centrocyte phenotype (Table 4).

Analysis by flow cytometry on B cells, using the same modified panel we used for the HVEM TM mice revealed that, while there was no strong effect on the B and plasma cell populations, there was the same increase in the GC and centrocyte cell populations in our TM mice compared to the control group (more significantly in LNs than spleen (Fig 37). Though the expansion of the GC / centrocyte population was overall less significant in the KMT2D TM mice compared the HVEM TM ones; both models shared the same feature, exclusively in the LNs (which is the more relevant secondary lymphoid organ to FL), where the ratio of GC to PC increased in the Tomato+ population only.

It is very hard to be conclusive on these data, due to the limitation in the number of mice and thus the lack of a statistical test but we are expecting to obtain more mice in the near future to run more flow cytometry analyses to verify what we initially obtained and also run analyses like the ones we did on HVEM mice. This part of our project is 

BCL2 mouse models:

Recapping everything mentioned earlier, the primary goal of this thesis was to generate genetically modified mouse model(s) that could help recapitulate the complex development of Follicular Lymphoma. FL is an indolent B cell lymphoproliferative disorder of transformed germinal center B cells. It is characterized by diffuse lymphadenopathy, bone marrow involvement, and splenomegaly. Though this disease is marked with a long natural history and the survival rate could potentially extend to several years, or in some cases, several decades, this chronic disease is still considered incurable. Thus, revealing what happens in the early stages of FL development is not only crucial for understanding the complex development of FL but also indispensable for identifying better early diagnostic procedures and the "Achilles heel" of this malignancy to eventually develop novel therapeutic strategies for patients. Surely, we were not the first to think of generating such mouse models. Without going back into much details on each of the previously published mouse models (see introduction of article 1), unfortunately, none of these mouse models accurately reproduced the complex development of FL, potentially because they did not faithfully follow the pattern of BCL2 deregulation observed in patients and notably featured either very early BCL2 deregulation (under the control of Eµ, which is the enhancer in charge of VDJ recombination in B cell progenitors, or driven by Vav-P regulatory elements which are active in all hematopoietic lineages). Our study explored two newly designed mouse models, conceived with the aim of the latest possible B-cell specific hyperexpression. This was obtained by physically linking the oncogene sequence with cis-regulatory elements that are 1-known as potent inducers of transcription and chromatin remodeling in mature activated and/or terminally differentiated B-cells and 2-known as BCL2 translocation partners in human lymphoid malignancies. The first model, named Ig-BCL2 (knock-in of BCL2 in the Ig locus, for pan-B cell expression) associates BCL2 with all the cis-regulatory context of a locus highly transcribed in mature B-cells, demethylated and exposed to AID deamination. Although highly active at mature stages and after B-cell activation, enhancers from this locus bound by PU.1, might transiently repress expression in GC-B cells after recruiting BCL6 [START_REF] Bai | Protein Acetylation Regulates Both PU.1 Transactivation and Ig Kappa 3' Enhancer Activity[END_REF][START_REF] Wei | PU.1 Can Recruit BCL6 to DNA to Repress Gene Expression in Germinal Center B Cells[END_REF]). The second model, named 3'RR-BCL2, opted for specific targeting of activated B-cells with a BCL2 transgene driven by the IgH 3'RR enhancers, i.e. those enhancers inducing germline transcription of IgH switch regions, chromatin License CC BY-NC-ND 4.0 remodeling and accessibility to AID in GC B-cells. Although both models (and both the IgH and Ig loci) are expected to finally be active beyond the plasma cell stage (notably in PCs), our expectation was that their expression might be uncoupled at the GC Bcell stage and that this might explain why in FL patients, translocation of BCL2 to an Ig J segment is exquisitely rare, while translocation to an IgH JH segment is overwhelmingly predominant. Indeed, both of our models appeared to differ substantially in their patterns of BCL2 expression; While the Ig -BCL2 knock-in yielded a global increase of BCL2 expression in all B-cell maturation stages, with a climax in plasma cells, the effect of the IgH locus 3'RR enhancers in our second transgenic model, featured a more restricted GC-specific expression.

Starting from the fact that the hallmark for the development of FL is the translocation t(14;18), occurring as a results of an error during VDJ recombination (in turn placing the anti-apoptotic BCL2 protein under the effect of these IgH 3'RR enhancers).

Starting also from the fact that these enhancers are major drivers of Ig gene remodeling in the GC; our initial observations about BCL2 expression were in agreement with our speculation that the 3'RR-BCL2 model should more specifically mimic the BCL2 deregulation associated with FL.

Before diving deeper into explaining the differences between both models, one aspect we were able to validate is that both are able to mount efficient immune responses, by secreting high-affinity IgGs, after encounter with a specific antigen. However, the different flow cytometry data analyses that we ran on these mice, both at the resting / unimmunized and immunized states validated our previous speculation. By immunohistochemistry, while Ig-BCL2 plasma cells brightly stained for BCL2, this staining was barely visible in GCs. By contrary 3'RR-BCL2 immunized young mice showed BCL2 staining clearly localized to GCs. We observed a strong expansion of the plasmablastic and plasma cell compartments in the Ig-BCL2 mice both early in the bone marrow and in the secondary lymphoid organs. This was not only seen less significantly in our transgenic mouse model, but we also witnessed a more significant expansion of the GC B cell population in the periphery, which is more relevant to what is seen in human FL patients. Another striking difference that we saw between both models, is that plasma and GC B cells in the Ig-BCL2 models "differentiate" less upon antigen-encounter and simply live longer as a result of the BCL2 deregulation they License CC BY-NC-ND 4.0 carry. This was again verified by our flow cytometry data which showed a higher ratio of CD93+ to CD93-plasma cells (CD93+ assumed to be long lived plasma cells). These data confirmed our hypothesis that a model with BCL2 deregulation driven by IgH 3' enhancer was the most pertinent platform and starting point for the study of the natural story of FL lymphomagenesis, since the "first hit" leading to BCL2 deregulation seemed to recapitulate more carefully what occurs in humans.

However, BCL2 deregulation by itself is not sufficient for FL development, as obviously shown by the multiple genetic anomalies found in patients. Both of our mouse models thus remained healthy for months and when tumors lately developed in aged mice, we observed that they always lacked this characteristic feature of FL: retention of tumor cells within GCs. All of the tumors that we characterized in single transgenics were indeed made up of plasmablasts or plasma cello, without any differentiation blockade.

Beside many such tumors in Ig-BCL2 mice, a single one was characterized in a 3'RR-BCL2 mouse, but it also featured a plasma cell rather than a GC phenotype. Among the tumors analyzed in single transgenics, 7 out of 12 carried mutated Ig genes and standed as post-GC cells (whether involving IgM or IgG clones). 5 tumors were by contrast expressing germline VDJ regions and could correspond to extra-follicular plasma cells. Altogether, these late plasmacytic tumors thus rather appear as random malignant transformation of plasma cells, more likely to occur in the context of expanded PB/PC compartments whatever the origin of the accumulated PCs (GC or extrafollicular). Interestingly by immunochemistry, plasmacytic tumors seem to more strongly express BCL2 than the non-malignant PCs characterized in young transgenic mice. This upregulated expression could correspond to mutations of the BCL2 P1/P2 promoter (but we fail to identify such mutations) or more likely to epigenetic changes boosting expression from the transgenic oncogene (an aspect that remains to be explored in our models).

Globally, our findings confirm partly our starting hypotheses. Studies over the years have indeed shown that with a disease as complex and indolent in its development as FL, the t(14;18) alone is never sufficient and constantly requests additional genetic or epigenetic changes for malignant transformation to occur. Works from animal models comes in accordance to what has been seen in humans, where t(14;18)+ cells were detected in the blood and lymphoid tissues of rather healthy individuals (almost 70%).

Moreover, it has been shown that even after having left the BM and circulating in the periphery, the t(14;18) confers a selective advantage for these cells during the GC License CC BY-NC-ND 4.0 reaction thereby allowing them to persist as atypical memory B cells, referred to as FL like cells (FLLC), carrying some features of FL cells. In addition, the retention of surface IgM allele (sIgM) on these FLLCs, despite having passed through the GC and eventually undergone CSR-like recombination on the translocated allele, might expose them to re-enter the GC upon future Ag encounter, thereby subjecting them to additional rounds of SHM and eventually additional oncogenetic hits (the so-called Allelic paradox) [START_REF] Roulland | Early Steps of Follicular Lymphoma Pathogenesis[END_REF]. In fact, the local amplification of a more aggressive B-cell clone in FL has been shown to always be associated with the accumulation of additional mutations. Therefore, in the absence of these secondary genetic "hits", neither of our models actually developed FL-like lymphomas at late ages.

Last but not least, one very important feature of both of our mouse models, which has never been done in any of the previous models in the literature, was the inclusion of the full human BCL2 promoter region. The characteristic structure of this region comprising two distinct promoters P1 and P2, and the fact that in FL, a shift from the use of P1 to the use of P2 is always exclusively seen, suggests a major importance of this regulatory region for FL development. Indeed, this region includes transcription factor-binding sites, notably for the repressors Bcl6/Miz1 which limit BCL2 expression in normal GC cells (Saito et al. 2009). Thus, such design of our models allowed us to analyze the mutations of the BCL2 promoter region, also documented in human patients (Saito et al. 2009). In the near future, we will also check the DNA methylation status and histone marks of this region as soon as we have a larger collection of tumors available.

I chose to talk about this part of our project both separately and at the end for the sole reason of showing that this specific area of our project is still to be further explored in the future.

Although our data showed that this promoter region was accessible to a significant amount of SHM, notably when inserted in the Ig locus, these mutations rather seemed to randomly accumulate. Contrary to our expectations, neither the BCL6 binding site nor the acquired mutations seemed to repress expression in our models. We assumed that the spontaneous expression yielded by the BCL2 cassette in both models, is either already sufficiently high by itself for supporting an eventual malignant development without the need of promoter mutations, or that it is increased through epigenetic changes. Unfortunately, until now, we mostly were able to study tumors from single License CC BY-NC-ND 4.0 transgenic animals, which were mostly plasmacytic, had little or no SHM of VDJ genes and were unlikely to have undergone multiple rounds of reentry into the GC. Since we now begin to accumulate tumor samples from triple mutant mice where malignant cells appear blocked with a GC phenotype, the landscape of the genomic mutations accumulated in such tumors might be different. Already and even if in low amount, one important observation in our sequencing data however, was the localization of the mutations detected: in the majority of the cases we saw that mutations were localized more at the beginning of the promoter, that is around P1 more than P2, thereby perhaps offering a possible reason / explanation for the shift from P1 to P2 in FL? This is one area that we really need to work on in our mice, perhaps not only in the BCL2 mouse models but also in the other mouse models that I talked about in my results section.

We initially tried to validate by QPCR (data not shown) whether we can see an increased expression of P2 in our mice compared to P1. However, the high similarity between human and mouse genomes really restricted our abilities to design good primers for the amplification of these two promoters. Not to mention that the BCL2 promoter is a GC-rich region which created another limitation in the design of goodquality primers. With primers designed in different exons of P2 for example, we would obtain highly different data, in the same mouse even, which stopped us from definitively concluding whether there was a higher expression of P2 in our mice or not.

So, more efforts need to be devoted in the future in trying to resolve this issue and validating the preferential use of P2. Future RNAseq data from tumors might instrumentally and definitely help answer this question.

Though I only showed data obtained from BCL2 promoter high-throughput sequencing of mutations, we initially attempted to study this area in much more detail. In fact, the primary goal and my initial thesis project were actually to analyze this region in both mouse models and try to understand what really happens at the BCL2 promoter level.

