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Ex vivo gene therapy for β

First, we applied the HBA platform for thalassemia : a genetic condition impairing the hemoglobin formation and triggering toxic αglobin chain precipitation. The genetic correction of -thalassemia using our HBA platform results in 1 copy of α-globin gene deletion decreasing the αglobin chain precipitation while -globin gene integration into HBA locus restore the normal hemoglobin formation. Then, we evaluated the HBA platform for erythroid-specific secretion of therapeutic proteins into bloodstream and, in particular,we focused on a genetic metabolic disorder: lysosomal acid lipase (LAL) deficiency caused by LIPA gene mutation(s) that lead to toxic lipid accumulation especially in liver. We achieved efficient expression and secretion of LAL enzyme that retained enzymatic activity and crosscorrected the lipid accumulation in patients' fibroblasts. We then focused on the optimization of LIPA cDNA transgene using lentiviral vectors (LVVs) to maximize the LAL expression and secretion. The optimized LIPA transgene will serve for LVV-based ex vivo GT and for our HBA targeted platform in the purpose of enhancing the LAL expression while minimizing the targeting integration events required to fully correct the disorder. Finally, to better characterize LAL-D phenotype and to evaluate the therapeutic potency of our GT strategy, we set-up a multimodal cytometry approach using flow cytometry and image flow cytometry. We evaluated this pipeline on mainly patient's fibroblasts and on peripheral mononuclear blood mononuclear cells (PBMCs) for LAL-D mouse model. Titre : Thérapie génique ex vivo pour les β-hémoglobinopathies et les maladies métaboliques Mots clés : β-hémoglobinopathies, déficience en lipase acide lysosomale, thérapie génique, CRISPR-Cas9, platforme HBA Résumé : Les maladies monogéniques sont des mutations héréditaires d'un seul gène qui entraînent une synthèse anormale de protéines, altérant l'homéostasie cellulaire normale et la fonction des organes et réduisant la durée de vie des patients. Récemment, la greffe autologue de cellules souches hématopoïétiques (HSCs) de patients génétiquement corrigés appelée thérapie génique (TG) ex vivo, est apparue comme une approche curative prometteuse pour ces maladies. Dans la TG ex vivo, l'intégration ciblée d'un transgène thérapeutique dans un locus tolérant apparaît comme une approche puissante pour produire les protéines thérapeutiques à un niveau supérieur au niveau physiologique dans un large type de cellules hématopoïétiques en utilisant un promoteur endogène. Une telle stratégie d'édition du génome repose sur la cassure double brin d'ADN et la livraison d'une copie fonctionnelle du gène muté dans le locus d'intérêt. Ici, nous avons exploité le locus de l'αglobine (HBA) comme un locus tolérant pour l'intégration de transgènes afin de développer une plateforme universelle pour l'expression et la sécrétion de protéines thérapeutiques par les globules rouges (GR). Dans les HSCs, nous avons induit des cassures double brin dans le locus HBA avec CRISPR-Cas9 et délivré un transgène thérapeutique en utilisant un AAV-6 pour cibler l'intégration par réparation dirigée par l'homologie. En raison de l'abondance des globules rouges chez l'homme (5X10 6 globules rouges/microlitre de sang) et de la forte expression de HBA dans cette population (environ 1,5g/jour), la plateforme HBA nécessiterait un minimum d'événement d'intégration du transgène pour fournir une quantité suffisante de protéines thérapeutiques, réduisant ainsi les risques de toxicité et d'édition non spécifique induit par CRISPR-Cas9 ou l'AAV6.

Dans un premier temps, nous avons appliqué la plateforme HBA à la β-thalassémie : une condition génétique altérant la formation de l'hémoglobine (composé de 2 α-globine et 2 β-globine) et déclenchant la précipitation toxique de la chaîne α-globine. La correction génétique de la β-thalassémie à l'aide de notre plateforme HBA entraîne la délétion d'une copie du gène de l'α-globine, ce qui diminue la précipitation de cette chaîne, tandis que l'intégration du gène de la β-globine dans le locus HBA rétablit la formation normale d'hémoglobine. Ensuite, nous avons évalué la plateforme HBA pour la sécrétion spécifique de protéines thérapeutiques par les GRs dans la circulation sanguine et, en particulier, nous nous sommes concentrés sur un trouble métabolique génétique : la déficience en lipase acide lysosomale (LAL) causée par une ou plusieurs mutations du gène LIPA qui entraînent une accumulation toxique de lipides, notamment dans le foie. Nous avons obtenu une expression et une sécrétion efficaces de l'enzyme LAL qui a conservé son activité enzymatique et corrigé l'accumulation de lipides dans les fibroblastes des patients. Nous nous sommes ensuite concentrés sur l'optimisation du transgène LIPA en utilisant des vecteurs lentiviraux (LVVs) pour maximiser l'expression et la sécrétion de la LAL. Le transgène LIPA optimisé servira à développer une TG ex vivo basée sur les LVVs et à notre plateforme ciblée HBA dans le but d'améliorer l'expression de LAL tout en minimisant les événements d'intégration nécessaires pour corriger complètement la maladie. Enfin, pour mieux caractériser le phénotype la déficience en LAL et évaluer le pouvoir thérapeutique de notre stratégie de GT, nous avons mis en place une approche de cytométrie multimodale utilisant la cytométrie en flux et la cytométrie en flux d'images. Nous avons évalué ces techniques principalement sur les fibroblastes du patient et sur les cellules mononucléaires du sang périphérique (PBMCs) provenant de souris déficiente en LAL.
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EX VIVO GENE THERAPY TO TREAT MONOGENIC DISORDER

Gene therapy (GT) is defined as a genetic modification -introduction, removal, or change-into patient genome in the attempts to treat or cure a disease, e.g. either correct a genetic defect in inherited disorders or activate the immune response for cancer therapy. The two main GT approaches are: i) ex vivo GT that consists in genetic correction/modification of patient's hematopoietic stem or differentiated blood cells, such as T lymphocytes, outside the body and their transplantation back into patients; ii) in vivo GT that relies on the direct injection into patient's body of vectors encoding the therapeutic sequence [START_REF] Alnasser | Review on mechanistic strategy of gene therapy in the treatment of disease[END_REF]. Nowadays, GT is applied for a wide range of monogenic disorders from metabolic diseases to neuromuscular diseases (Figure 1) [START_REF] Arabi | Gene therapy clinical trials, where do we go? An overview[END_REF].

LENTIVIRAL-BASED EX VIVO GENE THERAPY FOR MONOGENIC DISORDER

Monogenic disorder

Monogenic disorders are rare inherited mutations in a single gene leading to morbidity and reduce patient lifespan. While the description of hereditary phenotype began in XIX century by Mendel [START_REF] Mendel | Versuche über Pflanzen-Hybriden[END_REF] providing the first basis for genetics, it is only upon double-strand deoxyribonucleic acid (DNA) discovery by Watson & Crick in XX century (Watson and Crick, 1953) that precise hereditary unit called gene was described as coding protein region involved in the normal cellular to 2020 [START_REF] Arabi | Gene therapy clinical trials, where do we go? An overview[END_REF].

function. Now, around 5000-8000 monogenic diseases have been identified including cysticfibrosis, sickle cells anemia, Duchenne muscular dystrophy … [START_REF] Prakash | Current Progress in Therapeutic Gene Editing for Monogenic Diseases[END_REF]. All these disorders result in abnormal protein synthesis that impairs normal cellular homeostasis and organ function. The understanding and treatment of monogenic disorders have been the subject of major scientific research over the past decade. The development of genome sequencing allows to identify the mutated gene(s) and therefore the impaired cellular mechanism. Overtime therapeutic options have been developed to counterbalance the morbidity phenotype as organs transplantation, blood transfusion or allogenic hematopoietic stem cells transplantation (HSCTs). HSCTs shown successful disease management improving the life quality or lifespan in a wide broad of monogenic disorders such as hemoglobinopathies and metabolic disorders. The treatment involves replacing the patient's own hematopoietic stem cells (HSCs) with healthy cells from a donor [START_REF] Copelan | Hematopoietic Stem-Cell Transplantation[END_REF]. HSCs are multipotent cells able to reconstitute a healthy blood system that can deliver the missing proteins to the affected tissues (Figure 2). In human, hematopoietic stem and progenitor cells (HSPCs) are located in bone marrow (BM) microenvironment called niches. The BM niche offers the proper environment for HSCs differentiation or self-renew. HSPCs are composed of long-term HSCs (LT-HSCs), short-term HSCs (ST-HSCs) and multipotent progenitor (MPP) (Figure 2). The LT-HSCs are the multipotent stem cells able to generate all the blood-lineage population : white bloods cells (WBCs) as myeloid and lymphoid lineages, red blood cells (RBCs) and platelets, and of self-renewing their own population. Whereas ST-HSCs and MPP have differential potential but no self-renewal capacity [START_REF] Skulimowska | The biology of hematopoietic stem cells and its clinical implications[END_REF][START_REF] Hawley | Hematopoietic Stem Cells[END_REF].

Figure 2) HSCs are located in BM niche and divided in LT-HSC, ST-HSC and MPP able to provide the entire blood cells. LT-HSC is the only HSCs population able to self-renew (adapted from G. [START_REF] Ferrari | Le système CRISPR-Cas a été divisé en deux classes : la classe 1 est composée des types I, III et V qui utilisent plusieurs protéines Cas pour cliver l'ADN étranger tandis que la classe 2 comprend les types II, V et VI qui utilisent une seule protéine Cas pour les cassures double brin (DSB). Le système CRISPR-Cas le plus répandu est un système de classe II, la nucléase Cas9 de Streptococcus pyogenes (SpCas9). La nucléase Cas9 est composée de 2 domaines nucléasiques : HNH et RuVC capables de cliver le brin ciblé de l'ARN et le brin complémentaire pour induire un cassure double brin[END_REF].

Although therapeutic for some monogenic disorders, HSCTs are limited by availability of suitable donor and the immune reaction induced by donor lymphocytes against the recipient (Graft-versushost disease, GAVHD) [START_REF] Skulimowska | The biology of hematopoietic stem cells and its clinical implications[END_REF][START_REF] Hawley | Hematopoietic Stem Cells[END_REF]. Recently autologous transplantation of genetically corrected patient's HSCs defined as ex vivo GT has emerged as a promising curative alternative. In fact, ex vivo GT bypasses the requirement of a well-matched donor and therefore provides the potential to treat virtually all patients [START_REF] Morgan | Hematopoietic Stem Cell Gene Therapy -Progress and Lessons Learned[END_REF]. 1.4). Upon engraftment, modified HSCs will be able to restore healthy hematopoietic system that can produce the therapeutic proteins above physiological level in a broad type of hematopoietic cells from WBCs (lymphocytes, monocytes, natural killer cells), platelets and RBCs [START_REF] Morgan | Hematopoietic Stem Cell Gene Therapy -Progress and Lessons Learned[END_REF][START_REF] Naldini | Genetic engineering of hematopoiesis: current stage of clinical translation and future perspectives[END_REF].

Correction of HSCs can take different forms from the insertion of a functional copy of mutated gene Nowadays, ex vivo GT is under clinical evaluation for a wide range of genetic disorders as metabolic disorders or hemoglobinopathies [START_REF] Arabi | Gene therapy clinical trials, where do we go? An overview[END_REF].

Figure 3) Principle of gene therapy (adapted from [START_REF] Morgan | Hematopoietic Stem Cell Gene Therapy -Progress and Lessons Learned[END_REF]. Patient's HSCs are collected, isolated, and corrected prior re-transfusion 1.1.3 Recovering and culturing of HSCs Originally, HSCs were harvested directly from the patient's BM in the iliac crests by syringe aspiration, but the amount of cells recovered was small and the process was quite painful and could lead to infections. This technique is now only used in case of poor mobilization by chemical agents.

Nowadays, HSCs harvesting is mainly performed via leukapheresis after HSCs PB mobilization with chemical agents as granulocyte colony-stimulation factor (G-CSF) and/or Plerixafor. G-CSF is a proinflammatory cytokine that promotes the maturation and proliferation of myeloid stem cells as well as their migration from BM into the blood [START_REF] Morris | G-CSF and G-CSFR are highly expressed in human gastric and colon cancers and promote carcinoma cell proliferation and migration[END_REF]. Although, G-CSF enhances by 6-7 fold the HSCs cells in circulation [START_REF] Grigg | Optimizing dose and scheduling of filgrastim (granulocyte colony-stimulating factor) for mobilization and collection of peripheral blood progenitor cells in normal volunteers[END_REF], it appears to be ineffective for 5-30% of patient [START_REF] Skulimowska | The biology of hematopoietic stem cells and its clinical implications[END_REF]. The combination of Plerixafor and G-CSF enhances the mobilization compared to the single used of G-CSF by 10-fold and becomes a gold standard protocol of HSCs mobilization. Plerixafor (as called ADM3100) is a selective inhibitor of CXC chemokine receptor 4 (CXCR4) receptors preventing the binding of its ligand the stromal derived cell factor 1 (SDF-1) produced by BM stromal cells to retain HSCs in the niches. Therefore, blocking the SDF-1/CXCR4 axis facilitates the migration of HSCs from BM to bloodstream [START_REF] Fricker | Physiology and Pharmacology of Plerixafor[END_REF]. Nevertheless, developing new mobilizing agents remains necessary for patient poorly mobilized with G-CSF. Recently, new compounds have been analyzed such as Ixazomib that modulate the VLA4/VCAM1 axis involved in the adherence of HSCs to the BM niche [START_REF] Ghobadi | Bortezomib is a rapid mobilizer of hematopoietic stem cells in mice via modulation of the VCAM-1/VLA-4 axis[END_REF][START_REF] Ghobadi | Ixazomib, an oral proteasome inhibitor, induces rapid mobilization of hematopoietic progenitor cells in mice[END_REF], Gro an CXCR2 agonist for neutrophil mobilization [START_REF] Hoggatt | Rapid Mobilization Reveals a Highly Engraftable Hematopoietic Stem Cell[END_REF] or an inhibitor of Cdc42 involved in the exit of HSCs from the niche [START_REF] Skulimowska | The biology of hematopoietic stem cells and its clinical implications[END_REF]…

During leukapheresis, HSCs are enriched via their cluster of differentiation (CD) 34+ marker using magnetic beads. Other cell surface markers have been tested as CD34+ CD38-population in order to isolate LT-HSCs with higher purity. The amount of CD34+ CD38-cells recovered is lower than with the CD34+ marker alone, but it is enriched in LT-HSC (self-renewing HSC population) and therefore would require less reagents and culture volume for their modification/correction prior transplantation, simplifying scale-up and reducing costs [START_REF] Naldini | Genetic engineering of hematopoiesis: current stage of clinical translation and future perspectives[END_REF]. After purification, CD34+ cells are modified and cultivated in a well-defined medium containing cytokines (human Thrombopoietin (TPO), human interleukine-3 (IL3), human stem cell factor (SCF), human Fms-like tyrosine kinase receptor 3 (Flt3)) to maintain their stemness prior re-transplantation into patients [START_REF] Gentner | Hematopoietic Stem-and Progenitor-Cell Gene Therapy for Hurler Syndrome[END_REF][START_REF] Kohn | Autologous Ex Vivo Lentiviral Gene Therapy for Adenosine Deaminase Deficiency[END_REF]. Overtime, new molecules have been tested to improve the HSCs culture medium such as StemRegin-1 [START_REF] Boitano | Aryl Hydrocarbon Receptor Antagonists Promote the Expansion of Human Hematopoietic Stem Cells[END_REF] which is described to enhance the expansion of HSCs. However, a protocol for expanding ex vivo LT repopulating HSCs from BM or PB mobilized is still missing, even if some progress has been done recently on murine HSCs [START_REF] Naldini | Genetic engineering of hematopoiesis: current stage of clinical translation and future perspectives[END_REF][START_REF] Wilkinson | Long-term ex vivo haematopoieticstem-cell expansion allows nonconditioned transplantation[END_REF]. In addition, some research aims to improve ex vivo culture to replicate as closely as possible the BM niche to maintain HSC self-renewal. For instance, co-culture of CD34+ cells with mesenchymal stromal cells enhances the survival and proliferation of cord-blood progenitor cells and results in an significant improvement of engraftment [START_REF] De Lima | Cord-Blood Engraftment with Ex Vivo Mesenchymal-Cell Coculture[END_REF]. To provide more HSCs, some groups are working on the HSCs generation via pluripotent stem cells [START_REF] Sugimura | Haematopoietic stem and progenitor cells from human pluripotent stem cells[END_REF] and endothelial cells [START_REF] Lis | Conversion of adult endothelium to immunocompetent haematopoietic stem cells[END_REF].

Mobilization and re-infusion of HSCs

After modification, HSCs is transplanted back into patient by intravenous injection (Figure 3). To assure a successful engraftment, patient BM niches should be emptied in order to let the space for corrected HSCs. Therefore, prior transplantation, patients must undergo myeloablation. Overtime, different methods have been used to clear the BM niches from lethal irradiation to chemical agent as Busulfan [START_REF] Ciurea | Busulfan in Hematopoietic Stem Cell Transplantation[END_REF]. Total body irradiation was abandoned due to the severe morbidity and mortality on patients for the benefit of chemical myeloablation. Busulfan have been initially employed as chemotherapy but is now also used a myeloablation agent due to immunosuppressive effect on BM and microglia [START_REF] Ciurea | Busulfan in Hematopoietic Stem Cell Transplantation[END_REF]. New depleting agents are currently under evaluation such as monoclonal antibody directed on a specific BM cells population (for instance : anti-c-kit alone (Czechowicz et al., 2007, NCT02963064) or associated with CD47 blocking agent [START_REF] Chhabra | Hematopoietic stem cell transplantation in immunocompetent hosts without radiation or chemotherapy[END_REF], or combined strategy with immunotoxin as Saporin to inactive ribosome thus blocking protein synthesis [START_REF] Bergamaschi | Saporin, a ribosome-inactivating protein used to prepare immunotoxins, induces cell death via apoptosis[END_REF][START_REF] Skulimowska | The biology of hematopoietic stem cells and its clinical implications[END_REF].

Nevertheless, myeloablation suffers from several short and long-term side effects as fatal infections caused by immunosuppression or BM niches architecture modification that could alter HSCs engraftment. Alternative treatments without myeloablation have been tested on mouse model to assure good engraftment while removing the conditioning toxicity. One strategy involves in increasing the amount of HSCs via ex vivo expansion prior transplantation [START_REF] Wilkinson | Long-term ex vivo haematopoieticstem-cell expansion allows nonconditioned transplantation[END_REF] and another one used the competitive advantage of corrected cells over non-corrected one to reinforce the engraftment [START_REF] Omer-Javed | Mobilization-based chemotherapyfree engraftment of gene-edited human hematopoietic stem cells[END_REF].

Lentiviral-based correction of HSCs

Ex vivo GT has been initially developed using viral vectors to deliver therapeutic gene. Among all viruses, retroviruses have been mainly and successfully employed as viral vehicle. Retroviruses (RV) are enveloped single-strand (ss)-Ribonucleic acid (RNA) virus belonging to Retroviridaea family composed of 7 genera: -, -,-, -, -retroviridae, spumaviridae and lentiviridae. Lentiviral vector (LVV) coming from Human immunodeficient virus (HIV) and -retroviral vector (-RV) coming from Murine Leukemia virus (MLV) are the main viral vectors used for ex vivo GT in clinical trials due to their abilities to integrate double-strand (ds)-DNA into host genome and their high transgene packaging ability (7-10kb) [START_REF] Worgall | Chapter 34 -Gene Therapy[END_REF][START_REF] Poletti | Interactions between Retroviruses and the Host Cell Genome[END_REF].

Figure 4) Structure of MVL and HIV virus (adapted from G. Ferrari et al., 2021) encoding essential genes as gag, pro, pol and env; long terminal repeat (LTRs) and Psi sequence.

Both HIV and MLV viral genomes contain 4 essential genes (gag, pro, pol and env) and important non-coding sequences, such as the long terminal repeat (LTRs) sequences, which are involve in the initiation and termination of transcription, and the Psi sequence (), the packaging signal essential for encapsulating the viral genome (Figure 4). The gag gene codes for the primary structural polyprotein involved in the assembly of non-infectious and immature viral-like particle. The pro gene encodes a protease responsible of maturation of viral particles. The pol gene includes the reverse transcriptase, RNase H and integrase. The env gene encodes for the envelope proteins of retrovirus.

The HIV genome contains additional specific accessory proteins (vif, vpr, vpu and nef) involved in the infectious cycle and in the pathology (G. Ferrari et al., 2021;[START_REF] Ghosh | Viral Vector Systems for Gene Therapy: A Comprehensive Literature Review of Progress and Biosafety Challenges[END_REF]. The mechanism of infection of RV is described in the figure 5.

In Retroviridaea family, the viral entry is receptor recognition dependent. Upon host cells infection, the genetic material is released and reverse transcriptase results in the synthesis of ds-complementary DNA (cDNA) and its assembly into a pre-integration complex (PIC) that can be targeted to the nucleus. The integration of ds-cDNA into host genome occurs via integrase enzyme present in the retrovirus particle. Upon integration, viral genome uses the host transcription and translation machineries to produce new viral particles that can be released in extracellular matrix and infected other cells [START_REF] Yi | Current advances in retroviral gene therapy[END_REF][START_REF] Poletti | Interactions between Retroviruses and the Host Cell Genome[END_REF][START_REF] Stoye | Studies of endogenous retroviruses reveal a continuing evolutionary saga[END_REF]. The main differences between LVV and -RV vectors come from their infecting target cells and their viral integration. In fact, -RV virus infects 
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dividing cells while LVV infect both non-dividing and dividing cells. To enhance LVV HSCs infection, the culturing medium changes the cell phase from G0 (non-dividing phase) to G1 (dividing phase)

as HSCs are slowly dividing cells. Moreover the integration of -RV occurs into promoters, enhancers or around transcription site (TSS) while LVV integrates into active gene bodies (G. Ferrari et al., 2021;[START_REF] Poletti | Interactions between Retroviruses and the Host Cell Genome[END_REF].

In order use viral vector as vehicle for transgene delivery, replicative machinery of retrovirus genome has been removed in order to avoid any replication and spreading of the modified vectors (Figure 6). In this attempt, several optimizations have been performed first by removing env protein and accessories genes (vif, vpr, vpu and nef) (Figure 6A), in order to reduce the virulence and the replication of the -RV construction, and then by eliminating the transactivator gene (tat) and by splicing gag, pol and rev genes in 2 different plasmids to reduce the potential vector recombination (Figure 6B) [START_REF] Sinn | Gene Therapy Progress and Prospects: Development of improved lentiviral and retroviral vectors -design, biosafety, and production[END_REF]. Since HIV can naturally infect only lymphocyte T, the viral env gene was replaced with the spike G glycoproteins of vesicle vesicular stomatitis virus (VSV-G) from rhabdovirus vesicular stomatitis virus (figure 8). This new VSV-G envelope broads vector tropism to transduce a Figure 6) A : Initial structure of -RV (adapted from G. Ferrari et al., 2021) and B : the -RV construction used in GT with the complementary plasmids required for viral formation (adapted from G. Ferrari et al., 2021 and[START_REF] Sinn | Gene Therapy Progress and Prospects: Development of improved lentiviral and retroviral vectors -design, biosafety, and production[END_REF].

wide range of cells types including CD34+ HSCs and is more stable than original envelope, therefore easier to produce and concentrate in order to increase vector titer [START_REF] Okimoto | VSV-G Envelope Glycoprotein Forms Complexes with Plasmid DNA and MLV Retrovirus-like Particles in Cell-free Conditions and Enhances DNA Transfection[END_REF], and lacks pre-existing human immunity [START_REF] Hastie | Understanding and altering cell tropism of vesicular stomatitis virus[END_REF]. The non-replicative -RV developed was used in clinical trial to treat deficiency X-linked severe combined immunodeficiency (SCID-X) caused by a deficiency of Interleukin 2 receptor resulting in immunodeficiency in patient. Although ex vivo GT was successful for restoring immunity in patient, 25% of them develop leukemia caused by -RV transactivation of pro-oncogene [START_REF] Fischer | 20 years of gene therapy for SCID[END_REF][START_REF] Ferrari | Le système CRISPR-Cas a été divisé en deux classes : la classe 1 est composée des types I, III et V qui utilisent plusieurs protéines Cas pour cliver l'ADN étranger tandis que la classe 2 comprend les types II, V et VI qui utilisent une seule protéine Cas pour les cassures double brin (DSB). Le système CRISPR-Cas le plus répandu est un système de classe II, la nucléase Cas9 de Streptococcus pyogenes (SpCas9). La nucléase Cas9 est composée de 2 domaines nucléasiques : HNH et RuVC capables de cliver le brin ciblé de l'ARN et le brin complémentaire pour induire un cassure double brin[END_REF]. Even with limitations, clinical trials continue with -RV (NCT01129544) and the first -RV treatment Strimvelis for adenosine deaminase deficiency severe combined immunodeficiency (ADA-SCID) was approved by Food and Drug Administration (FDA) in 2016 (NCT04959890).

