Meneghini, V S Ramadier 
  
Felix, T El Nemer 
  
Combination of lentiviral vector and genome editing technologies for

List of Figures

List of Tables

 Table 1:
Abstract

Sickle cell disease (SCD) and β-thalassemia are the most common monogenic disorders worldwide and are caused by mutations affecting the β-globin (HBB) gene expression. In SCD an amino acid substitution in the β-globin chain leads to polymerization of the sickle hemoglobin (HbS) and deformation of red blood cells (RBCs). In β-thalassemia, the reduced synthesis of β-globin chains causes death of RBC precursors and the production of insufficiently hemoglobinized RBCs. Elevated levels of fetal !-globin chains ameliorate the clinical phenotype of both SCD and β-thalassemia patients. However, pharmacological !globin inducers are not effective in all the patients. Transplantation of allogeneic hematopoietic stem/progenitor cells (HSPCs) is the only definitive therapy but is limited by the lack of compatible donors. Autologous transplantation of HSPCs transduced with a lentiviral vector (LV) expressing an anti-sickling HBB variant (e.g., βAS3) is a potential treatment for SCD and β-thalassemia patients but requires high levels of Hb tetramers (e.g., HbAS3) containing the transgene-derived globin (i.e., a high vector copy number [VCN]) to fully correct the pathological phenotype.

In this study, we developed a therapeutic approach for SCD and β-thalassemia combining a LV-based gene addition strategy with CRISPR/Cas9-mediated knock-down of the sickle β-globin (for SCD) or reactivation of the endogenous fetal !-globin (for both SCD and β-thalassemia). We transduced erythroid cell lines and HSPCs from SCD patients with LVs expressing the anti-sickling βAS3 transgene and a guide RNA (sgRNA) targeting: (i) the sickle HBB gene (LV.AS3mod.gR-D), (ii) the erythroid specific enhancer of the HbF repressor BCL11A (LV.AS3mod.gR-BCL11A), or (iii) the BCL11A binding site within the !-globin promoters (LV.AS3mod.gR-13bpdel). Importantly, the addition of the sgRNA expression cassette in the βAS3-expressing LV did not reduce vector titer and infectivity.

LV.AS3mod.gR-D caused β-globin knock-down and an increased incorporation of βAS3 within the Hb tetramers. Noteworthy, an equal amount of HbS and HbAS3 tetramers (resembling the Hb profile of asymptomatic heterozygous SCD carriers) was achieved with a low VCN in RBCs derived from LV.AS3mod.gR-D-treated SCD HSPCs. LV.AS3mod.gR-13bpdel and LV.AS3mod.gR-BCL11A led to !-globin reactivation, which was more robust in LV.AS3mod.gR-13bpdel-treated samples resulting in a high proportion of Hb tetramers containing the therapeutic βAS3-and !-globins and a concomitant decrease of the HbS expression. Notably, we demonstrated a more robust reduction in RBC sickling using our combined strategies compared to classical gene addition approach. Finally, we detected minimal off-target editing activity in SCD patient-derived primary cells.

In parallel, we exploited a quantitative phase microscopy technology to develop a tool that evaluates RBC parameters in the blood of SCD and β-thalassemia patients and in in vitro cultured cells. We measured RBC parameters (e.g., Hb amount, size, shape) at single-cell level and showed that the treatment of patient HSPCs with our combined strategy does not impair erythroid maturation and leads to therapeutically relevant Hb expression.

Altogether, these results demonstrate that our strategy is safe and more efficacious compared to the current gene therapy approach for SCD and β-thalassemia, avoiding the potential genotoxicity associated with high VCN and reducing the amount of vector required to achieve a therapeutic effect.

Résumé

La drépanocytose et la β-thalassémie sont causées par des mutations affectant le gène de la globine-β (HBB). Dans la drépanocytose, la substitution d'un acide aminé dans la chaîne β entraine la polymérisation de l'hémoglobine drépanocytaire (HbS) provoquant la déformation des globules rouges (GR). La β-thalassémie est causée par des mutations entrainant la réduction, voire l'absence, de synthèse des chaines de globine β, provoquant la mort prématurée des précurseurs érythroïdes ainsi qu'une production insuffisante d'hémoglobine dans les GR.

Les niveaux élevés d'hémoglobine foetale (HbF) améliorent les symptômes des patients drépanocytaires et β-thalassémiques. Cependant, les traitements pharmacologiques induisant l'expression d'HbF ne sont pas efficaces chez tous les patients. La transplantation allogénique de cellules souches/progénitrices (CSP) est le seul traitement curatif actuel, toutefois, il n'est accessible que pour une minorité des patients. La transplantation autologue de CSP transduites à l'aide d'un vecteur lentiviral (LV) exprimant une globine thérapeutique (βAS3) est une stratégie alternative pour le traitement des hémoglobinopathies β. Néanmoins, la correction du phénotype pathologique requiert une forte expression de l'hémoglobine thérapeutique, nécessitant une grande quantité de copies de vecteur par cellule (VCN).

Nous avons développé une nouvelle approche thérapeutique basée sur l'utilisation combinée d'un LV exprimant la βAS3 (LV.AS3mod) et la technologie CRISPR/Cas9. La nucléase Cas9 permet soit de cibler le gène de la globine-β muté (pour la drépanocytose) ou d'autres régions génomiques induisant la réactivation de l'HbF (pour la drépanocytose et la βthalassémie). Pour cela, nous avons transduit des lignées cellulaires erythroïdes ainsi que des CSP de patients avec le LV.AS3mod contenant un ARN guide (sgRNA) ciblant (i) le gène de la globine β muté (LV.AS3mod.gR-D), (ii) l'enhancer érythroïde de BCL11A : répresseur de la globine-gamma (LV.AS3mod.gR-BCL11A), ou (iii) un site d'hybridation de BCL11A situé au niveau des promoteurs des gènes de la globine-g (LV.AS3mod.gR-13bpdel). L'ajout d'un sgRNA dans le LV.AS3mod n'a pas réduit son titre ou sa capacité d'infection. Une forte diminution de la globine β et une augmentation de l'incorporation de la globine βAS3 dans les Heme is a prosthetic group that mediates the reversible binding of oxygen (O2) by Hb.

Its production occurs in the bone marrow and liver and involves different enzymes that are located in the mitochondrion and the cytosol. The first product formed is 5-aminolevulic acid that is transported to the cytosol to be submitted to a series of reactions before to return into the mitochondrion to form protoporphyrin IX where finally an iron molecule is inserted to produce heme [START_REF] Chiabrando | Heme and erythropoieis: more than a structural role[END_REF]. Heme itself is a key component, necessary to induce globin transcription and translation; enhancing the activity of the locus control region (LCR) of the βglobin genes allowing their expression [START_REF] Tahara | Heme Positively Regulates the Expression of β-Globin at the Locus Control Region via the Transcriptional Factor Bach1 in Erythroid Cells[END_REF]. § Globin synthesis and regulation Each globin is tightly associated with a heme molecule, and surrounds and protects it from the aqueous solution to avoid its autoxidation, which prevents O2 binding [START_REF] Marden | Oxygen delivery and autoxidation of hemoglobin[END_REF][START_REF] Storz | Hemoglobin: Insights into Protein Structure, Function, and Evolution[END_REF].