Reminiscing, once again, on what has been well established in the literature, we highlighted several times that a shift from P1 to P2, for BCL2 expression, does occur in FL (though no one really knows why) and that the BCL2 promoter is indeed a "hotspot" for mutations (though not a lot of information exist in the literature on the nature and the outcome of such mutations). But in addition to that, it has also been well established that P1, the major promoter, contains multiple transcriptional start License CC BY-NC-ND 4.0 Hence, to create conditions that resemble more accurately what occurs in humans, we wanted to breed our transgenic BCL2 mice with other mouse models carrying genetic alterations that are well known to occur in FL.

As I have stated earlier in my thesis introduction, the BCR plays a crucial role in lymphomagenesis. Particularly speaking, the introduction of N-glycosylation sites in the V region of Igs is famously known to occur in FL, though in normal cells, this situation is rather rare. Another fascinating feature that occurs in FL, is that the oligosaccharides added to these N-glycosylation sites are exclusively of the immature type, which, upon interaction with lectins (both endogenous and exogenous), lead to continuous activation of the BCR. It was also shown that such V region N-glycans, in humans, interact with lectins such as DC-SIGN and trigger signaling in B-cells (Amin et al. 2015).

For that, the first mouse model that we chose was the Kappa-MOUSS, having a fixed kappa light chain with an N-glycosylation motif in the V region. Recapping on what I had previously stated in the results part of my thesis; the preliminary analyses done by flow cytometry on these mice, after a 7-day injection with SRBC, were quite interesting.

We could see the negative effect the fixed kappa light chain on the B and plasma cell License CC BY-NC-ND 4.0 population in these mice, with or without the deregulation of BCL2. We also saw the cumulative effect that both of these mutations have on the expansion of the GC B cell compartment compared to mice with either of the mutations alone, and of course compared to wild-type.

Based on these data, we wanted to move forward and validate that we can indeed activate the N-glycosylated BCR in our mice upon interaction with various lectins. We tried doing that via flow cytometry either by detecting the B cells that express the lectins, after interaction, or by detecting the expression of two staple effectors of BCR cell-signaling pathways, ERK and SYK. These experiments began long before, but also after, we definitively concluded that the 3'RR-BCL2 model is the more pertinent model to use. So, several in-vitro cell culture experiments with the endogenous lectin, DC-SIGN, and two exogenous bacterial lectins, LecB and BC2LA, were conducted on either of the BCL2 models, with and without N-glycosylated BCRs.

As I have previously mentioned, in details, in the results section, none of these experiments yielded high-quality reproducible data, that we eventually decided to press pause on this part of our project.

Our assumption is that it was very difficult maybe to capture the exact moment at which the interaction between the lectins and the BCRs in our mice occurs. Though in the literature it is well known that such interactions lead to continuous, or at least to longer and more intense, activation of the BCR, we were, unfortunately, not able to accurately validate that, even with less quantitative methods like western blot.

We do plan on re-conducting such experiments in the near future by focusing mainly on the detection of lectin expressing B cells (without that of cell signaling proteins as they were the most troublesome by flow cytometry). This time we plan to start from square 1, by obtaining new DC-SIGN and new lectins (at higher concentrations as recommended eventually by Dr. Annabelle Varrot) to try again the in-vitro assays.

Moreover, the cell signaling experiments we tried to execute are usually very tricky and hard to establish, so we plan on collaborating with Laboratories specialized in cell signaling to guide us in carrying out such experiments in the future.
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2-HVEM / KMT2D Triple mutants:

Last but not least, the other two mouse models we chose for our study are conditional knock-outs for two very famously known proteins in FL, HVEM and KMT2D. Deletions for either proteins have been recorded in 40% and 90% of FL cases respectively.

We created triple mutant mice, that not only carry the transgenic BCL2 deregulation but also lose the expression of either of these two proteins upon oral induction with tamoxifen, thanks to the AID-Cre LSL tomato system which we introduced into our mice as well.

These two proteins play major roles in regulating the microenvironment surrounding B cells. Briefly and without going back to the same details, several studies have highlighted that the loss of either proteins in FL has hazardous effects leading to increased lymphomagenesis and the enrichment of a tumor-supportive microenvironment.

Despite the fact that this project is far from being finished, the preliminary data we obtained during my thesis seem to be very intriguing.

We were able to set up an induction protocol for our mice that was indeed functional and allowed us to monitor the circulating population of tomato expressing B cells in our living mice for over one year, which was very useful for us to both follow up our mice in a very ethical way and also keep them living for as much as possible to monitor the development of tumors and thus decide on the optimal time for their sacrifice to visualize earlier stages of lymphomagenesis. I will begin first by discussing the data we obtained on HVEM triple mutant mice, as it is more comprehensive and complete and then move to the very preliminary data of KMT2D mice which I will be discussing along with the future perspectives of this part of our project.

One cannot deny that it was quite challenging to breed these mice to obtain the ideal genotype and that we faced several obstacles on the way, including the outbreak of the covid-19 virus. But I believe that, at the end, what we obtained was rather beneficial. Instead of having one single cohort of mice bred in the same conditions; we obtained two separate cohorts that were bred either in the absence or presence of pathogens. I believe this was even closer to reality because it gave us an idea also of what happens under conditions that are more similar to human life, that is living in License CC BY-NC-ND 4.0 conditions where it is highly probable to be subjected to incessant antigenic challenges (the case of our conventional cohort).

Regardless of the breeding conditions, our HVEM triple mutant mice had expanded GC B cell populations, the majority of which expressed tomato. This expansion of the GC B cell population occurred in our mice at the expense of the plasma cell population (verified by the ratio we previously discussed in the results section). This was not the case in the mice with BCL2 deregulation only, thereby proving that BCL2 alone cannot block the cells at the GC B cell stage, however the presence of a secondary genetic hit, whether it be the loss of HVEM or KMT2D, succeeded in doing that. Not to mention that again, unlike the BCL2 deregulated models, a significant number of our mice developed tumors that were indeed of the GC / centrocyte phenotype, which is more relevant to FL.

The detailed Ig heavy chain repertoire analysis of these tumors revealed that the majority were oligoclonal, with the exception of some that were rather monoclonal.

While it might be a little bit early to definitively conclude, since we need to analyze a bigger number of mice in the future, we assume that these oligoclonal tumors are still at an earlier stage of the disease.

As I stated previously in the results section, a very interesting feature that we saw in the repertoire of these mice is the presence of the same "major" clones in different tumors in the same mouse, sometimes with different SHM frequencies, meaning that the same clone, not only disseminated from one location to another but also additional mutations were acquired along the way. This comes in accordance to what has already been published in the literature, since it has been shown that a typical feature of FL is the frequent widespread disease at diagnosis. In fact, studies have shown that 75% of FL patients showed peripheral and central lymphadenopathy as well as splenomegaly, and/or BM involvement (in 40-70% of the cases). Thus, the ability of FL clones to emigrate from the ''founder'' follicle, and invade other lymphoid organs in remote locations has been considered as the basis of clinical staging, where stages I/II include one or few relatively localized nodes and later stages include increasingly widespread ones. This staging has also been shown to be classically associated with FL progression, prognosis, and thus an important criterion for therapeutic decisions [START_REF] Roulland | Early Steps of Follicular Lymphoma Pathogenesis[END_REF].

Moreover, not only did we find the same clone in various locations within the same mouse, but in some cases also, we noticed the repetition of the same clone(s) amongst License CC BY-NC-ND 4.0 different tumors of different mice. This is again consistent to what has been published in the literature regarding lymphomas in general and not just FL. In the introduction of my thesis (specifically Chapter II section 4.b.), I explained in details the canonical structures of the BCR and how in certain lymphomas, such as MCL and SMZL, studies of IgH gene rearrangements revealed a strong bias in the usage of certain IgHV genes.

Several studies have discussed a similar aspect in FL human patients. It is true however, that these studies are more focused on the correlation between biased IgHV gene usage and prognosis [START_REF] Berget | IGHV Gene Usage and Mutational Status in Follicular Lymphoma: Correlations with Prognosis and Patient Age[END_REF] or the risk of FL transformation into a more aggressive lymphoma [START_REF] García-Álvarez | Immunoglobulin Gene Rearrangement IGHV3-48 Is a Predictive Marker of Histological Transformation into Aggressive Lymphoma in Follicular Lymphomas[END_REF]. Without going in much details, it is worthy to mention that other studies in the literature even demonstrate the biased usage of certain V genes in the Ig Kappa light chain in FL, thereby alluding to the important role of Ig Kappa light chain in antigen selection of the clonogenic B cells in this disease [START_REF] Smilevska | Immunoglobulin Kappa Gene Repertoire and Somatic Hypermutation Patterns in Follicular Lymphoma[END_REF]). Though we cannot entirely apply that to what we have shown in our data, and though this aspect needs to be tackled more in the future, it is safe to say that our HVEM triple mutant mice seem to be developing tumors that have strong relevance to FL.

Finally, we analyzed, in parallel, a primary cohort of KMT2D triple mutant mice (bred in a pathogen free environment). I will not elaborate much on this part of our project because the number of mice and data we obtained are very preliminary and cannot allow us to derive any functional conclusions. However, we did seem to obtain one tumor that was also of the GC / centrocyte phenotype, similarly to the HVEM TM tumors. In addition, very preliminary flow cytometry data (though with a very limited number of control mice), showed that there seems to be the same stronger expansion of the GC B cell population compared to their relevant controls. (verified as well by the increased ratio of GC/PB or PC in these mice).

As I have mentioned in the results section, the work concerning both triple mutant models is long from being done. We are currently in strong collaboration with the MICMAC laboratory in Rennes, run by my co-director Dr. Karin Tarte, where the majority of the work remaining will continue to be done there:

We are expecting more KMT2D and HVEM TM mice in the near future. These mice will be induced using the same protocol that we initially used. A more careful follow up of these mice will be conducted, in hopes of obtaining additional tumors that we can use along with the initial ones we obtained, to fully characterize these mice by: License CC BY-NC-ND 4.0 1-Running the same IgH repertoire experiments. This is indeed more urgent for the KMT2D TM mice than the HVEM ones as we need more than the one tumor we obtained to really have an idea 2-IHC staining to have an idea of the histological organization of our tumors. For this part, we already have parts from all of the TM tumors that we obtained and we plan on conducting these experiments very soon. All of the previous data, even the very preliminary ones, whether regarding our single, double or triple mutant mouse models, show that we are indeed on the right path in our study and that, not only our 3'RR-BCL2 transgenic model, but also both of our triple mutant models are reliable assets and invaluable tools for the study of FL lymphomagenesis. Our mouse models should also constitute a robust platform for further investigating in the future the impact of additional genetic or epigenetic hits on the malignant B-cell phenotype and on the dialog between tumor cells and their micro environment. All these elements have major implications for understanding the natural story of pre-FL, FL, transformed FL (and also DLBCL cases with BCL2 deregulation) and potential therapeutic implications. 
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  lourdes d'immunoglobulines (IgH 3'RR) et aboutit à l'expression constitutive de la protéine Bcl2. Afin d'étudier l'impact de la dérégulation de Bcl2 sur le développement B et dans le but de reproduire les mécanismes aboutissant au développement du lymphome folliculaire, deux nouveaux modèles murins ont été créés : le modèle Ig-BCL2 (Knock-In du gène Bcl2 inséré dans le locus kappa des chaines légères d'immunoglobulines) et le modèle 3'RR-BCL2 (Transgène contenant Bcl2 et les éléments régulateurs minimum en 3' de la chaîne lourde des Ig, micro-3'RR), ces deux modèles comprenant le gène BCl2 et sa région promotrice complète. Nos études ont montré que le modèle 3'RR-BCL2 apparait le plus pertinent pour l'étude du FL (avec une expression plus focalisée de l'oncogène dans les cellules du GC, et avec une plus nette expansion des cellules B du GC et une expansion des cellules plasmocytaires moindre). Cependant, avec pour seul hit la dérégulation de BCL2, nous avons observé qu'aucune tumeur issue du GC n'apparaissait sur le long terme dans aucun de nos deux modèles, mais éventuellement des tumeurs de type lymphome plasmablastique. Afin d'introduire un deuxième évènement génétique potentiellement oncogénique, nous avons croisé nos modèles murins avec des modèles possédant d'autres anomalies génétiques connues pour être observées dans le FL (modèle avec un BCR N-glycosylé au niveau des régions variables, ou portant la perte de fonction de HVEM ou de KMT2D). L'ajout d'un second hit a permis d'observer le développement de tumeurs avec un phénotype de type GC, notamment dans le cas du modèle double-mutant 3'RR-BCL2 x HVEM/KMT2D. Cette deuxième partie est en cours d'étude mais nous présentons déjà les différents outils qui nous semblent conduire à de nouveaux modèles très pertinents du FL humain, propres à permettre de mieux comprendre le développement d'un lymphome folliculaire.