Nonetheless, this unwanted event leads to the development of self-inactivated (SIN) vectors in which the natural retrovirus promoter U3 has been deleted in both 5' and 3' LTR to prevent pro-oncogene transactivation (Figure 7) [START_REF] Sinn | Gene Therapy Progress and Prospects: Development of improved lentiviral and retroviral vectors -design, biosafety, and production[END_REF][START_REF] Hacein-Bey-Abina | A Modified γ-Retrovirus Vector for X-Linked Severe Combined Immunodeficiency[END_REF]. The removing of U3 structure requires the use of exogenous promoter that must be added before transgene sequence.

Moreover, LVV appears to be less genotoxic than -RV, therefore LVV are preferentially used now in ex vivo GT (G. Ferrari et al., 2021).

Figure 7) LV and -RV SIN construction containing inactive U3 promoter, Psi sequence, exogenous promoter and therapeutic transgene used for GT (G. Ferrari et al., 2021) Figure 8) SIN-LVV and -RV production in HEK293T cells adapted from [START_REF] Martínez-Molina | Large-Scale Production of Lentiviral Vectors: Current Perspectives and Challenges[END_REF].

different plasmids (A, B & C) are co-transfected in HEK-293T cell line. After cell expansion,

supernatant is filtrated, concentrated, and titrated.

The production of SIN-RV is based on the co-transfection, in a producer cell line HEK293-T, of 4 plasmids: 1 plasmid encoding gag and pol genes, 1 plasmid encoding the reverse transcriptase (rev gene), 1 plasmid encoding the envelope protein, 1 plasmid encoding the transgene of interest under control of an exogenous promoter. Upon viral production, the supernatant is filtrated, concentrated, and titrated (Figure 8). Although the process of viral production is the same for LVV and -RV, the isoforms of gag and pol as well as LTR sequences differ [START_REF] Martínez-Molina | Large-Scale Production of Lentiviral Vectors: Current Perspectives and Challenges[END_REF]. The SIN-LV transduction and integration can be improved in CD34+ HSCs by using chemical drugs as Cyclosporine A, H, prostaglandine-2, protamine sulfate or LentiBoost [START_REF] Naldini | Genetic engineering of hematopoiesis: current stage of clinical translation and future perspectives[END_REF][START_REF] Jang | Optimizing lentiviral vector transduction of hematopoietic stem cells for gene therapy[END_REF].

The ex vivo GT results in a stable and safe long-term hematopoietic engraftment able to reconstitute the complete blood system while producing the therapeutic protein for a wide range of disorder as hemoglobinopathies (described in Introduction Part II) and metabolic defects (described in Introduction Part III) [START_REF] Naldini | Genetic engineering of hematopoiesis: current stage of clinical translation and future perspectives[END_REF][START_REF] Ferrari | Le système CRISPR-Cas a été divisé en deux classes : la classe 1 est composée des types I, III et V qui utilisent plusieurs protéines Cas pour cliver l'ADN étranger tandis que la classe 2 comprend les types II, V et VI qui utilisent une seule protéine Cas pour les cassures double brin (DSB). Le système CRISPR-Cas le plus répandu est un système de classe II, la nucléase Cas9 de Streptococcus pyogenes (SpCas9). La nucléase Cas9 est composée de 2 domaines nucléasiques : HNH et RuVC capables de cliver le brin ciblé de l'ARN et le brin complémentaire pour induire un cassure double brin[END_REF].

GENE EDITING OF HSCS FOR MONOGENIC DISORDERS

Precise modification of genome in order to insert a specific DNA sequence takes different forms overtime. It started in 1980 and relied on DNA microinjection into cell nuclei to integrate the gene into the locus of interest upon homologous recombination or in a random site. Unfortunately, such strategy was very inefficient and was mostly used to generate mouse embryonic stem cells containing desired mutation(s) or gene insertion to create a murine model to study gene function or a particular phenotype [START_REF] Capecchi | Gene targeting in mice: functional analysis of the mammalian genome for the twenty-first century[END_REF]. Nowadays, genome editing using nuclease is the holy gray in GT as it allows to perform precise modification of the patient underlying mutation(s) or efficient targeted integration of functional gene into specific locus. Editing of the genome requires 2 sequential events : nuclease cleavage at the locus of interest and precise DNA reparation to introduce the desired modification. In this attempt, three generations of programmable nucleases (ZFNs, TALENs, and CRISPR-Cas system) have been developed and are now evaluated in clinical trials [START_REF] Shamshirgaran | Tools for Efficient Genome Editing; ZFN, TALEN, and CRISPR[END_REF]. vivo [START_REF] Li | In vivo genome editing restores haemostasis in a mouse model of haemophilia[END_REF][START_REF] Ou | ZFN-Mediated In Vivo Genome Editing Corrects Murine Hurler Syndrome[END_REF], and has been developed as ex vivo GT for genetic blood disorders (Sickle cells disease and -thalassemia, Mullard, 2020).

TALEN

TALENs are based on a similar strategy that ZFN : tandem of DNA-binding protein and FokI nuclease except that DNA-binding occurs via Transcription activator-like effector (TALE) from bacterium

Xanthamonas causing plant disease [START_REF] Becker | TALE and TALEN genome editing technologies[END_REF]. Each TALE differs on 2 amino acid residues called Repeat Di-residues (RVD) able to recognize a single nucleotide and the array of TALE allows to construct a DNA recognition protein. The dimerization of TALEN on the targeted DNA sequences results in DSB via FokI nuclease [START_REF] Shamshirgaran | Tools for Efficient Genome Editing; ZFN, TALEN, and CRISPR[END_REF] TALEN technology has been used in a clinical trial for immunotherapy against cancer [START_REF] Mullard | Gene-editing pipeline takes off[END_REF]. Although TALEN offers higher DNA binding specify in an easier way to design, the system suffers from the same limitation than ZNF technology namely the difficulty to design. (adapted from [START_REF] Doudna | The new frontier of genome engineering with CRISPR-Cas9[END_REF] sequence) complementary to the DNA target site and the 3' sequence contains CRISPR repeat sequences able to base pair with the 5' sequence of tracrRNA. Therefore, tracrRNA:crRNA duplex forms a guide RNA structure able to recognize DNA sequence, spacer, and recruit the Cas9 enzyme, via the 3' tracrRNA scaffold , to perform DSBs at the target site [START_REF] Jiang | CRISPR-Cas9 Structures and Mechanisms[END_REF]. Currently, a fused guide RNA (gRNA) was engineered with 5' RNA complementary sequence for DNA target site (20 nucleotides spacer) and a Cas9-RNA binding structure in 3' (Figure 11.B). For cutting the intended DNA, the Cas9/gRNA complex needs to find the 20 nts sequence complementary to the g-RNA, flanked to its 5' by a short 3 nts, proto-spacer-adjacent motif (PAM) sequences, which is fixed and depends on the specific Cas used, for SpCas9 the NGG motif (N = A, T, C, or G). Once the DNA target sequence is recognized, the Cas9 nuclease induces a blunt-end DSB 3bps upstream of PAM sequence (Figure 11.A) [START_REF] Doudna | The new frontier of genome engineering with CRISPR-Cas9[END_REF][START_REF] Liu | The CRISPR-Cas toolbox and gene editing technologies[END_REF]. CRISPR-Cas9 system can be employed with a gRNA or multiplex gRNA to target multiple locus or to induce large DNA deletion.

DNA repair

Upon DSB, 3 main pathways of DNA repair can take place (Figure 12) :

Non-homologous end joining (NHEJ) is an error prone pathway resulting in insertion and/or deletion (indels) of few nts at the cleavage site. It could result in a reading frame shift or a premature stop codon insertion that disrupt the normal gene function and is mainly used to knock-out (KO) genes.

Figure 12) The 3 way of DNA reparation upon DSB adaptated from [START_REF] Yanik | Development of a Reporter System to Explore MMEJ in the Context of Replacing Large Genomic Fragments[END_REF]. NHEJ : Nonhomologous end joining, HDR : Homology-directed repair, MMEJ : Microhomology-mediated end joining.

Homology-directed repair (HDR) aims at targeted insertion of sequence of interest or correct a specific gene via homologous recombination. In fact, HDR relies on a template DNA containing large homology arm (HA) surrounded cleavage site to precisely insert a DNA sequence. Upon CRISPR-cas9 editing, single-stranded oligodeoxynucleotides (ssODNs) or double-strand DNA, delivered via viral vectors, non-viral vectors, or transfection methods, can be used as template DNA in the targeted genomic locus.

Microhomology-mediated end joining (MMEJ) results also into DNA sequence integration or correction, but required minimal HA (5-25bps) around the cutting site and results in indels generation at the targeted site [START_REF] Yanik | Development of a Reporter System to Explore MMEJ in the Context of Replacing Large Genomic Fragments[END_REF].

The mechanism of cells reparation upon DSB depends on the cell cycle phase that is composed of 4 phases : the S phase corresponding to the DNA replication phase, Mitosis (M) phase leading to cells division and 2 interphases : G1 & G2 (Figure 13). NHEJ is mainly active during interphase, while HDR is preferentially used during S and G2 phases explaining the low HDR events in non-dividing cells such as HSCs. Finally, the MMEJ reparation mechanism is involved during G1 and S phases (Figure 13) [START_REF] Taleei | Biochemical DSB-repair model for mammalian cells in G1 and early S phases of the cell cycle[END_REF].

CRISPR-Cas 9 technology has a wide range of application from disruption of gene to study its function or insertion of DNA sequence into the break site via HDR or MMEJ reparation. The last one represent one of the promising approach to treat monogenetic disorder (S. Ferrari et al., 2021).

Figure 13) Mechanisms of DNA reparation depends on the cell cycle (adapted from [START_REF] Taleei | Biochemical DSB-repair model for mammalian cells in G1 and early S phases of the cell cycle[END_REF]. S : DNA replication phase, M : Mitosis, G1 & G2 : interphase

Targeted integration

To treat monogenic disorder, a functional copy of the mutated gene can be targeted either into its natural locus under the control of its physiological promoter (Figure 14.A) or under the control of a superactive promoter (Figure 14.B) or into a tolerant to integration locus (Figure 14.C) (Pavani and Amendola, 2020). All together, these strategies aim to produce strong and efficient therapeutic proteins at a physiological or supraphysiological level to correct the monogenic disorder.

Developing such strategies in ex vivo GT requires both efficient editing in the targeting locus and delivery of DNA template into HSCs nucleus. The most adopted method for ex vivo editing consists of electroporation of Cas9 and gRNA Ribonucleoprotein (RNP) complex that results in efficient editing with a reasonable cytotoxicity in HSCs [START_REF] Lattanzi | Optimization of CRISPR/Cas9 Delivery to Human Hematopoietic Stem and Progenitor Cells for Therapeutic Genomic Rearrangements[END_REF]. Polymer-based nanoparticles have recently emerged as new delivery system for nuclease in HSCs resulting a lower toxicity and a better LT-HSCs reconstruction [START_REF] El-Kharrag | Efficient polymer nanoparticle-mediated delivery of gene editing reagents into human hematopoietic stem and progenitor cells[END_REF]. The DNA template delivery methods upon DSBs are based on 2 approaches : Viral or non-viral and mostly rely on HDR-based integration [START_REF] Drysdale | Hematopoietic Stem Cell-Targeted Gene-Addition and Gene-Editing Strategies for β-hemoglobinopathies[END_REF]. depending on serotypes without cause any disorder [START_REF] Wang | Adeno-associated virus vector as a platform for gene therapy delivery[END_REF][START_REF] Meier | The Interplay between Adeno-Associated Virus and Its Helper Viruses[END_REF]. The cell infection with AAV depends on recognition of glycosylated cell surface receptor that result in virus endocytosis. Cytoskeletal system traffics viral endosome through nucleus to deliver viral genome (Figure 15A). Upon AAV infection, viral genome can integrate in AAV integration site 1 (AAVS1) locus due to homology of ITR and Rep gene for this locus [START_REF] Wang | Adeno-associated virus vector as a platform for gene therapy delivery[END_REF]. To be used as vectors of gene therapy, AAVs have been engineered to avoid viral replication by removing from their genome replicative and capsids genes. Only ITRs sequences have been conserved as they are mandatory for viral production and transgene expression (Figure 15.B) [START_REF] Li | Engineering adeno-associated virus vectors for gene therapy[END_REF]. There are 2 types of recombinant AAVs (rAAV) : single stranded AAV (ssAAV) and self-complementary AAV (scAAV). The ssAAV are transcriptionally inactive and must be converted to dsDNA in the nucleus to be transcribed. Whereas scAAVs are designed to be dsDNA and can be directly transcribed. ITR sequences result in circularization of rAAV that can persist into the nucleus. The removal of rep gene decreases the genome integration of AAVs in AAVS1 [START_REF] Wang | Adeno-associated virus vector as a platform for gene therapy delivery[END_REF]. In ex vivo GT, AAV6 capsid provides the highest tropism for HSCs and has been employed to target insertion of gene of interest.

To assure efficient HDR, AAV6 has been designed to encode transgene of interest with long homology arms ( 300-800bps) for the targeted locus [START_REF] Azhagiri | Homology-directed gene-editing approaches for hematopoietic stem and progenitor cell gene therapy[END_REF]. The expression of the transgene depends on the promoter (Figure 15). AAV6 HDR-donor has been tested to correct X-SCID [START_REF] Rai | Targeted gene correction of human hematopoietic stem cells for the treatment of Wiskott -Aldrich Syndrome[END_REF] and metabolic defects [START_REF] Gomez-Ospina | Human genome-edited hematopoietic stem cells phenotypically correct Mucopolysaccharidosis type I[END_REF][START_REF] Scharenberg | Engineering monocyte/macrophage-specific glucocerebrosidase expression in human hematopoietic stem cells using genome editing[END_REF].

Nonetheless, AAV6 infection results in cytotoxicity reducing the LT-HSCs repopulation and limiting their employment [START_REF] Romero | Editing the Sickle Cell Disease Mutation in Human Hematopoietic Stem Cells: Comparison of Endonucleases and Homologous Donor Templates[END_REF]. Besides, AAV ITRs remain the most integrated sequence into the targeted locus in HSCs and are transcriptionally active suggesting possible gene transactivation around integration site [START_REF] Ferrari | Choice of template delivery mitigates the genotoxic risk and adverse impact of editing in human hematopoietic stem cells[END_REF]. Therefore, other safer delivery templates are currently under investigation among them IdLV vector.

IdLVs are integrase defective lentiviral vector due to mutations disrupting reverse transcriptase enzymatic activity or interaction with key cellular cofactors [START_REF] Qamar Saeed | Comparison Between Several Integrase-defective Lentiviral Vectors Reveals Increased Integration of an HIV Vector Bearing a D167H Mutant[END_REF] and have been developed initially to avoid insertional mutagenesis [START_REF] Banasik | Integrase-defective lentiviral vectors: progress and applications[END_REF][START_REF] Azhagiri | Homology-directed gene-editing approaches for hematopoietic stem and progenitor cell gene therapy[END_REF].

The IdLV generation and production are similar of LV in the exception that for the production the pol plasmid encoding the mutated integrase must be used [START_REF] Vijayraghavan | A Protocol for the Production of Integrase-deficient Lentiviral Vectors for CRISPR/Cas9-mediated Gene Knockout in Dividing Cells[END_REF]. IdLVs are used in HDR strategy due to cargo potential up to ~ 10kbs. Romero et al., 2019 compares IdLV and AAV6 donor templates after ZNF or CRISPR-Cas9 editing on sickle cell disease (SCD) and shown that IdLV is less cytotoxicity with a limited HDR efficiency compared to AAV6. Besides, improvement of IdLV transduction has been shown to enhance HDR frequency in LT-HSCs with less genotoxicity compared to AAV vector [START_REF] Ferrari | Choice of template delivery mitigates the genotoxic risk and adverse impact of editing in human hematopoietic stem cells[END_REF]. Thus, AAV or IdLV HDR-method could integrate concatemer of full or partial viral transgene into the CRISPR-Cas 9 DSBs affecting the safety of the strategy [START_REF] Hanlon | High levels of AAV vector integration into CRISPR-induced DNA breaks[END_REF][START_REF] Wang | Integration-defective lentiviral vector mediates efficient gene editing through homology-directed repair in human embryonic stem cells[END_REF] and, therefore, required better safety assessment and development of alternative technology.

Non-viral HDR based method

One of the non-viral HDR based method relies on ssODN delivery into the desired locus. ssODN is a short oligo ( 200 nts) flanked by two homology arms (HA) of 30-60 nts allowing insertion into the locus of interest. ssODNR-HDR based method is easier to design and implement and results in efficient HDR in HSCs but it is limited by its small DNA size that can correct only precise mutated portion of gene [START_REF] Azhagiri | Homology-directed gene-editing approaches for hematopoietic stem and progenitor cell gene therapy[END_REF]. Plasmid based method has been also used to provide DNA template upon nuclease cleavage. For instance, the homology-independent targeted integration (HITI) using NHEJ reparation machinery. In the strategy, plasmid encoding transgene of interest is flanked with the same gRNA sequences that is used to delete the gene targeted. Upon nuclease, both the genomic DNA and plasmid are cleaved generating DNA deletion in the locus of interest that could be repaired via NHEJ machinery using plasmid as template. With this method, the orientation of the transgene is mediated with gRNA direction [START_REF] Suzuki | In vivo genome editing via CRISPR/Cas9 mediated homology-independent targeted integration[END_REF]. The HITI strategy has been recently employed in murine HSCs and result in a rescue of X-SCID phenotype [START_REF] Byambaa | Non-viral ex vivo genome-editing in mouse bona fide hematopoietic stem cells with CRISPR/Cas9[END_REF] offering a non-viral based method to deliver a full functional gene. More recently, CRISPR-HITI has been adapted for AAVs in vivo delivery in retina and liver. It requires co-delivery of an AAV encoding spCas9 and an AAV coding the cassette of interest flanked by two gRNA targets similar to the one targeting the genomic DNA for in vivo linearization. Upon cutting, NHEJ reparation induces stop codon on the endogenous gene and the precise integration of the start codon and transgene results in expression of the inserted sequence [START_REF] Tornabene | Therapeutic homology-independent targeted integration in retina and liver[END_REF]. A similar strategy, precise integration into target chromosome (PITCH), has been employed using MMEJ reparation machinery in which the plasmid contains gene of interest surrounded with small homology arms for the targeted locus. The system has been used in vitro into human and animal cells [START_REF] Nakade | Microhomology-mediated end-joining-dependent integration of donor DNA in cells and animals using TALENs and CRISPR/Cas9[END_REF][START_REF] Sakuma | Homologous Recombination-Independent Large Gene Cassette Knock-in in CHO Cells Using TALEN and MMEJ-Directed Donor Plasmids[END_REF] and in vivo in Fah-/-mice to integrate Fah donor sequence into its natural locus [START_REF] Yao | CRISPR/Cas9 -Mediated Precise Targeted Integration In Vivo Using a Double Cut Donor with Short Homology Arms[END_REF].

CRISPR drawbacks

An important drawback of CRISPR-cas9 system is the off-target editing than can occur out of the locus of interest. In fact, gRNA can tolerate few mismatch and therefore can target non-desired DNA sequence affecting its expression [START_REF] Cullot | CRISPR-Cas9 genome editing induces megabase-scale chromosomal truncations[END_REF][START_REF] Kosicki | Repair of double-strand breaks induced by CRISPR-Cas9 leads to large deletions and complex rearrangements[END_REF]. Nowadays, online software such as CRISPOR used for gRNA selection provides prediction of potential off-target sites [START_REF] Concordet | CRISPOR: intuitive guide selection for CRISPR/Cas9 genome editing experiments and screens[END_REF]. Off-target editing could be evaluated in vitro using Digenome-seq or SITE-seq technique: purified genomic DNA is CRISPR/Cas9 cleaved with gRNA of interest. After cutting, a library of fragmented sequences is next generation sequenced and aligned with a reference genome.

The identification of off-target sequence(s) is based on the detection of Indels into the fragmented DNA compared to the genome of reference [START_REF] Atkins | Off-Target Analysis in Gene Editing and Applications for Clinical Translation of CRISPR/Cas9 in HIV-1 Therapy[END_REF].

The in cellulo identification of off-target site is based on capturing of either ds-ODN (GUIDE-seq [START_REF] Tsai | GUIDE-seq enables genome-wide profiling of offtarget cleavage by CRISPR-Cas nucleases[END_REF] or IdLV into the DSB sites induced by the nucleases [START_REF] Gabriel | An unbiased genome-wide analysis of zinc-finger nuclease specificity[END_REF][START_REF] Wang | Unbiased detection of off-target cleavage by CRISPR-Cas9 and TALENs using integrasedefective lentiviral vectors[END_REF]. Then, the site(s) of integration are amplified and sequenced with next-generation sequencing (Figure 16) [START_REF] Tasan | Targeting Specificity of the CRISPR/Cas9 System[END_REF]. The sequencing data are mapped on the human genome to identify the locus of insertion thus the off-target nuclease site(s) [START_REF] Gabriel | An unbiased genome-wide analysis of zinc-finger nuclease specificity[END_REF][START_REF] Wang | Unbiased detection of off-target cleavage by CRISPR-Cas9 and TALENs using integrasedefective lentiviral vectors[END_REF]. In order minimize off-target events and maximize the on-target edition, new Cas9 orthologes have been studied with different PAM recognition sequences such as Cas 12 (type V CRISPR-cas) or

Cas13 (Type VI) (Cebrian-Serrano and Davies, 2017; [START_REF] Gasiunas | A catalogue of biochemically diverse CRISPR-Cas9 orthologs[END_REF] and High Fidelity (HiFI) Cas 9 was also engineered [START_REF] Vakulskas | A high-fidelity Cas9 mutant delivered as a ribonucleoprotein complex enables efficient gene editing in human haematopoietic stem and progenitor cells[END_REF].

CRISPR-Cas9 editing has been reported to induce on-target chromosomal re-organization as large deletion, loss of allele heterozygosity, chromothripsis or chromosome loss which could result in cancer development and therefore require careful evaluation [START_REF] Cullot | CRISPR-Cas9 genome editing induces megabase-scale chromosomal truncations[END_REF][START_REF] Wen | CRISPR-Cas9 gene editing induced complex on-target outcomes in human cells[END_REF].