Globins are encoded by α-like (α and #) and β-like globin genes (ℇ, Gγ, Aγ, δ and β) which are located on chromosome 16 and 11, respectively (Fig. 1A). These globin genes are expressed mainly in erythroid cells. The 5' to 3' order of the β-like globin genes determines their stage of expression during the development. Indeed, the ℇ-globin gene is expressed at embryonic stage; then a first switch occurs, allowing the predominant expression of the fetal Aγ (HBG1) and Gγ (HBG2) genes. The fetal genes will be silenced around birth during the second Hb switch to let the δ (HBD) and β (HBB)-globin genes being expressed at the adult stage. Globins' expression is under the control of DNA regulatory regions known as the β-LCR (β-like globin genes), and α-HS-40 Multispecies Conserved Sequence (MCS; α-like globin genes), composed of DNase I hypersensitive sites (HSs). These sequences are essential for DNA-protein interactions and for the modeling of the chromatin structure to facilitate the recruitment of transcription factors that will interact with the different globin gene promoters to regulate their expression during the development. The discovery of the LCR of the β-like globin genes was the first demonstration of the existence of distant regulatory elements controlling a complex cluster of genes (Fig. 1B) [START_REF] Grosveld | Positionindependent, high-level expression of the human b-globin gene in transgenic mice[END_REF]. The β-LCR is located about 6 to 22 kb upstream of the ℇ-globin gene [START_REF] Tuan | The "beta-like-globin" gene domain in human erythroid cells[END_REF] and is composed of 5 HSs (HSs 1-5). HS1 does not appear to be necessary for β -globin gene activity, as it has no enhancer activity and no phenotype has been observed in individuals carrying HS1 deletion [START_REF] Kulozik | The proximal element of the beta globin locus control region is not functionally required in vivo[END_REF]. HS2 is known to have a powerful erythroid-specific enhancer function (Philipsen et al., 1990), HS3 and HS4 activities are associated with chromatin modifications [START_REF] Talbot | Detailed analysis of the site 3 region of the human beta-globin dominant control region[END_REF], and HS5 shows a chromatin insulating activity in vivo but its deletion does not seem to lead to a considerable effect on globin gene expression at least in mice [START_REF] Fang | Synergistic and Additive Properties of the Beta-Globin Locus Control Region (LCR) Revealed by 5′HS3 Deletion Mutations: Implication for LCR Chromatin Architecture[END_REF][START_REF] Fraser | DNaseI hypersensitive sites 1, 2 and 3 of the human beta-globin dominant control region direct position-independent expression[END_REF][START_REF] Li | Hypersensitive site 5 of the human beta locus control region functions as a chromatin insulator[END_REF]. The effect of each 5 HSs is additive on globin gene expression rather than synergistic [START_REF] Bender | Targeted deletion of 5'HS1 and 5'HS4 of the B-globin locus control region reveals additive activity of the DNaseI hypersensitive sites[END_REF]. These sites are required for highlevel globin gene expression at all developmental stages [START_REF] Higgs | Do LCRs Open Chromatin Domains?[END_REF] and their DNA sequences contain numerous binding sites for erythroid-specific and ubiquitous transcription factors. In erythroid cells, the LCR shows a higher sensitivity to DNase I compare to cells in which the globin genes are not expressed, thus indicating that the chromatin is in a more open and in an accessible conformation [START_REF] Bulger | Looping versus linking: toward a model for long-distance gene activation[END_REF].

During development, a pentameric complex (including GATA1, TAL1, E2A, LMO2, and LDB1) mediates the formation of a loop between the LCR and the globin promoters and, as a consequence, drives β-like globin gene expression (Fig. 1) [START_REF] Kim | Chromatin Loop Formation in the β-Globin Locus and Its Role in Globin Gene Transcription[END_REF][START_REF] Krivega | Role of LDB1 in the transition from chromatin looping to transcription activation[END_REF][START_REF] Yun | The hematopoietic regulator TAL1 is required for chromatin looping between the β-globin LCR and human γglobin genes to activate transcription[END_REF]. The production of globins during development is tightly regulated in terms of amount and timing; the expression of the β-like globin chains equals the one of the α-globin chains and when a gene is defective, the transcription machinery is positioned and engaged on its promoter even if the protein is unable to be produced. The lack of protein production creates an imbalance between α-and β-like globin chains leading to several hemoglobinopathies such as thalassemias. Figure from (Cavazzana et al., 2017). § Hemoglobin role and regulation Hb formation requires different globin chains throughout development. Indeed, in humans, during the embryonic stage, four Hbs are expressed: Hb Gower-1 (#2-ℇ2), Hb Gower-2 (α2-ℇ2) Hb Portland-1 (#2-γ2) and Hb Portland-2 (#2-β2). During the fetal stage, the fetal Hb HbF (α2-γ2) is mainly expressed [START_REF] Lorkin | Fetal and embryonic haemoglobins[END_REF][START_REF] Manning | Human embryonic, fetal, and adult hemoglobins have different subunit interface strengths. Correlation with lifespan in the red cell[END_REF], and soon after birth, the Hb switching occurs inducing the replacement of the γ-by the β-globin chain producing HbA1 (α2-β2), which represents >95% of the total adult Hb, while HbA2 (α2-δ2) is expressed at relatively low levels (Fig. 1B, Fig. 2) [START_REF] Huehns | Oxygen dissociation properties of human embryonic red cells[END_REF][START_REF] Jonxis | The Development of Hemoglobin[END_REF].

A B

Hemoglobin is expressed in erythrocytes; oxygen (O2) binding is its hallmark feature as it contains four binding sites for O2 and its main function is to ensure its transport from the lungs to the tissues (Fig. 2). O2 binds to the heme of the Hb tetramer in red blood cells (RBCs) located in pulmonary capillaries; then O2 is delivered to the body's tissues after traveling through blood vessels.

Oxygenated arterial blood is bright red while deoxygenated venous blood is darker. Hb can adopt two conformations, termed tense or relaxed. The tense state (deoxygenated) is characterized by a low O2 affinity, whereas in the relaxed state (oxygenated) the conformation allows a high affinity for O2. The first O2 molecule that binds to the Hb changes its conformation into a relaxed state to be able to bind other O2 molecules and as the partial pressure of O2 increases, the Hb becomes saturated with O2 (Fig. 3).

Two genes encode the Gg-and Ag-globin chains that are functionally similar but differ in the amino acid at position 136 (glycine in Gg-globin chain and alanine in Ag-globin chain).

O2 has a higher affinity for HbF than for HbA, in consequence of weakest binding to 2,3diphosphoglycerate (2,. 2,3-DPG is an allosteric inhibitor that binds to an histidine residue in HbA; in its absence, Hb affinity for O2 is high and the release of O2 in the tissues is decreased. The binding of 2,3 DPG to Hb reduces its affinity for O2 allowing O2 release [START_REF] Macdonald | Red cell 2,3-diphosphoglycerate and oxygen affinity[END_REF]. 2,3-DPG binds only the tense form of Hb and stabilizes it, while during the transition from a tense to a relaxed Hb state, this binding is impaired. It is known that 2,3-DPG concentration increases when peripheral tissue O2 availability decreases. During pregnancy an increase of up to 30% of 2,3-DPG is observed in the mother blood to facilitate O2 transport to the fetus that produces HbF, which is less sensitive to 2,3-DPG (Fig. 3) [START_REF] Di Liberto | Dense red blood cell and oxygen desaturation in sickle-cell disease: Oxygen Desaturation and Sickle-Cell Disease[END_REF]. The increase of oxygen partial pressure leads to increased binding of O2 to hemoglobin. HbF has a higher affinity for O2 than HbA. Adapted from Biosciencenotes.

The main function of Hb is to transport O2, but it can also interact with other gases like carbon dioxide (CO2) and carbon monoxide (CO). CO2 is transported from the tissues to the lungs where it will be expelled from the body during exhalation. CO is a competitive inhibitor that has a greater affinity for Hb than O2, thus long-term exposure can cause brain damage and death because of the reduced O2 transport and uptake by the tissues. § Fetal to adult hemoglobin switching

The Hb switching that occurs around birth is characterized by the silencing of the γglobin and activation of the β-globin genes. During this process, the LCR, previously interacting with the γ-globin promoters, contacts the β-globin promoter. The chromatin looping formation involves a pentameric complex formed of LDB1, LMO2, GATA1, TAL1 and E2A.

LDB1 is recruited to the β-globin locus via LMO2 which promotes association with the DNA binding factors TAL1, GATA1 and E2A. This association will allow the chromatin looping formation necessary to activate the different βlike-globin promoter during the development (Fig. 1B) [START_REF] Krivega | Role of LDB1 in the transition from chromatin looping to transcription activation[END_REF][START_REF] Song | A positive role for NLI/Ldb1 in long-range betaglobin locus control region function[END_REF][START_REF] Wadman | The LIM-only protein Lmo2 is a bridging molecule assembling an erythroid, DNA-binding complex which includes the TAL1, E47, GATA-1 and Ldb1/NLI proteins[END_REF].