  CC BY-NC-ND 4.0 Chapter I. Normal B cell development Immunoglobulins (Ig) are glycoproteins produced by B lymphocytes that play a pivotal role in protective immunity. In mice as in humans, Igs are polymers of four protein chains, two identical heavy chains and two identical light chains (Fig. 1), encoded by three distinct loci, located on three different chromosomes. We distinguish two loci coding for the light chains: the Igk locus and the Igλ locus, and one encoding the heavy chains, the IgH locus. Each type of chain has a variable region (denoted VH or VL), which forms the recognition site specific to the antigen, and a constant part (CH or CL), which determines the effector functions of immunoglobulin. In mammals, there are two types of light chain loci, termed Kappa and lambda (Igk and Igλ respectively) and five classes of heavy chains denoted: μ, δ, γ, ε, α, giving IgM, IgD, IgG, IgE and IgA respectively.

Figure 1 :

 1 Figure 1 : Structure of an immunoglobulin, example of IgG1.The variable domain (represented in light yellow) is composed of the variable regions of both the heavy and light chains (VH and VL respectively). Each of these domains contains three hypervariable regions, named CDR 1 to 3 (represented in dark blue), separating four less variable regions (FR 1 to 4). The constant domain (represented in light blue), is composed of the constant regions of both the heavy and light chains (CH and CL respectively). The hinge region, which confers flexibility is located in-between the CH1 and CH2.

Figure 2 :

 2 Figure 2 : Schematic representation of the recombination events during B cell lymphopoeisis. During the early phases of B cell development, before any encounter with an antigen, the VHDJH et VLJL (here VκJκ) assembly takes place, allowing expression of a functional BCR. During the late phases of B cell development, under an antigen-drive selection, the phenomena of SHM and CSR take place, optimizing BCR affinity for the antigen and modifying the expressed isotype.

Figure 3 :

 3 Figure 3 : Origin of B lymphocytes.All blood cells are derived from multipotent stem cells, which are themselves derived from hematopoietic stem cells. These cells, under the influence of certain transcription factors, will gradually engage in the lymphoid line, forming precursors common to T and B lymphocytes, but also to NK cells, before differentiating into pre-pro B and thus begin their differentiation into B lymphocytes.

  These cells do not divide anymore, but do undergo rearrangements on their light chains. It is necessary that proliferation and recombination phenomena are exclusive, Lina Zawil | Ph.D. Thesis | University of Limoges | 2021 40 License CC BY-NC-ND 4.0

Figure 4 :

 4 Figure 4: Schematic representation of early B cell ontogeny. The purple boxes indicate the main trascription factors and cell surface markers that are expressed at each stage of early B cell development. The horizontal arrows represent the evolution of the configuration of the Ig loci, and the two vertical arrows represent the two checkpoints that occur during early B cell development.

  ability of B cells to respond to signals, acquired during the transitional stage has two functions: on one hand ensuring the survival and continuity of the development of cells having successfully passed the various checkpoints during early lymphopoiesis, and on the other hand regulating the fate of mature cells. Indeed, mature B cells are divided into several subpopulations, each with different features and functions. The two major sub-populations are so-called marginal zone cells (MZ B cells, for Marginal zone B cells) and follicular cells (FO)[START_REF] Pillai | The Follicular versus Marginal Zone B Lymphocyte Cell Fate Decision[END_REF].There is also a population of so-called "B1" cells, from different precursors[START_REF] Montecino-Rodriguez | B-1 B Cell Development in the Fetus and Adult[END_REF]. The importance of these signals has been demonstrated by numerous studies based on alteration of signaling cascades in response to BCR activation. According to targeted proteins, a disruption of this License CC BY-NC-ND 4.0

  memory B cells, thanks to several cycles of proliferation / selection (For review: (De Silva and Klein, 2015) (Kennedy and Clark, 2021)).

Figure 5 :

 5 Figure 5: Model of germinal center dynamics and compartmentalization. The progression of B cells in the GC occurs through a series of molecular states compartmentalizing key functions to distinct spatial niches. (A) Selection of GC B cells takes place in the LZ. B cells entering the LZ from the DZd first attempt to bind the antigen deposited on follicular dendritic cells (FDC). Antigen processing and presentation to TFH cells in the context of MHC class II then follows. These Interactions between LZ B cells and TFH determine if B cells are fated to differentiate into memory B cells (MBCs) or plasmablasts (PBs). Cells then either undergo cyclic re-entry into the DZp, or initiate apoptosis. Cells selected for cyclic re-entry migrate to the DZp. (B) B cells that initiate apoptosis in the LZ are cleared by TBMs in the DZp niche. The cells that are successfully selected in the LZ however, and therefore are not cleared by TBMs, undergo mitosis. (C) Following one or several rounds of cell division, GC B cells transit to the DZd compartment where they undergo differentiative functions, including SHM and replacing old BCRs with newly mutated ones. B cells that have successfully completed the different processes in the DZd, then migrate to the LZ to undergo selection. Image taken from Kennedy and Clark, 2021.

  pathogens have not yet been successful. Hence, understanding the entry / exit into and from the GC reaction and the memory B cell development and function are License CC BY-NC-ND 4.0 essential to overcome the current challenges hindering successful vaccine development. Recent reviews focus on discussing and better understanding the various signals and transcription factors that regulate this GC reaction (Fig.6) (For detailed review: (Laidlaw and Cyster, 2021)).

Figure 6 :

 6 Figure 6: Models of GC B cell differentiation. (a) Asymmetric fate model: GC B cells that interact with TFH cells undergo cellular polarization, resulting in unequal distribution of fate-altering molecules by daughter cells. The latter inheriting fate-altering molecules (that promote the expression of IRF4 and MYC preferentially) differentiate into PCs, whereas cells that inherit BCL-6, PAX5 and IL-21R either maintain GC B cell identity or differentiate into MBCs. (b) Instructive fate model: The strength of T cell help and BCR signaling received by GC B cells dictates cell fate. Strong T cell help favors PC differentiation and the dark zone state, whereas weak T cell help predisposes GC B cells to differentiate into MBCs or to undergo apoptosis. (c) Decreasing-potential fate model: GC B cell fate is determined by the cumulative strength of T cell help and BCR signaling, accrued over the length of duration in the GC (days to weeks). Upon repeated rounds of cyclic re-entry, GC B cells progressively lose their ability to differentiate into MBCs, resulting in a shift towards increased PC differentiation at late GC time points. (d) Integrative fate model: GC B cells integrate both the current quality and the cumulative amounts of received signals when making cell fate decisions. GC B cells that have received less cumulative T cell help and BCR signaling need a stronger signal to differentiate into PCs. By contrast, GC B cells that have been in the GC longer and received more cumulative signals require a weaker signal to induce PC differentiation. Image taken from Laidlaw and Cyster, 2021.

Figure 7 :

 7 Figure 7: Schematic representation of RSS and the « 12/23 » rule. The rectangles represent the exons VH, D, JH and Cµ. The triangles represent the RSS sequences recognized by the RAG enzymes during VDJ recombination.

  until the detection of DSB by the DNA damage response sensors (DDR for DSB Dependent Response), dependent on the ATM protein kinase (ATM for Ataxia-Telangiectasia Mutated), which will allow their stabilization and recruitment of repair factors (For review: (Helmink and Sleckman, 2012)). Finally, the repair of breakages is ensured through NHEJ repair (for Non-Homologous End Joining), which mobilizes Lina Zawil | Ph.D. Thesis | University of Limoges | 2021 52 License CC BY-NC-ND 4.0 several factors, including in particular Ku70 / Ku80, DNA-PKcs (DNA dependent on

Figure 8 :

 8 Figure 8: Schematic representation of the RAG-mediated DNA cleavage. The light grey and white rectangles respectively represent the JH and D exons. The blue hexagon represents the RAG complex.

  sites have the WRCY (W = weak= dA / dT, R = purine = dA / dG and Y = pyrimidine = dT / dC). The dU: dG mismatch from AID's action forms the first joint step between the SHM and the CSR. This mismatch is then taken care of by different DNA repair Lina Zawil | Ph.D. Thesis | University of Limoges | 2021 56 License CC BY-NC-ND 4.0
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Figure 9 :

 9 Figure 9: Hypermutation profile induced by AID in the Ig locus. The profile and the frequency of mutation in the IgH and IgL loci are indicated on the schematic in light orange. These mutations range between 100-200 bp upstream of the transcription initiation site and can extend up to 2kb downstream of this site. The dark blue lines represent the target area of AID in the IgH and IgL loci (VDJ and VJ respectively). The « enhancers » Eµ et Eκ in addition to constant regions Cµ et Cκ are not included within this target area. L: Leader. Adapted from Peled et al., 2008.
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Figure 10 :

 10 Figure 10: Schematic showing how the mismatches created during SHM are handled.AID initiates SHM by deaminating cytidine on a strand of DNA. The dU:dG mismatch created by AID can then be addressed by different pathways. DNA can be replicated without taking into account the mismatch (blue box). The created Uracil can be excised by UNG and the abasic site generated is then repaired by infidel polymerases of the BER pathway (BER for Base Excision Repair), which will randomly insert one of the four bases in place of the dU (orange box). Finally, the mismatch can be taken care of by the MMR pathway (MMR for MisMatch Repair), which will excise it along with the surrounding bases. The excised strand will be re-synthesized by unfaithful polymerases by inserting random nucleotides (green box). Adapted from[START_REF] Peled | The Biochemistry of Somatic Hypermutation[END_REF] 

  Iγ2b and consequently CSR to IgG3 and IgG2b. A combined stimulation of LPS and interleukin 4 (IL-4) promotes transcription of Iγ1 and Iε and therefore CSR to IgG1 and IgE. Finally, stimulation of B cells with LPS and TGF-β (TGF-β for Transforming Growth Factor) will activate transcription of Iα and therefore CSR to IgA. The importance of transcription for the effectiveness of the "switch" has been demonstrated by several studies. Deletion of exon Ix (other than Iμ) in mice results in loss of transcripts of the constant x gene, followed by a stop in CSR towards the x isotype

Figure 11 :

 11 Figure 11: Generation of germline transcripts in the constant regions.Each of the constant genes forms an independent transcriptional unit, which consists of a promoter (P), a sequence I, an S region and the Cx exons. The mature non-coding transcript is obtained after splicing and polyadenylation of the primary transcript. Adapted fromChaudhuri and Alt, 2004. 