In addition, DSBs result in the activation of p53-mediated DNA damage response (DDR) that induces cell growth arrest and the apoptosis of edited cells. AAV-mediated delivery of DNA template triggers a cumulative effect of p53 activation in HSCs and results in a decrease of cell proliferation and engraftment efficiency [START_REF] Schiroli | Precise Gene Editing Preserves Hematopoietic Stem Cell Function following Transient p53-Mediated DNA Damage Response[END_REF]. Temporary inhibition of P53 was reported to increase the percentage of editing [START_REF] Haapaniemi | CRISPR-Cas9 genome editing induces a p53-mediated DNA damage response[END_REF] and HDR-mediated DSB repair. Finally, preexisting humoral response with anti-Cas9 antibodies was found in human serum as well as anti-Cas9

T cells in human donor blood limiting the in-vivo delivery of CRISPR-Cas9 system [START_REF] Charlesworth | Identification of preexisting adaptive immunity to Cas9 proteins in humans[END_REF][START_REF] Wagner | High prevalence of Streptococcus pyogenes Cas9-reactive T cells within the adult human population[END_REF].

Alternative to CRISPR-Cas9 systems

The inactivation of one of the two active domains of Cas9 nuclease results in nickase Cas9 (nCas9):

D10A that cleaves the targeted DNA strand or H840A cleaving the gRNA complementary DNA sequence. nCas9 gives raise to base (BE) and prime editor (PE) technologies to precisely edit gene of interest without inducing DSB. Also, nCas9 offers the advantage to reduce indels at off-targets and chromosomal rearrangement [START_REF] Cullot | CRISPR-Cas9 genome editing induces megabase-scale chromosomal truncations[END_REF].

BE consists of nCas9 fusion with either deaminase such as Cytosine base editor (CBE) changing C:G to T:A and Adenine base editor (ABE) editing A:T to G:C (Figure 17.A) [START_REF] Uddin | CRISPR Gene Therapy: Applications, Limitations, and Implications for the Future[END_REF]. PE instead consists of nCas9 fused with a reverse transcriptase complex with a prime editing guide (peg) RNA.

The pegRNA is a template for insertion of the desired modification via reverse transcription (RT). It is composed of primer binding site to initiate the RT and a template containing the desired edit. The reverse transcriptase synthetizes complementary DNA from template containing the desired modification on the targeted site. Upon RT, the 5' flip DNA containing the non-desired mutation is cleaved during DNA reparation (Figure 17.B) [START_REF] Uddin | CRISPR Gene Therapy: Applications, Limitations, and Implications for the Future[END_REF]. Contrary to BE that modify a single base, PE could tolerate insertion up to 44 bp of desired genetic modification [START_REF] Anzalone | Search-and-replace genome editing without double-strand breaks or donor DNA[END_REF]. Whereas the inactivation of the 2 nuclease domains of Cas9 results in dead Cas9 (dCas9) able to bind DNA on a targeted locus without inducing cleavage. dCas9 can be fused to different enzymes such as transcriptional repressor (CRISPR interference) or activator (CRISPR activator), methylase, demethylase in order to regulate gene expression by altering transcription or chromatin context [START_REF] Kanafi | Overview of advances in CRISPR/deadCas9 technology and its applications in human diseases[END_REF].

HEMOGLOBINOPATHIES

ERYTHROCYTES

From HSCs to erythrocytes

Erythrocytes are a major blood component involved in the oxygen transport via their tetrameric protein : hemoglobin (Hb). In human, RBCs circulate in bloodstream with a lifespan of 120 days and everyday  200 billons of RBCs are produced from HSCs differentiation called erythropoiesis [START_REF] Hattangadi | From stem cell to red cell: regulation of erythropoiesis at multiple levels by multiple proteins, RNAs, and chromatin modifications[END_REF][START_REF] Caulier | Molecular and cellular mechanisms that regulate human erythropoiesis[END_REF].

The different steps of erythropoiesis are represented in the Figure 18. In brief, this 14-days differentiation results in massive Hb production, nucleus condensation and enucleation in reticulocytes. The early phase of differentiation occurs in the BM niches and result in erythroidcommitted progenitors. While the late phase of differentiation takes place in erythroblastic island in BM composed of macrophages able to phagocyte nuclei from erythroid-precursors enucleation (Figure 18) [START_REF] Dzierzak | Erythropoiesis: Development and Differentiation[END_REF][START_REF] Caulier | Molecular and cellular mechanisms that regulate human erythropoiesis[END_REF]. Erythropoiesis requires cytokines to control and activate downstream regulatory pathways among them : IL-3 is involved in the proliferation of early erythroid-committed progenitors, SCF to enhance the proliferation and survival of BFU-Es and CFU-Es and the kidney-derived cytokine erythropoietin (EPO) to promote the expansion of mature precursors from CFU-E to orthochromatic reticuloblast [START_REF] Hattangadi | From stem cell to red cell: regulation of erythropoiesis at multiple levels by multiple proteins, RNAs, and chromatin modifications[END_REF][START_REF] Caulier | Molecular and cellular mechanisms that regulate human erythropoiesis[END_REF]. The final maturation into erythrocytes occurs into the blood circulation.

Along with differentiation, cell surface markers change and allow to follow erythroid-cell population by flow cytometry and to enrich for a population of interest [START_REF] Caulier | Molecular and cellular mechanisms that regulate human erythropoiesis[END_REF][START_REF] Munley | Adrenergic Modulation of Erythropoiesis After Trauma[END_REF] .

Hemoglobin

The oxygen-carrier protein hemoglobin in adults is composed of 2 pairs of globin-like chains :  associated with -like chains either  or  or -chains. Each globin chain contains a heme acting as a cofactor. In embryo, erythroid cells from the yolk sac produce embryonic Hb composed of the pre- chains :  and -like chains :  or -chains (Figure 19.A). At 12 week of gestation, fetal hemoglobin (HbF) composed of -and -globin chains (22) is expressed from erythroid cells located in spleen and liver. After birth, the adult Hb (HbA) is predominant (95%) and is composed of 2 -chains coupled with 2 -chains (22), while the HbF decreases to reach only 1% of total Hb 6-month after birth (Figure 19. A) [START_REF] Cantú | Flicking the switch: adult hemoglobin expression in erythroid cells derived from cord blood and human induced pluripotent stem cells[END_REF][START_REF] Clarke | Laboratory Investigation of Hemoglobinopathies and Thalassemias: Review and Update[END_REF][START_REF] Dzierzak | Erythropoiesis: Development and Differentiation[END_REF]. Heme is synthetized during erythroid differentiation from proerythroblast following 8 enzymatic reactions. It consists of a porphyrin ring with iron atom Fe2+ able to bind 1 oxygen (O2) molecule (Figure 19.B). HbA contains 4 heme and therefore carries 4 molecules of O2 [START_REF] Ahmed | Hemoglobin: Structure, Function and Allostery[END_REF][START_REF] Dailey | Erythroid Heme Biosynthesis and Its Disorders[END_REF][START_REF] Pittman | Oxygen Transport, Regulation of Tissue Oxygenation[END_REF] to be delivered into organs and tissues. Also, heme regulates the transcription of different genes upon cis Heme Responsive Elements (HRE) binding or to modulate its own production or others erythroid specific proteins [START_REF] Chiabrando | Heme and erythropoieis: more than a structural role[END_REF].

Globin expression

The -globin gene are located in the chromosome 16, while -globin like genes are found in a cluster on the chromosome 11. Diploid cells encode for 4 -globin genes and 2 -globin genes. The 
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The LCR forms a regulatory loop able to interact with -globin chains via a pentametric structure composed of 2 transcriptional activators : GATA1 and E2A, a transcription co-factor : TAL-1, a transcriptional regulator element : LMO2 and loop formation and stabilization protein : LDB1 (Figure 20) [START_REF] Brandt | Regulation of LMO2 mRNA and protein expression in erythroid differentiation[END_REF][START_REF] Kim | Chromatin Loop Formation in the β-Globin Locus and Its Role in Globin Gene Transcription[END_REF][START_REF] Katsumura | Transcriptional Mechanisms Underlying Hemoglobin Synthesis[END_REF]. GATA1 is a master regulator of Hb subunit expression and heme biosynthesis and is involved in megakaryocytes, eosinophils, and mast cells maturation. The GATA1 recognition DNA motif consists of (A/T)GATA(A/G) sequence present in the cis-regulatory elements of globin promoter. Upon LCR binding, GATA1 recruits the RNA polymerase II to initiate transcription [START_REF] Katsumura | Transcriptional Mechanisms Underlying Hemoglobin Synthesis[END_REF]. The formation of a pentameric complex composed of the transcriptional co-regulator B cell lymphoma/leukemia 11A (BCL11A) and ZBTB7A (called also LRF), a transcriptional factor, on the globin locus prevents -globin expression and is responsible of the switch from fetal to adult HbA (Figure 21). In fact, BCL11A and ZBTB7A transcriptional factors bind -globin promoter and recruit the chromatin remodeling complex NuRD that condensate chromatin and block the -globin expression [START_REF] Cavazzana | Gene Therapy for β-Hemoglobinopathies[END_REF][START_REF] Caulier | Molecular and cellular mechanisms that regulate human erythropoiesis[END_REF]. Natural mutation(s) in the -globin promoter removes the -globin repression and results in a persistent expression of HbF described as hereditary persistence of fetal hemoglobin (HPFH) [START_REF] Cavazzana | Gene Therapy for β-Hemoglobinopathies[END_REF][START_REF] Caulier | Molecular and cellular mechanisms that regulate human erythropoiesis[END_REF].

HEMOGLOBINOPATHIES

The 2 main -hemoglobinopathies are sickle cells disease (SCD) and -thalassemia, both of them result in patient anemia and represent each year 400 000 affected births [START_REF] Frati | Genome Editing for β-Hemoglobinopathies: Advances and Challenges[END_REF].

Sickle cell disease

The SCD is caused by a A-to-T point mutation in the -globin gene resulting in a E6V amino acid substitution in -globin chains ( S ) forming Hemoglobin S (HbS). SCD is mainly found in sub-Saharan Africa, the Mediterranean basin, the Middle East, and India due to the malaria protective effect of the HbS. Migration flux increases the spread of the disorder in the world.

In deoxygenated condition, HbS polymerizes since in  S chain the residue V6 can connect the phenylalanine and leucine residues in positions 85 and 88 of adjacent HbS [START_REF] Cavazzana | Gene Therapy for β-Hemoglobinopathies[END_REF].

This polymerization damages erythrocytes by forming an inflexible sickle RBCs. As consequence, sickled RBCs cause hemolytic anemia and vaso-occlusion that result in ischemic damage to tissues triggering pain and organs failure such as acute chest syndrome. Overtime, chronic complications can occur as vasculopathy (pulmonary hypertension, cerebral vascular disease …) or progressive organs dysfunction (liver damage, renal failure …).

The severity of SCD depends on the polymerization of HbS that correlate with the amount of Hb in RBCs. Patient suffering from SCD could have different hemoglobin traits improving their phenotype as α-thalassemia traits or as expression of HbF caused by HPFH due to mutation in -globin promoter. In α-thalassemia, 1 or 2 copies out of the 4 α-globin genes are deleted decreasing αglobin production and thus Hb formation. The reduction of Hb in SCD patient presenting αthalassemia traits could decrease HbS polymerization and severity of the disorder and increase patient survival [START_REF] Belisário | Coinheritance of α-Thalassemia Decreases the Risk of Cerebrovascular Disease in a Cohort of Children with Sickle Cell Anemia[END_REF][START_REF] Rumaney | The Co-Inheritance of Alpha-Thalassemia and Sickle Cell Anemia Is Associated with Better Hematological Indices and Lower Consultations Rate in Cameroonian Patients and Could Improve Their Survival[END_REF][START_REF] Piel | Sickle Cell Disease[END_REF]. Moreover, the production of HbF caused by disruption of BCL11A or ZBTB7A -globin repression reduces also HbS polymerization.

In fact, -globin chains can form hybrid Hb (Figure 22) : (α2γβ S ) that can polymerize less efficiently with HbS due to the glutamine at position of 87 of -globin chains which is less favorable of lateral contact with Valine 6 of β S -chains [START_REF] Eaton | Treating sickle cell disease by targeting HbS polymerization[END_REF].

Figure 22) Representation of the HbS, HbF and hybride HBF/HbS structure, (from [START_REF] Eaton | Treating sickle cell disease by targeting HbS polymerization[END_REF].

Figure 23) Genetic and nongenetic factors influencing the severity of SCD (from [START_REF] Piel | Sickle Cell Disease[END_REF]. The severity of the phenotype depends on the levels of HbF and the number copy of α-globin gene and could also be influenced by non-genetic conditions as the humidity, the altitude and the infections Others environmental factors have been described to influence HbS polymerization such as climatic and meteorologic factors, air quality and infectious disease (Figure 23). Current treatments consist of hydroxyurea that relies on increase HbF and prevents patient from acute pain and chest syndrome, on penicillin prophylaxis in children, and on blood transfusion. Allogenic HSCT represents a curative option SCD patient. In fact, 20% of donor granulocyte chimerism is sufficient to produce 100% of normal RBCs thus correct the SCD phenotype [START_REF] Drysdale | Hematopoietic Stem Cell-Targeted Gene-Addition and Gene-Editing Strategies for β-hemoglobinopathies[END_REF]. Nevertheless, HSCT suffers from severe limitations such as the availability of suitable donors and remains quite expensive especially for lower-income countries.

-thalassemia

-thalassemia results in a wide range of mutations in the -globin genes from single point mutation to large deletions affecting 1,5% of worldwide population. Mutation in -globin genes triggers a decrease of -globin production thus amount HbA. As for SCD, the -thalassemia are mainly found in from Africa to south Europe and middle East toward Southeast Asia. The severity of the phenotype relies on the underlying mutation:  + indicates a mild mutation(s) with a relative decrease of -globin chains expression;  0 corresponds to a severe mutation(s) resulting in complete abrogation of globin chains synthesis. Absence of -globin chains causes α-globin chains precipitation in erythroid precursors and erythrocytes which are associated with impairs erythropoiesis and hemolysis [START_REF] Cavazzana | Gene Therapy for β-Hemoglobinopathies[END_REF][START_REF] Taher | β-Thalassemias[END_REF].

3 forms of disease have been described :

--thalassemia minor, an asymptomatic form, resulting from heterozygous mutation(s) of the -globin gene that is associated with no hematologic impairment (-thalassemia silent carriers).

--thalassemia intermediate results in mild anemia and symptoms that occurs later in life and As consequence of impaired Hb, -thalassemic patients suffer from hypercoagulability, anemia, primary iron overload that result in complications such as thrombosis, hepatomegaly, liver fibrosis (Figure 24). The ineffective erythropoiesis induced by -thalassemia results in blockage in the erythroid differentiation in polychromatic erythroblasts and in erythroid precursors death [START_REF] Taher | Comme la SCD, deux conditions peuvent réduire la quantité de chaînes d'α-globine libres : l'α-thalassémie qui diminuent la gravité de la maladie causée par la précipitation des chaînes d'α-globine et l'expression des HbF qui remplacent la -globine et réduisent le déséquilibre entre les chaînes d'α-et -globines et améliorent le phénotype[END_REF].

In SCD, two condition can reduce the amount of free α-globin chains : i) α-thalassemia trait, which decreases the severity of the disease caused by α-globin chains precipitation; ii) expression of globin chains which replaces the -globin and reduces the imbalance between α-globin chains and -globin chains and ameliorates the phenotype [START_REF] Taher | β-Thalassemias[END_REF][START_REF] Magrin | Lentiviral and genome-editing strategies for the treatment of β-hemoglobinopathies[END_REF][START_REF] Magrin | [END_REF]. The management of the disorder not only relies on blood transfusion but also on iron chelation and splenectomy. The treatment of transfusion-dependent -thalassemia relies on drug administration as luspatercept therapy and on allogenic HSCs transplantation. Luspatercept therapy consists of injection of a recombinant protein able to increase the erythroid maturation, but it required frequent injections and long-term efficiency is still under evaluation. Allogenic HSCT results in 90% of disease free-survival in children transfusion dependent, but are limited by availability of suitable donors and its cost [START_REF] Taher | β-Thalassemias[END_REF].

In order to offer a curative treatment for both SCD and -thalassemia, ex vivo GT approaches have been developed and mainly focus on the insertion of a functional -globin gene or enhancement the HbF synthesis.

EX VIVO GENE THERAPY FOR HEMOGLOBINOPATHIES

Lentiviral-based gene therapy

Insertion of a functional copy of healthy -globin gene (HBB) in patient's HSCs offers the opportunity to produce heathy -globin chains correcting the HbS precipitation in SCD and adjusting the normal HbA synthesis in -thalassemia. Long-term HBB insertion takes advantage of SIN-LVV transduction to deliver therapeutic transgene into HSCs [START_REF] Cavazzana | Gene Therapy for β-Hemoglobinopathies[END_REF][START_REF] Drysdale | Hematopoietic Stem Cell-Targeted Gene-Addition and Gene-Editing Strategies for β-hemoglobinopathies[END_REF].

Overtime, several constructions have been tested in clinical trials (described in https://clinicaltrials.gov/) to maximize the -globin chains production while reducing LVV insertional mutagenesis (Figure 25).

In 2007, a HPV569 LVV construction encoding a modified HBB gene with anti-sickling property induced by T87Q substitution in -globin chains has been tested in clinical trial in France for thalassemia. The T87Q-globin gene was inserted under control of 3 LCR HS site from -globin promoter (HS2, HS3, HS4, Clinical trial : LG001 phase 1/2) using chicken -globin HS4 chromatin insulator (cHS4) to reduce the neighboring gene transactivation upon genome integration. The thalassemic patient becomes transfusion independent 1 years after GT, but insertion analysis reveals a clonal dominance of integration in high mobility group AT hook 2 (HMGA2) gene (Cavazzana-Calvo (adapted from [START_REF] Cavazzana | Gene Therapy for β-Hemoglobinopathies[END_REF][START_REF] Drysdale | Hematopoietic Stem Cell-Targeted Gene-Addition and Gene-Editing Strategies for β-hemoglobinopathies[END_REF]Drysdale et al., ) et al., 2010)). In 2013, a France (NCT02151526) and international (NCT01745120) clinical trials started for both -thalassemia and SCD with SIN-LVV BB305 encoding T87Q-globin. The BB305 vector developed contains 5'LTR cytomegalovirus promoter and the cHS4 was removed due to its low viral production and transduction efficiency as well as its ability to induce vector rearrangement [START_REF] Cavazzana | Gene Therapy for β-Hemoglobinopathies[END_REF][START_REF] Drysdale | Hematopoietic Stem Cell-Targeted Gene-Addition and Gene-Editing Strategies for β-hemoglobinopathies[END_REF]. The GT in -thalassemic patient results in reduction or abrogation of blood transfusion without development of integration clonal dominance [START_REF] Thompson | Gene Therapy in Patients with Transfusion-Dependent β-Thalassemia[END_REF]. In SCD patient treated in the French clinical trial an increase of Hb 15 months after GT has been described but with a modest clinical benefit [START_REF] Ribeil | Gene Therapy in a Patient with Sickle Cell Disease[END_REF]. Improvement on the CD34+ mobilization by using Plerixafor alone instead of BM harvest and myeloablation with Busulfan provide better outcome in SCD patient with an absence of blood transfusion and severe SCD complications [START_REF] Kanter | Resolution of Sickle Cell Disease Manifestations in Patients Treated with Lentiglobin Gene Therapy: Updated Results from the Phase 1/2 Hgb-206 Group C Study[END_REF]. SIN-LV BB305 are now under evaluation in a phase 3 clinical trials for SCD open for younger pediatric patient (NCT04293185) [START_REF] Drysdale | Hematopoietic Stem Cell-Targeted Gene-Addition and Gene-Editing Strategies for β-hemoglobinopathies[END_REF].

In 2015, GLOBE SIN-LV clinical trial (NC702453477) started in Italy with vector encoding WT HBB under control of -globin promoter and only 2 LCR HSs from -globin promoter (HS2 and HS3) [START_REF] Miccio | In vivo selection of genetically modified erythroblastic progenitors leads to long-term correction of β-thalassemia[END_REF]. In the GT trial, patients undergo treosulfan and thiotepa myeloablation conditioning and corrected CD34+ were injected directly in the BM cavity. Pediatric patients undergo successful HSC engraftment with a stable vector integration and become transfusion independent after GT [START_REF] Marktel | Intrabone hematopoietic stem cell gene therapy for adult and pediatric patients affected by transfusiondependent ß-thalassemia[END_REF].

In order to reach a curative level of hemoglobin in SCD, a -globin chain able to overcompete the affinity for α-globin chain of the  S -globin chain is required [START_REF] Levasseur | A Recombinant Human Hemoglobin with Anti-sickling Properties Greater than Fetal Hemoglobin*[END_REF]. Therefore, alternative therapeutic transgenes have been proposed as the -globin transgene (NCT02186418) or anti-sickling -globin (AS3) transgene containing 3-point mutations leading to T87Q, E22A and G16D substitutions (NCT02247843) that have higher affinity for α-globin that  S -globin as consequent inhibit HbS formation. The two LVs strategies show successful engraftment and therapeutic benefice for patient. Consequently, HBB addition with LVV transduction of patient HSCs provides a clear therapeutic benefit for SCD and -thalassemia patients.

Gene editing-based gene therapy

Alternative HSCs corrections have been proposed based on gene editing to enhance HbF production or correction of the underlying -globin mutation. ratio [START_REF] Uchida | Preclinical evaluation for engraftment of CD34+ cells gene-edited at the sickle cell disease locus in xenograft mouse and non-human primate models[END_REF][START_REF] Uchida | Preclinical Evaluation for Engraftment of Gene-Edited CD34+ Cells with a Sickle Cell Disease Mutation in a Rhesus Transplantation Model[END_REF]. HDR-based therapy has been evaluated for -thalassemia in patientderived iPSCs and concentrated on disease-causing point mutation [START_REF] Frati | Genome Editing for β-Hemoglobinopathies: Advances and Challenges[END_REF].

Strategies to restore -globin expression :

Both for SCD and -thalassemia, the expression of HbF ameliorates the disease phenotype. To restore the synthesis of -globin, CRISPR and ZNF based technologies have been designed to delete the GATA1 binding site of BCL11A erythroid specific-enhancer thus disrupting its expression. In fact,

BCL11A is a repressor of -globin synthesis, therefore blocking the expression of BCL11A by disrupting its GATA1 transcription factor binding site will restore the expression of -globin in erythroid cells. The CRISPR-based therapy gives rise to 2 clinical trials for SCD (NCT03745287) and -thalassemia (NCT03655678) started in 2018. One year after treatment, the patients treated show successful engraftment of modified CD34+ with a high level of editing (80 % and 60%, respectively).

Both patient produce HbF and become transfusion independent with a elimination of vaso-occlusion events for SCD patient [START_REF] Frangoul | CRISPR-Cas9 Gene Editing for Sickle Cell Disease and β-Thalassemia[END_REF].

In 2018, a clinical trial with ZNF-based strategy (NCT03432364) started for -thalassemia. All 5 patients undergo successful autologous transplantation of edited CD34+ that result in on-target indel generating a BCL11A KO, disrupting BCL11A expression in any blood cells and increasing HbF synthesis in erythroid population. Nonetheless after 1 to 2 years of GT, the level of HbF drop down by 64% requiring blood transfusion resumption [START_REF] Smith | Preliminary Results of a Phase 1/2 Clinical Study of Zinc Finger Nuclease-Mediated Editing of BCL11A in Autologous Hematopoietic Stem Cells for Transfusion-Dependent Beta Thalassemia[END_REF][START_REF] Walters | Updated Results of a Phase 1/2 Clinical Study of Zinc Finger Nuclease-Mediated Editing of BCL11A in Autologous Hematopoietic Stem Cells for Transfusion-Dependent Beta Thalassemia[END_REF].

Both CRISPR-Cas9 and ZNF nuclease induce DSB that remains quite toxic for cells and could result in chromosomal rearrangement. Moreover, off-target editing could be also observed with CRISPR-cas9 systems that is a major concern for -hemoglobinopathies gene editing due to strong sequence homology among -like globin locus. Therefore, base editing strategy for -hemoglobinopathies are now under investigation to precisely modified a desired sites without inducing DSB [START_REF] Antoniou | Base and Prime Editing Technologies for Blood Disorders[END_REF][START_REF] Frati | Genome Editing for β-Hemoglobinopathies: Advances and Challenges[END_REF].