Targeted and genome-wide association studies (GWAS) have been performed to elucidate the variation in HbF levels amongst individuals [START_REF] Lettre | DNA polymorphisms at the BCL11A, HBS1L-MYB, and β-globin loci associate with fetal hemoglobin levels and pain crises in sickle cell disease[END_REF][START_REF] Menzel | A QTL influencing F cell production maps to a gene encoding a zinc-finger protein on chromosome 2p15[END_REF][START_REF] Thein | Intergenic variants of HBS1L-MYB are responsible for a major quantitative trait locus on chromosome 6q23 influencing fetal hemoglobin levels in adults[END_REF][START_REF] Uda | Genome-wide association study shows BCL11A associated with persistent fetal hemoglobin and amelioration of the phenotype of βthalassemia[END_REF]. These studies resulted in the identification of three genomic loci harboring common variants that influence HbF levels: a region on chromosome 2 within the BCL11A gene, a region intergenic between the HBS1L and MYB genes on chromosome 6, and the β-globin locus on chromosome 11 [START_REF] Sankaran | The Switch from Fetal to Adult Hemoglobin[END_REF].

The zinc-finger transcriptional repressor BCL11A [START_REF] Sankaran | Human Fetal Hemoglobin Expression Is Regulated by the Developmental Stage-Specific Repressor BCL11A[END_REF] has two isoforms BCL11A-XL (full-length) and L, which are detected exclusively in adult erythrocytes.

BCL11A is almost absent at primitive and fetal stages in erythroid cells that express high levels of g-globin, thus suggesting that BCL11A acts as a repressor of the g-globin genes [START_REF] Basak | Regulation of the fetal hemoglobin silencing factor BCL11A[END_REF]. Indeed, BCL11A interacts directly with the chromatin at the human β-globin locus in primary erythroid cells and is part of a complex containing hematopoietic transcription factors GATA1, SOX6, FOG1 and the NuRD (nucleosome remodeling and deacetylase) repressor complex (Fig. 4) [START_REF] Xu | Transcriptional silencing of γ-globin by BCL11A involves long-range interactions and cooperation with SOX6[END_REF]. GATA1 is considered a master hematopoietic transcription factor as it plays a key role in RBC development and is involved in γ-globin gene silencing. SOX6 acts as a repressor of both ℇand γ-globin genes by binding directly to their promoters [START_REF] Yi | Sox6 Directly Silences Epsilon Globin Expression in Definitive Erythropoiesis[END_REF]. FOG-1 serves as the bridging factor between GATA-1 and the NuRD chromatin-remodeling complex [START_REF] Hong | FOG-1 recruits the NuRD repressor complex to mediate transcriptional repression by GATA-1[END_REF]. The NuRD complex is composed of HDAC1 and HDAC2 and other chromatin remodelers known to play a critical role in HbF silencing; this complex is usually associated with gene repression but can mediate activating functions of GATA-1 and FOG-1 to regulate tissue development [START_REF] Miccio | NuRD mediates activating and repressive functions of GATA-1 and FOG-1 during blood development[END_REF].

NuRD is also associated with LRF (Leukemia/lymphoma-related factor) transcription factor encoded by ZBTB7A gene. This complex plays an important role in γ-globin silencing, independently from BCL11A. LRF has been shown to maintain the nucleosome density necessary for γ-globin genes silencing in adults, and its absence led to a reactivation of γ-globin genes [START_REF] Masuda | Transcription factors LRF and BCL11A independently repress expression of fetal hemoglobin[END_REF] (Fig. 4).

MYB has also been reported to play an important role as it binds to KLF1 (Krüppel-like transcription factor) to favor its expression [START_REF] Bianchi | c-myb supports erythropoiesis through the transactivation of KLF1 and LMO2 expression[END_REF]. Indeed, KLF1 regulates positively BCL11A and is also necessary for the correct chromatin looping between the βglobin LCR and promoters to activate β-globin expression [START_REF] Drissen | The active spatial organization of the β-globin locus requires the transcription factor EKLF[END_REF][START_REF] Vinjamur | Krüppel-Like Transcription Factor KLF1 Is Required for Optimal γ-and β-Globin Expression in Human Fetal Erythroblasts[END_REF].

In addition to these HbF repressors, activators of the β-globin gene play an important role in the γ-to-β globin switch. β-globin gene activation takes place mainly through the binding of EKLF (erythroid krüppel like factor also known as KLF1) to the CACCC box in the β-globin promoter. EKLF binds to this motif with a higher affinity than to the slightly different CACCC box in the γ-globin promoter and preferentially activates β-globin expression [START_REF] Asano | FKLF, a Novel Krüppel-Like Factor That Activates Human Embryonic and Fetal β-Like Globin Genes[END_REF][START_REF] Bieker | Isolation, Genomic Structure, and Expression of Human Erythroid Krüppel-Like Factor (EKLF)[END_REF]. EKLF is preferentially expressed in the adult stage of development and behaves as an adult switching factor; its deficiency has been associated with a reduction in adult β-globin gene expression and a concomitant increased expression of the fetal genes (Fig. 4) [START_REF] Perkins | Silencing of human fetal globin expression is impaired in the absence of the adult beta-globin gene activator protein EKLF[END_REF]. [START_REF] Palis | Development of hematopoietic progenitors[END_REF]. Then, the second wave of hematopoietic cell production begins in the yolk sac leading to the production of erythroid-myeloid progenitors (EMP) that then colonize the fetal liver to give rise to numerous erythrocytes, macrophages, granulocytes, and monocytes. Just before birth, HSCs migrates to the bone marrow to establish a specialized niche where they will reside throughout adult life [START_REF] Mendelson | Hematopoietic stem cell niche maintenance during homeostasis and regeneration[END_REF]. Abbreviations: B, B cells; Baso, basophils; CLP, common lymphoid progenitor; CMP, common myeloid progenitor; DC, dendritic cells; Eos, eosinophils; Ery, erythrocytes; GMP, granulocyte/macrophage progenitor; HSC, hematopoietic stem cell; MC, mast cells; MEP, megakaryocyte/erythroid progenitor; Mk/Pla, megakaryocytes/platelets; MLP, multilymphoid progenitor; M/M, monocytes/macrophages; MPP, multipotent progenitor cell; Neutr, neutrophils; NK, natural killer cells; T, T cells. Figure from [START_REF] Antoniani | Concise Review: Epigenetic Regulation of Hematopoiesis: Biological Insights and Therapeutic Applications[END_REF].

Two-millions RBCs are generated every second through the erythropoiesis process. This multi-step machinery allows the formation of mature RBCs starting from multipotent HSCs [START_REF] Orkin | Diversification of haematopoietic stem cells to specific lineages[END_REF].

During erythropoiesis, HSCs first give rise to a common myeloid progenitor that is then committed towards the megakaryocyte/erythroid lineages (Fig. 5). Burst-forming uniterythroid (BFU-E) and colony-forming unit-erythroid (CFU-E) are considered the first erythroid progenitors [START_REF] Gregory | Human Marrow Cells Capable of Erythropoietic Differentiation In Vitro: Definition of Three Erythroid Colony Responses[END_REF] and gradually differentiate into erythroid precursors: pro-erythroblasts, basophilic, polychromatic, and orthochromatic erythroblasts (Fig. 6).

During the terminal differentiation stage, Hb concentration increases, cell size decreases, and the nucleus is condensed. Finally, enucleation occurs leading to the generation of reticulocytes, and the nucleus enveloped in a membrane (pyrenocyte) is degraded. The last phase of differentiation begins when the reticulocyte is released from the bone marrow to the bloodstream, where the final maturation into biconcave RBCs occurs (Fig. 6) [START_REF] Zivot | Erythropoiesis: insights into pathophysiology and treatments in 2017[END_REF]. Hb has more room in RBCs as the remaining organelles such as mitochondria or ribosomes are degraded and the loss of these organelles determines changes in the membrane organization. It takes 72 hours for a reticulocyte to become a mature RBC; during this maturation stage, it acquires a biconcave shape and flexible properties allowing it to circulate easily and adapt itself to maneuver through tiny blood vessels [START_REF] Mohandas | Cell Membrane and Volume Changes during Red Cell Development and Aging a[END_REF]. Enucleated RBCs cannot undergo mitosis and are degraded after around 120 days in the circulation by phagocytosis in the spleen, liver, or lymph nodes [START_REF] Gifford | A detailed study of time-dependent changes in human red blood cells: from reticulocyte maturation to erythrocyte senescence[END_REF].