Figure 12 :

 12 Figure 12: Schematic representation of an R-loop.RNA polymerase II is represented in green, the neo synthesized RNA in red, and the red stars represent the AID attack sites. The germline transcription of the S regions leads to the formation of the R-loop. In this structure, the neo-synthesized RNA hybridizes with the template DNA strand leaving the opposite unpaired strand exposed in single strand form to facilitate AID activity. Adapted from[START_REF] Pavri | R Loops in the Regulation of Antibody Gene Diversification[END_REF] 

Figure 13 :

 13 Figure 13: Schematic representation of CSR mechanism.The rectangles represent the genes encoding the variable and constant regions of the IgH locus, the oval circles represent the S regions and the light blue circles represent the "enhancers" of the locus. The AID enzyme induces DSB in the donor (Sµ) and acceptor (here Sγ1) region. The two S regions are then ligated. The DNA in-between is circularized and then eliminated as an episome. After the CSR, an mRNA is initiated from the promoter V (mRNA IgG1), allowing the production of an IgG1. Adapted fromChaudhuri and Alt, 2004. 

  Zawil | Ph.D. Thesis | University of Limoges | 2021 66 License CC BY-NC-ND 4.0 Different types of translocations are found during B lymphoproliferations. The more frequent ones cause the juxtaposition of a regulatory element to the intact coding sequence of an oncogene. The most common example is the translocation of the c-myc gene within of the IgH locus, under the transcriptional control of Eμ and / or of the 3'RR during Burkitt lymphoma

Figure 15 :

 15 Figure 15: Recurrent translocations in B cell lymphoproliferations. The circular diagram represents the entire human genome. The arcs connect the partners involved in recurrent chromosomal rearrangements during malignant B cell pathologies. The colored lines indicate the translocations concerning the Ig genes. Taken from Robbiani and Nussenzweig, 2014.

Figure 16 :

 16 Figure 16: Acquired cellular characteristics during cancerization.To become malignant, cells must accumulate several gene alterations leading to their deregulation. These mutations can affect different aspects of cell homeostasis and will condition the course of the tumor. Adapted from[START_REF] Hanahan | Hallmarks of Cancer: The next Generation[END_REF] 

Figure 17 :

 17 Figure 17: The cellular origin of B cell lymphomas. B cell lymphomas are named after the normal counterpart of the cancer cells. The majority of lymphomas originate from germinal center B cells. The continuous arrows represent normal cell maturation. The dashed arrows indicate the lymphomas originating from each cell type. Taken from Küppers, 2005

Figure 18 :

 18 Figure 18: Schematic representation of the clonal composition of tumors.(A) Represents the phenotype of the tumor, (B) its phylogenetic tree. The white circles represent healthy cells and the colored ones represent tumor cells. A tumor can be clonal, all cells carrying the same characteristics and mutations, or heterogeneous. 2 types of heterogeneity can be distinguished: inter-clonal and intra-clonal heterogeneity. Inter-clonal diversity is when the clones are derived from different cells which have acquired their phenotypes separately (and eventual common anomalies can then, rarely, be acquired through convergent evolution). Intra-clonal diversiity however, is when the different cells all originate from a unique initial clone, but have evolved differently, with some subclones eventually acquiring a more aggressive phenotype. Adapted from[START_REF] Brioli | The Impact of Intra-Clonal Heterogeneity on the Treatment of Multiple Myeloma[END_REF] 

Figure 19 :

 19 Figure 19: Representation of the Hodgkin Reed-sternberg (HRS) cells. Reed-Sternberg cells (thick arrows) and Hodgkin cells (thin arrows) in a background of lymphocytes, plasma cells, and histiocytes. Taken from Naeim et al., 2018.

  Zawil | Ph.D. Thesis | University of Limoges | 2021 74 License CC BY-NC-ND 4.0II.2.1. Translocations during VDJ recombination: Implications of the RAG complexDuring certain translocations, the breakpoint within the IgH locus may be adjacent to D or J segments, near an RSS. In this case, the translocation results in an error during V (D) J rearrangements. This is the case with the Bcl2-IgH translocations or the CCND1-IgH (Cyclin D1-IgH), associated respectively with follicular lymphoma and mantle cell lymphoma[START_REF] Küppers | Mechanisms of B-Cell Lymphoma Pathogenesis[END_REF][START_REF] Robbiani | Chromosome Translocation, B Cell Lymphoma, and Activation-Induced Cytidine Deaminase[END_REF].These translocations require the induction of two DSBs, one at the Ig locus, and the other at close proximity to the oncogene. They are classified into two categories: those where the two DSBs are induced by RAG enzymes, and those where only the DSB in the Ig locus is dependent on RAG, while the second is due to other mechanisms (replicative or oxidative stress, radiation, chemical agent etc...)[START_REF] Mani | Triggers for Genomic Rearrangements: Insights into Genomic, Cellular and Environmental Influences[END_REF].

Figure 20 :

 20 Figure 20: Recurrent translocations within the IgH locus linked to Ig diversification mechanisms. The various gene modifications that take place on the IgH locus during B cell development make it a hotspot for translocation. Depending on the mechanism involved, translocation can take place in the variable or constant regions and can involve different oncogenes.

Figure 21 :

 21 Figure 21: Genome-wide partners of c-myc and the IgH locus during translocations. The TC-seq technique made it possible to identify potential partners of c-myc (A) and the IgH locus (B)during translocations. This technique consists of inducing breaks via the endonuclease I-SceI in a determined sequence (called "target") and identifying by high-throughput sequencing the genes that will be translocated at this target. By comparing the data obtained in a background, deficient or not for AID (C), it is possible to identify which are the genes whose break allowing the translocation is dependent on AID (in red on the diagram). Taken fromChiarles et al., 2011; Robbiani and Nussenzweig, 2014. 

  lymphomas. Despite the presence of numerous B cell lymphomas which differ in their clinical characteristics, their biological phenotypes as well as their predictions, all types of lymphoma share two common characteristics: 1-chromosomal translocations involving the immunoglobulin gene and another proto-oncogene and 2-BCR License CC BY-NC-ND 4.0 expression. Ig translocations are generated by one of the three processes responsible for reshaping the Ig during B cell development (that is VDJ recombination, SHM or CSR). Regardless of this translocation, the expression of the BCR is ensured by the second allele, testifying for the cell's addiction to BCR expression despite the genetic defects that arise.II.2.4.1. BCR signalingIn addition to the extracellular stimuli and their profound effect on B cell development, a paramount for the B cell's physiological fate are the BCR-mediated signals. The recognition of extracellular antigens through the BCR, activates the receptor and leads to the precise transduction of intracellular signals. Precision in such a system comes as no surprise because while it is extremely crucial to be able to detect infectious pathogens, this system should be robust and fail-safe in matters of avoiding autoimmunity yet overcoming undermining factors such as self-mimicking ligands and super antigens.

  regulated by at least two other non-BCR associated molecules such as the License CC BY-NC-ND 4.0 CD45 and the C-terminal src tyrosine kinase (Csk). The former, also known as B220 is a transmembrane tyrosine phosphatase which ensures that a proportion of associated src-family kinases, such as Lyn, are in a convenient state of phosphorylation and responsive to activation by BCR aggregation thereby establishing the required sensitivity for the BCR to stimulation as well as being involved in the following BCR signaling cascade. 2-Signal propagation: Key effector and adaptor molecules, culminating in activated downstream effectors and the production of second messenger molecules, mediate the amplification and diversification of BCR signals in this step: Following BCR aggregation, protein-protein or protein-lipid interactions as well as specific enzymatic activity lead to the formation of multi-protein complexes on the inner leaflet of the cell membrane to ensure the propagation of the signal initiated. The quality and the quantity of the latter is defined by the temporal and spatial regulation of these processes. To keep it brief and clear, proper BCR signal transduction is ensured by the ordered activation of three different non-receptor PTKs, prototypically represented by Lyn, Syk, and Bruton's tyrosine kinase (Btk, a TEC family PTK). The recruitment of Lyn and Syk, previously explained in the earlier section, is crucial for the activity of Btk. However, another limiting factor for that was found to be the generation of specific phospholipids by the action of phosphatidylinositol-3-kinase (PI3K). The latter is also activated post BCR aggregation, mainly through the BCR coreceptor molecule CD19, an integral transmembrane glycoprotein. Lyn mediated phosphorylation of the tyrosine in the Y-X-X-M sequences of the cytoplasmic tail of CD19 activates the PI3K, which then phosphorylates the ubiquitous plasma membrane lipid phosphatidylinositol 4,5-bisphophate [PI(4,5)P2] to create phosphatidylinositol 3,4,5-triphosphate [PI(3,4,5)P3]. Progression of the signaling beyond this step is ensured by the tyrosine phosphorylation-dependent activation of a number of effector molecules such as the recruitment and activation of PLCƳ2 and elevation of calcium influx ([Ca2+]i). Another important player in BCR signal propagation is the effector molecule BLNK. The latter has been shown to be essential for the recruitment of PLCƳ2 from the cytosol to the plasma membrane and for coupling BCR aggregation to [Ca2+]I, thereby providing a major platform for effector molecule Lina Zawil | Ph.D. Thesis | University of Limoges | 2021 81 License CC BY-NC-ND 4.0assembly and transforming these initial BCR-proximal events into several divergent signaling pathways (for review:(Dal Porto et al., 2004, p. 101)).

  molecules and co-receptors can significantly influence the signal quality and quantity. Regardless of the fact that Igα and Igβ are the primary BCR signal transducers, we have established previously that the co-receptor CD19 plays a pivotal role in BCR signaling. Other examples include CD22 and FcƳRIIb as well as two surface accessory molecules MAIR-II/LMIR and PIR-B. TLR receptors also provide an alternative pathway of B-cell activation in an Agindependent fashion (Chen and Wang, 2021) (Wen et al., 2019). Lina Zawil | Ph.D. Thesis | University of Limoges | 2021 82 License CC BY-NC-ND 4.0

Figure 22 :

 22 Figure 22: Schematic model representation of the BCR signaling crosstalk (example of CSR induction).Ag stimulation of BCR activates proximal signaling elements, Syk, BTK and PLCγ2, leading to transcription factor NF-kB1 activation. NF-κB1 p50/RelA complex is required for AID transcription. NF-κB1 p50/RelA also induces NF-kB2 p100 transcription. TRAF2/3 restrict BCR proximal signaling strength. TRAF2 and TRAF3 also block NIK activity. Thus, Syk/BTK/PLCγ2 complex cannot signal to generate transcription factor NF-κB2 p52 that is required for AID expression. Removal of TRAF3 and/or TRAF2 leads to NIK accumulation, which activates IKKα pathway, resulting in NF-κB2 p100 being processed into active NF-κB2 p52. NF-κB2 p52/RelB complex and NF-κB1 p50/RelA together with additional factors initiate AID transcription. AID protein initiates CSR by targeting Igh locus. During humoral immune responses, CD40, BAFF-R as well as cell surface and intracellular TLRs are activated by corresponding ligands, CD40L, BAFF or TLR ligand (TLR-L), respectively. TRAF3/TRAF2 are recruited to cell membrane where TRAF3 is degraded by CD40 and BAFF-R signaling or sequestrated by TLRs. As a consequence, NIK and NF-κB2 complex can be activated. NF-κB2 activation allows the BCR to induce CSR. Thus, the critical function of co-stimulatory signals is to degrade or sequestrate TRAF3 to permit NF-κB2-dependent BCR-induced CSR essential for in vivo antibody responses. It is worthy of note that TRAF3 restricts Syk, BTK and PLCγ2 hyper-activation upon Ag stimulation that may be especially important for maintaining autoreactive B-cell anergy. Figure taken from Chen and Wang, 2021.