Base editing can be applied to reactivate the HbF by generating HPFH mutations or by disrupting erythroid-specific enhancer of BCL11A. Different point mutations have been tested to mimic HPFH modifications at position : -115 & -114, -198, or -175 of the -globin promoter 1/2 using optimized ABE and lead to respectively 20%, 50% and 58% of modifications able to restore a strong -globin expression. Moreover, precise edition of GATA1 binding site in BCL11A enhancer using ABE to convert 2 A>G sites leads to strong editing (90%) and restores HbF up to 32% in erythroid differentiated SCD HSCs improving erythropoiesis in -thalassemic patient [START_REF] Antoniou | Base and Prime Editing Technologies for Blood Disorders[END_REF].

Base editors to correct the SCD mutation :

Base editor has been proposed as a new strategy to correct the underlying mutation in SCD. The current A>T mutation cannot be corrected with BE in SCD. Nonetheless, ABE can be applied to generate a Makassar allele (HbG) described to be non-pathologic by converting GTG codon to GCG triplet coding for Alanine. New engineering ABE nuclease was able to correct 45 to 80% of SCD allele in SCD HSCs and produced 52 to 72% of HbG in erythroid differentiated cells rescuing the SCD phenotype [START_REF] Brendel | Current and future gene therapies for hemoglobinopathies[END_REF][START_REF] Antoniou | Base and Prime Editing Technologies for Blood Disorders[END_REF].

Base editor represents a promising therapeutic approach for SCD but some challenges remain as BE delivery and possible off-target activity. Prime editing could offer another therapeutic benefit since it manages to correct the SCD mutation in HEK293T cells [START_REF] Anzalone | Search-and-replace genome editing without double-strand breaks or donor DNA[END_REF].

LYSOSOMAL STORAGE DISORDER AND GENE THERAPY

ROLE OF LIVER AND INBORN ERROR OF METABOLISM

The liver

The liver is one of the largest human organs with a weight around 1,4 kg in adults and is divided in 2 functional units called lobules. The liver plays a central role to maintain body homeostasis via the synthesis, the degradation, and the metabolism of a wide range of complex molecules. Basically, liver is able to convert the nutrients absorbed from gut into useable substances for the body. It manages the storage of these substances and their release upon body request. Liver is also the organ of detoxification as is able to degrade toxic compounds in harmless substances that can be, further later, eliminated. The liver synthetizes the bile that is delivered in the digestive tract via the bile duct aiming to digest lipids. Liver plays a role in the coagulation as it produces factors of clotting and in the degradation of old RBCs. In fact, the liver is responsible of 85% of synthesis of the circulating protein volume [START_REF] Trefts | The liver[END_REF].

Liver is composed of different cell types as hepatocytes, sinusoidal endothelial cells, stellate cells (storage of vitamin A), and macrophages as Kupffer cells. Hepatocytes are primary epithelial cells involved in the metabolic activity of the liver (Figure 27). The sinusoidal endothelial cells are located between blood circulation and hepatocytes and form pores to allow the exchanges of proteins and particles between plasma and liver cells. Meanwhile, macrophages eliminate pathogens, endotoxins and contribute to the clearance of cellular debris via their phagocytosis ability [START_REF] Trefts | The liver[END_REF].

Each liver lobule is composed of 3 zones, the blood circulation in liver is driven be a sinusoid network in which the oxygen-rich blood from the hepatic artery is mixed with nutrient-rich blood from portal circulation Then blood progress through the 3 zones to reach the central vein, during blood flowing oxygen is absorbed and the hepatocytes process with the different metabolism activities (Figure 27).

In fact, Zone 1 is involved in oxidative metabolism : gluconeogenesis, bile formation, and cholesterol formation while the zone 3 plays a role in detoxification, lipogenesis and glycogen synthesis [START_REF] Kalra | Physiology, Liver[END_REF]. The metabolic activity of hepatocytes differs in function of the lobules zones and is tightly regulated by the gene expression activation. hormones as testosterone or estrogen. Cholesterol and phospholipid are essential components of membranes within the cell. Cholesterol could also be synthetized in liver by the enzyme : HMG-CoA reductase from Acetyl-coA ,a metabolite of glycolysis [START_REF] Nguyen | Liver lipid metabolism[END_REF][START_REF] Chandel | Lipid Metabolism[END_REF].

Mainly, lipids are coming from the digestion and are transported in circulation by 4 types of lipoproteins (Figure 29), all of them differing by their level of protein, phospholipid, cholesterol and triglyceride or by their functions [START_REF] Callahan | Lipid Transport, Storage, and Utilization[END_REF]. Finally, high density lipoprotein (HDL) is produced by peripheral tissues when cholesterol is in excess and corresponds to reverse cholesterol transporter require to transport excess of cholesterol into the liver. Macrophages play a central role in this HDL formation and maturation. Thus, HDL delivered in the liver serves to bile formation or are released into bile [START_REF] Feingold | Introduction to Lipids and Lipoproteins[END_REF][START_REF] Callahan | Lipid Transport, Storage, and Utilization[END_REF].

Inborn error of metabolisms

Inborn error of metabolisms (IEMs) is caused by genetic defect on a metabolic pathway resulting in an impairment on metabolic function disrupting homeostasis. IME was first described in 1909 by Sir

Garrod, but it was not until the discovery in 1948 by Beadle and Tatum that biochemical systems are regulated by specific genes and that metabolic dysfunctions were associated with genetic mutations in the corresponding gene. Nowadays, around 1000 IEMs have been described with a cumulation incidence around 1/800. IEMs are classified based on the group of enzyme defectives, the accumulated toxic substrates or affected organelles. Therefore, IEMs are heterogenous groups of disease including amino acid disorders, fatty acid oxidation diseases, mitochondrial dysfunctions, lipid storage diseases and lysosomal storage disorders (LSD). The genetic defect can be caused by point mutations, deletions, insertions, or chromosomal rearrangements that lead to either a loss of active enzyme, or transporter or co-factor triggering dysfunction on the metabolic pathway or toxic accumulation of metabolites. Disease burden depends on the residual enzymatic activity and clinical manifestation may start from birth to adulthood. Therefore, the diagnosis relies on genetic tests and enzymatic assays that are available as newborn screening or prenatal diagnosis. Management of IEMs includes specific diet, enzyme replacement therapy (ERT), substrate inhibition or even organs transplantation [START_REF] Mak | Inborn errors of metabolism and expanded newborn screening: review and update[END_REF][START_REF] Ezgu | Chapter Seven -Inborn Errors of Metabolism[END_REF].

LYSOSOMAL STORAGE DISORDERS

Lysosome

Lysosomes are intracellular acidic organelles (pH 4.5-5.5) playing a central role in cellular homeostasis performing complex molecule degradation and cell signaling. Lysosomes are composed of a single phospholipid membrane including membrane proteins, transporters, and ion channels. Among them, transporters as lysosome-associated membrane protein 2 (LAMP2) allow the transport of substrates from cytoplasm to lysosome; ion channels as mucolipin 1 (MCOLN1) fine-tune the ion concentration in lysosomes; the lysosomal nutrient-sensing machinery (LYNUS) is responsible for the sensing of nutrient environment within lysosome (Figure 31). The mobility of lysosomes in the cytoplasm is mediated via microtubules that interact with the lysosome-associated membrane protein 1 (LAMP1)

and their acidification is driven by a ATP proton pump (V-type H + ATPase) [START_REF] Platt | Lysosomal storage diseases[END_REF][START_REF] Lawrence | The lysosome as a cellular centre for signalling, metabolism and quality control[END_REF]. The lysosomal lumen contains around 100 lysosomal proteins, mainly hydrolases that are activated in acidic environment and able to degrade lipids, nucleic acids, proteins, and carbohydrates. Lysosomes degrade products from endocytosis, phagocytosis, or autophagy of 

Lysosomal storage disorders

LSD are subfamily of IEMs, that cause around 70 monogenic diseases mainly autosomal recessive or X-linked inherited. LSDs are the result of mutation(s) in gene encoding lysosomal proteins (nucleases, lipases, glucosidases …) or membrane transporters that generate accumulation of toxic substrates (lipids, proteins, carbohydrates) impairing the normal function of the lysosome. Due to its role in complex molecules degradation, the liver is often affected by LSDs even if the severity of the impairment depends on the deficient gene product. Macrophages (Knupfer cells in liver or microglia cells in the central nervous system (CNS)) play also a central role in clearance of cells debris and impaired metabolic products resulting in a dysfunction on this immune population in LSD that can trigger inflammation and worsen disease progression [START_REF] Parenti | The rapidly evolving view of lysosomal storage diseases[END_REF][START_REF] Platt | Lysosomal storage diseases[END_REF][START_REF] Ezgu | Chapter Seven -Inborn Errors of Metabolism[END_REF]. Overall, the incidence of LSD is around 1:5000 live births, but taking individually the monogenic disorders incidence are rare : 1:50000 -1:250 000 live births. Although the LSD prevalence increases in some ethnicities due to founder effect [START_REF] Platt | Lysosomal storage disorders: The cellular impact of lysosomal dysfunction[END_REF][START_REF] Platt | Lysosomal storage diseases[END_REF]. The most common LSDs are represented in the table 1.

LSDs are heterogenous disorders, but common clinical phenotypes have been described in LSD patients as hepatomegaly and splenomegaly. Other phenotypes can be observed according to the nature of toxic accumulation as cardiac involvement in Pompe disease or CNS dysfunction in Hurler syndrome or metachromatic leukodystrophy. The severity of the disease depends mainly on the mutation(s) that cause either an early onset of the disease in pediatric patients (severe form) or a late onset in young people or adults (mild to asymptomatic form) [START_REF] Platt | Lysosomal storage diseases[END_REF][START_REF] Ezgu | Chapter Seven -Inborn Errors of Metabolism[END_REF]. In LSD [START_REF] Platt | Lysosomal storage diseases[END_REF] caused by deficiency of hydrolase (Table 1), the severity of the disease corresponds with the residual enzymatic activity.

Disorders (gene) Deficient enzyme

Compound accumulated

Main affected tissues CNS involvement

Sphingolipidoses

The diagnosis of LSD is based on clinical symptoms, on determination of toxic compound accumulation as measure of glycosaminoglycans in the urine for Mucopolysaccharidoses (MSP). The final diagnosis consists in enzymatic activity assays in peripheral blood mononuclear cells (PBMCs)

and single gene sequencing [START_REF] Parenti | The rapidly evolving view of lysosomal storage diseases[END_REF][START_REF] Platt | Lysosomal storage diseases[END_REF]. Nonetheless, diagnosis of lateonset form remains delayed due to the non-specific clinical symptoms which are weakness or abnormal movement or ataxia or mild muscular impairment for Pompe disease [START_REF] Platt | Lysosomal storage diseases[END_REF].

Alternative approaches have been tested to better understand the LSD phenotype such a transcriptomic analysis, genome-wide association studies [START_REF] Parenti | The rapidly evolving view of lysosomal storage diseases[END_REF]. In order to decrease the incidence of LSD, carrier screening to identify couple that carries a mutation(s) for the same metabolic gene could be applied. Also newborn screening would increase the efficiency of the treatment but, it is performed only for disorders that have a suitable treatment [START_REF] Platt | Lysosomal storage diseases[END_REF]. For LSD, there are 5 main therapeutic strategies :

-Enzyme replacement therapy (ERT) is a common treatment for LSD caused by hydrolase deficiency (Table 1) and consists of an intravenous injection of the recombinant missing enzyme aiming to degrade the lysosomal toxic accumulation. In patient, enzyme delivered by bloodstream could be uptake via M6P-R receptor present on the surface of many cell types and targeted to the lysosomes to replace the missing enzymatic function. Nowadays, all diseases presented in the Table 1 have a corresponding ERT. The treatment improves the patient clinical phenotype and increases lifespan but remains quite expensive and required weekly administration throughout the patient's lifetime. ERT is limited by the development of immune response against the recombinant enzyme that can decrease the treatment efficiency and lead to anaphylactic shock. Thus, ERT is also not able to cross the blood brain barrier to correct the neurological impairment and is inaccessible for certain organs as cardiovascular sys-tems or ocular function [START_REF] Platt | Lysosomal storage diseases[END_REF]. In order to improve the targeting or pharmacokinetic of ERT, second generation of enzymes have been build up as glycoengineered GAA for Pompe disease [START_REF] Parenti | The rapidly evolving view of lysosomal storage diseases[END_REF].

HSCT : The principle is similar than ERT instead of enzyme injection, healthy cells will produce the missing protein. Upon HSCT, BM-derived cells from healthy donor can produce functional enzyme that can correct affected tissues via cross-correction. While improving clinically features, the production of missing enzyme upon HSCT remains low and doesn't reach a corrective level for patients. For Hurler syndrome, HSCT remains the standard care treatment as it prevent neurological impairment that cannot be corrected with ERT [START_REF] Nagree | An update on gene therapy for lysosomal storage disorders[END_REF][START_REF] Platt | Lysosomal storage diseases[END_REF].

-Substrate reduction therapy (SRT) consists of the use of chemical molecule to prevent from substrate toxic accumulation. For now, SRT has been approved only for Sphingolipidoses (Hurler syndrome and Niemann-Pick disease) and inhibit the glycosphingolipid biosynthesis.

SRT is easier to employ as its orally administrated and doesn't induce immune response, but patients may undergo adverse effects due to drug metabolization. Thus, SRT requires to well understood the underlying metabolic pathways to find the proper reaction to block. Other SRTs have currently under clinical trials for Fabry disease or MSPIII [START_REF] Platt | Lysosomal storage diseases[END_REF]. For some LSDs as LAL-D, diet management can prevent substrate absorption and therefore its accumulation.

-Liver transplantation : The transplantation of healthy liver from donor could be an alternative option for LSD to reduce the hepatic and peripheric organs burden [START_REF] Liu | The Effects of Liver Transplantation in Children With Niemann-Pick Disease Type B[END_REF]. Nonetheless, due to the multisystemic defect of LSD, liver transplantation doesn't prevent from disease progression and therefore not provide a long-term curative treatment for some LSDs [START_REF] Ramakrishna | Living-Donor Liver Transplantation for Late-Onset Lysosomal Acid Lipase Deficiency[END_REF].

-Ex vivo GT : Correction of patient's HSCs represents an promising approach to treat LSD since they could lead to supraphysiological expression of lysosomal enzyme and cross-correct affected tissues. Modification of patient's HSCs prevent GAVHD and allows to treat patient with no-matched donor. Thus, expression of enzyme by HSC-derived cells should be less immunogenic than ERT [START_REF] Saif | Hematopoietic stem cell transplantation improves the high incidence of neutralizing allo-antibodies observed in Hurler's syndrome after pharmacological enzyme replacement therapy[END_REF].

The development of new therapeutic options can also take advantage of cell-based screening to identify candidate molecules for LSD [START_REF] Parenti | The rapidly evolving view of lysosomal storage diseases[END_REF]. Drug screening in Niemann-Pick type C patient fibroblasts by cell image-based quantification of lysosomes with specific marker as LAMP-1

or toxic accumulated products as cholesterol with Filipin staining resulted in the discovery of new chemical drugs improving the cellular homeostasis [START_REF] Pugach | High-content screen for modifiers of Niemann-Pick type C disease in patient cells[END_REF]. Using such cell-based assay to quantify lysosomes and them content using specific probes has been employed in other LSDs in order to find therapeutic treatments or to follow the disease phenotype [START_REF] Xu | δ-Tocopherol Reduces Lipid Accumulation in Niemann-Pick Type C1 and Wolman Cholesterol Storage Disorders[END_REF]Aguisanda et al., 2017). Cell image-based vesicle quantification can also take advantage of newly developed image flow cytometry (IFC) to further enhance the specificity and the precision of the measurement.

In fact, IFC combines flow cytometry that allows the single cell analysis of fluorescence signal or scatter light from cells in suspensions with microscopy imaging that take a real image of the acquired cells. Finally, the localization and the number of the fluorescence events into acquired cells can be visualized and quantified with IFC algorithm. IFC has been recently employed for macrophage phagocytosis analysis [START_REF] Mochalova | Imaging flow cytometry data analysis using convolutional neural network for quantitative investigation of phagocytosis[END_REF], or extracellular vesicles analysis in human plasma [START_REF] Woud | An imaging flow cytometry-based methodology for the analysis of single extracellular vesicles in unprocessed human plasma[END_REF] paving the way to use IFC as diagnosis or drug discovery pipeline for LSD.

Lysosomal acid lipase (LAL) deficiency

The lysosomal acid lipase (LAL) is an enzyme involved in the degradation of TGs and CEs in the lysosomes in almost all cell types, especially macrophages and hepatocytes. LAL is activated by acidic pH and hydrolyzes CE and TG into free cholesterol (FC) and free fatty acid (FFA) that serve as source of energy by fatty acid oxidation, membrane formation or biosynthesize of cholesterol-derived compounds [START_REF] Li | Lysosomal Acid Lipase in Lipid Metabolism and Beyond[END_REF].

LAL hydrolase is a 399 amino acids prepropeptide. To be active, post-translational glycosylation of LAL enzyme is required. Protein gel electrophoresis of LAL purified results in 2 protein bands at 41 and 56 kilodalton (kda). The 56 kda represents the propeptide with the elimination of the 27 amino acids signal peptide. The signal peptide is cleaved in the lumen of the ER and then LAL traffics through the Golgi apparatus to undergo post-translational modification especially M6P modification that is present in all soluble LAL form. The 41 kda corresponds to the LAL enzyme without it 49 amino acid of propeptide sequence that is cleaved in the lysosomes [START_REF] Ameis | Purification, characterization and molecular cloning of human hepatic lysosomal acid lipase[END_REF][START_REF] Zschenker | Lysosomal Acid Lipase as a Preproprotein[END_REF][START_REF] Braulke | Sorting of lysosomal proteins[END_REF]. As other lysosomal enzyme, LAL could be secreted in small amount and uptake via M6P-R, even if the mechanism of LAL secretion is not clear (Figure 32) [START_REF] Li | Lysosomal Acid Lipase in Lipid Metabolism and Beyond[END_REF]. the sequencing of the underlying mutation(s) [START_REF] Witeck | Lysosomal acid lipase deficiency in pediatric patients: a scoping review[END_REF][START_REF] Vijay | Long-Term Survival With Sebelipase Alfa Enzyme Replacement Therapy in Infants With Rapidly Progressive Lysosomal Acid Lipase Deficiency Final Results From 2 Open-Label Studies[END_REF][START_REF] Li | Lysosomal Acid Lipase in Lipid Metabolism and Beyond[END_REF]. LAL-D patients suffer from hepatomegaly, splenomegaly, and hyperlipidemia without CNS involvement (Table 1). WD patients undergo difficulty to thrive, intestinal malabsorption and adrenal gland calcification, all of them leading to a premature death in first year after birth without treatment.

CESD patients present a milder clinical feature with premature atherosclerosis and cardiac affection that could result in death in childhood or adolescence if not treated [START_REF] Witeck | Lysosomal acid lipase deficiency in pediatric patients: a scoping review[END_REF]. [START_REF] Gomaraschi | Lysosomal Acid Lipase: From Cellular Lipid Handler to Immunometabolic Target[END_REF].

Figure 33) Representation of the LAL function into healthy cells (adapted from

In healthy cells, LDLs delivered into cytoplasm via endocytosis are targeted to the lysosomes and transported CEs and TGs are then hydrolyzed to FC and FFA (Figure 33). The high FCs amount inactivate transcription factors, as sterol regulatory element-binding proteins (SREBPs) that regulates FA and cholesterol synthesis, cholesterol efflux or LDL uptake by controlling the LDL-R expression.

CEs and TGs are stored in lipid droplet (LD) that are degraded by LAL upon autophagy. In adipocytes, FFAs are released in bloodstream or stored as TG while in hepatocytes, TGs are packaged into VLDL to be delivered in all tissues. In immune cells, LAL enzyme plays a central role in cell proliferation and activation due to the energy requirement for those process [START_REF] Gomaraschi | Lysosomal Acid Lipase: From Cellular Lipid Handler to Immunometabolic Target[END_REF][START_REF] Li | Lysosomal Acid Lipase in Lipid Metabolism and Beyond[END_REF]. In hepatocytes, LAL-D results in an increase of VLDL secretion and the decrease of FCs activate SREBP promoting lipid synthesis and blocking cholesterol efflux and HDLs synthesis. In the liver, the lipid accumulation occurs both in hepatocytes and Kupfer cells [START_REF] Gomaraschi | Lysosomal Acid Lipase: From Cellular Lipid Handler to Immunometabolic Target[END_REF]. `

To further understand the LAL mechanism of action, a LAL-deficiency mouse (LAL -/-) model has been generated [START_REF] Du | Targeted disruption of the mouse lysosomal acid lipase gene: long-term survival with massive cholesteryl ester and triglyceride storage[END_REF]. LAL-/-mouse undergoes massive lipid accumulation in liver, spleen, small intestine resulting in hepatomegaly, splenomegaly. The LAL-/-model mimics the CESD phenotype in terms of survival (7-8 months) but the lipid accumulation resembles to the severe form of the disease: WD [START_REF] Du | Targeted disruption of the mouse lysosomal acid lipase gene: long-term survival with massive cholesteryl ester and triglyceride storage[END_REF]. In this model, the decrease of cholesterol efflux and the increase of cholesterol content result in macrophage activation and myeloproliferation with an increased tissue infiltration of myeloid derived suppressor cells (MDSCs) [START_REF] Ding | Critical Role of the mTOR Pathway in Development and Function of Myeloid-Derived Suppressor Cells in lal-/-Mice[END_REF]. Moreover, accumulation of lipids impairs also the T-cell maturation in thymus and spleen leading to decrease of circulating mature T-cells [START_REF] Qu | Critical Roles of Lysosomal Acid Lipase in T Cell Development and Function[END_REF][START_REF] Li | Lysosomal Acid Lipase in Lipid Metabolism and Beyond[END_REF][START_REF] Gomaraschi | Lysosomal Acid Lipase: From Cellular Lipid Handler to Immunometabolic Target[END_REF]. LAL-/-model adapts to lipid homeostasis disruption by promoting the use of glucose as energy source and results in plasma glucose reduction, as well as reduced liver glucose and glycogen [START_REF] Du | Lysosomal acid lipase-deficient mice: depletion of white and brown fat, severe hepatosplenomegaly, and shortened life span 12[END_REF]. Deficiency of LAL causes also respiratory inflammation and modification of alveolar structure [START_REF] Lian | Lysosomal acid lipase deficiency causes respiratory inflammation and destruction in the lung[END_REF].

ERT is the standard care after LAL-D diagnosis and consists of weekly intravenous administration of recombinant LAL enzyme called Sebelipase (Kanuma®, Alexion Pharmaceuticals, Inc.). This noncurative treament improves the lifespan of patients and the clinical features mainly the liver function.

Nonetheless, ERT has be associated with the development of antibodies against the recombinant enzyme in 9% of treated patient, remains very costly and its long-term efficacy is still under evaluation [START_REF] Burton | Sebelipase alfa in children and adults with lysosomal acid lipase deficiency: Final results of the ARISE study[END_REF][START_REF] Vijay | Long-Term Survival With Sebelipase Alfa Enzyme Replacement Therapy in Infants With Rapidly Progressive Lysosomal Acid Lipase Deficiency Final Results From 2 Open-Label Studies[END_REF]. HSCT could be also used for LAL-D and shows normalization of liver function but is associated with high procedure morbidity and is quite limited by the donor suitability or GAVHD [START_REF] Tolar | Long-term metabolic, endocrine, and neuropsychological outcome of hematopoietic cell transplantation for Wolman disease[END_REF][START_REF] Potter | Enzyme replacement therapy and hematopoietic stem cell transplant: a new paradigm of treatment in Wolman disease[END_REF]. Liver transplantation from healthy donor has been also employed in LAL-D patient but it is not sufficient to prevent from disease progression [START_REF] Bernstein | Lysosomal acid lipase deficiency allograft recurrence and liver failure-clinical outcomes of 18 liver transplantation patients[END_REF].