Erythropoietin (EPO) plays a key role in the production of RBC. EPO is produced in the kidney and is required for the survival, proliferation and differentiation of erythroid progenitor cells. EPO binds to the colony-forming unit-erythroid cell (CFU-E) in the bone marrow and enhances their terminal differentiation into RBCs (Fig. 6) [START_REF] Adamson | Regulation of red blood cell production[END_REF][START_REF] Elliott | Erythropoietins: A common mechanism of action[END_REF]. EPO elevates the O2 carrying capacity of the blood through the increased production of RBCs, and once the tissue O2 tension is normal, the kidney will downregulate EPO production [START_REF] Jelkmann | Regulation of erythropoietin production[END_REF]. After the binding of EPO to its receptor, the Janus kinase (JAK) is recruited to phosphorylate the EPO receptor allowing the binding of the signal transducer and activator of transcription 5 (STAT5). STAT5 is amongst the most prominent proteins activated by EPO receptor and allows the expression of anti-apoptotic and transcription factors in order to induce the proliferation and the terminal differentiation into mature RBCs [START_REF] Socolovsky | Fetal anemia and apoptosis of red cell progenitors in Stat5a -/-5b -/-mice: a direct role for stat5 in bcl-xl induction[END_REF]. Erythroid differentiation from HSCs to RBCs. The differentiation from CFU-E to reticulocytes occurs in the erythroblastic islands in the bone marrow. In the bloodstream, RBCs continue their maturation. Figure from [START_REF] Zivot | Erythropoiesis: insights into pathophysiology and treatments in 2017[END_REF].

I.2 Beta-hemoglobinopathies

Beta-hemoglobinopathies are inherited genetic defects that result in the reduced or abnormal synthesis of one of the globin chains composing the Hb tetramer.

Beta-thalassemia and sickle cell disease (SCD) are caused by mutations in the β-like globin genes and are described as the major β-hemoglobinopathies. They represent the most common inherited monogenic disorders worldwide, with around 300,000 affected newborns each year, of which more than 200,000 carry SCD (Fig. 7) (WHO, 2010) [START_REF] Modell | Global epidemiology of haemoglobin disorders and derived service indicators[END_REF][START_REF] Origa | β-Thalassemia[END_REF][START_REF] Piel | Global Burden of Sickle Cell Anaemia in Children under Five, 2010-2050: Modelling Based on Demographics, Excess Mortality, and Interventions[END_REF]. The high frequency of Hb disorders reflects natural selection by malaria, firstly described by Beet and Haldane (Allison, 1957;[START_REF] Beet | Sickle cell disease in the Balovale District of Northern Rhodesia[END_REF][START_REF] Flint | 1 The population genetics of the haemoglobinopathies[END_REF][START_REF] Haldane | Disease and Evolution[END_REF], as carriers are resistant to this infection. SCD is common in sub-Saharan Africa, India, Saudi Arabia and Meditarranean countries, but migration spread the disease all over the world. Globally there are more carriers of thalassemia than of SCD but the high frequency of sickle β-globin gene in specific areas leads to a high rate of newborns affected by SCD.

Beta-hemoglobinopathies can be identified by prenatal diagnosis or newborn screening by molecular analysis because clinical features are not apparent at birth due to the presence of HbF that maintains normal hematological parameters. β-hemoglobin disorders clinically manifest between 6 months and 2 years of age when the γ-to-β-globin switch is complete.

However, some patients do not develop any symptoms due to their high levels of HbF in adult life. This benign condition is referred to as hereditary persistence of fetal hemoglobin (HPFH) and leads to normal hematological parameters (see "hereditary persistence of fetal hemoglobin" paragraph). 

I.2.a b-thalassemia § Overview

Thomas Benton Cooley was the physician and researcher who first discovered βthalassemia in 1925. Thalassemia comes from the Greek word "thalassa" meaning "sea" and the suffix "haema" for "blood" denoting the high prevalence of this disease in people originating from the Mediterranean and the Black Sea regions [START_REF] Siddiqui | Thalassemia and Thomas Benton Cooley[END_REF].

Beta-thalassemia is caused by more than 200 mutations in the β-globin gene cluster reducing or even abolishing the production of β-globin chains, and causes profound anemia and ineffective erythropoiesis [START_REF] Galanello | Beta-thalassemia[END_REF][START_REF] Ribeil | Ineffective Erythropoiesis in β -Thalassemia[END_REF]. The lack of β-globin chains causes an excess of α-globin molecules unable to form Hb tetramers, leading to intramedullary apoptosis of erythroid precursors and hemolytic anemia [START_REF] Wickramasinghe | Observations on the Ultrastructure of Erythropoietic Cells and Reticulum Cells in the Bone Marrow of Patients with Homozygous β-Thalassaemia[END_REF].

There are different degrees of thalassemias. The most severe is thalassemia major, also called Cooley's anemia, characterized by the total absence of β-globin chains. In β-thalassemia intermedia and minor, characterized by moderate to absent symptoms, β-globin chains are produced in reduced quantity. The nature of the phenotype is directly linked with the mutation of the alleles of the β-globin gene. β 0 refers to the complete absence of β-globin chains while β + and β ++ correspond to a strong or mild reduction of β-globin chains, respectively. A broad spectrum of thalassemias exists as a result of different β-globin alleles-associations [START_REF] Hassan | β-Thalassemia: Genotypes and Phenotypes[END_REF]. § Pathophysiology Beta-thalassemia major kills untreated affected children before the age of 3. The life expectancy of patients treated with regular blood transfusions and appropriate associative therapy, or bone marrow transplantation is overall approaching normal [START_REF] Borgna-Pignatti | Survival and complications in patients with thalassemia major treated with transfusion and deferoxamine[END_REF][START_REF] Telfer | Survival of medically treated thalassemia patients in Cyprus. Trends and risk factors over the period 1980-2004[END_REF]. Affected individuals have symptoms such as weakness, pale skin, fatigue, jaundice, poor musculature, growth problems, hepatosplenomegaly, leg ulcers, development of mass from extramedullary hematopoiesis and skeletal changes due to expansion of the bone marrow.

Severe β-thalassemia major patients need to be transfused chronically to counteract their severe anemia (Hb < 7g/dL) and stabilize their Hb content around a minimum of 10g/dL. The main side effect of regular transfusions is the iron overload that leads to other complications such as endocrine dysfunctions, and cardiac disease that remains the main cause of death [START_REF] Taher | Iron overload in thalassemia: different organs at different rates[END_REF]. In children, iron overload leads to growth retardation and a delay of sexual maturation, while later the complications include the heart's, liver's, and endocrine glands' dysfunctions [START_REF] Marengo-Rowe | The thalassemias and related disorders[END_REF].

The body has no effective physiological mechanism to remove a high quantity of iron, and its presence enhances intestinal iron absorption, which is toxic. Normally, iron comes from senescent RBCs that live in the circulation for 120 days and are degraded by the spleen. During this process, macrophages phagocyte RBC, the transferrin receptor binds and detoxify iron that is stored or recycled for RBC formation [START_REF] Korolnek | Macrophages and iron trafficking at the birth and death of red cells[END_REF]. Transferrin receptor becomes saturated in the presence of high iron levels and the non-transferrin-bound iron fraction is then transported through calcium channels to the liver, heart and endocrine glands [START_REF] Mishra | Iron Overload in Beta Thalassaemia Major and Intermedia Patients[END_REF]. Accumulation of free iron species promotes the production of reactive oxygen species (ROS) that create irreversible oxidative damage in these organs causing cellular dysfunction, apoptosis, and necrosis [START_REF] Taher | Iron overload in thalassemia: different organs at different rates[END_REF].