  of BCR has been shown to occur as a result to three distinct signals: 1-Autonomous signals at the pre-B cell stage due to the structural conformation of the pre-BCR (constituted of a heavy chain and a surrogate light chain (SLC)). Self-antigen recognizing BCRs of immature or mature B cells may selectively expand B cells by also inducing this autonomous signaling. 2-Antigen-dependent signals at the immature or mature B cell stage where the binding of an external antigen to the BCR results in the clustering and activation of a signaling complex transmitting the signal to the inside of the cell (explained in detail earlier) and 3-Tonic signals which are antigenindependent constitutive baseline signals that also occur at the immature or mature B cell stage and are essential for B cell survival and development.

  immune diseases have confirmed this notion. Another striking evidence is the response to specific foreign or auto-antigens and the induction of intracellular BCR signaling pathways in primary lymphoma cells. SMZL cases for example have been shown to be associated with hepatitis C virus (HCV) infections. Studies have shown that B cells that initially interact with the HCV-E2 protein could expand later on leading to the development of HCV-associated SMZL. The majority of HCV positive SMZL patients show complete response to anti-viral treatments thereby validating that antigen-dependent BCR activation is, indeed, a driver of lymphomagenesis. Without going into much detail, similar associations have been made for several types of lymphomas (for example: Helicobacter pylori infection in the case of gastric MZL of MALT-type, Chlamydia psittaci infection in the case of ocular adnexal extranodal marginal zone lymphomas (OAEMZLs), numerous viral and bacterial infections in the case of CLL etc…) (For review:(Sepulveda et al., 2017)). The possibility that antigenic stimulation might similarly contribute to some cases of FL has been proposed but remains debated.Last but not least, evidence about the role of tonic BCR signaling in lymphomagenesis has also been reported in several B cell malignancies including BL and germinal center DLBCL. The signaling mediated through certain key players of this pathway (predominantly Syk and PI3K) was shown to activate of FOXO1 along with its target genes including Bcl2 (more specifically the member BCL2L11) and P27 (cell cycle inhibitor) ((Szydlowski et al., 2016, p. 1).

Figure 23 : 0 II. 3 .

 2303 Figure 23: Schematic representation of the interactions of an N-glycosylated BCR. In Follicular lymphoma, BCR-linked high-mannose glycans or simply N-glycosylated BCRs may interact with DC-SIGN, or bacterial lectins, thereby leading to BCR signaling and presumably enhancing tumor survival. Image edited from Bovenkamp et al., 2016.

  Stage IV: the liver, bone marrow, lungs or other organs far from the lymph nodes are also affected. Response to treatment and survival depend on poor prognostic factors such as advanced age (over 60), disseminated disease (meaning if it is classified stage III to IV according to the Ann Arbor classification), involvement of four or more lymph node areas, an abnormal serum lactate dehydrogenase (LDH) level and a hemoglobin level License CC BY-NC-ND 4.0 less than 10 g / L. These factors define what is referred to as the FLIPI score (Follicular

  Zawil | Ph.D. Thesis | University of Limoges | 2021 93 License CC BY-NC-ND 4.0

Figure 24 :

 24 Figure 24: Schematic representation of the molecular alterations and appearance of lymphomas.The molecular alterations that occur during the maturation of B cells sometimes form obstacles to the proper functioning of differentiation in the GC. For example, chromosomal translocations concerning the IgH, MYC or BCL-6 genes induce an increased proliferation of centrocytes leading to Burkitt's lymphoma or diffuse large cell B lymphoma (DLBCL). Genetic aberrations affecting the PRDM1 or PAX5 genes inhibit plasma cell differentiation and participate in the appearance of ABC-type DLBCL or LPL (lymphoplasmatic lymphoma). Overactivation of the NFκB pathway, as well as chromosomal translocation affecting IgH and BCL-2 prevent apoptosis of centrocytes are defects involved in the development of follicular lymphoma or DLBCL. Gain of function mutations in EZH2 block the exit of centrocytes from the GC by disrupting the TfH barrier as well as increasing interaction with FDCs. Edited fromKlein and Dalla-Favera, 2008. 

  18) (q32, q21) is the hallmark for the development of FL. It is the result of an error during the V(D)J recombination process in the BM.

Figure 25 :

 25 Figure 25:The different steps that lead to FL development. Detailed schematic representation of the different events that occur in FL. From the earliest event comprising the t(14;18) that occurs during V(D)J recombination in the BM (accompanied or not with other secondary genetic alterations), to their entry into the GC and their exit as t(14;18)+ sIgM+ memory B cells ( allelic paradox) or their developmental arrest at a centroblast/centrocyte like stage (follicular lymphoma (FL)-like cells or FLLCs) which could disseminate extensively and traffic between follicles, blood and BM compartments or potentially re-enter GCs following a second encounter with their cognate Ag (Ag recall) or following another yet unidentified signal. Together with a supportive microenvironment, these events gradually induce clonal expansion and acquisition of additional genomic alterations and evolve over decades through a putative committed precursor stage until progression to early malignant stages (in situ follicular neoplasia (ISFN) and FL with partial involvement (PFL)) and overt FL occurs. ISFN and PFL represent the putative earliest stages before full transformation to overt FL, but the sequence of oncogenic events linking those stages is still unclearin particular, whether they are mandatory developmental steps before the appearance of overt FL. Image taken fromHuet et al., Nature reviews 2018. 

Figure 26 :

 26 Figure 26: Schematic representation of the mechanism of the t(14;18) during FL.During the V(D)J recombination process that occurs early during B cell development in the BM, the DSBs induced by the RAG complex during the latter, juxtapose the BCL2 oncogene located on chromosome 18q21 and the region coding for the immunoglobulin heavy chain locus located on chromosome 14q32 (IgH, segment JH). This Bcl2 gene then falls under control by the IgH locus enhancers (Eµ and the 3'RR), hereby leading to the constitutive expression of the anti-apoptotic protein Bcl2.

Figure 27 :

 27 Figure 27: Schematic representation showing the aberrant histone/chromatin modifications in FL.Post-translational modifications of histone tails modulate the degree of chromatin compaction and therefore accessibility of the underlying DNA to the transcriptional machinery. This tightly regulated program is rewired due to genetic lesions in most FLs due to somatic mutations of histone methyltransferases and acetyltransferases or histones themselves. Percentages denote the proportion of mutated cases in FL. Crosses, inactivating lesions; bolts, activating lesions. Edited from[START_REF] Pasqualucci | Molecular Pathogenesis of Germinal Center-Derived B Cell Lymphomas[END_REF] 

  More importantly, the herpes virus entry mediator (HVEM) is a receptor encoded by the TNFRSF14 gene. It is a type I membrane protein that is expressed in both T and B cells. Depending on its interaction with multiple ligands, HVEM can deliver opposing signals controlling both inflammatory and inhibitory responses (including the canonical LIGHT and lymphotoxinα, and the immunoglobulin superfamily proteins BTLA (short for B and T lymphocyte attenuator)). HVEM can provide proliferation activating (that is inflammatory) or inhibiting signals. Nonsense, frameshift as well as missense mutations, frequently in biallelic configuration, in the exons encoding the ectodomain of HVEM have been found in a significant portion of FL cases (40% of FL cases). Loss of HVEM is thought to disrupt cell-cell interactions via its ligand BTLA, thereby forming a tumor-supportive microenvironment characterized by exacerbated lymphoid stroma activation and increased recruitment of Tfh cells. Indeed, the deletion of HVEM in genetically modified mice carrying the Bcl2 transgene: 1-facilitated immune escape of the malignant B cells, 2-yielded cell autonomous activation of B cell proliferation with an increased incidence of GC-derived lymphomas, 3-amplified the follicular helper T cell population (Tfh) producing high amounts of Il-4, and tumor necrosis factor (TNF) and 4-activated the lymphoid stromal cell population (Lamaison and Tarte 2019; Pasqualucci 2019). Finally, yet importantly, it is important to state that, thanks to the development of high throughput sequencing techniques, numerous additional genetic alterations have been License CC BY-NC-ND 4.0 recently identified. Examples include: EBF1, regulators of NF-kB signaling pathway (MYD88 and TNFAIP3), as well as defects in genes involved in cell cycle progression, DNA damage response (CDKN2A/B, MYC, TP53) and SHM. III.5. Transformation of FL Generally speaking, one of the characteristics of the natural history and the clinical course of B cell indolent lymphomas is the risk of histologic transformation (HT) to an aggressive lymphoma. HT is accompanied mainly by a change in the pace of the disease to a more aggressive clinical behavior, with clinical characteristics typical of aggressive lymphomas, such as a declining performance status, rapidly growing or asymmetric growth of lymphadenopathy, involvement of extra-nodal sites, hypercalcemia, and raised lactate dehydrogenase level. HT represents one of the main challenges in the management and treatment of patients with indolent lymphomas; the main reason being the lack of an answer to the question as to why only a fraction of the patients experience HT. Despite the fact that major advances have been made in the molecular understanding of this phenomenon, detailed information on its pathogenesis remain unclear and the body of evidence to either prevent HT or improve the outcome of patients with HT remains rather poor. In the case of FL, HT (transformed FL or tFL) has been a well-known phenomenon that has been extensively studied in terms of the incidence, risk factors, and outcome in patients with this disease. More commonly, FL transforms into a diffuse large B-cell lymphoma (DLBCL) and, less commonly, to Burkitt lymphoma (BL) or other types of aggressive lymphomas. The exact definition of HT in FL varies considerably among the series based on either cytological or histological samples or, in certain cases, solely on clinical criteria (that is diagnosis of DLBCL or BL) (Montoto and Fitzgibbon 2011). Even though a genetic consensus defining the transformation of FL into tFL has not yet been defined, a considerable improvement in defining the molecular events related to this transformation has been made over the years. Reanalysis done on available FL and paired FL-tFL gene-expression profiles identified an embryonic stem cell (ESC) signature at diagnosis that predicts HT. Lina Zawil | Ph.D. Thesis | University of Limoges | 2021 100 License CC BY-NC-ND 4.0

  FL biopsies, to try to formally characterize this proposed CPC population. High Lina Zawil | Ph.D. Thesis | University of Limoges | 2021 101 License CC BY-NC-ND 4.0 throughput sequencing approaches in FL are indeed a powerful tool to identify many new mutational targets that are tightly linked with a risk of HT. It is practical also to monitor the genetic and microenvironmental characteristics of FL, both at initial diagnosis and during follow-up, in order to improve our understanding and management of relapsed FL and HT.

Figure 28 :

 28 Figure 28: Schematic representation showing the histologic transformation of FL.Epigenetic reprogramming in conjunction with the acquisition of additional genetic events in a t(14;18) positive B cell leads to the development of an FL-initiating pool of common progenitor cells (CPCs). The emergence of a particular FL-CPC clone at diagnosis (FL-1) or relapse (FL-2, FL-3) is dependent on the selective pressure of these acquired genetic mutations as well as the cellular microenvironment that may differ between CPCs. Modular expression profile rises to transformed FL (tFL) in cells that have acquired a particular embryonic stem cell 1 (ESC1). This model is distinct from a process of direct evolution where FL1, FL2, FL3, and tFL reflect the sequential acquisition of events from a prior episode of disease. Image taken from[START_REF] Montoto | Transformation of Indolent B-Cell Lymphomas[END_REF] 

  mechanism of action of FL without reproducing it in a whole living organism to actually try to imitate the complexity of the numerous factors that aid in the development of this disease. Mice are the most commonly used model organisms in human disease research, the main reason being the 90% similarity between their immune system and ours. Lina Zawil | Ph.D. Thesis | University of Limoges | 2021 103 License CC BY-NC-ND 4.0

  were polyclonal rather than monoclonal. Finally, mice developed follicular hyperplasia and, after prolonged latencies, high-grade lymphomas that were clearly not reminiscent of FL.