GENE THERAPY FOR LSD

To treat LSD, there are several GT strategies that target either hepatocyte via in vivo GT or HSCs upon ex vivo GT. Both strategies are based on classical gene replacement, addition or correction using LVVs, AAVs, or genome editing. The main advantage of GT for LSD comes from the ability of the produced enzyme by corrected cells to be secreted and uptake via M6P-R to correct even nonmodified cells and cross-correct affected tissues.

LVV-based ex vivo GT was first developed for metachromatic leukodystrophy (MLD) [START_REF] Biffi | Lentiviral Hematopoietic Stem Cell Gene Therapy Benefits Metachromatic Leukodystrophy[END_REF] and is now under clinical trials (Phase 1/2 : NCT01560182, Phase 2 : NCT03392987, Phase 3 : [START_REF] Fumagalli | Lentiviral haematopoietic stem-cell gene therapy for early-onset metachromatic leukodystrophy: long-term results from a non-randomised, open-label, phase 1/2 trial and expanded access[END_REF].

Different ex vivo GT have applied for other LSDs using different promoter to drive the expression of the therapeutic transgene in cell specific population as macrophage or erythroid population or both.

In fact, the Mucopolysaccharidosis Type IIIA, a neurogenerative LSD caused by the deficiency of sulfamidase, was initially treated with a spleen focus forming virus (SFFV) promoter encoding the lysosomal enzyme sulfamidase (SGSH) gene but results in a low correction of the behavior abnormalities compared to standard HSCT in MSPIIIA mouse model [START_REF] Langford-Smith | Hematopoietic stem cell and gene therapy corrects primary neuropathology and behavior in mucopolysaccharidosis IIIA mice[END_REF].

The employment of myeloid-specific CD11b promoter results instead in an efficient correction of the neurological impairment in mouse model and put in light the fundamental aspect of using the proper cell type to treat LSD [START_REF] Ellison | Pre-clinical Safety and Efficacy of Lentiviral Vector-Mediated Ex Vivo Stem Cell Gene Therapy for the Treatment of Mucopolysaccharidosis IIIA[END_REF].

This LVV construction is currently under investigation in phase 1/2 clinical trial (NCT04201405). Ex vivo GT under clinical trials evaluation (Table 2) mainly relies on the expression of therapeutic lysosomal enzyme via specific as myeloid promoter for MSPIIIA or ubiquitous promoter as elongation factor 1α (EF1α) for Fabry disease: NCT02800070, [START_REF] Huang | Lentivector Iterations and Pre-Clinical Scale-Up/Toxicity Testing: Targeting Mobilized CD34+ Cells for Correction of Fabry Disease[END_REF][START_REF] Khan | Lentivirus-mediated gene therapy for Fabry disease[END_REF], PGK for MLD and Mucopolysaccharidosis Type I (Hurler syndrome, deficiency of IDUA) : NCT03488394 [START_REF] Gentner | Hematopoietic Stem-and Progenitor-Cell Gene Therapy for Hurler Syndrome[END_REF]. Meanwhile, other promoters have been tested to maximize the expression and secretion of functional enzyme to cross-correct tissues. Among them, erythroid specific expression of enzyme has been tested for Hurler syndrome, a LSD caused by deficiency of IDUA and affected heart and liver function [START_REF] Wang | Reprogramming erythroid cells for lysosomal enzyme production leads to visceral and CNS cross-correction in mice with Hurler syndrome[END_REF]. Erythroid lineage restricted expression of transgene could decrease the risk of oncogenes activation and results in a strong secretion in bloodstream of the therapeutic enzyme without interfering with the hemoglobin synthesis. Finally, RBCs delivery would reduce the immunological response against the therapeutic enzyme [START_REF] Grimm | Memory of tolerance and induction of regulatory T cells by erythrocyte-targeted antigens[END_REF]. In fact, for hurler expressing GAA results in stable engraftment and GAA expression correcting the cardiac and muscle phenotype [START_REF] Piras | Lentiviral Hematopoietic Stem Cell Gene Therapy Rescues Clinical Phenotypes in a Murine Model of Pompe Disease[END_REF].

Disease

Alternative of blood re-infusion of the LVV corrected HSCs, an intracerebroventricular injection has been evaluated by injecting LV-ARSA CD34+ into immunosuppressed mouse model to replace microglia by overexpression ARSA microglia without required BM transplantation. It results in extensive and quicker repopulation of microglia in brain with more ARSA expressing microglia compared to conventional blood ARSA corrected CD34+ re-infusion [START_REF] Capotondo | Intracerebroventricular delivery of hematopoietic progenitors results in rapid and robust engraftment of microglia-like cells[END_REF].

Intracerebroventricular injection would be helpful for LSD with neurological impairment by increasing the enzyme producing microglia.

THESIS INTRODUCTION AND OBJECTIVES

In ex vivo GT, targeted integration of a functional copy of a mutated gene into a safe harbor locus provides a suitable therapy to treat wide range of monogenic disorder. In this context, we exploited the α-globin locus (HBA) as a safe harbor locus to develop a universal platform for expression and secretion of therapeutic proteins into erythroid cells. In fact, HBA locus expressed high -globin chain (around 1,5g/day) and the loss of 3 out of 4 HBA genes is asymptotic [START_REF] Vichinsky | Clinical Manifestations of α-Thalassemia[END_REF]. Therefore, hijacking the HBA promoter should result in high transgene expression without interfering with the normal Hb formation. LV-correction of HSCs using erythroid promoter demonstrated the ability of erythroid cells to produce -globin chains (described introduction Part 2.2.1) and to support the secretion of functional proteins as clotting factor [START_REF] Chang | Stem cell-derived erythroid cells mediate long-term systemic protein delivery[END_REF] or metabolic enzyme as IDUA for Hurler syndrome (described Introduction part 3.3 , [START_REF] Wang | Reprogramming erythroid cells for lysosomal enzyme production leads to visceral and CNS cross-correction in mice with Hurler syndrome[END_REF]). Due to the abundance of erythroid cells in human (5X10 6 RBCs/microliter of blood) and the high HBA expression in erythroid population, HBA targeted platform would require minimal editing and integration events to maximize the protein production reducing potential off-target and toxicity due to editing and DNA donor delivery.

My two main thesis objectives were i) the evaluation of the therapeutic potency of hijacking the HBA promoter for both -globin chain expression in -thalassemia context and metabolic enzyme secretion for erythroid delivery of the missing protein for metabolic diseases and ii) characterization 2). This approach could be applied as a follow-up pipeline for LAL-D patient or to assess therapeutic effect of viral construction or production slot.

. 

MATERIALS AND METHODS

CLONING AND LENTIVIRAL PRODUCTION

ATGACCCGGCTGACAGTCCTGGCCCTGCTGGCTGG-TCTGCTGGCGTCCTCGAGGGCC

Table 3) The DNA sequences and related genes of signal peptides used for LIPA constructions

The plasmids were analysed by digestion profile using restriction enzymes and by sequencing. To increase the amount of plasmids Maxiprep were performed according to the manufacturing protocol (Nucleobond Xtra Maxi EF, Macherey-nagel). and streptomycin (100U/ml each, LifeTechnologies). StemRegenin-1 and UM 171 were added just prior used. CD34+ were erythroid differentiated for 14 days either with an erythroid specific medium or in semisolid Methocult Medium. The liquid culture erythroid differentiation was initiated using a Stem Span medium (Stemcell technologies) containing 20 ng/mL of hSCF (Miltenyi Biotec), 5 ng/mL of hIL-3 (Miltenyi Biotec), 1ng/mL of EPO (EPEX syringe, Janssen), 2ng/mL of Dexamethasone (Sigma Aldrich), 1ng/mL of β-oestradiol (Sigma Aldrich), and penicillin and streptomycin (100U/ml each, LifeTechnologies). The colony-forming cells (CFC) assay (H4435, StemCell Technologies) was performed by seeded 1000 CD34+ in 3 mL methylcellulose that are further divided in 2 petri dishes.

CELL CULTURE

Then, colonies were count and identified manually according to morphological criteria (BFU-E, CFU-G/GM, and CFU-GEMM).

LENTIVIRAL TRANSDUCTIONS AND VECTOR COPY NUMBERS DETERMINATION

LV transduction in K562

K562 were transduced at a MOI of 10 with LV particles. For the transduction, K562 were spin down at 600g for 5 min, and re-suspended in 400 µL of medium supplemented with polybren (8µg/mL, Sigma Aldrich). The proper volume of vector was added onto cells and the transduction occurs overnight at 37°C 5% CO2. The day after, K562 were washed once in a volume of phosphate-buffered saline (PBS) and re-suspended in the culturing medium. K562 were cultivated for 14 days.

LV transduction in CD34+ HSCs

Prior CD34+ transduction, a 12-well plate were coated with Retronectin (5 µg/well, Takara) at 4°C overnight. CD34+ were transduced 1 days after pre-stimulation at a MOI of 30. CD34+ were washed once with a volume PBS and spin down at 400 g for 5 min. Then, CD34+ were re-suspended in 300 µL of pre-stimulation medium supplemented with 4µg/mL protamine sulfate (Sigma Aldrich) and disposed into retronectin-coated plate. Then the corresponding volume of LV was added and CD34+

were transduced overnight at 37°C 5% C02. The day after, cells were washed once in PBS and resuspended in erythroid medium.

Measurement of vecors copy number (VCNs)

The LV integration was measured by qPCR on DNA. The DNA extraction was performed on 50 000 cells using QuickExtract™ DNA Extraction Solution (Lucigen, Middelton, WI, USA) according to manufacturer's instructions. The extracted DNA was diluted in 1/25 in distilled water (Gibco). The vector quantification was performed on PSI sequence and normalized with Albumin (ALB) sequence (Table 4). The qPCR was performed with 6 µL of qPCR mix and 4µL of diluted DNA. A standard was used to determine the vector copy number of PSI and ALB in function of Ct. 
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Table 5) Primer sequences and quantity (µM) for mix reaction for VCNs qPCR

The qPCR was run a LightCycler device (Roche) with the following protocol:

-Pre-incubation 95°C, 15min -Amplification (45 cycles) : 95°C, 15s ; 60°C, 1min -Cooling 40°C, 30s

The Copy number of Alb and Psi were determined from the standard curve equation. The VCN is calculated by a ratio between

Copy number of PSI Copy of ALB 𝑋 2

LAL TRANSGENE EXPRESSION MEASUREMENT

Western Blot

To detect intracellular proteins, cells were lysed in RIPA buffer (Sigma-Aldrich) supplemented with protease inhibitor (Roche) freezed/thawed twice and centrifuged 10 minutes at 14 000 rcf at 4 °C.

Total protein was quantified using BCA assay (Thermo-Fisher Scientific). Between 10-20 μg of protein or 5-10µL of supernatant were denatured at 90 °C for 10 minutes, run under reducing conditions on a 4-12% Bis-tris gel and transferred to a nitrocellulose membrane using iBlot2 system (Invitrogen).

After Ponceau staining (Invitrogen), membranes were blocked for 2 h with Odyssey blocking buffer (Odyssey Blocking buffer (PBS)) and incubated for 1 h with primary antibodies: mouse anti-hLAL (Thermofisher, 9G7F12, 7G6D7, dilution 1:2000) or mouse anti-HA-tag (Eurogentec, 16B12, dilution 1:1000) followed by specific secondary antibodies in PBS:Blocking buffer respectively: goat antimouse IgG (H+L) at 800CW or donkey anti-mouse IgG (H+L) at 680LT (Li-Cor Biosciences, dilution 1:15 000). β-tubulin (Li-Cor Biosciences, rabbit polyclonal, dilution 1:15 000) was used as loading control and revelled with secondary antibodies in PBS:Blocking buffer : goat anti-rabbit IgG (H+L) at 680CLT (Li-Cor Biosciences, dilution 1:15 000). Blots were imaged at 169 μm with Odyssey imager and analysed with ImageStudio Lite software (Li-Cor Biosciences, Lincoln, NE, USA). After image background subtraction (average method, top/bottom), band intensities were quantified and normalized with β-tubulin signal or with the volume of supernatant.

LAL activity

Protein activity was detected in supernatants as previously described (Aguisanda et al., 2017;[START_REF] Hamilton | A new method for the measurement of lysosomal acid lipase in dried blood spots using the inhibitor Lalistat 2[END_REF] with some modifications. Samples were incubated 10 minutes at 37 °C with 42 μM Lalistat-2 (Sigma-Aldrich), a specific competitive inhibitor of LAL, or with water. Samples were then transferred to a Optiplate 96 F plate (PerkinElmer) where fluorimetric reactions were initiated with 75 μl of substrate buffer (340 μM of 4-Methylumbelliferyl phosphate (4-MUP, Cayman chemicals), 0.9% Triton X-100 (Sigma Aldrich) and 220 μM cardiolipin (Sigma Aldrich) in 135mM acetate buffer pH 4.0). After 10 minutes, fluorescence was recorded (35 cycles, 30 seconds intervals, 37 °C) using SPARK TECAN Reader (Tecan, Austria). Kinetic parameters (average rate, RFU/min) were calculated using Magellan Software and the relative LAL activity was calculated as follow:

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐿𝐴𝐿 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 𝑆𝑖𝑔𝑛𝑎𝑙 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐿𝑎𝑙𝑖𝑠𝑡𝑎𝑡 𝑆𝑖𝑔𝑛𝑎𝑙 𝑤𝑖𝑡ℎ 𝐿𝑎𝑙𝑖𝑠𝑡𝑎𝑡 5.4.3 HA-tag RNA expression with RT-qPCR

RNA extraction & cDNA synthesis

RNA was extracted using RNeasy Micro kit (Qiagen) from 200 000 cells and 40 ng of RNA were reverse transcribed in cDNA using the Transcriptor First Strand cDNA Synthesis Kit (Roche) with oligo(dT) probe. The cDNA was diluted in 1/25 prior qPCR in distilled water (Gibco).

HA-tag qPCR

The SYBR Green (Maxima SYBR GREEN/ Rox qPCR, thermofisher) qPCR mix was prepared with 0.3 µM of primers for GAPDH and HA-taq. Then 4µL of the diluted cDNA were loaded to 6µL of mix qPCR in a 384-well plate. The qPCR was run a LightCycler device (Roche) with the following protocol:

Name of primer Sequences

GAPDH

-Pre-incubation 95°C, 15min -Amplification (40 cycles) : 95°C, 15s ; 60°C, 1min -Cooling 40°C, 30s

The level of HA-tag expression was expressed as 2 -(𝐶𝑡 𝐺𝐴𝑃𝐷𝐻-𝐶𝑡 𝐻𝐴 𝑡𝑎𝑞) .

RESULTS:

The result section is subdivided in 2 main parts :

In the first part, we developed a HDR based genome editing strategy to provide a treatment for thalassemia. In this attempt, we combined deletion of -globin gene (HBA) using CRISPR-Cas9 nuclease to mimic -thalassemia trait and targeted integration of -globin (HBB) cDNA into HBA locus via HDR repair mechanism to achieve robust expression of -globin chains and restore HbA formation. HBA locus was selected as a safe harbour locus due both to its high and erythroid-lineage specific (~1.5 g/day) expression allowing -globin synthesis under physiological condition and its asymptomatic deletion of 3 out the 4 -globin genes in diploid cells. Using this HBA targeting approach, we were able to restore the / imbalance that led to significant HbA formation (described in part 6.1). Then, we applied the CRISPR-based KI platform in HBA locus for erythroid expression and bloodstream secretion of therapeutic proteins (described in part 6.2). In fact, hijacking the HBA promoter to express therapeutic protein in erythroid population provides a universal platform for monogenic disorders that require supplementation of the missing protein with a particular interest for LAL. Due to the abundance of erythroid cells in human (5X10 6 RBCs/microliter of blood) and the high HBA expression in erythroid population, HBA targeted platform would require minimal editing and integration events to maximize the protein production reducing potential off-target and toxicity due to editing and DNA donor delivery.

In the second part, we optimized the LIPA cDNA to further enhance the expression and erythroid secretion of the therapeutic LAL enzyme to reach optimal correction of LAL-D phenotype. In this context, we developed LVVs encoding LIPA cDNA under GLOBE promoter [START_REF] Miccio | In vivo selection of genetically modified erythroblastic progenitors leads to long-term correction of β-thalassemia[END_REF] resulting in erythroid expression and secretion of the LAL enzyme in erythroid differentiated CD34+ populations (described in part 6.3.1). This study would allow us both to establish a curative LV-based ex vivo GT for LAL-D and to develop an optimized LIPA transgene suitable for HBA targeting platform that will minimize further the integration events on HBA locus require to reach therapeutic level therefore the toxicity on CRISPR KI platform. Finally, we developed multimodal cytometry tools using To offer a safer editing strategy without DSBs, we applied RNP composed of Nickase D10A and HBA gRNA. We observed a lower targeting integration in HSCs compared to spCas9 but without indels generation and with a lower toxicity. Nickase is a promising strategy but requires optimisation such as delivery methods or used of other Nickases variants. Finally, the analysis of off-target via GUIDEseq demonstrate the robustness and the safety of strategy as none of them were detected.

We first selected gRNA targeting the non-coding 5' untranslated (UTR) region of HBA locus without affecting erythroid differentiation or hemoglobin synthesis. Then, the efficiency of targeting integration in HBA locus was evaluated upon AAV6 delivery of a promoterless GFP template flanked by HBA HA. Finally, potential off-target sites were investigated via IDLV capture analysis to assure the safety and specificity of our Cas9/gRNA strategy. To evaluate the erythroid-based platform for protein secretion, we performed targeted integration of promoterless therapeutic transgenes in HSCs. We tested the strategy on different disease model as hemophilia B (FIX),

Mucopolysaccharidosis (Iduronidase, IDUA), Fabry disease (-galactosidase, GLA), and Wolman disease (Lysosomal acid lipase, LAL) all of them currently treated with PRT. We then differentiated edited HSC, towards the erythroid lineage for 14 days and monitored enzyme secretion. Finally, the engraftment and multilineage reconstitution potency of edited CD34+ was evaluated in immunocompromised (NSG) mice.

Contribution :

I worked on the in vitro evaluation of FIX, IDUA, GLA, LAL expression and secretion as well as crosscorrection assays in WD fibroblasts. I was also involved in the editing of CD34+ LIPA KI prior NSG transplantation and in the 12-week mice follow up. Then, we also developed a multi-modal cytometry-based approach to better characterize the LAL-D phenotype and offers for patient of follow-up pipeline. With this approach, we were able to better discriminate between WT and WD population based on the lipid accumulation and to assess therapeutic effects of LV insertion of LIPA gene into WD fibroblasts (Described in Result part 6.3.2).

LAL-D : OPTIMIZATION

Optimisation of LIPA transgene

We have optimized LIPA transgenes using LVVs as they are easier and cheaper to implement compared to targeting integration, in addition to offering a curative approach for LAL-D as LV-based correction is already in the clinic for other LSDs. The LV particle designed encodes for LIPA gene under the control of the GLOBE erythroid promoter [START_REF] Miccio | In vivo selection of genetically modified erythroblastic progenitors leads to long-term correction of β-thalassemia[END_REF] to ensure the LAL expression in erythroid-specific cells. Therefore, RBCs would serve as vesicle to deliver therapeutic enzyme in circulation and LAL would take advantage of the cross-correction effect to treat affected tissues. As control of our erythroid-based GT, we will use LV particle encoding LIPA under the control of an ubiquitous promoter already in clinical for LSD : phosphoglycerate kinase promoter (PGK). In order to be able to follow the exogenous LAL, we added an HA-tag cassette into the 3' of the LIPA transgene sequence.

To maximize the secretion of enzyme out of mature erythroid population, we designed LVVs encoding LIPA gene with several signal peptide coming from other secreted enzyme. We restricted the selection of signal peptides based on two papers that optimized GAA transgene secretion for pompe disease [START_REF] Puzzo | Rescue of Pompe disease in mice by AAV-mediated liver delivery of secretable acid α-glucosidase[END_REF] and that engineered Chinese hamster ovary cells for optimal recombinant antibodies secretion [START_REF] Kober | Optimized signal peptides for the development of high expressing CHO cell lines[END_REF]. Therefore, we constructed 7 LVVs encoding LIPA transgenes different signal peptide (SP) sequences : We initially transduced K562 cells with the 7 LVVs encoding LIPA transgenes (Figure 36.A). We achieved efficient LVV integration 7 days after transduction with all the constructions (VCN around 25 copies, Figure 36.B). Upon LVV integration, we observed stable expression of LAL protein for the 7 LIPA constructions on WB. Nonetheless, the amount of LAL expression varies according to the SP used. In fact, SP6, SP7 and SP8 provide the strongest LAL expression in K562 with an increase around The increase of LAL expression leads to an improvement of enzyme secretion in the culturing medium as measured on WB. We observed a good correlation between LAL expression and secretion. Thus, SP6, SP7 and SP8 also provide the strongest LAL secretion while SP10 does not provide any LAL secretion advantage (Figure 36.D). We confirmed that the addition of signal peptide did not impact the activity of LAL enzyme and observed an increase up to 3-fold of LAL activity in supernatant with SP6, SP7 and SP8 (Figure 36.E). The LAL activity remains lower than the expression and secretion that could indicated secretion of the non-active LAL form.

In K562 cells, SP6, SP7 and SP8 contribute to better production and secretion of active LAL compared to WT SP (SP1). To confirm this result, we tested these SPs into human CD34+ HSCs. 

Signal peptide optimization in CD34+ cells

DISCUSSION AND CONCLUSION

This work was focus on the development of a universal erythroid platform for secretion of therapeutic proteins in circulation or expression of -globin chains in RBCs. In particular, I was involved in the assessment of HBA targeting platform for -thalassemia. In fact, our CRISPR-Cas 9 system results in HBA 2 deletion in the HBA locus that could be benefit for -thalassemia as -gene deletion improve the   imbalance and the thalassemic traits [START_REF] Cavazzana | Gene Therapy for β-Hemoglobinopathies[END_REF]. We tested this hypothesis on thalassemic HUDEP-2 (HUDEP-2 0) and observed that mono or biallelic deletion of HBA 2 restore the   imbalance and -precipitation through normal. To further improve the -thalassemic pattern, we targeted -globin AS3 transgene into HBA locus using AAV6 delivery in HUDEP-2 0. The combination of HBA2 deletion and -globin AS3 results in significant HbA formation. We assessed the feasibility and the safety of the strategy on healthy HSCs and observed mainly in 1 copy deletion of HBA2 and 1 copy insertion of -globin AS3 that are efficiently transcript in edited CD34+. Thus, injection of edited CD34+ into lethally irradiated immunocompromised mice lead to successful engraftment and full reconstitution of hematologic population in BM, SP and PB indicating that edited CD34+ cells conserve their multilineages ability.

To assess the therapeutic potential of the strategy in a relevant model, we edited -thalassemic patient HSCs with our CRISPR-Cas9 systems and -globin AS3 transgene and compared the benefit with the current ex vivo GT for -thalassemia : LVV particle encoding -globin AS3 transgene upon GLOBE promoter (NC702453477). In -thalassemic patient HSCs, we achieved efficient editing in HBA locus with 1 copy deletion of HBA2 and 1 copy of -globin AS3 integration. In comparison, LVV results in 1,5 copy of -globin AS3 integration efficiently transcript. Interestingly, the targeting integration in HBA locus results in comparable or better   imbalance than LVV insertion. To further improve the safety of the editing, we tested the Nickase D10A instead spCas9 in RNP to prevent DSB.