Splenomegaly is defined as an abnormal enlargement of the spleen and develops usually after 5-10 years of transfusions. It is a common feature of β-thalassemia major and some βthalassemia intermedia patients, as a result of repeated transfusions, anemia, iron overload and increased erythropoiesis. Splenomegaly may be associated with an overactive spleen as a consequence of an intensive production of RBCs that are then destroyed within the spleen. An enlarged spleen can cause severe pain, worsens the anemia as it increases the rate of RBC destruction and causes low levels of white blood cells (WBCs) and platelets. Indeed, the spleen is a storage center for WBCs and platelets, and when it is enlarged, its storage capacity increases as well as blood cell destruction. This reduces the number of WBCs and platelets in the circulation favoring infections and prolonged bleeding [START_REF] Lv | Hypersplenism: History and current status[END_REF]. Splenectomy is a surgical procedure performed mainly in transfusion-dependent-thalassemic patients, conferring improvement in certain symptoms [START_REF] Taher | Guidelines for the Management of Transfusion Dependent Thalassaemia (TDT)[END_REF]. Its major role is to protect against the development of extramedullary hematopoiesis, decrease RBC destruction improving Hb level, decreasing the transfusion requirement and consequently reducing iron-overload [START_REF] Cohen | Long-term effect of splenectomy on transfusion requirements in thalassemia major[END_REF][START_REF] Engelhard | Splenectomy in Homozygous Beta Thalassaemia: A Retrospective Study of 30 Patients[END_REF][START_REF] Ghmaird | Splenectomy in Patients with Sickle Cell Disease in Tabuk. Open Access Maced[END_REF].

Bone deformation is caused by the expansion of bone marrow that attempts to compensate for chronic anemia by producing a large number of RBC precursors (see "Ineffective erythropoiesis" paragraph). The bone expansion causes bones to become thinner, wider, and brittle, making them more fragile and at risk for fractures. The long bones of arms and legs suffer particularly, and in some cases the frontal bone or cheekbones of the face can also be expanded [START_REF] Cooley | Anemia in children: with splenomegaly and peculiar changes in the bones report cases[END_REF][START_REF] Dede | Thalassemia-associated osteoporosis: a systematic review on treatment and brief overview of the disease[END_REF].

Extramedullary hematopoiesis is a compensatory mechanism for ineffective erythropoiesis and is characterized by the presence of masses that form due to the RBC production outside the bone marrow. It can occur in the spleen, liver, lymph nodes, chest, spine and can cause compression of nearby structures (Taher et al., 2013a). This may cause neurological problems in the case of spinal compression with paraplegia and intrathoracic masses [START_REF] Galanello | Beta-thalassemia[END_REF]. This mislocated hematopoietic cell production leads to the development of leg ulcers and risk of blood clots within a vein 5,54 [START_REF] Bukhari | Thalassemia, extramedullary hematopoiesis, and spinal cord compression: A case report[END_REF][START_REF] Rachmilewitz | How I treat thalassemia[END_REF][START_REF] Sohawon | Extra-medullary haematopoiesis: A pictorial review of its typical and atypical locations[END_REF].

Beta-thalassemia intermedia does not require regular transfusions and is characterized mainly by hypertrophy of erythroid marrow with medullary and extramedullary hematopoiesis.

Transfusion independent patients suffer from iron overload as a consequence of an increased intestinal absorption. Ineffective erythropoiesis leads to a low number of circulating RBCs that triggers an overexpression of EPO. Erythroferrone is produced by erythroid precursors in the bone marrow after EPO stimulation and inhibits hepcidin, a hormone that regulates iron metabolism. The low level of serum hepcidin increases intestinal absorption leading to ironoverload [START_REF] Ginzburg | β-thalassemia: a model for elucidating the dynamic regulation of ineffective erythropoiesis and iron metabolism[END_REF][START_REF] Huang | Imbalance of erythropoiesis and iron metabolism in patients with thalassemia[END_REF][START_REF] Kautz | Identification of erythroferrone as an erythroid regulator of iron metabolism[END_REF][START_REF] Kautz | Erythroferrone contributes to hepcidin suppression and iron overload in a mouse model of β-thalassemia[END_REF][START_REF] Moura | Erythroferrone: the missing link in beta-thalassemia?[END_REF][START_REF] Musallam | Iron overload in β-thalassemia intermedia: an emerging concern[END_REF][START_REF] Tyan | Novel Approach to Reactive Oxygen Species in Nontransfusion-Dependent Thalassemia[END_REF].

Beta-thalassemia minor is clinically asymptomatic but some patients may have moderate anemia [START_REF] Galanello | Beta-thalassemia[END_REF]. § Inside a b-thalassemic red blood cell Beta-thalassemic RBCs are easily recognizable under a microscope, their population is heterogeneous compared to normal RBC from healthy donors. Beta-thalassemic cells are characterized by anisochromia (defined as an unequal amount of Hb among the RBC), anisocytosis (variance in size) and poikilocytosis (abnormal shaped RBC). Beta-thalassemic red cells in the periphery can have a tear-drop and elongated shape, some are large and pale and others are even nucleated (Fig. 8) [START_REF] Galanello | Beta-thalassemia[END_REF]. Inclusion bodies are found in red cells of β-thalassemia major patients and are precipitates of unmatched a-chain called a-precipitates (Fig. 9, Fig. 10) [START_REF] Rachmilewitz | How I treat thalassemia[END_REF]. Alpha-precipitates appear when the capacity of the erythroid-specific chaperone a-hemoglobin stabilizing protein is exceeded, thus it cannot promotes protein folding to stabilize free a-globin molecules [START_REF] Yu | An erythroid chaperone that facilitates folding of αglobin subunits for hemoglobin synthesis[END_REF]. The excess of a-globin subunits leads to the formation of ROS and a-hemichromes, composed of a-globin monomers containing oxidized ferric iron. Alpha-hemichromes are unstable and tend to precipitate as they normal RBCs thalassemic RBCs are insoluble and undergo progressive auto-oxidation producing red cell damage leading to apoptosis [START_REF] Mettananda | α-Globin as a molecular target in the treatment of β-thalassemia[END_REF][START_REF] Rachmilewitz | Formation of hemichromes from oxidized hemoglobin subunits[END_REF]. These a-precipitates formed by the precipitation of a-hemichromes are present mainly in erythroblasts, appearing at the early polychromatophilic stage and increasing in size and frequency during maturation, and are responsible of massive death of polychromatic erythroblasts within the bone marrow (Fig. 9, Fig. 10). Alpha-precipitates are usually cleared from the red cell when it enters the circulation but are still found in the peripheral blood of severe thalassemic patients resulting in peripheral hemolysis and anemia [START_REF] Rachmilewitz | Hemichromes in single inclusion bodies in red cells of beta thalassemia[END_REF][START_REF] Wickramasinghe | Observations on the Ultrastructure of Erythropoietic Cells and Reticulum Cells in the Bone Marrow of Patients with Homozygous β-Thalassaemia[END_REF]. Label A, B and C show a large number of intracytoplasmic α-chain precipitates. Picture (magnification x10,000) from [START_REF] Wickramasinghe | Observations on the Ultrastructure of Erythropoietic Cells and Reticulum Cells in the Bone Marrow of Patients with Homozygous β-Thalassaemia[END_REF]. § Ineffective erythropoiesis

Imbalance of a/β-globin chain synthesis causes a defective RBC development known as dyserythropoiesis that results in the compensatory expansion of early erythroid precursors and is associated with ineffective erythropoiesis caused by the massive apoptosis of erythroid precursors within the bone marrow [START_REF] Ribeil | Ineffective Erythropoiesis in β -Thalassemia[END_REF]. This phenomenon is the main cause of anemia in β-thalassemic patients and erythroblasts undergo apoptosis in the latest stages of differentiation when a-globin levels increase (Fig. 9, Fig. 10) [START_REF] Rivella | Ineffective erythropoiesis and thalassemias[END_REF].

Apoptosis of early precursors in severe β-thalassemic patients can be due to the cytoplasmic sequestration of the chaperone heat shock protein-70 (HSP-70) by the free aglobin chains. As a consequence, HSP-70 cannot translocate to the nucleus and protect GATA-1 (a master regulator of erythroid development) from the transient activation of caspase-3 at the latest stages of differentiation. In the absence of HSP-70, GATA-1 is then cleaved resulting in end-stage maturation arrest and apoptosis [START_REF] Arlet | HSP70 sequestration by free α-globin promotes ineffective erythropoiesis in β-thalassaemia[END_REF][START_REF] Arlet | Novel players in β-thalassemia dyserythropoiesis and new therapeutic strategies[END_REF][START_REF] Ribeil | Hsp70 regulates erythropoiesis by preventing caspase-3-mediated cleavage of GATA-1[END_REF].