  Igh 3' enhancers (composed of four DNase I hypersensitive sited denoted HS 1234) located 3' of the Bcl2 gene (Xiang et al. 2011). Analyses of these mice revealed that they exhibit significantly increased expression levels of Bcl2 mRNA and protein, solely in B cells, which delayed their entry Lina Zawil | Ph.D. Thesis | University of Limoges | 2021 105 License CC BY-NC-ND 4.0

FL

  , which makes the importance of such -model more evident to the study and the treatment of this disease.Lina Zawil | Ph.D. Thesis | University of Limoges | on their own, are not capable of maintaining an infinite survival. The in-vitro culture studies of FL cells alone have proven the authenticity of this notion. This means that the in-vitro culture lacks certain factors or "helpers" that are found in-vivo and that seem to play a massive role in the development of the malignant B cells.

a

  major role of the BCR in lymphomagenesis in general. It is the case also for FL, where the antigen-independent activation of the BCR along with positive selection of motifs for addition of glycans into the antigen-binding sites of the BCR, seem to be important pre and post-translational strategies to actively engage the microenvironment in the development of FL. The different sections below are dedicated to explain in detail the role of each cell type within the microenvironment in supporting the survival and the development of malignant B cells during FL. Lina Zawil | Ph.D. Thesis | University of Limoges | 2021 107 License CC BY-NC-ND 4.0

Figure 29 :

 29 Figure 29: A model of B-cell/stromal cell interactions in normal and malignant follicles. (A) In normal situations, the dark zone is characterized by the accumulation of CXCR4hi proliferating CBs retained by CXCL12-expressing reticular cells (CRC). On the other hand, the light zone CCs exhibiting high affinity BCR interact with Tfh and FDCs which provide them with survival and differentiation signals. Low affinity CC are eliminated by tingible body macrophages (TBM). Subcapsular marginal reticular cells (MRC) also contribute to B-cell activation through delivery of antigens and as putative precursors of FDC. Versatile stromal cells (VSC) are localized at the border of B-cell follicles and are converted into CXCL13-secreting cells upon contact with activated B cells of the growing follicles. Finally, T-zone reticular cells (TRC) contribute to naïve B cell recruitment and guided trafficking outside the follicles. (B) In FL, FL associated fibroblasts (FL-CAF) form a heterogeneous compartment overexpressing factors involved in direct FL B-cell activation and in the recruitment or activation of other components of tumor supportive cell niche such as TAM. (C) Various additional mutations play a pivotal role in the interaction between malignant FL cells and the surrounding microenvironment, the most important of which is the deletion of HVEM which disrupts the inhibitory cell-cell interactions with BTLA on the surface of Tfh cells. This leads to cell autonomous activation of B cell proliferation and induces a tumor supportive microenvironment marked by the exacerbated lymphoid stroma activation and increased TFH recruitment. The presence of N-glycosylation sites in the variable BCR region is well known to increase the activation of B cells during FL upon interaction with with DC-SIGN, or bacterial lectins, thereby leading to BCR signaling and presumably enhancing tumor survival. Figure edited from Lamaison and Tarte, 2019.

  2-The expression of TNF and LTA which sustain the differentiation and maintenance of the FL B cell supportive lymphoid stroma network (Patricia Amé-Thomas et al. 2007). 3-The secretion of high amount of IFN-γ thereby affecting the action of the stromal cell population (Maby-El Hajjami et al. 2009) and 4-The overexpression of IL-4 which then polarizes macrophages into the malignant cell niche (Gocheva et al. 2010).In addition to Tfh cells, Tregs have been suggested to have an inhibitory role for the anti-tumor response to FL. Studies have shown that an excessive number of Foxp3+CXCR5hi follicular Treg (referred to as Tfr) has been reported in FL neoplastic follicles.Another very important feature that highlights the modification in the T/B cell interaction that occurs in FL is that of CD8+ T cells. It is widely known that the latter are key players in the anti-tumor immunity (antigen-driven cytotoxicity), however in FL, it has been shown that a rich infiltrate of CD8+ granzyme-B+ cells is found in the interfollicular spaces. Moreover, these CD8+ cells were detected at the border of the FL follicle where they formed lytic synapse-like structures with FL B cells and with apoptotic cells[START_REF] Laurent | Distribution, Function, and Prognostic Value of Cytotoxic T Lymphocytes in Follicular Lymphoma: A 3-D Tissue-Imaging Study[END_REF]. Another very important observation during FL is that intratumoral Tregs inhibit in vitro degranulation and cytotoxic activity of infiltrating CD8+ T cells exposed to FL B cells. Lina Zawil | Ph.D. Thesis | University of Limoges | 2021 109 License CC BY-NC-ND 4.0Two other key players in anti-tumor immunity, more specifically the innate one, are natural killer cells (NK) and the γδ T lymphocytes. While little is known on the NK cells, it has been shown that γδ T lymphocytes predominantly have a perifollicular localization and are represented at a lower density in FL lymph node (LN) tissues, compared to reactive LN[START_REF] Braza | Gammadelta T Lymphocytes Count Is Normal and Expandable in Peripheral Blood of Patients with Follicular Lymphoma, Whereas It Is Decreased in Tumor Lymph Nodes Compared with Inflammatory Lymph Nodes[END_REF].Based on everything mentioned above, it has become clear that Tfh and Treg cells seem to be strongly modulated, both quantitatively and qualitatively, during FL pathogenesis. As a conclusion, the above data not only highlight the role of various CD4+ T cell subsets in FL growth and immune escape, but also show that the antitumor immune response is actively counteracted by tumor escape mechanisms affecting immune cell recruitment and activation.

  Immunohistochemical studies have revealed a strong relationship between malignant B cells, infiltrating macrophages and T cells. Briefly, it has been shown that FL-Tfh cells overexpress CD40L, which in turn increases the expression of IL-15 by monocytes/macrophages. The latter then trans-present IL-15 to the FL B cells thereby Lina Zawil | Ph.D. Thesis | University of Limoges | 2021 110 License CC BY-NC-ND 4.0 promoting IL-15 dependent B cell proliferation (predominantly through the induction of STAT5, another player in the cytosolic BCR signaling pathway) (Epron et al. 2012).
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 0 have shown that they are a highly plastic cell subset involved in antitumor immunity, in particular through FcγR-related antibody-dependent cellular phagocytosis (ADCP), a process actively inhibited by CD47-expressing malignant B cells. Briefly, the overexpression of certain cytokines in the FL microenvironment, predominantly IL-4 and IL-10, has the potential to modify the TAM phenotype, including expression levels of the receptors FcγRs, thereby modulating their ADCP properties in the presence of certain therapeutic antibodies. Furthermore, it has been shown that FL B cells (alongside DLBCL B cells) overexpress CD47 which is a transmembrane protein that enables evasion of phagocytosis through binding to the inhibitory receptor signal regulatory protein (SIRP)-α located on macrophages[START_REF] Chao | Anti-CD47 Antibody Synergizes with Rituximab to Promote Phagocytosis and Eradicate Non-Hodgkin Lymphoma[END_REF]. Lina Zawil | Ph.D. Thesis | University of Limoges | Over the past decade, strong focus has been dedicated to the study of the tumor microenvironment and its constituent stromal cell compartment. The contribution of the stromal cell compartment to cancer development is realized by three generic constituents: Angiogenic vascular cells (AVCs), infiltrating immune cells (IICs), and cancer-associated fibroblastic cells (CAFs).All normal stromal cell subsets are derived from a common precursor in the BM, that is, the mesenchymal stem cell (MSC), which are multipotent stem cells capable of differentiating into several mesodermal lineages including adipocytes, chondrocytes, and osteoblasts. Even though they have been found in several other sites including adipose tissue, cartilage, and cord blood, their preferential localization remains the BM.Another common feature of these lymphoid stromal cells is that they require both the tumor necrosis factor (TNF)-α and lymphotoxin (LT)-α1β2 for their maturation and maintenance as immunologically competent cells. Focusing exclusively on FL, the CAFs have been shown to be different from their normal counterpart, both phenotypically and functionally, and to play a pivotal role in FL development and progression. As it is the case for normal secondary lymphoid organs, it has been shown that the lymph node (LN) and bone marrow (BM) CAF cell compartment in FL is heterogeneous and organized into three specialized cell niches (Patricia Amé-Thomas and Tarte 2014): 1-The fibroblastic reticular cells (FRC) forming the mesenchymal stromal network of the T-cell zone whose main role is to provide a foothold for antigen delivery, immune cell recruitment, motility, interaction, and homeostasis by releasing extracellular matrix components (including IL-7, VEGF, nitric oxide, and homeostatic chemokines such as CCL19, CCL21 and CXCL12). 2-The follicular dendritic cells (FDC) whose role is to attract, via CXCL13, B and Tfh cells into the GC where they promote the selection of high affinity B cells through the retention and presentation of antigens as immune complexes. License CC BY-NC-ND 4.The marginal reticular cells (MRC) whose role is to deliver small antigens to cognate B cells. The suggested mechanism of action for the involvement of these stromal cells in the development of FL is through the secretion of CXCL12 and CXCL13. Production of CXCL12 by FRCs has been shown to play a pivotal role in the recruitment of malignant GC B cells. CXCR4 blockade for example completely abrogated the migration of these cells towards BM MSCs (Patricia Amé-Thomas et al. 2007). Moreover, CCL2 has been described as a potent FL cell chemoattractant only in combination with CXCL12 (Husson et al. 2001) and high levels of CCL2 mRNA was detected in both LN-and BMderived stromal cells (Patricia Amé-Thomas et al. 2007). In parallel, the production of CXCL13 by FDCs has been shown to synergistically direct the accumulation of CXCR4+CXCR5+ FL cells. Stromal cells have also been shown to produce paracrine supportive factors such as Hedgehog (Hh) ligands, B cell-activating factor of the TNF family (BAFF), IL-15, hepatocyte growth factor (HGF), and the adhesion molecule CD106. These factors have all been proposed to contribute to the anti-apoptotic effect of stromal cells on normal and malignant GC B cells (Patricia Amé-Thomas and Tarte

  validated with the emergence of ectopic LN-like reticular (FRC-like) cells admixed with malignant B cells among nodular aggregates. These LN-like reticular cells revealed a heterogeneous phenotype where a few of them were shown to express the FDC-associated markers CD21 and CD35. This suggests that the interactions between FL cells and the medullar stromal cell compartment favor lymphoma development, meaning that the BM provides a preferred stromal microenvironment for FL cell growth. In agreement, in response to TNF-α and LT-α1β2 priming, the FRClike cells obtained from HD-MSC have been shown to be more powerful in driving Lina Zawil | Ph.D. Thesis | University of Limoges | 2021 113 License CC BY-NC-ND 4.0 malignant B-cell survival compared to HD-MSC themselves (Patricia Amé-Thomas et al. 2007).

  As explained earlier in the introduction, none of the previously created models in the literature succeeded in carefully recapitulating the development of FL. For that reason, two new models were created in our laboratory, both reproducing the deregulation of the anti-apoptotic BCL2 protein that occurs in FL. The first is a knock-in of the human BCL2 in the Ig light chain locus named Ig-BCL2. The second is a transgene placing BCL2 under the control of the super-enhancer IgH 3'RR named 3'RR-BCL2.

  to dive deeper into the analysis of this region in specific, to try to unravel the reason behind the shift from the usage of P1 to the usage of P2 in FL.