In our hand, Nickase provides less efficient KI than spCas9 but improves cell viability. Alternative delivery systems as nanoparticle or used of Nickase variant could ameliorate the KI in HSCs [START_REF] Tran | Precise CRISPR-Cas-mediated gene repair with minimal off-target and unintended on-target mutations in human hematopoietic stem cells[END_REF].

Here, we provide a proof of principle that hijacking the endogenous HBA promoter to produce globin chain results in a significant improvement of -thalassemic trait. Moreover, the deletion of HBA2 could also be interesting for SCD since -thalassemic trait ameliorates the patient phenotype [START_REF] Cavazzana | Gene Therapy for β-Hemoglobinopathies[END_REF]. Thus, the expression of anti-sickling HBB could reduce the HbS polymerization and the progression of the disorder. Another strategy has been developed for SCD based on the replacement of mutated exon using CRISPR-cas9 and AAV6 donor template [START_REF] Dever | CRISPR/Cas9 β-globin gene targeting in human haematopoietic stem cells[END_REF] and tested into humanized globin-cluster SCD mouse of the underlying mutation [START_REF] Wilkinson | Cas9-AAV6 gene correction of beta-globin in autologous HSCs improves sickle cell disease erythropoiesis in mice[END_REF]. KI of the correct exon results in HbA formation normalizing the RBCs feature in SCD mouse blood confirming the therapeutic potential of KI HSCs strategy for hemoglobinopathies. Integration of the corrective -globin gene or sequence under the control of the endogenous erythroid specific promoter provide expression of the -globin chain at a physiological level in the proper and restricted erythroid population. Therefore, gene editing for hemoglobinopathies would provide strong and sufficient -globin chains to fully restore the disease phenotype paving the way of a complete and long-term correction of the disorders. Nonetheless, ex vivo GT for hemoglobinopathies requires myeloablation of patient's BM that remains toxic and HSCs culturing and transplantation that could decrease the HSCs engraftment and treatment efficacy. To overcome these issues, in vivo HSCs transduction has been applied to reactivate -globin expression in a SCD mouse model [START_REF] Li | In Vivo HSC Gene Therapy Using a Bi-modular HDAd5/35++ Vector Cures Sickle Cell Disease in a Mouse Model[END_REF] or introduce a copy of -globin in nonhuman primates using helper-dependent adenovirus (HDAd5/35++) vectors [START_REF] Li | Safe and efficient in vivo hematopoietic stem cell transduction in nonhuman primates using HDAd5/35++ vectors[END_REF]. Both experiments restore HbA formation and fully correct phenotype without inducing genotoxicity [START_REF] Li | Safe and efficient in vivo hematopoietic stem cell transduction in nonhuman primates using HDAd5/35++ vectors[END_REF].

During my thesis, I was also involved in the evaluation of the HBA targeting integration and erythroid expression of clotting factors and lysosomal enzymes. This work provides proof of principle that erythroid secreted enzymes are active and able to cross-correct the metabolic dysfunction of patient fibroblasts. It also confirms that mature erythrocytes are capable of post-translational modification as M6P necessary for enzyme uptake in defective cells. Therefore, erythroid secretion of therapeutic protein appears to be a worthy strategy to treat disorder that requires PRT. As LAL-D is a monogenic disorder without curative treatment, I stress out my thesis journey on the characterization of LAL-D phenotype and on the development of an optimized ex vivo GT for treatment of LAL-D based on the secretion of therapeutic enzyme in bloodstream.

either in WT or LAL-D mice, we will be able to follow in bloodstream the expression of our transgene of interest as well as the cross-correction effect on the metabolic defect. It would allow us to evaluate both the safety of hijacking HBA promoter on the hemoglobin synthesis and the corrective potential of the platform.

Hijacking HBA promoter to express therapeutic transgenes in erythroid lineage represent a universal platform for secretory proteins using a unique gRNA and delivery template. The absence of both an off-target site and an exogenous promoter to prevent gene transactivation make the erythroid based platform safe. Compared to ERT, the HBA platform offers a long-term curative treatment able to constantly deliver missing protein in affected organs allowing a better enzyme perfusion and providing a higher corrective approach. Thus, engineered erythrocytes to deliver therapeutic compound have been described to provide immune tolerance against the secreted enzyme that would decrease the risk of immune reaction against circulative enzyme compared to ERT [START_REF] Grimm | Memory of tolerance and induction of regulatory T cells by erythrocyte-targeted antigens[END_REF][START_REF] Villa | Red blood cells: Supercarriers for drugs, biologicals, and nanoparticles and inspiration for advanced delivery systems[END_REF]. Nonetheless, HBA targeted platform requires myeloablation and BM transplantation that could result in negative outcome in patient. Also, to further evaluate the safety of the strategy, a particular focus needs to be conduct on the impact on the overexpression of transgenes in erythroid precursors and on the -globin deletion on hemoglobin synthesis and oxygen transport to prevent from the possibility of -thalassemia induction. Finally, erythroid secreted enzymes are not able to cross the blood brain barrier limiting the employment of the strategies for disorder with CNS involvement. To overcome this issues, engineered blood brain barrier shuttle peptide could be added on the transgene sequence [START_REF] Zhou | Brain penetrating peptides and peptide-drug conjugates to overcome the blood-brain barrier and target CNS diseases[END_REF].

Due to the unmet medical of curative treatment for LAL-D, I participated in the development of LVVbased ex vivo strategy using LVV encoding LIPA sequences under the control of an erythroid promoter. We aimed to produced LAL enzyme in erythroid mature cells that can be secreted into bloodstream to cross-correct affected tissues and organs. As for the HBA targeted platform, the LVVbased correction would allow constant delivery of missing LAL protein in affected organs allowing a better enzyme perfusion with a lower immune reaction due to the immune tolerance induced by engineered erythrocytes compared to ERT [START_REF] Grimm | Memory of tolerance and induction of regulatory T cells by erythrocyte-targeted antigens[END_REF][START_REF] Villa | Red blood cells: Supercarriers for drugs, biologicals, and nanoparticles and inspiration for advanced delivery systems[END_REF]. Nonetheless, protein expression in erythroid progenitors either in bloodstream or BM must be evaluated in order to assure that transgene expression would not be toxic for progenitors or BM niche microenvironment.

Compared to our CRISPR mediated HBA targeting strategy, LVV-HSCs correction offers the advantage to be already in clinical trials for other LSDs and be easier and cheaper to produce and assess. Thus, the exogenous erythroid promoter supports the production and secretion of LAL enzyme into bloodstream and could be applied for disorder requiring PRT with the limitation that erythroid secreted enzyme cannot cross the blood brain barrier. A limitation that could be overcome by using blood brain barrier shuttle peptide [START_REF] Zhou | Brain penetrating peptides and peptide-drug conjugates to overcome the blood-brain barrier and target CNS diseases[END_REF].

We tested different LIPA constructions encoding 7 different signal peptides to maximize the export of LAL enzyme out of the cells. Then, we codon-optimized the construction with the best signal peptide to further increase LAL expression. We assessed the LIPA transgenes on K562 cells line and human HSCs upon LVV transduction. We achieved efficient gene integration with all constructs in both cell types, whereas HSCs are more difficult to transduce and have a lower VCN than K562. The primary screening in K562 allows us to select 3 LIPA constructions (SP6, SP7 and SP8) providing the optimal enzyme secretion that have been further assessed in human HSCs. In HSCs, the signal peptide 8 coming from plasma protein inhibitor led to the highest LAL secretion (7-fold over WT LIPA sequence) in erythroid differentiated CD34+. Interestingly, the signal peptide seems to slightly increase the LAL expression by 2-3-fold that is confirmed by the mRNA quantification. Moreover, LAL activity signal in supernatant appears higher than the LAL protein that may be explained by the difference of sensitivity of the two assays.

The further codon optimization of SP8 LIPA transgene results in an increase up to 15-fold of LAL expression and secretion compared to WT LIPA for the construction 2 and 3. Nonetheless, the LAL activity in cell lysate is lower than the LAL protein quantification that could indicate that some enzymes were not fully functional/process upon LAL activity assays. Whereas in the supernatant, we observed that the optimized LAL conserves its hydrolytic activity and correlates with LAL protein quantification. The codon optimization 1 doesn't provide any advantage as the protein expression and secretion is similar to the LAL WT. This result highlights the importance of the codon sequence for transgene expression. We evaluated the cross-correction of secreted LAL into WD patient fibroblasts. Although LAL cross-corrects the lipid accumulation we could not see any difference between LAL WT and optimized one due to the low fold change (2-fold) between WT and WD fibroblast preventing from discrimination of LIPA construction. LV-transduction of HSCs are not cytotoxic as count of CFC is similar among untreated cells and transduced one and doesn't affect the multilineage potency of HSCs.

The next step of this project consists of evaluating in vivo the therapeutic potential of erythroid secreted LAL. To this end, we recently obtained from Dr. Kratky a mouse model deficient for LAL enzyme due to deletion of Exon 4 of the LIPA gene. In our experiment, the LAL-/-mouse shown lipid accumulation in liver, intestine and spleen mimicking the WD phenotype. Analysis of blood parameters confirms the modification of immunological parameters with an increase number of granulocytes and monocytes/macrophages and a decrease in lymphoid population (both Lymphocytes T and B) [START_REF] Qu | Critical Roles of Lysosomal Acid Lipase in Myelopoiesis[END_REF][START_REF] Qu | Critical Roles of Lysosomal Acid Lipase in T Cell Development and Function[END_REF]. We plan to evaluate the LV-based ex vivo GT into this LAL-D mouse model. In this purpose, we aim to collect HSCs from WT mice, transduced them with LVV particles and transplanted them back after myeloablation into LAL-/-mice that will consist of lethal irradiation. Neither the toxicity of myeloablation nor its impact on HSCs engraftment and BM niches have been studied on LAL-D mouse and will require further investigation to determine the proper irradiation dose as well as the required number of HSCs to provide successful engraftment and correct the BM environment. Moreover, transplantation of WT HSCs may offer a curative effect on LAL-D mouse that could be over-performed with LV-HSCs. As erythroid promoter is not under evaluation in clinical trials for LSDs, we plan to compare the efficiency of correction using a ubiquitous PGK promoter.

The modification of immunological parameters in blood could be an interesting readout to assess the therapeutic effect on our LV-ex vivo GT but could also limit the efficiency of gene therapy since the micro-environment of BM is impaired in LAL-/-mice [START_REF] Qu | Critical Roles of Lysosomal Acid Lipase in T Cell Development and Function[END_REF][START_REF] Qu | Critical Roles of Lysosomal Acid Lipase in Myelopoiesis[END_REF]. In fact, mice display a dysregulation in BM progenitor differentiation with an increase of HSCs population (Lin-Sca-1+ c-kit+, LSK) and an expansion of myeloid cells especially MDSC population that interferes on T cell development and maturation [START_REF] Qu | Myeloid-Specific Expression of Human Lysosomal Acid Lipase Corrects Malformation and Malfunction of Myeloid-Derived Suppressor Cells in lal-/-Mice[END_REF][START_REF] Qu | Critical Roles of Lysosomal Acid Lipase in Myelopoiesis[END_REF]. The BM environment of LAL-/-mouse has been restored by either Doxycline inducible expression of LAL in myeloid population [START_REF] Qu | Myeloid-Specific Expression of Human Lysosomal Acid Lipase Corrects Malformation and Malfunction of Myeloid-Derived Suppressor Cells in lal-/-Mice[END_REF] or by injection of mammalian target of rapamycin (mTOR) pharmacologic inhibitors [START_REF] Ding | Critical Role of the mTOR Pathway in Development and Function of Myeloid-Derived Suppressor Cells in lal-/-Mice[END_REF].

Both strategies display a decrease of myeloid, MDSCs and granulocyte-monocyte progenitor (GMP) expansion. mTOR injection could be a strategy to enhance our LVV-based GT. Thus, we could also take advantage to the proliferation of LSK population in BM to develop an alternative GT consisting to correct HSCs in vivo using HDAd5/35++ injection [START_REF] Wang | A Combined In Vivo HSC Transduction/Selection Approach Results in Efficient and Stable Gene Expression in Peripheral Blood Cells in Mice[END_REF]. In this strategy, the mHSCs (LSK) are mobilized using G-CSF and transduced by HDAd5/35++ upon direct vector injection in bloodstream. Two Ad5/35++ vectors are required : one containing sleeping beauty transposase system to integrate sequence into host genome and the other the sequence of interest flacking by inverted transposon repeats sequences. This system offers the advantage to get rid from myeloablation, HSCs culturing and transplantation but result in random transgene integration that could lead to transactivation of pro-oncogene [START_REF] Wang | A Combined In Vivo HSC Transduction/Selection Approach Results in Efficient and Stable Gene Expression in Peripheral Blood Cells in Mice[END_REF].

Finally, to evaluate the cross-correction ability of our erythroid secreted LAL, we cultivated primary fibroblasts from 2 WD patients with supernatant of edited or transduced HSCs. Then, we used WD fibroblasts to further characterize the disorder and set up an easy-to-implement analysis pipeline to assess toxic lipid deposits and their correction by gene therapy. Biochemical analysis confirms the loss of LAL protein and activity in both WD donor fibroblasts. We first investigated the lipid accumulation upon Nile Red staining (neutral lipids, NR) and the effect on lysosome using LysoGreen (LG) staining on fluorescent microscopy. The quantification of signal intensity per cells upon NR or

LG staining out  2-fold change between WT and WD fibroblasts. Insertion of a functional copy of LIPA gene upon LVV transduction inverts the toxic lipid accumulation and decreases lysosome signal.

Then, we observed LG stained fibroblasts upon confocal microscopy and the quantification of LG spot demonstrates an increase of the number of lysosomes in WD fibroblasts compared to WT donors that is corrected upon LIPA gene insertion.

In order to increase both the speed of analysis and the number of analyzed cells, we decided to analyze WD fibroblasts using flow cytometry. With NR staining, we obtained 2-fold increase of lipids content as observed under microscope, while the LG signal provides heterogenous result. We hypothesized that the detachment of fibroblasts upon TrypLE treatment may result in a loss of information on lysosome content. Thus, LG stains acidic organelles as lysosome but could also labelled Golgi apparatus or secretory vesicle that may contribute to fluorescence signal [START_REF] Demaurex | pH Homeostasis of cellular organelles[END_REF][START_REF] Marina | Correlating light scattering with internal cellular structures[END_REF]. Flow cytometry provides information on the cell complexity as granularity observed on the SSC. We observe an increase by 2-fold of granularity in WD population compared to healthy one suggesting vesicle accumulation measurable without staining. Gene correction of WD fibroblasts tends to decrease the lipid content and restore the normal morphology of fibroblasts. or LAL-/-PBMCs were lower than in fibroblasts and could be explain by the lower cell surface of hematopoietic cells compared to fibroblasts. The lysosome analysis provide heterogenous signal in suspended fibroblasts but not under microscopy and has been already applied for drug screening [START_REF] Xu | δ-Tocopherol Reduces Lipid Accumulation in Niemann-Pick Type C1 and Wolman Cholesterol Storage Disorders[END_REF]Aguisanda et al., 2017). On this project, we planned to investigate the LAL-D phenotype on WD patient PBMCs in the future. Such cytometry-based pipeline could be employed to better characterize other LSD as Pompe disease and assess the therapeutic potency of gene therapy or the efficiency of viral slot production. Moreover, we could employ other microscopy approaches to investigate and quantify the lipids deposits as Nanolive (https://www.nanolive.ch/) to produce 3-D label-free image of our fibroblasts or holographic microscopy on living cells using quantitative phase imaging to discriminate lipid accumulation from other cytoplasm contents. To go further and confirm the toxic accumulation, we could also use different lipid probes as BODIPY that present a lower background signal and a higher LD specify compared to NR [START_REF] Fam | Recent Advances in Fluorescent Probes for Lipid Droplets[END_REF]. plus faciles à produire [START_REF] Okimoto | VSV-G Envelope Glycoprotein Forms Complexes with Plasmid DNA and MLV Retrovirus-like Particles in Cell-free Conditions and Enhances DNA Transfection[END_REF], et la protéine VSV-G n'a pas d'immunité humaine préexistante [START_REF] Hastie | Understanding and altering cell tropism of vesicular stomatitis virus[END_REF].

COMMUNICATIONS AND PUBLICATIONS

Les -RV non réplicatifs mis au point ont été utilisés dans des essais cliniques pour traiter le déficit immunitaire combiné sévère lié au chromosome X (SCID-X) causé par une déficience du récepteur de l'interleukine 2 entraînant une immunodéficience chez le patient. Bien que les TG ex vivo aient réussi à restaurer l'immunité des patients, 25% d'entre eux développent une leucémie causée par la transactivation du pro-oncogène par le -RV [START_REF] Fischer | 20 years of gene therapy for SCID[END_REF][START_REF] Ferrari | Le système CRISPR-Cas a été divisé en deux classes : la classe 1 est composée des types I, III et V qui utilisent plusieurs protéines Cas pour cliver l'ADN étranger tandis que la classe 2 comprend les types II, V et VI qui utilisent une seule protéine Cas pour les cassures double brin (DSB). Le système CRISPR-Cas le plus répandu est un système de classe II, la nucléase Cas9 de Streptococcus pyogenes (SpCas9). La nucléase Cas9 est composée de 2 domaines nucléasiques : HNH et RuVC capables de cliver le brin ciblé de l'ARN et le brin complémentaire pour induire un cassure double brin[END_REF]. Malgré ces limites, les essais cliniques se poursuivent avec le -RV (NCT01129544) et le premier traitement par -RV, Strimvelis, pour l'immunodéficience combinée sévère par déficit en adénosine désaminase (ADA-SCID) a été approuvé par la Food and Drug Administration (FDA) en 2016 (NCT04959890).

Néanmoins, cet événement indésirable a conduit au développement de vecteurs inactivés dans lesquels le promoteur naturel du rétrovirus a été supprimé pour empêcher la transactivation du prooncogène [START_REF] Sinn | Gene Therapy Progress and Prospects: Development of improved lentiviral and retroviral vectors -design, biosafety, and production[END_REF][START_REF] Hacein-Bey-Abina | A Modified γ-Retrovirus Vector for X-Linked Severe Combined Immunodeficiency[END_REF]. La suppression du promoteur naturel a -La jonction terminale médiée par la microhomologie (MMEJ) aboutit également à l'intégration ou à la correction de la séquence d'ADN en utilisant HA minimal (5-25bps) autour du site de coupe et entraîne la génération d'indels sur le site ciblé [START_REF] Yanik | Development of a Reporter System to Explore MMEJ in the Context of Replacing Large Genomic Fragments[END_REF].

Le mécanisme de réparation des cellules après une double brin dépend des phases du cycle cellulaire qui est composé de 4 phases : la phase S correspondant à la phase de réplication de l'ADN, la phase de mitose (M) conduisant à la division des cellules et 2 interphases : G1 et G2. Le NHEJ est principalement actif pendant l'interphase, tandis que le HDR est préférentiellement utilisé pendant les phases S et G2, ce qui explique le faible nombre d'événements HDR dans les cellules non-divisées telles que les HSCs. Enfin, le mécanisme de réparation MMEJ est impliqué pendant les phases G1 et S [START_REF] Taleei | Biochemical DSB-repair model for mammalian cells in G1 and early S phases of the cell cycle[END_REF].

une inflammation et aggraver la progression de la maladie [START_REF] Parenti | The rapidly evolving view of lysosomal storage diseases[END_REF][START_REF] Platt | Lysosomal storage diseases[END_REF][START_REF] Ezgu | Chapter Seven -Inborn Errors of Metabolism[END_REF]. Globalement, l'incidence des LSDs est d'environ 1:5000 naissances vivantes, mais en prenant individuellement l'incidence des troubles monogéniques sont rares : 1:50000 -1:250 000 naissances vivantes [START_REF] Platt | Lysosomal storage disorders: The cellular impact of lysosomal dysfunction[END_REF][START_REF] Platt | Lysosomal storage diseases[END_REF]. Les LSDs sont des troubles hétérogènes mais des phénotypes cliniques communs ont été décrits chez les patients tel que : hépatomégalie et splénomégalie. La gravité de la maladie dépend principalement de la ou des mutations qui provoquent soit un début précoce de la maladie chez les patients pédiatriques (forme sévère), soit un début tardif chez les jeunes ou les adultes (forme légère à asymptomatique) [START_REF] Platt | Lysosomal storage diseases[END_REF][START_REF] Ezgu | Chapter Seven -Inborn Errors of Metabolism[END_REF]. Dans les LSDs causés par un déficit en hydrolase, la gravité des maladies correspond à l'activité enzymatique résiduelle. Pour le LSD, il existe 2 stratégies thérapeutiques principales :

- -HSCT : Le principe est similaire à celui de l'ERT ; au lieu de l'injection d'enzyme, ce sont des cellules saines de donneur qui vont produire la protéine manquante. En fait, lors d'une HSCT, les cellules dérivées de la moelle osseuse d'un donneur sain peuvent produire une enzyme fonctionnelle qui peut corriger les tissus affectés via une correction croisée. Malgré l'amélioration des caractéristiques cliniques, la production de l'enzyme manquante lors d'une HSCT reste faible et n'atteint pas un niveau correctif pour les patients [START_REF] Nagree | An update on gene therapy for lysosomal storage disorders[END_REF][START_REF] Platt | Lysosomal storage diseases[END_REF].

Le développement de nouvelles options thérapeutiques peut également tirer parti du criblage cellulaire pour identifier les molécules candidates au LSD [START_REF] Parenti | The rapidly evolving view of lysosomal storage diseases[END_REF]. L'utilisation de ce type de test cellulaire pour quantifier les lysosomes et leur contenu à l'aide de sondes spécifiques a été employée dans différentes LSDs afin de trouver des traitements thérapeutiques ou de suivre le phénotype de la maladie (Xu et al., 2012a ;Aguisanda et al., 2017b). La quantification des vésicules basée sur l'image des cellules peut également tirer parti de la cytométrie en flux d'image (IFC) récemment développée pour améliorer encore la spécificité et la précision de la mesure. En effet, l'IFC combine la cytométrie en flux qui permet l'analyse unitaire du signal de fluorescence ou de la diffraction lumineuse des cellules en suspension avec l'imagerie par microscopie qui prend une image réelle des cellules acquises. Enfin, l'algorithme IFC permet de visualiser et de quantifier la localisation et le nombre d'événements de fluorescence dans les cellules acquises. L'IFC a été récemment employée pour l'analyse de la phagocytose des macrophages [START_REF] Mochalova | Imaging flow cytometry data analysis using convolutional neural network for quantitative investigation of phagocytosis[END_REF], ou l'analyse des vésicules extracellulaires dans le plasma humain [START_REF] Woud | An imaging flow cytometry-based methodology for the analysis of single extracellular vesicles in unprocessed human plasma[END_REF] [START_REF] Burton | Sebelipase alfa in children and adults with lysosomal acid lipase deficiency: Final results of the ARISE study[END_REF][START_REF] Vijay | Long-Term Survival With Sebelipase Alfa Enzyme Replacement Therapy in Infants With Rapidly Progressive Lysosomal Acid Lipase Deficiency Final Results From 2 Open-Label Studies[END_REF].

La greffe de cellules souches hématopoïétiques peut également être utilisée pour le LAL-D et montre une normalisation de la fonction hépatique, mais elle est associée à une morbidité élevée et est limitée par l'aptitude du donneur ou la maladie du greffon contre l'hôte [START_REF] Tolar | Long-term metabolic, endocrine, and neuropsychological outcome of hematopoietic cell transplantation for Wolman disease[END_REF][START_REF] Potter | Enzyme replacement therapy and hematopoietic stem cell transplant: a new paradigm of treatment in Wolman disease[END_REF].