The bone marrow from a β-thalassemia major patient contains five times the number of erythroid precursors observed in healthy controls, with increased numbers of basophilic and polychromatophilic and fewer orthochromatic erythroblasts. The high demand to produce RBCs by the bone marrow leads to the release of immature erythroid cells (including nucleated precursors) and reticulocytes into the blood circulation. Apoptosis occurs during the polychromatophilic stage of differentiation and cause ineffective erythropoiesis [START_REF] Mathias | Ineffective erythropoiesis in β-thalassemia major is due to apoptosis at the polychromatophilic normoblast stage[END_REF]. The reticuloendothelial cells of the bone marrow are responsible for the phagocytosis of erythroblasts. The cytoplasm of reticuloendothelial cells contains early and late polychromatophilic erythroblasts at various stages of degradation [START_REF] Kariyone | Reticuloendothelial Cell in the Bone Marrow an Its Relationship to Iron Metabolism[END_REF][START_REF] Wickramasinghe | Observations on the Ultrastructure of Erythropoietic Cells and Reticulum Cells in the Bone Marrow of Patients with Homozygous β-Thalassaemia[END_REF].

The reduced amount of RBCs results in hypoxia leading to an increase in the expression of EPO as it is inversely related to O2 availability [START_REF] Eckardt | Regulation of erythropoietin production[END_REF]. EPO binds to its EPO-receptor and through the phosphorylation of STAT5 rapidly increases the expression of anti-apoptotic regulators in early erythroblasts, allowing them to proliferate. In particular, EPO prevents apoptosis under acute stress conditions [START_REF] Oikonomidou | What can we learn from ineffective erythropoiesis in thalassemia?[END_REF]. The increased concentration of EPO induces a constant activation of JAK2/STAT5 associated with an increased number of erythroid progenitor and extramedullary hematopoiesis [START_REF] Libani | Decreased differentiation of erythroid cells exacerbates ineffective erythropoiesis in β-thalassemia[END_REF][START_REF] Rivella | The role of ineffective erythropoiesis in non-transfusion-dependent thalassemia[END_REF]. The high production of EPO results in an intensive but ineffective expansion of the bone marrow.

Stress erythropoiesis in β-thalassemia patients is thought to be responsible for a compensatory mechanism associated with the decreased β-chain production leading to the rise of HbF levels. Cells with high HbF levels have a survival advantage over cells with low HbF levels and high concentration of a-globin aggregates, which will be more susceptible to intramedullary apoptosis and peripheral hemolysis (Fig. 11) [START_REF] Arlet | Novel players in β-thalassemia dyserythropoiesis and new therapeutic strategies[END_REF]. The proportion of HbF can range from 10-60% of total Hb in the peripheral blood in β-thalassemia intermedia to over 90% in β-thalassemia major (Fig. 11) [START_REF] Arlet | Novel players in β-thalassemia dyserythropoiesis and new therapeutic strategies[END_REF]. In β 0 -thalassemia, reticulocytes are released from the bone marrow because of the intense erythropoiesis and almost all of them express a heterogeneous amount of HbF (Fig. 11). HbF can also be expressed in β-thalassemia patient's RBC due to HPFH mutations in the β-globin locus (see "hereditary persistence of fetal hemoglobin" paragraph) that substantially ameliorate the patient's clinical phenotype. 

I.2.b Sickle cell disease § Discovery and overview

Each year, more than 200,000 newborns are affected by SCD (Fig. 7), the majority of the cases occur in African and Indian countries where persons carrying the sickle mutation are protected against malaria [START_REF] Allison | Malaria in carriers of the sickle-cell trait and in newborn children[END_REF][START_REF] Luzzatto | Sickle Cell Anaemia and Malaria[END_REF][START_REF] Piel | Sickle Cell Disease[END_REF]. SCD is associated with substantial morbidity, a reduced life expectancy and poor quality of life even with the best medical care.

The work of Linus Pauling and J. V. Neel's team in 1949 reveals the molecular basis of SCD and its inheritance pattern. SCD is due to an autosomal recessive mutation in the sixth codon of the β-globin gene. This mutation causes the replacement of a hydrophilic amino-acid (glutamic acid) with a hydrophobic residue (valine) and the generation of the sickle β-globin chain (β s ) [START_REF] Steinberg | Sickle Cell Anemia, the First Molecular Disease: Overview of Molecular Etiology, Pathophysiology, and Therapeutic Approaches[END_REF]. This valine in position 6 is located on the surface of the β-globin chain, where it is exposed to water, reduces the solubility of the molecule, and promotes hydrophobic interactions between adjacent β-globin chains leading to the formation of large insoluble aggregates of deoxygenated sickle Hb (HbS) (Fig. 12, Fig. 13) (Cavazzana et al., 2017). Axial and lateral contacts leading to HbS polymerization. Figure from (Cavazzana et al., 2017).

HbS polymerization occurs when Hb is in a deoxygenated state. When RBC carries oxygenated HbS, it has a normal biconcave and flexible shape whereas in the microcirculation where the oxygen tension falls, HbS is deoxygenated and polymerizes leading to the formation of sickle and rigid RBC (Fig. 13). RBC undergo many cycles of oxygenation and deoxygenation during their lifespan, thus causing concomitant cycles of biconcave and sickling cell formation associated with HbS depolymerization and polymerization, respectively. These repeated cycles trigger irreversible damage of RBC membrane and cytoskeleton. In particular, the formation of irreversible sickle cells (ISCs) in which HbS cannot depolymerize is considered as a key determinant of the severity of the disease [START_REF] Lux | Irreversible deformation of the spectrinactin lattice in irreversibly sickled cells[END_REF][START_REF] Rodgers | Irreversibly sickled erythrocytes in sickle cell anemia: A quantitative reappraisal[END_REF][START_REF] Steinberg | Sickle Cell Anemia, the First Molecular Disease: Overview of Molecular Etiology, Pathophysiology, and Therapeutic Approaches[END_REF]. Sickle RBC become inflexible and adhere to the vascular endothelium, causing vaso-occlusions that lead to strokes, pain crises, and organ damage [START_REF] Steinberg | 6 Pathophysiology of sickle cell disease[END_REF]. The polymerization is dependent on the concentration of HbS and HbF within the RBC.

Co-inheritance of HPFH mutations improve the clinical conditions of the patients by reducing the concentration of HbS and thus lowering the polymerization rate (Fig. 14) [START_REF] Akinsheye | Fetal hemoglobin in sickle cell anemia[END_REF][START_REF] Dover | Individual Variation in the Production and Survival of F Cells in Sickle-Cell Disease[END_REF].

As for patients affected with β-thalassemia, some SCD patients carry point mutations or deletions in the β-globin locus leading to HPFH (see "hereditary persistence of fetal hemoglobin" paragraph), a benign syndrome that reduces the severity of the SCD clinical phenotype. Indeed, the γ-globin chain exerts a potent anti-sickling effect thanks to a critical glutamine amino-acid at position 87 (Q87) blocking the formation of lateral contacts required for the formation of Hb polymers (Fig. 14).

Figure 14: Fetal γ-globin inhibits Hb polymerization.

The Q87 amino acid in the γ-globin chain impairs the formation of the lateral contacts causing Hb polymerization. Figure from (Cavazzana et al., 2017). § Pathophysiology SCD has a different pathophysiology compared to β-thalassemia. SCD-associated morbidity includes priapism, avascular necrosis, chronic pulmonary impairment, hypertension, stroke, episodes of severe pain and recurrent vaso-occlusive crises (VOCs), acute chest syndrome (ACS) defined as fever and respiratory symptoms associated with pulmonary infiltrate (Cavazzana et al., 2017;[START_REF] Madigan | Pathophysiology and therapy for haemoglobinopathies; Part I: sickle cell disease[END_REF]. Most untreated children die from infection in early life [START_REF] Fleming | Abnormal haemoglobins in the Sudan savanna of Nigeria: I. Prevalence of haemoglobins and relationships between sickle cell trait, malaria and survival[END_REF]. The severity of SCD is inversely related to the HbF level, and above 20% of HbF in 70% of RBC should be necessary to counteract HbS polymerization and exert major clinical benefits [START_REF] Steinberg | Sickle Cell Anemia, the First Molecular Disease: Overview of Molecular Etiology, Pathophysiology, and Therapeutic Approaches[END_REF].