Figure 1 :

 1 Figure 1: Mouse model construction schematics for (A) 3'RR-BCL2 transgenics and (B) Ig-BCL2 knock-in mice. (C) Western-blot evaluation of human BCL2 protein expression in the spleen of WT (negative control), 3'RR-BCL2, Ig-BCL2 ∆/+, Ig-BCL2 ∆/∆ mice, and in the DoHH2 human cell line (positive control)

  Fig 2D), with a tendency for both BCL2 strains to have less naïve T cells but slightly increased effector (Teff) and follicular helper T (Tfh) cell populations, only showing statistical significance in the mesenteric LNs of the Ig-BCL2 mice (Fig 2E).

Figure 2 :

 2 Figure 2: Flow cytometry data showing the impact of BCL2 deregulation alone, in both mouse models compared to wildtype mice at the resting non-immunized stage, on the different B cell compartments, in bone marrow (A), spleen (B) and mesenteric lymph nodes (C), as well as on the T cell compartment (D). Percentages of the different cell compartments are presented as medians with interquartile range and the statistical significance was determined by the Mann-Whitney U test. Ratios for the centroblasts to centrocytes, as well as CD93+ to CD93-plasma cell and plasmablastic cell populations are also presented. The full staining panel of both B and T cells in each of the organs is summarized as supplementary data 1.

Figure 3 :

 3 Figure3: Flow cytometry data showing the impact of the BCL2 deregulation accompanied with 3 iterative intra-peritoneal SRBC injections (on a monthly basis) on the different B cell populations, in both BCL2 mouse models compared to WT, in the early stages of development in the bone marrow (A) and late ones in the secondary lymphoid organs, the spleen and mesenteric lymph nodes (B and C respectively). The ratios of centroblasts to centrocytes as well as CD93+ to CD93-plasma cells and plasmablasts was also realized. Percentages of the different cell populations as well as absolute cell numbers (calculated based on the percentages obtained by flow cytometry and the total percentage of lymphocytes in each corresponding organ) are presented as medians with interquartile range and the statistical significance was determined using the Mann-Whitney U test. The full staining panel for each organ is summarized in supplementary data 1. (D) Flow cytometry data showing the expression (or not) of EDU in splenocytes, 24 hours post its intraperitoneal injection into 5 WT, 4 IgK-BCL2 ∆/+ and 5 3'RR-BCL2 mice (and 7 days after SRBC immunization). The percentages of EDU expressing plasma cells (EDU+ PC) and GC B cells (EDU+ GC) are presented as medians with interquartile range. Statistical significances were realized using Mann-Whitney U test. The EDU used for the staining panel was coupled to FITC (A488) along with markers specific for the plasma cell (CD138 BV786), GC B cells (GL7 coupled to APC and CD38 coupled to APC-R700) and cell viability (FVS 780). (E) Flow cytometry data showing the impact of the BCL2 deregulation accompanied with 3 iterative intraperitoneal SRBC injections (on a monthly basis) on the different T cell populations, in both BCL2 mouse models compared to WT, in the periphery (spleen and LNs). Both percentages and absolute cell numbers each T cell population are presented as medians with interquartile range and the statistical significance is realized via the Mann-Whitney U test.

Figure 4 :

 4 Figure 4: (A) Histogram showing the dissociation constant (KD) of IgG to Ovalbumin, obtained by anELISA-based assay (described in materials and methods), in the sera of both BCL2 mouse models compared to WT after 45 minutes of incubation with the secondary antibody. A lower KD value indicated higher IgG affinity against Ovalbumin. KD is reported here as medians with interquartile range and no statistical significance was determined due to the limited number of mice.

  Fig 5C).

Figure 5 :

 5 Figure 5 : (A) UMAP of the 10X single cell analysis of spleen B-cells 10 days after SRBC immunization, split into 12 clusters. (B) Quantitative variations of cell numbers in the various clusters in Ig-BCL2 and 3'RR-BCL2 mice compared to wildtype. (C) Human BCL2 expression level in the various cell clusters in Ig-BCL2 and 3'RR-BCL2.

Figure 5 :

 5 Figure 5 : (A) UMAP of the 10X single cell analysis of spleen B-cells 10 days after SRBC immunization, split into 12 clusters. (B) Quantitative variations of cell numbers in the various clusters in Ig-BCL2 and 3'RR-BCL2 mice compared to wildtype. (C) Human BCL2 expression level in the various cell clusters in Ig-BCL2 and 3'RR-BCL2.

Figure 5 :

 5 Figure 5: Histogram showing the Shannon diversity index and the Gini index of both IgM and IgG repertoires in the spleen (A) and mesenteric LNs (B) of both BCL2 mouse models compared to WT. Both indices are presented as medians with interquartile range and statistical significances are determined by Mann-Whitney U test. (C) Pie charts showing the mean for the percentage of each VH gene family usage of both IgM (in purple) and IgG (in blue) in the spleen and mesenteric LNs of both BCL2 mouse models compared to WT.

Figure 6 :

 6 Figure 6: (A) Curve showing the evolution of tumor occurrence in both BCL2 models with respect to their age (in weeks). (B) Immunohistochemistry (IHC) analysis of the spleen at the pre-tumoral and tumor-infiltrated stage of both BCL2 models compared to WT. Staining was done for B cells (using B220 in Fitc → Green), plasma cells (CD138 in Tritc → Red), human BCL2 (in cyanine 5 → Yellow) and finally DAPI in blue.

Figure 7 :

 7 Figure 7: Graphs showing the frequency and the localization / distribution of mutations along the BCL2 promoter region (after high-throughput sequencing) as well as the global mutation rate and the mutation enrichment in AID-hotspots in several human DLBCL cell lines as positive controls (A), in total splenocytes or class-switched versus non-class-switched splenocytes of immunized mice (3 iterative immunizations or single 7-day immunization respectively) from both BCL2 models (B) and finally in various tissues / organs from several tumoral mice of both BCL2 models (C). Graphs are shown as generated by the system Deminer after correction with respect to two negative controls passed on the same run.

  these V region N-glycosylated sites are usually expressed in malignant B-cells under an "immature" format, i.e. of the high-mannose type. Various studies have shown that such acquired high-mannose glycans are capable of interacting with mannose-specific lectins, especially the human DC-SIGN. The same interaction can (either during infections or experimentally) occur also with bacterial lectins, thereby triggering Lina Zawil | Ph.D. Thesis | University of Limoges | 2021 156 License CC BY-NC-ND 4.0 continuous activation of the BCR, as well as signaling pathways similar to those demonstrated for BCR engagement by an antigen. Of note, constitutive BCR signaling has been shown to be indispensable for the survival of several lymphoma cell types.

  Lina Zawil | Ph.D. Thesis | University of Limoges | 2021 157 License CC BY-NC-ND 4.02-Does the presence of N-glycosylation site lead to BCR activation via interaction with lectins?As mentioned earlier, the oligosaccharides added to the N-glycosylated sites are usually immature and are capable of interacting with various lectins leading to a continuous activation of the BCR. Starting from this fact, we wanted to further characterize our double mutant mice by trying to see if we can recapitulate this notion in-vitro.

Figure 30 :

 30 Figure 30: The cumulative effect of BCR N-glycosylation and BCL2 deregulation on splenocytes. Flow cytometry data on B cells in splenocytes realized 7 days after SRBC injection on WT, 3'RR-BCL2, Kappa-MOUSS and MOUSS x 3'RR-BCL2 mice, to show the cumulative effect of both mutations on B peripheral B cells. Percentages of GC B cells were realized among that of CD19+ cells, and the absolute cells numbers were calculated based on the total percentage of lymphocytes in the spleen. Data are presented in bargraphs as medians with interquartile range and the statistical significance were done using the Mann-Whitney U test.

  1-Phospho-p44/42 MAPK (ErK1/2) (Thr202/Tyr204) (197G2) Rabbit monoclonal antibody (A488 conjugate, #13214) 2-Phospho-Zap-70 (Tyr319) Syk (Tyr352) (65E4) Rabbit monoclonal antibody (Alexa Fluor 647 conjugate, #82975)

Figure 31 :

 31 Figure 31: ROC versus WT compared to Kappa-MOUSS. Flow cytometry data on B cells in splenocytes following a 7-day SRBC injection on WT and hemizygous ROC and K-MOUSS mice. Percentages of GC B cells were realized among that of CD19+ cells, and the absolute cells numbers were calculated based on the total percentage of lymphocytes in the spleen. Data are presented in bar graphs as medians with interquartile range and the statistical significances were done using the Mann-Whitney U test, either comparing Kappa-MOUSS mice to WT or to ROC mice.

  Two of the very famous secondary mutations known to occur in FL are the deletions of the proteins HVEM and KMT2D. A brief reminder, HVEM or the herpes virus entry mediator, is a receptor expressed in both T and B cells. Depending on its interaction with multiple ligands, HVEM can deliver opposing signals controlling both inflammatory and inhibitory responses. Nonsense, frameshift as well as missense mutations, frequently in the exons encoding the ectodomain of HVEM have been found in a significant portion of FL cases (40% of FL cases). As mentioned in Chapter 3 of my thesis introduction, loss of HVEM is thought to disrupt cell-cell interactions, thereby forming a tumor-supportive microenvironment characterized by exacerbated lymphoid stroma activation and increased recruitment of Tfh cells. It has been shown that the deletion of HVEM in genetically modified mice carrying the Bcl2 transgene facilitated immune escape of the malignant B cells, yielded cell autonomous activation of B cell proliferation with an increased incidence of GC-derived lymphomas.

Figure 33 :

 33 Figure 33: Cumulative effect of HVEM deletion and BCL2 deregulation on peripheral B cells. Preliminary Flow cytometry data showing the cumulative effect of BCL2 deregulation and HVEM deletion on B cell compartments in secondary lymphoid organs (spleen in A and mesenteric LNs in B) only in the mice that did not develop tumors compared to their respective controls (i.e. only the non-tumoral mice of the conventional cohort are shown). Staining was done using our modified staining panel described in supplementary data. Cells are shown as percentages only; absolute numbers could not be realized due to some experimental limitations. Data are presented as medians with interquartile range and the statistical significance is realized by the Mann-Whitney U test.

Figure 34 :

 34 Figure 34 : Preliminary heavy chain (IgM and IgG) repertoire data in secondary lymphoid organs.Shannon diversity index for IgM and IgG in the triple mutant mice that did not develop tumors compared to their respective controls (i.e. only mice from the conventional cohort are shown) in the spleen (A) and mesenteric LNs in (B). The shannon diversity index is calculated via an R-studio script that analyzes the sequences of each heavy chain after high-throughput sequencing and a primary analysis step with IMGT High-V-Quest. The shannon diversity index is presented in bar graphs as medians with interquartile range and the statistical significance is realized via Mann-Whitney U test.

Figure 35 :

 35 Figure 35 : Ion-Proton sequencing of the BCL2 promoter region in secondary lymphoid organs of Non-tumoral mice. Graphs show the frequency (left Y axis) the localization of mutations (Blue lines) along the BCL2 promoter region, (after Ion-Proton high-throughput sequencing), he global mutation rate and the mutation enrichment in AID-hotspots in the secondary lymphoid organs (spleen in A and mesenteric LNs in B) of some of the HVEM TM mice that did not develop tumors (SOPF cohort only). Graphs are shown as generated by the system Deminer after correction with respect to two negative controls passed on the same Ion-Proton high through-put sequencing run (In this experiment the two negative controls were genomic tail DNA extracted from BCL2 mice).

Figure 36 : 0 Table 4 :

 3604 Figure 36: Ion-Proton sequencing of the BCL2 promoter region in the tumor tissue and secondary lymphoid organs of tumoral mice. Graphs showing the frequency (on the left Y axis) and the localization of mutations along the BCL2 promoter region, the global mutation rate and the mutation enrichment in AID-hotspots in the spleen, mesenteric LNs (A and B respectively) of 3 HVEM TM mice (HTM-1, HTM-10, HTM-11) as well as the tumors of only 2 of the same mice (HTM-1 and HTM-10) (SOPF cohort only). Graphs are shown as generated by the system Deminer after correction with respect to two negative controls passed on the same Ion-Proton high through-put sequencing run (In this experiment the two negative controls were genomic tail DNA extracted from BCL2 mice).