Pour traiter les LSDs, il existe plusieurs stratégies de GT qui ciblent soit les hépatocytes par GT in vivo, soit les HSCs par GT ex vivo. Les deux stratégies sont basées sur le remplacement, l'ajout ou la correction classique de gènes à l'aide du LVV, de l'AAV ou de l'édition du génome. Le principal avantage de la TG ex vivo pour le LSD provient de la capacité de l'enzyme produite par les cellules corrigées à être sécrétée et à être absorbée via la reconnaissance du M6P-R pour corriger même les cellules non modifiées.

OBJECTIVES DE THESE ET RESULTATS :

Dans la TG ex vivo, l'intégration ciblée d'une copie fonctionnelle d'un gène muté dans un locus sûr constitue une thérapie appropriée pour traiter un large éventail de troubles monogéniques. Dans ce contexte, nous avons exploité le locus de l'α-globine (HBA) comme un locus sûr pour développer une plateforme universelle pour l'expression et la sécrétion de protéines thérapeutiques dans les cellules érythroïdes. En effet, le locus HBA exprime fortement la chaîne de -globine (environ 1,5g/jour) et la perte de 3 des 4 gènes HBA est asymptotique [START_REF] Vichinsky | Clinical Manifestations of α-Thalassemia[END_REF]. Par conséquent, le détournement du promoteur HBA devrait entraîner une expression élevée du transgène sans interférer avec la formation normale de l'Hémoglobine. La correction LV des HSCs à l'aide du promoteur érythroïde a démontré la capacité des cellules érythroïdes à produire des chaînes de l'globine et à soutenir la sécrétion de protéines fonctionnelles comme le facteur de coagulation [START_REF] Chang | Stem cell-derived erythroid cells mediate long-term systemic protein delivery[END_REF] ou l'enzyme métabolique comme l'IDUA pour le syndrome de Hurler [START_REF] Wang | Reprogramming erythroid cells for lysosomal enzyme production leads to visceral and CNS cross-correction in mice with Hurler syndrome[END_REF]). En raison de l'abondance des cellules érythroïdes chez l'homme (5X10 6 globules rouges/microlitre de sang) et de la forte expression de HBA dans la population érythroïde, la Cette approche pourrait être appliquée comme pipeline de suivi pour les patients atteints de LAL-D ou pour évaluer l'effet thérapeutique de la construction virale ou les lots de production.
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Figure 10 )

 10 Figure 10) A : Representation of the TALEN system (adapted from Shamshirgaran et al., 2022) B : TALE repeat sequences recognize the locus of interest that is cleaved by FokI upon TALEN dimerization. The engineering of RVD domain of TALE results in the recognition of a unique nucleotide (adapted from Becker[START_REF] Becker | TALE and TALEN genome editing technologies[END_REF] 

Figure 11 )

 11 Figure 11) Mechanisms of DSB with CRISPR-cas9 system A : A RNA duplex (crRNA:tacrRNA) complex with Cas9 are able to recognize the sequence of interest via proto-spacer-adjacent motif (PAM) and cleaves the dsDNA. B : The strategy has been simplified using a single guide RNA (gRNA) instead of the RNA duplex

Figure 14 )

 14 Figure14) The different integration strategies and their advantages/disadvantages (adapted fromPavani and Amendola, 2020) 

Figure 15 )

 15 Figure15) A: Representation of AAV infection into eukaryote cells (adapted from[START_REF] Wang | Adeno-associated virus vector as a platform for gene therapy delivery[END_REF] Upon virus entry, the viral ss-DNA is released and could be converted into ds-DNA (ssAVV) or not (scAAV). ITR sequences lead to viral genome circularization B : Structure of AAV construction used for gene integration must contain a therapeutic transgene that may be expressed either by an exogenous or endogenous promoter upon targeted integration (from[START_REF] Li | Engineering adeno-associated virus vectors for gene therapy[END_REF] 

Figure 16 )

 16 Figure16) Representation of IdLV capture and GUIDE-seq for the experimental determination of gRNA off-target (adapted from[START_REF] Tasan | Targeting Specificity of the CRISPR/Cas9 System[END_REF].

Figure 17 )

 17 Figure 17) Base editor and prime editor strategies to precisely edited a locus of interest without inducing DSB (adapted from Uddin et al., 2020). A: Base editor is composed of cytosine base editor (CBE) inducing C to T conversion and adenine base editor (ABE) inducing A to G modification. B: Prime editor uses pegRNA to insert a small nucleotide sequence (up to 44 nucleotides) upon reverse transcription.

Figure 18 )

 18 Figure 18) Erythroid differentiation from HSCs with the cytokines involved and the cell marker surface (adapted from Caulier and Sankaran, 2022; Munley et al., 2022). CMP : common myeloid progenitor, CFU-GEMM : multipotential colony-forming unit; MEP : megakaryocyte erythroid progenitor; BFU-E : blast-forming unit-erythroid; CFU-E: colony-forming unit-erythroid

Figure 19 )

 19 Figure19) A: Representation of globin synthesis in function of gestational ages (adapted from[START_REF] Cantú | Flicking the switch: adult hemoglobin expression in erythroid cells derived from cord blood and human induced pluripotent stem cells[END_REF] and B: adult hemoglobin (HbA) structure (adapted from[START_REF] Ahmed | Hemoglobin: Structure, Function and Allostery[END_REF][START_REF] Dailey | Erythroid Heme Biosynthesis and Its Disorders[END_REF] 

  expression of the different of -like globin chains are closely regulated by the locus controlling region (LCR) that contains chromatin opening and DNA enhancer elements as 5 DNase hypersensitive sites (HSs) within 200-400 bps size and separated from each other by 2-4 kbps[START_REF] Liang | Locus control region mediated regulation of adult β-globin gene expression[END_REF].

Figure 20 )

 20 Figure20) Representation of the transcriptional loop of  and -globin synthesis (adapted from[START_REF] Cavazzana | Gene Therapy for β-Hemoglobinopathies[END_REF]. A: The fetal hemoglobin is composed of the 2 and 2  chains. B: The adult hemoglobin results in the switch of globin expression from -to-globin chains and is therefore composed of the 2 and 2 -chains.

Figure 21 )

 21 Figure 21) Representation of BCL11A and ZBTB7A inhibition of -globin synthesis resulting in the fetal to adult hemoglobin switch (from Caulier and Sankaran, 2022). Both transcriptional factors bind globin promoter and recruit actors of DNA condensation to inhibit the -globin chains expression.

  are transfusions independent although they may undergo blood transfusion occasionally (pregnancy, surgery, during infection or childhood …) --thalassemia major suffers from severe anemia and symptoms in earlier life-stage that require lifelong treatment and are transfusion-dependent for their survival -thalassemia intermediate and major forms are caused by either heterozygous or homozygous mutations in -globin genes. The diagnosis of patients is based on physical examination, family history and on hemoglobin electrophoresis or high-performance liquid chromatography (HPLC)[START_REF] Taher | β-Thalassemias[END_REF].

Figure 24 )

 24 Figure24) Representation of the phenotype of thalassemia patients, (from[START_REF] Taher | β-Thalassemias[END_REF]. A: Represent the risk factors of -thalassemia patient that could suffer from anemia caused by hemolysis induced by αglobin precipitation. B: Represent all the complications that could develop -thalassemia patient

Figure 25 )

 25 Figure 25) Representation of different LV constructions used to treat -thalassemia in clinical trials

  Figure26) Representation of the globin gene repair consisting of replacement of mutated portion of -globin gene (adapted from[START_REF] Frati | Genome Editing for β-Hemoglobinopathies: Advances and Challenges[END_REF].

Figure 27 )

 27 Figure27) Structure of the liver with the 3 zones and all different cell types involved in liver function as hepatocytes, stellate or Kupffer cells aiming to degrade and synthetize organic compounds (adapted from[START_REF] Trefts | The liver[END_REF].

Figure 29 )

 29 Figure 29) Composition of the different lipoproteins to transport lipids from digestion through liver or tissues (adapted from Callahan et al., 2020). VLDL : very-low density lipoprotein, IDL : intermediated density lipoprotein, LDL : low density lipoprotein HDL

Figure 30 )

 30 Figure30) Representation of transport of lipids from intestine to tissue cells with the different lipoproteins involved (adapted from[START_REF] Callahan | Lipid Transport, Storage, and Utilization[END_REF].

Figure 31 )

 31 Figure31) Structure and composition of lysosome (adapted from[START_REF] Platt | Lysosomal storage diseases[END_REF] 

Figure 32 )

 32 Figure32) Representation of the LAL enzyme as a prepropeptide and LAL export, post-translational modification, lysosomal activation and extracellular secretion (adapted from[START_REF] Li | Lysosomal Acid Lipase in Lipid Metabolism and Beyond[END_REF].

  NCT04283227). MLD is caused by arylsulfatase A (ARSA) deficiency and results in severe neurological impairment due to toxic accumulation of sulfatides in central and peripheral nervous tissues that lead to neuroinflammation and demyelination. The GT consists of recovering CD34+ from earlyonset to late juvenile MLD patient, transduction with LVV particle encoding ARSA cDNA under the control of the ubiquitous human phosphoglycerate kinase promoter (PGK) and re-infusion of corrected HSCs after busulfan myeloablation. The conditioning and the transplantation allow to replace the pathologic microglia in brain by ARSA overexpressing microglia aiming to improve the neurological function in MLD patient. Recent data from the NCT01560182 clinical trial shown a stable HSCs engraftment and an efficient ARSA expression (up to 18-fold) that improve early-onset of MLD. GT results in a motor skill acquisition and normal cognitive development especially in patient treated before symptoms appearance. No clonal dominance was observed, but 4 patients out of 26 alive developed transient antibodies against the ARSA enzyme (

  syndrome the erythroid secreted IDUA results in supraphysiological production of enzyme able to correct Hurler phenotype even in the CNS. Authors claims that even with low gene transfer (<1%), the erythroid secretion of enzyme would provide a clinical benefit for patient. Lastly, a combined promoter with β-Globin LCR and EF1α short promoter provides a strong erythroid expression while conserving the white blood cells expression. Such promoter associates the production of therapeutic enzyme in bloodstream with the production by other HSC derived cell as macrophage to provide local enzyme into affected tissues[START_REF] Montiel-Equihua | The β-Globin Locus Control Region in Combination With the EF1α Short Promoter Allows Enhanced Lentiviral Vector-mediated Erythroid Gene Expression With Conserved Multilineage Activity[END_REF]. LVV-based HSCs correction using β-Globin LCR-EF1α promoter has been recently applied for Pompe disease. Pompe disease is caused by deficiency in acid -glucosidase (GAA) that results in glycogen accumulation impairing the heart and skeletal muscle function. The transplantation in a mouse model of LVV β-Globin LCR-EF1α

  of LAL-D and development of LV-based ex vivo gene therapy for the disease. During my thesis, I participated in the evaluation of CRISPR-based knock-in (KI) in HBA locus for thalassemia which combined reduction the -globin expression caused by HBA deletion and insertion of -globin gene into HBA locus to restore the / imbalance (Described Result Part 6.1). Then, we applied the HBA targeted platform for erythroid expression and secretion in bloodstream of therapeutic proteins as clotting factors IX responsible of Hemophilia B and different lysosomal enzymes as -galactosidase (GLA) responsible of Fabry disease, Iduronidase (IDUA) responsible of Mucopolysaccharidosis and Lysosomal acid lipase (LAL) responsible of Wolman disease (WD) (Described Result Part 6.2). We then focused on the optimization of LIPA cDNA transgene to enhance the LAL expression and secretion (Described Result Part 6.3.1). For this purpose, I developed LVVs encoding LIPA cDNA under erythroid promoter to produce LAL in mature erythroid cells. The optimized LIPA transgene will serve for LVV-based ex vivo GT for LAL-D treatment and for our HBA targeted platform in the purpose of enhancing the LAL expression while minimizing the targeting integration events required to fully correct the LAL-D. Finally, we set-up a multimodal cytometry approach using flow cytometry and image flow cytometry (IFC) to better characterize LAL-D phenotype and to evaluate the therapeutic potency of GT. We evaluated this pipeline on WD patient's fibroblasts, on LIPA KO engineered Jurkat cells and on PBMCs for LAL-D mouse model (Described Result Part 6.3.

5. 1 . 1

 11 Cloning of LIPA transgenes into plasmids Genscript (https://www.genscript.com) performed the LIPA cloning in plasmids encoding an erythroid promoter (HS2HS3 β-globin LCR). All the LIPA transgenes have been synthetized and cloned in pCCL_HS2HS3_β-globin_GFP_WPRE by removing GFP sequence and integration of LIPA transgenes using restriction enzymes: PspLI and XhoI. The sequence of LIPA cDNA without signal peptide and with HA-Tag was: codon in red and HA-tag highlighted in yellow. All sequences started with Kozac sequence: CACC

6. 1

 1 HBA TARGETING APPROACH FOR EX VIVO GT TREATMENT OF -THALASSEMIA (PAVANI ET AL., 2021) Introduction : -thalassemia is caused by mutation(s) in HBB gene that lead to a decrease or abruption of -globin chains synthesis thus result in a reduction HbA and -globin precipitation. Deletion of -globin gene has been already described to reduce the severity -thalassaemic phenotype. Here, we exploited a CRISPR-Cas9 technology for HBA locus to reduce -globin precipitation by deletion of HBA copy and target insertion of functional and optimized HBB gene into HBA locus in a thalassaemic HUDEP-2 cells model and CD34+ HSCs.

Figure 34 )

 34 Figure 34) Representation of HBA-targeted platform for HBB expression (Pavani et al., 2021) that combined -globin gene deletion and -globin gene insertion under control of the endogenous globin promoter to restore the   imbalance.

  is LSD caused by mutation(s) in LIPA gene and triggers fatal lipid accumulation, hepatomegaly, splenomegaly, and difficulties to thrive. As consequence, WD leads to a premature death in first year after birth without treatment. The only symptomatic treatment consists of ERT that requires weekly administration of the recombinant human LAL. Here, we exploited LV-based ex vivo GT to optimize LIPA cDNA to maximize the expression and erythroid secretion of the therapeutic LAL enzyme (Described in Result part 6.3.1).
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 10 fold normalized to SP1 (Figure 36.C). SP2, SP 9 & SP10 provide ~5-fold increase of LAL expression (Figure 36.C).

Figure 37 )

 37 Figure 37) Signal peptide in CD34+

Figure 2 :

 2 Figure 2: Conventional flow cytometry analysis of donor fibroblasts'. Each dot represents an experimental replicate. Statistic tests are two-way Annova with α: 0, 05. A: Fluorescence intensity histograms and fold change compared to Healthy_2 for NR staining. B: Fluorescence intensity histograms and fold change compared to Healthy_2 for LG staining. C: Side scatter intensity histograms and fold change compared to Healthy_2.

Figure 3 :

 3 Figure 3: Image flow cytometry of donor fibroblasts. Each dot represents an experimental replicate. A: Representative image of NR stained fibroblasts on image flow cytometry. B: Fold change over Healthy_2 of NR mean intensity. C: Fold change over Healthy_2 of Nile Red mean spot count per cell D: Representative image of LG stained fibroblasts on image flow cytometry. E: Fold change over Healthy_2 of LG mean intensity F: Fold change of over Healthy_2 LG mean spot count per cell G: Fold change over Healthy 2 of SSC mean intensity H: Fold change over Healthy 2 of SSC spot count per cells.

Figure 4 : 195 Conclusion

 4195 Figure 4: Characterization of LIPA KO cell lines: Jurkat and K562, and mPBMCs from LAL-D mice. A: Editing strategy with the percentage of KO generated and B: the LAL enzymatic activity in function of the cell lines. C: Fold change of NR, LG and SSC of stained cells in function of the WT population with conventional flow cytometry. Each dot represents an experimental replicate. D: Fold change of NR, LG & SSC mean intensity & spot count in function of the WT population acquired with image flow cytometry. Each dot represents an experimental replicate. E: LAL activity on the liver of 6 months-old LAL-D mice F: NR and SSC MFI fold change over WT mouse acquired with flow cytometry. Each dot represents one analysed mouse. G: Fold change of NR and SSC mean intensity as well as spot count in function of the WT mouse acquired with image flow cytometry. Each dot represents an analysed mouse.

Finally

  , we decided to analyze WD fibroblasts with IFC to combine the speed of analysis of flow cytometry with precise quantification of vesicles provided by microscopy. With IFC, we recapitulated the increase of NR staining and SSC intensity : around 4-fold change. The spot count function allows us to increase the discrimination between WD and WT fibroblasts by a 100-fold making possible to assess our different GT constructions. However, the LG staining reveals heterogenous signal and spot count as observed with flow cytometry. Analysis lipids droplets accumulation in WD appears to be an efficient way to monitor the LAL-D and its treatment. Nonetheless, fibroblasts are not an easily accessible material and patient PBMCs are difficult to obtain. Therefore, we generated LIPA KO hematopoietic cell lines that mimic PBMCs. In particular, LIPA KO Jurkat cells recapitulate the WD phenotype with an increase of lipids content observed in flow cytometry and IFCs caused by the loss of LAL activity. In contrast, K562 KO LIPA was not affected by the deletion of LIPA sequences, mainly due to the low baseline LAL activity in the K562 WT population. We also took advantage of PBMCs from our LAL-/-mouse model to confirm the increase of signal NR and spot count in LAL-deficient living model. The toxic lipid accumulation is monitorable and quantifiable directly on blood either with NR or no staining (SSC parameter). The spot count fold change observed in LAL LIPA KO Jurkat

-

  nécessité l'utilisation d'un promoteur exogène qui doit être ajouté avant la séquence du transgène. De plus, le LVV semble être moins génotoxique que le -RV, c'est pourquoi les LVV sont maintenant utilisé tel que le motif NGG (N = A, T, C, ou G) pour spCas9 et un site cible de 20 nts d'ADN. Enfin, le complexe ARN/Cas9 reconnaît les séquences PAM et du « spacer » lie les séquences complémentaires de l'ADN de 20 nts. Ensuite, la nucléase Cas9 induit un cassure double brin 3 base paires (bps) en amont de la séquence PAM. En cas de cassure double brin, trois voies principales de réparation de l'ADN peuvent être mises en oeuvre : -La jonction des extrémités non homologues (NHEJ) est une voie sujette aux erreurs qui entraîne l'insertion et/ou la délétion (indels) de quelques nucléotides au niveau du site de clivage. La réparation dirigée par homologie (HDR) vise à insérer ou à remplacer de manière ciblée une séquence d'intérêt par recombinaison homologue. En fait, la HDR s'appuie sur un ADN donneur contenant un site de clivage entouré d'un large bras d'homologie (HA) pour insérer précisément une séquence d'ADN. Lors de l'édition CRISPR-cas9, des oligodéoxynucléotides simple brin (ssODN) ou de l'ADN double brin, délivrés par des vecteurs viraux, des vecteurs non viraux ou des méthodes de transfection, peuvent être utilisés comme ADN donneur dans le locus génomique ciblé.

  La thérapie de remplacement d'enzyme (ERT) est un traitement courant pour le LSD causé par une déficience en hydrolase et consiste en une injection intraveineuse de l'enzyme recombinante manquante visant à dégrader l'accumulation toxique lysosomale. Chez le patient, l'enzyme délivrée par voie sanguine est absorbée par le récepteur M6P-R présent à la surface de nombreux types de cellules et cibler les lysosomes pour remplacer la fonction enzymatique manquante. Le traitement améliore le phénotype clinique du patient et augmente sa durée de vie, mais il reste assez coûteux et nécessite une administration hebdomadaire tout au long de la vie du patient. L'ERT est limité par le développement d'une réponse immunitaire contre l'enzyme recombinante qui peut diminuer l'efficacité du traitement et entraîner un choc anaphylactique. L'ERT n'est pas non plus capable de traverser la barrière hémato-encéphalique pour corriger l'atteinte neurologique et est inaccessible pour certains organes comme le système cardiovasculaire ou la fonction oculaire[START_REF] Platt | Lysosomal storage diseases[END_REF].

  ouvrant la voie à l'utilisation de l'IFC comme diagnostic ou pipeline de découverte de médicaments pour le LSD.Parmi les LSDs, nous nous sommes concentrés sur la déficience en lipase acide lysosomale (LAL). La LAL est une enzyme impliquée dans la dégradation des triglycérides (TGs) et des esters de cholestérol (CEs) dans les lysosomes de presque tous les types de cellules, notamment les macrophages et les hépatocytes. La LAL est activée par un pH acide et hydrolyse les CE et les TG en cholestérol libre (FC) et en acides gras libres (FFA) qui servent de source d'énergie par oxydation des acides gras, ou à la formation de membranes ou biosynthèse de composés dérivés du cholestérol[START_REF] Li | Lysosomal Acid Lipase in Lipid Metabolism and Beyond[END_REF]. Le LAL est codé par le gène de la lipase A (LIPA) (10q23.2-23.3, 10 exons). 120 mutations de LIPA ont été identifiées et sont associées à la déficience en LAL (LAL-D), un LSD autosomique récessif. Le LAL-D déclenche l'accumulation de CEs et de TGs dans les tissus et les organes, en particulier dans le foie, la rate, l'intestin et les macrophages, ce qui entraîne une défaillance de plusieurs organes. La gravité de la maladie dépend de la quantité restante d'enzyme fonctionnelle. Deux formes ont été caractérisées : le trouble du stockage des esters de cholestérol (CESD, prévalence 1/40 000 naissances vivantes), moins grave et à apparition tardive, avec environ 2-12% d'enzyme fonctionnelle ; la maladie de Wolman (WD, prévalence 1/100 000 naissances vivantes), forme grave du trouble à apparition précoce, avec moins de 2% d'enzyme LAL fonctionnelle. Les patients atteints de LAL-D souffrent d'hépatomégalie, de splénomégalie et d'hyperlipidémie sans atteinte du système nerveux central. Les patients atteints de WD présentent des difficultés à se développer, une malabsorption intestinale et une calcification des glandes surrénales, le tout conduisant à un décès prématuré dans la première année suivant la naissance si non traités. Les patients atteints de la maladie de CESD présentent un tableau clinique plus bénin avec une athérosclérose et une affection cardiaque prématurées qui pourraient entraîner la mort dans l'enfance ou l'adolescence si elles ne sont pas traitées (Witeck et al., 2022). L'ERT est le traitement standard après le diagnostic du LAL-D et consiste en l'administration intraveineuse hebdomadaire d'une enzyme recombinante du LAL appelée Sebelipase (Kanuma®, Alexion Pharmaceuticals, Inc.). Ce traitement non curatif améliore la durée de vie des patients et les caractéristiques cliniques, principalement la fonction hépatique. Néanmoins, l'ERT a été associé au développement d'anticorps contre l'enzyme recombinante chez 9% des patients traités, il reste très coûteux et son efficacité à long terme est en cours d'évaluation

  plateforme ciblant HBA nécessiterait un minimum d'événements d'édition et d'intégration pour maximiser la production et la sécrétion de la protéine dans la circulation sanguine, réduisant ainsi l'effet hors-cible induit par CRISPR-cas 9 et la toxicité dus à l'édition et à la livraison du donneur d'ADN. Au cours de ma thèse, j'ai participé à l'évaluation du KI basé sur CRISPR dans le locus HBA pour la -thalassémie qui combinait la réduction de l'expression de la -globine causée par la délétion de HBA 2 et l'insertion du gène de la  -globine dans le locus HBA pour restaurer le déséquilibre /. La délétion de l'HBA2 dans une lignée cellulaire -thalassémique éditée ou dans des HSCs de patient améliore la précipitation de la -globine comme observé chez le patient ayant un trait -thalassémique. Ainsi, le détournement des promoteurs de l'HBA pour produire des chaînes  restaure le déséquilibre / et conduit à une formation significative d'hémoglobine adulte. Les cellules CD34+ modifiées ont été transplantées avec succès chez des souris immunodéprimées et ont pu conserver leur potentialité à générer toutes les lignées sanguines.Ensuite, nous avons appliqué la plateforme ciblée du locus HBA pour l'expression érythroïde et la sécrétion de protéines thérapeutiques comme les facteurs de coagulation IX responsables de l'hémophilie B et différentes enzymes lysosomales comme la -galactosidase (GLA) responsable de la maladie de Fabry, l'Iduronidase (IDUA) responsable de la mucopolysaccharidose et la lipase acide lysosomale (LAL) responsable de la maladie de Wolman (WD). La plateforme montre une édition efficace des gènes dans le locus HBA, ce qui conduit à une expression robuste des transgènes thérapeutiques lors de la différenciation érythroïde. En effet, l'enzyme LAL sécrétée par les érythroblastes LIPA KI a été capable de corriger l'accumulation de lipides dans les fibroblastes de la maladie de Wolman, mettant en lumière le bénéfice thérapeutique de cette stratégie. La transplantation de CD34+ édités chez des souris immunodéprimées a été réussie avec un maintien du potentiel de différenciation.Nous nous sommes ensuite concentrés sur l'optimisation du transgène de la LIPA en utilisant des LVVs pour améliorer l'expression et la sécrétion de la LAL. À cette fin, j'ai développé des LVVs codant pour la séquence LIPA sous le promoteur érythroïde afin de produire du LAL dans des cellules érythroïdes matures. Le transgène LIPA optimisé servira à la TG ex vivo basée sur les LVVs et à notre plateforme ciblée HBA dans le but d'améliorer l'expression du LAL tout en minimisant les événements d'intégration dans le locus HBA nécessaires pour corriger complètement le LAL-D. L'optimisation du peptide signal et des codons d'usage entraînent tous deux une augmentation de 15 fois de la sécrétion fonctionnelle de LAL sur les HSCs différenciés érythroïdes. Enfin, nous avons mis en place une approche cytométrique multimodale utilisant la cytométrie en flux et la cytométrie en flux d'images (IFC) pour mieux caractériser le phénotype LAL-D et évaluer la puissance thérapeutique de la TG. Nous avons évalué cette approche sur des fibroblastes de patients atteints de WD, sur des cellules Jurkat modifiées par LIPA KO et sur des PBMC pour le modèle de souris LAL-D. L'IFC permet de quantifier les vésicules lipidiques aussi bien sur la coloration Nile Red que sur le paramètre SSC et met en évidence une différence d'un facteur 100 entre les fibroblastes WD et WT. Les Jurkat LIPA KO et les mPBMCS des souris LIPA KO récapitulent l'accumulation de lipides observée dans les fibroblastes WD. Afin de valider davantage cette stratégie, nous prévoyons d'utiliser prochainement les PBMCs de patients atteints de LAL-D provenant de l'institut Necker.