Dense cells are dehydrated RBCs that therefore have a high cellular HbS concentration, which favors polymerization and RBC sickling, and are positively associated with many SCD chronic complications [START_REF] Di Liberto | Dense red blood cell and oxygen desaturation in sickle-cell disease: Oxygen Desaturation and Sickle-Cell Disease[END_REF]. They include ISCs that represent the most dense fraction [START_REF] Lew | Ion Transport Pathology in the Mechanism of Sickle Cell Dehydration[END_REF].

Circulating sickled RBCs can obstruct vessels leading to organ damage. The adhesion of sickled RBC to the vascular endothelium is a key event in the process of vaso-occlusion. It has been shown that not only sickled RBCs but also newly-formed RBCs can adhere, and they are present in a large amount in SCD patients due to the increased red cell destruction that enhances RBC production. Vaso-occlusion is thought to be a two-step process: first the newly formed RBCs, which have a low density but high adhesion properties, adhere to the vascular endothelium narrowing the vessels. Then, the denser cells are trapped in vessels leading to their obstruction (Fig. 15) [START_REF] Kaul | The pathophysiology of vascular obstruction in the sickle syndromes[END_REF][START_REF] Papageorgiou | Simultaneous polymerization and adhesion under hypoxia in sickle cell disease[END_REF]. (A) First, adhesion of the newly formed RBCs reduces the space in post capillaries venules and then (B) trapping of RBCs lead to obstruction of the vessels, impairing blood flow. Figure from [START_REF] Kaul | The pathophysiology of vascular obstruction in the sickle syndromes[END_REF] Hemolytic anemia takes place intravascularly and mainly extravascularly during the erythrophagocytosis after the recognition of damaged ISCs by reticuloendothelial cells.

Enhanced erythrophagocytosis is determinant in the pathophysiology of SCD. ISCs are more adherent to macrophages than normal RBC, explaining the increased red cell destruction in SCD patients [START_REF] Mamtani | Erythrophagocytosis in sickle cell anemia: Statistical evidence for a biological phenomenon[END_REF][START_REF] Schwartz | Increased adherence of sickled and phosphatidylserine-enriched human erythrocytes to cultured human peripheral blood monocytes[END_REF]. Intravascular hemolysis leads to saturation of Hb-binding proteins, allowing free Hb to circulate, generating ROS which interact with nitric oxide (NO). NO plays an important role in the vasodilatation process; the presence of free Hb reduces its bioavailability leading to the inhibition of normal vasodilatation process, and subsequent endothelial inflammation [START_REF] Steinberg | Sickle Cell Anemia, the First Molecular Disease: Overview of Molecular Etiology, Pathophysiology, and Therapeutic Approaches[END_REF].

In SCD, the spleen commonly enlarged during the first decade of life and then undergoes progressive atrophy as a result of repeated VOCs leading to autosplenectomy, which is responsible for bacterial infections [START_REF] Leone | Bacterial Infections Following Splenectomy for Malignant and Nonmalignant Hematologic Diseases[END_REF]. Once ISCs enter the spleen they trigger a chronic inflammation leading to its atrophy. Also, large amount of trapped ISCs leads to a complication called splenic sequestration which cause acute pain impairing splenic function [START_REF] Helvaci | Autosplenectomy in severity of sickle cell diseases[END_REF][START_REF] Kane | Splenic Sequestration Crisis[END_REF]. However, in some cases, splenomegaly persists in adulthood necessitating splenectomy to avoid massive splenic infarcts, splenic abscess and acute splenic sequestration crises that worsen the anemia [START_REF] Al-Salem | Splenic Complications of Sickle Cell Anemia and the Role of Splenectomy[END_REF][START_REF] Emond | Acute splenic sequestration in homozygous sickle cell disease: Natural history and management[END_REF].

Environmental factors including climate, air quality, exercise and infections play an essential role in the severity of the disease. The rate of HbS polymerization depends on hypoxia, pH, temperature and the hydration of RBC, all of which are potentially altered by environmental factors. Genetically similar SCD patients have a much more severe phenotype in Africa than in the Northern hemisphere, this observation is likely to be related to environmental factors, including infections, climate and access to healthcare [START_REF] Tewari | Environmental determinants of severity in sickle cell disease[END_REF]. For example, exposure to extreme cold temperature results in acute pain as it causes vasoconstriction which induces the blood vessels to narrow and increases the chance that sickled RBC get stuck, triggering VOCs. High altitude may cause splenic sequestration and acute vaso-occlusive pain due to the decrease in oxygen partial pressure, which promotes RBC sickling [START_REF] Godwin | Risk of Altitude Exposure in Sickle Cell Disease[END_REF][START_REF] Tewari | Environmental determinants of severity in sickle cell disease[END_REF].

Severe SCD patients undergo RBC exchange, in which patient's red cells are removed and replaced by exogenous healthy red cells. Red cell exchange helps to dilute the amount of circulating sickled RBCs, thus decreasing the frequency of VOCs [START_REF] Swerdlow | Red Cell Exchange in Sickle Cell Disease[END_REF].

I.2.c Hereditary Persistence of Fetal Hemoglobin (HPFH)

Fetal Hb has been shown to be an important modifier of morbidity and mortality in patients affected by β-hemoglobinopathies [START_REF] Musallam | Fetal hemoglobin levels and morbidity in untransfused patients with ␤-thalassemia intermedia[END_REF].

HPFH is a benign syndrome caused by mutations mainly affecting the β-globin locus leading to elevated levels of HbF. These mutations can be either large deletions encompassing β-and δ-globin genes, or mutations (point mutations or small insertions and deletions) in the γ-globin promoters. Deletions are thought to juxtapose enhancer sequences closer to the γ-globin genes or to eliminate HbF inhibitory sequences [START_REF] Gazouli | Persistent Fetal γ-Globin Expression in Adult Transgenic Mice following Deletion of Two Silencer Elements Located 3′ to the Human Aγ-Globin Gene[END_REF][START_REF] Katsantoni | Persistent γ-globin expression in adult transgenic mice is mediated by HPFH-2, HPFH-3, and HPFH-6 breakpoint sequences[END_REF]. It is well known that the persistence of high levels of HbF plays a protective role in patients with β-hemoglobinopathies, alleviating or even hiding completely the presence of the globin defect [START_REF] Forget | Molecular Basis of Hereditary Persistence of Fetal Hemoglobin[END_REF].

In HPFH, HbF expression can be pancellular with HbF evenly distributed in RBC and representing 10-30% of the total Hb, or heterocellular with HbF expressed only by a subset of RBC and accounting for 1-10% of the total Hb. Patients with SCD or β-thalassemia and cooccurrence of pancellular HPFH have a less severe clinical condition [START_REF] Serjeant | Heterocellular hereditary persistence of fetal hemoglobin and homozygous sickle-cell disease[END_REF][START_REF] Wood | Heterocellular Hereditary Persistence of Fetal Haemoglobin (Heterocellular HPFH) and its Interaction with β Thalassaemia[END_REF].

Merlin Crossley's group investigated mutations causing HPFH showing that the -175T>C and -198T>C (British HPFH) HPFH points mutations are associated with elevated HbF levels due to the creation of de novo binding sites for the recruitment of the activators TAL1 and KLF1, respectively. TAL1 promotes chromatin looping of distal LCR enhancers to the modified γ-globin promoters [START_REF] Wienert | Editing the genome to introduce a beneficial naturally occurring mutation associated with increased fetal globin[END_REF] and KLF1 is an erythroid activator that drives the expression of the -198T>C-containing promoter [START_REF] Wienert | KLF1 drives the expression of fetal hemoglobin in British HPFH[END_REF].

HPFH is also associated with mutations resulting in the disruption of binding sites for repressors that bind and silence the γ-globin promoters. The regions -115 and 200 bp upstream of the transcription start site of the γ-globin promoters contain binding sites for the major HbF repressors, BCL11A and LRF, respectively. Mutations affecting these binding sites reduce the recruitment of these repressors and increase HbF expression [START_REF] Martyn | Natural regulatory mutations elevate the fetal globin gene via disruption of BCL11A or ZBTB7A binding[END_REF]. These mutations include a 13-bp deletion encompassing the BCL11A binding site.