Figure 37 :

 37 Figure 37 : Cumulative effect of BCL2 deregulation and KMT2D deletion on peripheral B cells. Preliminary Flow cytometry data showing the cumulative effect of BCL2 deregulation and KMT2D deletion on B cell compartments in secondary lymphoid organs (spleen in A and mesenteric LNs in B) in the KMT2D TM mice that did not develop tumors only compared to their respective controls. Staining was done using our modified staining panel described in supplementary data. Cells are shown in percentages and absolute numbers (calculated based on the total percentage of lymphocytes in each organ). Data are presented in bar graphs as medians with interquartile range. Statistical significance could not be realized due to the limited number of control mice (2 in spleen and only one in LNs).

Figure 39 :

 39 Figure 39: Summary of the most famous secondary genetic alterations and biologic pathways that lead to FL. Seven functional categories are listed, showing the most commonly identified gene mutations / alterations. Each FL tumor can harbor several mutations in the same or from different functional categories. Schema taken from Lenz and Pasqualucci, 2016.
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  The premalignant phase is long and the clinical course is slow and associated with multiple relapses, thereby making it increasingly resistant to therapy. FL affects both males and females equally with a median diagnostic age of 60 years. Over the course of time, approximately 30% of FL cases transform into aggressive DLBCL (de Jong 2005; Ott and Rosenwald 2008;

[START_REF] Roulland | Early Steps of Follicular Lymphoma Pathogenesis[END_REF]

).

Table 2 :

 2 Table showing the detailed IgM and IgG repertoire analyses of the tumor tissues only, of a few mice from both BCL2 models. Total number of clones for each heavy chain, the corresponding number of productive reads are indicated.
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Supplemental information

Supplementary Table 1 : Table summarizing the Originally, the idea was to analyze one single cohort with both triple mutant and control mice. However, the crossings to obtain the mice in the appropriate genotype was quite challenging. So, we initially obtained a group of mice, in the specific and opportunistic free (SOPF) animal facility, comprised of 11 HVEM TM mice only (without controls).

Then we obtained 7 additional triple mutant mice and 4 double mutant controls.

Unfortunately, shortly after that, we had the covid-19 outbreak and our inability to follow up the work forced us to move these mice to the unprotected conventional animal facility, and to start their induction at a slightly older age than the first group of mice.

That's why we were obliged to follow up and analyze these mice as two separate (A) Triple mutant induction protocol followed to activate the activity of Cre-Recombinase enzyme to carry out the knock-out / deletion of HVEM or KMT2D (and thereby drive tomato expression) in GC B cells. 3 doses of tamoxifen (at 40 mg/ml) are administered orally at days 0, 2 and 4 when mice are 3 months of age (M3). In parallel an intraperitoneal injection of SRBC is also administered at day 0 and repeated on a monthly basis 4 additional times. (B). Flow cytometry data to detect Tomato expressing B cells that are circulating in the blood of living mice (withdrawn from the submandibular vein), one week after the last tamoxifen administrations (i.e. at day 10). An example of one HVEM triple mutant mouse versus one control mouse is shown, but the exact same is obtained for KMT2D mice. (C) Graph showing the evolution of the tomato expressing B cell population (circulating in blood) in HVEM (C.i.) or KMT2D (C.ii.) triple mutant mice compared to their respective controls, 2 months post induction (i.e. M5) to up to 5 months (i.e. M9).

Discussion and Future perspectives

Discussion and Future Perspectives

License CC BY-NC-ND 4.0 The BCL2 promoter region is comprised of two promoters P1 and P2, located at respectively at -1432 bp and -88 bp upstream of the transcription start site (ATG). Upstream of P1 is a GC-rich region that can form a G-quadruplex structure (stabilized by compound SYUIQ-FM05 with a resulting structure that leads to transcriptional arrest). Multiple transcription factors bind to this promoter region to regulate the expression of BCL2 (in this case we only show the example of the transcription factor WT1 binding sites, whose binding leads to the activation of BCL2 expression). Image edited from [START_REF] Xiong | Blocking the Binding of WT1 to Bcl-2 Promoter by G-Quadruplex Ligand SYUIQ-FM05[END_REF] sites and is positioned within a nuclease hypersensitive site. Very briefly recapping the major points that were important to us at the beginning of our project:

1-The 5′-end of this P1 promoter has been shown to be implicated in playing a major role in the regulation of BCL-2 transcription, via a 39-bp GC-rich element (located 57-19 base pairs upstream of P1). Multiple transcription factors such as, SP1, WT1, E2F and NGF have been reported to bind to and / or regulate BCL2 expression [START_REF] Xiong | Blocking the Binding of WT1 to Bcl-2 Promoter by G-Quadruplex Ligand SYUIQ-FM05[END_REF].

2-The G-rich strand of the DNA in this region has been shown to form G-guadruplex structures [START_REF] Agrawal | The Major G-Quadruplex Formed in the Human BCL-2 Proximal Promoter Adopts a Parallel Structure with a 13-Nt Loop in K+ Solution[END_REF]. Other GC-rich regions, also susceptible for the formation of other G-quadruplexes have also been reported upstream of P1 (Onel Thus, it has never been done, to study the presence of methylation or R-loop formation in mice at the level of the BCL2 promoter region. For that, we initially speculated that such mechanisms at the level of the P1 promoter exclusively, would explain why in FL, we have the shift from P1 to P2. So, we devoted an immense amount of time, once again, to set up assays that could detect such mechanisms. Very briefly and without much experimental details, our trials were comprised mainly of using Sodium Bisulfitebased assays to detect either methylation of R-loop formation. Bisulfite works only on single stranded DNA by converting Cytosine (C) to Uracil (U). We assumed that this is only the case when the DNA is indeed "accessible". However, in cases of methylation and R-loop formations, DNA no longer becomes accessible and the conversion would no longer take place. So, by analyzing (after cloning and sequencing), the presence / absence of converted or non-converted stretches of DNA around P1 or P2, we could verify the occurrence (or not) of these two phenomena.

However unfortunately we were never able to obtain reproducible and informative data, again due to the complexity and the GC-rich nature of this region.

Based on everything mentioned above, I believe that we need to:

1-Set up better assays, by designing new primers, in order to evaluate comparatively the transcripts coming from these two promoters in both of our models, not just from RNA extracted from iteratively immunized mice, but also in the tumors that we obtained from both models and compare that to normal human cells.

2-Tackle the area of R-loop and methylation detection by trying to use other assays that don't just rely on the use of bisulfite.

Other mouse models: 1-Kappa-MOUSS

Moving on to the additional mouse models we used in this study; based on our previous data, we clearly showed that the deregulation of BCL2 alone was clearly not sufficient in driving the formation of FL-like tumors. This notion has been heavily established in the literature and countless studies have shown that additional mutations affecting certain key point genes or biological pathways are required to trigger FL (Fig. 39). The same staining panel as the one described in article 1, except the antibody coupled to PE (which was originally CXCR4) was substituted with CXCR4 coupled to BV650 (highlighted in Bold) and the antibody CD93 which was coupled to BV650 in the original panel was removed.

Appendices

Reproducing the complex development of BCL2 deregulation in mouse models

Le lymphome folliculaire (FL) est le lymphome non-hodgkinien indolent émanant de cellules B du centre germinatif (GC) le plus courant. La translocation t(14 :18) ayant lieu tôt dans le processus du développement B est la marque génétique du FL. Cette translocation place le gène Bcl2 sous le contrôle direct des éléments régulateurs situés en 3' du locus des chaînes lourdes d'immunoglobulines (IgH 3'RR) et aboutit à l'expression constitutive de la protéine Bcl2. Afin d'étudier l'impact de la dérégulation de Bcl2 sur le développement B et dans le but de reproduire les mécanismes aboutissant au développement du lymphome folliculaire, deux nouveaux modèles murins ont été créés : le modèle Ig-BCL2 (Knock-In du gène Bcl2 inséré dans le locus kappa des chaines légères d'immunoglobulines) et le modèle 3'RR-BCL2 (Transgène contenant Bcl2 et les éléments régulateurs minimum en 3' de la chaîne lourde des Ig, micro-3'RR), ces deux modèles comprenant le gène BCl2 et sa région promotrice complète. Nos études ont montré que le modèle 3'RR-BCL2 apparait le plus pertinent pour l'étude du FL (avec une expression plus focalisée de l'oncogène dans les cellules du GC, et avec une plus nette expansion des cellules B du GC et une expansion des cellules plasmocytaires moindre). Cependant, avec pour seul hit la dérégulation de BCL2, nous avons observé qu'aucune tumeur issue du GC n'apparaissait sur le long terme dans aucun de nos deux modèles, mais éventuellement des tumeurs de type lymphome plasmablastique. Afin d'introduire un deuxième évènement génétique potentiellement oncogénique, nous avons croisé nos modèles murins avec des modèles possédant d'autres anomalies génétiques connues pour être observées dans le FL (modèle avec un BCR N-glycosylé au niveau des régions variables, ou portant la perte de fonction de HVEM ou de KMT2D). L'ajout d'un second hit a permis d'observer le développement de tumeurs avec un phénotype de type GC, notamment dans le cas du modèle double-mutant 3'RR-BCL2 x HVEM/KMT2D. Cette deuxième partie est en cours d'étude mais nous présentons déjà les différents outils qui nous semblent conduire à de nouveaux modèles très pertinents du FL humain, propres à permettre de mieux comprendre le développement d'un lymphome folliculaire.

Mots-clés : Dérégulation de Bcl2, Lymphome Folliculaire, Régulation transcriptionnelle, lymphocytes B.

Abstract

Follicular lymphoma (FL) is the most common indolent form of non-Hodgkin lymphoma arising from malignant germinal center (GC) B-cells. The genetic hallmark that leads to the development of FL is the t(14:18) which occurs early in the bone marrow during B cell development, thereby placing the anti-apoptotic Bcl2 gene under the direct control of the transcriptional enhancers which stand in 3' of the immunoglobulin heavy chain locus (IgH 3'RR) and leading to the constitutive expression of the BCL2 protein. To assess the impact of the Bcl2 deregulation on B-cell fate and try to reproduce FL development in mice, two models were designed: the Ig-BCL2 (Knock in of the Bcl2 in the immunoglobulin light chain kappa locus) and the 3'RR-BCL2 (Transgene containing Bcl2 and a micro-3'RR), both containing the full BCL2 promoter region. Despite striking differences between both models, we showed that the 3'RR-BCL2 mouse model is the more pertinent for the study of FL. This model indeed leads to a much more GC-focused expression, and, accordingly, to more significant GC B cell expansion rather than plasma cell expansion. By contrary, pan-B expression of BCL2 in the Igk-BCL2 models culminates with a strong overexpression in plasmablasts and plasma cells. However, and whatever the BCL2 configuration, in the absence of additional oncogenic hit, both of our models remained free of GC B cell tumors on the long run and rather ended developing plasmacyttic lymphomas. Thus, to introduce secondary genetic alterations, we crossed our 3'RR-BCL2 mice with other models bringing anomalies known to occur in human FL (BCR N-glycosylation of the V domains, HVEM or KMT2D loss of function). We were able to show that with the addition of these secondary mutations, notably HVEM/KMT2D deletions, our mice developed GC hyperplasia and were eventually able to develop tumors of GC B cell phenotype. This part of our work is still preliminary and more work needs to be done but, all in all, our current study presents strong tools that can be used for further building pertinent FL models and better understanding the complex development of FL.