  

  

  

  

  

  

  

  

  

  

Table 1 )

 1 List

		Fabry disease (GLA)	α-Galactosi-dase A	Globotriaosyl-ceramide	Kidney, heart	-
				Glucocerebro-		
		Gaucher di-sease (GBA)	β -Glucocere-brosidase	side and glu-cosylsphingo-	Spleen/liver, bone marrow	+
				sine		
		Metachro-				
		matic leu-	Arylsulfatase			
		kodystrophy	A and prosa-	Sulfatides	CNS	+
		(ARSA and	posin			
		PSAP)				
		Niemann-Pick disease types (SMPD1) A and B	Sphingomye-diesterase lin phospho-	Sphingomyelin	Liver	+
	Mucopolysacchari-doses	MPS I: Hurler syndrome (IDUA)	α-L-Iduroni-dase	Dermatan sul-ran sulfate fate and hepa-	Bone, heart	+
	Glycogen storage disease	GSD II: Pompe disease (GAA)	Lysosomal α-glucosidase	Glycogen	Skeletal muscle, heart	+/-
		Lysosomal				
		Acid lipase de-				
		ficiency (LAL-				
	Lipid storage di-seases	D): Wolman disease and	Lysosomal acid lipase	CE, TG	Liver	-
		cholesterol es-				
		ter storage				
		disease (LIPA)				

of the major LSDs with the corresponding deficient enzyme, compound accumulated, and main tissues affected with or without CNs involvement (adapted from

Table 2 )

 2 Sum-up of ongoing clinical trials for LSD with the promoter used and the clinical trials and

	references of data

Table 6 )

 6 Primer sequences for HA-taqRT-qPCR 

Table 7 )

 7 Different signal peptides used with their protein sequences and references

	Signal peptide (SP)	Abbreviation	Protein sequence	Ref
	WT LIPA	SP1	MKMRFLGLVVCLVLWTLHSEGSG	Unitprot
	a-1 antitrypsin	SP2	MPSSVSWGILLLAGLCCLVPVSLA	
	Iduronate 2-sulfatase Chymotryps inogen B2	SP6 SP7	MPPPRTGRGLLWLGLVLSSVCVALG MAFLWLLSCWALLGTTFG	(Puzzo et al., 2017)
	Plasma			
	protease	SP8	MASRLTLLTLLLLLLAGDRASS	
	inhibitor			
	Serum			
	albumin preprotein preprotein Azurocidin	SP9 SP10	MKWVTFISLLFLFSSAYS MTRLTVLALLAGLLASSRA	(Kober et al., 2013)

RÉSUMÉ EN FRANÇAIS 10.1 THERAPIE GENIQUE EX VIVO BASE SUR L'UTILISATION DES LENTIVIRUS POUR LES MALADIES GENETIQUES

  La thérapie génique (TG) est définie comme une modification génétique basée sur l'insertion d'un gène thérapeutique ou la délétion, modification d'un gène maladie dans le but de corriger un défaut génétique dans le cas de maladies héréditaires ou d'activer la réponse immunitaire pour tuer dans le cadre d'un traitement contre le cancer. Les deux principales thérapies géniques sont : 1) la thérapie génique ex vivo basée sur la modification des cellules souches hématopoïétiques (HSCs) du patient dans le cadre de maladie génétique ou de Lymphocytes T dans le cadre de thérapie contre le cancer Le développement du séquençage du génome permet d'identifier le ou les gènes mutés et donc le mécanisme cellulaire altéré. Au fil du temps, des options thérapeutiques ont été développées pour contrebalancer le phénotype, comme la transplantation d'organes, la transfusion sanguine ou la transplantation allogénique de cellules souches hématopoïétiques (HSCT). Les greffes de cellules souches hématopoïétiques (HSCs) ont permis de gérer avec succès la maladie en améliorant la qualité ou la durée de vie dans différent troubles monogéniques tels que les hémoglobinopathies et les troubles métaboliques. Le traitement consiste à remplacer les HSCs du patient par des cellules saines provenant d'un donneur[START_REF] Copelan | Hematopoietic Stem-Cell Transplantation[END_REF]. Les CSH sont des cellules multipotentes capables de reconstituer un système sanguin sain et de délivrer les protéines manquantes aux tissus affectés. Chez l'homme, les cellules souches et progénitrices hématopoïétiques (HSPCs) sont situées dans le microenvironnement de la moelle osseuse appelé niche. La niche de la moelle osseuse offre l'environnement approprié pour la différenciation ou l'auto-renouvellement des HSCs. Les HSPCs sont composées de HSCs à long terme, de HSCs à court terme et de progéniteurs multipotents. Les HSCs à long terme sont les cellules souches multipotentes capables de générer toutes les populations de la lignée sanguine : les globules blancs des lignées myéloïdes et lymphoïdes, les globules rouges et les plaquettes, et d'auto-renouveler leur propre population. Alors que les HSCs à court terme et de progéniteurs multipotents ont un potentiel différentiel mais aucune capacité d'auto-renouvellement[START_REF] Skulimowska | The biology of hematopoietic stem cells and its clinical implications[END_REF][START_REF] Hawley | Hematopoietic Stem Cells[END_REF]. Bien qu'elles soient thérapeutiques pour certains troubles monogéniques, les HSCT sont limitées par la disponibilité d'un donneur approprié et la réaction immunitaire induite par les lymphocytes du donneur contre le receveur (maladie du greffon contre l'hôte, GAVHD) (Skulimowska Dans le cadre de la GT ex vivo, les HSCs du patient sont récupérées et isolées du sang périphérique ou de la moelle osseuse, génétiquement modifiées et transplantées chez le patient. Après la prise de greffe, les HSCs modifiées seront capables de restaurer un système hématopoïétique sain capable de produire les protéines thérapeutiques à un niveau supérieur au niveau physiologique dans un large type de cellules hématopoïétiques allant des globules blancs (lymphocytes, monocytes, cellules tueuses naturelles) aux plaquettes et aux globule rouges[START_REF] Morgan | Hematopoietic Stem Cell Gene Therapy -Progress and Lessons Learned[END_REF][START_REF] Naldini | Genetic engineering of hematopoiesis: current stage of clinical translation and future perspectives[END_REF]. La correction des HSCs peut prendre différentes formes, de l'insertion d'une copie fonctionnelle du gène muté à l'édition de la ou des mutations sous-jacentes à l'aide de nucléases. Les deux stratégies impliquent la modification du génome des CSH du patient et nécessitent le transport de la séquence d'ADN dans le noyau à l'aide d'un vecteur viral comme un rétrovirus ou de vecteurs non viraux comme des nanoparticules. Le thérapie génique ex vivo a été initialement développé en utilisant des vecteurs viraux pour délivrer des gènes thérapeutiques. Parmi tous les virus, les rétrovirus ont été utilisés avec succès comme véhicule viral. Le vecteur lentiviral (LVV) issu du virus de l'immunodéficience humaine (HIV) et le vecteur -rétroviral (-RV) issu du virus de la leucémie murine (MLV) sont les principaux vecteurs viraux utilisés pour la thérapie génique ex vivo dans les essais cliniques en raison de leur capacité à intégrer l'ADN double brin dans le génome de l'hôte et de leur grande capacité d'encapsulation des transgènes (7-10kb) (Worgall et Crystal, 2014 ; Poletti et Mavilio, 2018). Afin d'utiliser le vecteur viral comme véhicule pour la livraison du transgène, la machinerie réplicative du génome du rétrovirus a été retirée afin d'éviter toute réplication et propagation des vecteurs modifiés. Aussi, le tropisme des vecteurs RV peut être modifié afin d'augmenter l'efficacité de la transduction pour les HSCs puisque, par exemple, le VIH infecte que les lymphocytes T. Dans ce but, le gène encodant la protéine de l'enveloppe du RV non réplicative est composé des glycoprotéines G du virus de la stomatite vésiculaire (VSV-G). Les RV non réplicatifs pseudotypés avec VSV-G ont un tropisme pour un large éventail de types de cellules, sont
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10 ANNEXE :

et 2) la thérapie génique in vivo qui repose sur l'injection directe chez le patient de vecteurs codant la séquence d'ADN

[START_REF] Alnasser | Review on mechanistic strategy of gene therapy in the treatment of disease[END_REF]

. Aujourd'hui, la thérapie génique est appliquée à un large éventail de maladies monogéniques, des maladies métaboliques aux maladies neuromusculaires. Les troubles monogéniques sont des mutations héréditaires rares d'un seul gène entraînant une morbidité et pouvant induire un décès prématuré pendant l'enfance. Désormais, environ 5000 à 8000 maladies monogéniques ont été identifiées, tel que la mucoviscidose, la drépanocytose, la dystrophie musculaire de Duchenne...

[START_REF] Prakash | Current Progress in Therapeutic Gene Editing for Monogenic Diseases[END_REF]

. Tous ces troubles entraînent une synthèse anormale des protéines qui altère l'homéostasie cellulaire et le fonctionnement des organes. La compréhension et le traitement des troubles monogéniques ont fait l'objet de recherches scientifiques importantes au cours de la dernière décennie.

et al., 2021 ;[START_REF] Hawley | Hematopoietic Stem Cells[END_REF]

. Récemment, l'autogreffe de HSCs de patients génétiquement corrigés, définie comme une thérapie génique ex vivo, est apparue comme une alternative curative prometteuse. En effet, la thérapie génique ex vivo permet de contourner l'exigence d'un donneur compatible et offre donc la possibilité de traiter pratiquement tous les patients

[START_REF] Morgan | Hematopoietic Stem Cell Gene Therapy -Progress and Lessons Learned[END_REF]

.

Genome editing strategy has been also tested for Hurler syndrome by integrating the IDUA cDNA into the CCR5 safe-harbor locus. In this strategy, human HSCs were edited with RNP complex targeting the CCR5 locus and then transduced with AAV6 particle encoding IDUA cDNA under the control of PGK promoter. Then corrected cells were transplanted in IDUA-/-immunocompromised mice. Authors achieve efficient gene knock-in : 44 % in peripheral-blood HSCs resulting in IDUA expression especially in liver and spleen leading to a decrease of toxic glycosaminoglycans (GAG) accumulation, but no IDUA were found in the brain [START_REF] Gomez-Ospina | Human genome-edited hematopoietic stem cells phenotypically correct Mucopolysaccharidosis type I[END_REF]. This gene editing paves the ways of universal platform for LSD genetic correction.

The codon optimizations of SP8 LIPA construction have generated using 3 softwares :

The sequences of LIPA optimization are presented in the patent : EP 20 306524.8

Lentiviral production

The production of SIN-LVV vectors was performed by transient transfection of HEK 293T with packaging plasmid : pMDLg/p.RRE, plasmid encoding reverse transcriptase : pK.REV, and with VSV-G pseudotyped envelope plasmid, and with our plasmid encoding LIPA transgene. 24h after transfection, cell medium was changed, and LVVs were recovered at 48h and 72h. Then, LVVs were filtrated with 0.22 µm Polyethersulfone (PES) membrane (Corning) and concentrated using ultracentrifugation 19 000 rpm for 2h (Beckman, LE-80K Ultracentrifuge). After ultracentrifugation, the supernatant was removed, and LVVs were resuspended in X-Vivo 20 (Lonza) and stored at -80°C.

LVVs were titrated in HCT116 cells and HIV-1 Gag p24 content was quantified using ELISA (Perkin-Elmer) according to manufacturer's instructions.

Software

Online link IDT https://eu.idtdna.com/pages/tools/codon-optimization-tool Genescript https://www.genscript.com/codon-opt.html?page_no=1&posi-tion_no=2&sensors=googlesearch Thermofisher https://www.thermofisher.com/fr/fr/home/life-science/cloning/genesynthesis/geneoptimizer.html the proper uptake and therapeutic potential of erythroid secreted LAL enzyme or LVV construction (described in part 6.3.2).

EX VIVO EDITING OF HUMAN HSCS FOR ERYTHROID EXPRESSION OF THERAPEUTIC PROTEINS (PAVANI ET AL., 2020)

Introduction

Protein replacement therapy (PRT) becomes a gold standard therapy for many monogenic disorders that requires supplementation of the missing protein such as lysosomal enzyme or blood factors.

While lifesaving, PRT consists of weekly intravenous injection of a human recombinant protein that could result in patient to immune response against recombinant protein and remains quite expensive. By insertion of a functional copy of the deficient protein in patient's HSCs, ex vivo GT offers a curative alternative for monogenic disorders. In this context, we developed a universal platform to achieve targeted transgene integration into a safe-harbour locus : the -globin locus (HBA). In HSCs, we induced DSBs in HBA locus with CRISPR-spCas9 and delivered a therapeutic transgene with HA for HBA using AAV6 allowing targeted integration with HDR. The integration of therapeutic transgene into HBA locus leads to high and erythroid specific expression in erythroblasts. Therefore, HBA platform would require minimal transgene integration events in HBA locus to provide sufficient amount of therapeutic proteins reducing as consequence the potential off-target and toxicity due to editing and DNA donor delivery. [START_REF] Community | REDit: Engineering erythroid cells for therapeutic applications[END_REF].

Figure 35) Representation of the HBA-targeted platform for protein expression in erythroid cells (from [START_REF] Community | REDit: Engineering erythroid cells for therapeutic applications[END_REF]. The integration of the therapeutic transgene under the control of the endogenous globin promoter will allow specific protein expression in erythrocytes.

Conclusion and follow-up studies

The erythroid-based platform shows efficient gene targeting in the HBA locus leading to robust expression of therapeutic transgenes upon erythroid differentiation. In fact, the secreted LAL enzyme from LIPA KI erythroblasts was able to cross-correct the lipid accumulation in WD fibroblasts putting in light the therapeutic benefit of this strategy. Transplantation of edited CD34+ in immunocompromised mice was successful with a maintain of the multilineage differentiation potential. Unfortunately, immunocompromised mice do not support human erythroid differentiation preventing us from in vivo assessment of erythroid platform. To overcome this limitation, we are currently evaluating the strategy using a humanized mouse model for HBA locus [START_REF] Wallace | Manipulating the Mouse Genome to Engineer Precise Functional Syntenic Replacements with Human Sequence[END_REF].

To achieve higher protein expression and secretion of LAL upon erythroid differentiation, we performed several LIPA transgene optimization (Described in Result part 6.3.1). For that, we designed different LVVs encoding LIPA cDNA under control of the GLOBE erythroid specific promoter. LVVs have been tested on HSCs and would allow us to screen easily different LIPA constructions.

Finally, we performed multimodal cytometry approach in order to further investigate lipid accumulation in LAL-D and improve the discrimination between WT, WD, and treated fibroblasts (Described in Result part 6.3.2). Then, we performed a codon optimization on SP8 LIPA construction that use synonymous codon more accessible into the cells to increase the protein expression. We performed codon optimization of SP8 construction using 3 online software to maximize protein expression. We transduced hCD34+ HSCs with either SP1, SP8 or the 3-codon optimized SP8 LVVs.

2 days after transduction, we initiated erythroid differentiation, and we performed colony forming 

Conclusion

Both the signal peptide and the codon optimization result in a 15-fold increase of LAL functional secretion on erythroid differentiated hCD34+. It also highlights the importance of the proper transgene design to maximize its expression thus the therapeutic strategy. The optimization of the LIPA transgene gave rise to a French and international patent (EP 20 306524.8).

We tested HBA locus as a safe harbor locus for integration of therapeutic transgenes in the attempt to hijack the superactive HBA promoter to produce the proteins of interest in an high and erythroidspecific manner. To this end, we used both CRISPR-cas9 system to cleave the 5' of UTR region of HBA locus and HDR DNA reparair mechanism to integrate transgene under endogenous HBA promoter. Editing occurred upon RNP electroporation and DNA template was delivered using AAV6

vector encoding HA for HBA locus, a promoterless transgene sequence and PGK GFP reporter cassette. The HBA locus is composed of 2 HBA genes (HBA 2 and HBA1) highly homologue, our gRNA cleaves both in 5'UTR of HBA 2 and HBA1 genes resulting in either a unique cut in one of the two genes or double cut inducing HBA2 deletion. In our experiment, we observed mainly 1 deletion of HBA that do not impair Hb formation. In fact, deletion of up to 3 out of the 4 -globins are well tolerated in -thalassemia [START_REF] Chonat | Current Standards of Care and Long Term Outcomes for Thalassemia and Sickle Cell Disease[END_REF]. We analyzed potential off-target site with IdLV capturing and sequencing to assure the safety and specificity of our Cas9/gRNA strategy. None of the predicted off-target site was confirmed supporting the safety of our gRNA. Recently, DSBs induced by CRISPR-cas9 have been linked to chromosomal rearrangement [START_REF] Cullot | CRISPR-Cas9 genome editing induces megabase-scale chromosomal truncations[END_REF] that should be evaluated with our gRNA strategy. Different strategies could be employed for chromosomal rearrangement analysis as chromosomal aberration analysis by single targeted linkermediated PCR sequencing (CAST-Seq [START_REF] Turchiano | Quantitative evaluation of chromosomal rearrangements in gene-edited human stem cells by CAST-Seq[END_REF]))

The targeting integration of DNA template results mainly in 1 copy insertion under endogenous HBA promoter. Using GFP as a DNA template, we found that GFP expression is specific to erythroid population and increases during erythroid maturation. We applied the platform for Hemophilia B using a template encoding FIX cDNA and compared the KI HSCs with classical LVV FIX insertion in HSCs. The erythroid platform over-performs even LVV based HSCs. In fact, we achieved 2,8-fold more FIX expression in KI HSCs compared to LV-corrected HSCs in the end of erythroid differentiation. We tested the platform for metabolic enzymes involved in LSD as -Iduronidase (IDUA), -galactosidase (GLA) or Lysosomal acid lipase (LAL) that results in toxic accumulation of substrate in lysosomes.

Upon erythroid differentiation, KI HSCs were able to produce all the metabolic enzymes. Erythroid secreted LAL conserves its hydrolytic activity and cross-correct WD fibroblasts leading to a decrease of toxic lipid accumulation. Therefore, erythroid cells should be able to correctly perform M6P posttranslational modification required for enzyme uptake via M6P-R. To further validate this hypothesis, we could perform competition uptake with a gradient of M6P residues and our erythroid secreted enzyme. If the cross-correction on patient fibroblast depends on the M6P-R entry, then the increasing amount of M6P residue should prevent from uptake and decrease the treatment efficiency [START_REF] Kleinig | A Quantitative Mannose 6-Phosphate Receptor-Basedin VitroAssay for Recombinant HumanN-Acetylgalactosamine-4-sulfatase[END_REF].

Although we quantified the targeting copy with ddPCR, we didn't quantify AAV concatemerization in HBA site that could be observed upon nuclease DSB [START_REF] Hanlon | High levels of AAV vector integration into CRISPR-induced DNA breaks[END_REF]. In the lab, concatemers of AAV integrated in HBA are currently under investigation using long-read sequencing on the full length of HBA locus. Moreover, AAV vector has been widely described as episomal but random viral integration could occurs into the host genome and give raise to insertional mutagenesis [START_REF] Deyle | Adeno-associated virus vector integration[END_REF]. Alternative delivery systems could be employed as IdLV preventing random genome insertion and appears less toxic than AAV6 [START_REF] Romero | Editing the Sickle Cell Disease Mutation in Human Hematopoietic Stem Cells: Comparison of Endonucleases and Homologous Donor Templates[END_REF] or as plasmids that have used in HITI strategy already applied in murine HSCs in IL2R locus [START_REF] Byambaa | Non-viral ex vivo genome-editing in mouse bona fide hematopoietic stem cells with CRISPR/Cas9[END_REF].

Lastly, we evaluated the engraftment efficiency of unmodified or modified CD34+ (RNP only or RNP + AAV6) in immunocompromised mice. We observed a good engraftment in BM, spleen and blood for all population although edited cells engraft less than non-modified cells. In fact, editing and gene transfer in HSCs cause p53 activation that results in apoptosis and decrease engraftment efficiency [START_REF] Schiroli | Precise Gene Editing Preserves Hematopoietic Stem Cell Function following Transient p53-Mediated DNA Damage Response[END_REF]. To improve the engraftment, inhibitor of p53 can be used [START_REF] Schiroli | Precise Gene Editing Preserves Hematopoietic Stem Cell Function following Transient p53-Mediated DNA Damage Response[END_REF] or alternative delivery strategies could be employed either for the DNA templates (IdLV, plasmids) or the CRISPR-cas9 complex as nanoparticle [START_REF] El-Kharrag | Efficient polymer nanoparticle-mediated delivery of gene editing reagents into human hematopoietic stem and progenitor cells[END_REF]. Engrafted CD34+ cells were able to re-generate all the hematopoietic cells and we achieved a significant expression of GFP reporter cassette in all blood lineage cells. KI HSCs maintain their homing and multilineage potency.

Nonetheless, immunocompromised mice can't perform human erythropoiesis preventing us from in vivo assessment of the erythroid platform. We will take advantage of a transgenic mice encoding the human HBA locus to further evaluate in vivo the platform. In fact, heterozygote mice for the human HBA locus show a strong globin chains (30% in HPLC analysis on blood samples) expression in erythroid population [START_REF] Wallace | Manipulating the Mouse Genome to Engineer Precise Functional Syntenic Replacements with Human Sequence[END_REF]. Here, we plan to collect murine HSCs from heterozygote HBA humanized mouse model and apply our editing strategy. Upon transplantation of edited mHSCs