All these studies paved the way to the development of therapeutic strategies aimed at reproducing HPFH mutations to correct the β-hemoglobinopathy phenotype.

I.2.d Evaluation of red blood cell parameters § Pathognomonic hematological signs of b-thalassemia and SCD

Hematological analyses are usually performed using automated hematological analyzers that process different tests directly from a blood sample. Indeed, from a few microliters of blood, a variety of information can be assessed to shed light on an individual's health state. In these automatic devices, several parameters are assessed such as red and WBC counts, Hb and iron concentration, etc. Reference ranges are defined in a healthy individual population, and each parameter has a reference composed of a lower and a higher value representing the standard values found in healthy donor males and females [START_REF] Bates | Reference Ranges and Normal Values[END_REF].

Values outside these reference ranges are generally a sign of disorders. Patients affected by b-thalassemia and SCD can be diagnosed considering specific hematological features and variations.

In b-thalassemia, the evaluation of the red cell indices and morphology and the measurement of the Hb concentration and Hb types allow the identification of carriers of these mutations [START_REF] Brancaleoni | Laboratory diagnosis of thalassemia[END_REF]. In b-thalassemia, the mean corpuscular volume (MCV)

and mean corpuscular Hb (MCH) (which represent the average size of a RBC and the average amount of Hb per RBC, respectively) are markedly reduced. Overall, in b-thalassemia major patients, the main characteristic of the disease is a strongly decreased Hb globin level (<7g/dL), and a wide variety of red cell shapes in the whole RBC population [START_REF] Brancaleoni | Laboratory diagnosis of thalassemia[END_REF].

Besides that, a molecular diagnosis is essential to predict severe transfusion-dependent and intermediate-to-mild non-transfusion-dependent phenotypes [START_REF] Brancaleoni | Laboratory diagnosis of thalassemia[END_REF].

Measurement of the serum iron and the total iron-binding capacity is also essential as values are usually higher than normal as a consequence of blood transfusions or free iron release during peripheral hemolysis [START_REF] Kattamis | Serum iron and unsaturated iron-binding capacity in the -thalassaemia trait: their relation to the levels of haemoglobins A, A 2 , and F[END_REF][START_REF] Pippard | Iron absorption and loading in β-thalassemia intermedia[END_REF]Taher et al., 2013b;[START_REF] Weatherall | The Thalassaemia Syndromes[END_REF].

In SCD, Hb concentration, WBC and platelet number can predict the clinical severity.

These parameters evolve in line with the patient's condition, as they face alternative periods of good health (steady-state) and acute exacerbation of symptoms like vaso-occlusive or hemolytic crises (crisis state) [START_REF] Abubakar | Hematological Parameters of Children with Sickle Cell Anemia in Steady and Crisis States in Zaria, Nigeria[END_REF]. In general, at steady-state, SCD patients have a low Hb level, which appears to be even lower in a crisis state, and like for b-thalassemia patients, MCV and MCH are lower due to the inflammation condition caused by anemia and circulating sickle cells. § Evaluation of hematological parameters in in vitro generated RBCs

Research laboratories are constantly seeking for efficient therapeutics to cure βhemoglobinopathies. To this aim, many protocols and models have been developed to reproduce, understand, and revert the disease phenotype in vitro. A protocol to generate RBCs in vitro from healthy donor or patient's HSCs that have been treated or not with a gene therapy approach is useful for assessing RBC parameters and evaluate the curative potential of gene therapy (Giarratana et al., 2005a).

However, a limited number of HSCs can be treated in vitro and differentiated towards the erythroid lineage due to the reduced availability of patient's primary cells and experimental limitations. As a consequence, the amount of mature RBCs obtained at the end of the differentiation protocol is insufficient to be processed by the automated hematological analyzer as millions of cells are required to process for this analysis. Indeed, a blood sample contains around 5 million RBCs per microliter, and even if only a few microliters are required to perform a complete analysis, this amount of cells cannot be obtained easily in vitro. Moreover, the automated devices analyze the total RBC population, but are unable to perform analyses at single-cell level.

Therefore, other methods requiring a limited number of cells are commonly used to evaluate the different parameters in in vitro cultured RBCs.

In particular, to monitor the in vitro erythropoiesis, a frequently used method is the morphological analysis of cells collected at different time points to assess the hemoglobinopathy phenotype. In vitro cultured cells can be cytospinned on a slide and erythroid populations are identified under a microscope after May-Grünwald Giemsa staining.

This coloration helps to differentiate the erythroid cellular components: the nucleus appears blue or dark-violet and the cytoplasm of hemoglobinized cells displays a light-pink color (Fig.

16).

To analyze in vitro generated erythroid cells and assess their hemoglobinopathy phenotype, we can rely on the characteristics usually found in b-thalassemia and SCD blood samples.

Blood samples from b-thalassemia patients are characterized by poikilocytosis and anisochromia, and the presence of immature, nucleated cells is a key feature of the disease (Fig. 16). The observation of in vitro generated b-thalassemia erythroid cells allows to evaluate the altered differentiation, the presence of apoptotic cells, and the RBC hemoglobinization and size, and therefore to assess the effectiveness of therapeutic approaches in reversing the pathological phenotype [START_REF] Roselli | Correction of beta-thalassemia major by gene transfer in haematopoietic progenitors of pediatric patients[END_REF].

In blood samples from SCD patients, the presence of ISCs (which can represent 5-50% of the total RBC population [START_REF] Rodgers | Irreversibly sickled erythrocytes in sickle cell anemia: A quantitative reappraisal[END_REF]) is pathognomonic of SCD and the severity of the phenotype depends on the proportion of ISCs (Fig. 16). ISCs are difficult to observe in in vitro cultured samples as they appear in vivo after multiple cycle of oxygenation and deoxygenation [START_REF] Jensen | The role of red cell energy metabolism in the generation of irreversibly sickled cells in vitro[END_REF][START_REF] Ohnishi | The mechanism of in vitro formation of irreversibly sickled cells and modes of action of its inhibitors[END_REF]. RBCs from SCD patient blood and in vitro cultured SCD RBCs can sickle once placed under hypoxic conditions in a deoxygenated chamber reaching up to 100% of sickling RBCs.

The proportion of sickle cells is then manually measured under microscope to evaluate the ability of therapeutic approaches to reduce RBC sickling.

Only a few cells are necessary to perform these morphological analyses. However, this method is time consuming with only few hundreds of cells that can be quantified at best, and the analysis can be biased by the operator. Moreover, these methods are not able to quantify the absolute Hb content in the total population and at single-cell level.

High-performance liquid chromatography (HPLC) is routinely used to separate, identify, and quantify each Hb or globin chain type. This technique takes advantage of the different retention time of each Hb/globin due to their specific amino acid composition [START_REF] Bird | High performance liquid chromatography: principles and clinical applications[END_REF]. In in vitro cultured RBCs, HPLC allows to measure the relative proportion of each Hb/globins and to evaluate the rescue of the phenotype while testing new therapies. However, this technique does not allow the absolute quantification of Hb concentration, does not give information at single-cell level, and it requires a minimum of 100,000 cells.

Flow cytometry analysis can be used to determine at single-cell level RBC parameters and the frequency of RBCs expressing a particular Hb type using Hb-specific antibodies coupled with a fluorophore [START_REF] Böhmer | Flow cytometry of erythropoiesis in culture: Bivariate profiles of fetal and adult hemoglobin[END_REF][START_REF] Mundee | Simplified flow cytometric method for fetal hemoglobin containing red blood cells[END_REF]. In particular, the Imagestream ISX MkII flow cytometer (Amnis Corp, EMD Millipore) captures the image of each cell as they pass through the device assessing different parameters such as shape, perimeter, and Hb or organelles contained in RBCs [START_REF] Basiji | Principles of Amnis Imaging Flow Cytometry[END_REF][START_REF] Van Beers | Imaging flow cytometry for automated detection of hypoxia-induced erythrocyte shape change in sickle cell disease[END_REF]. The Amnis flow cytometer allows to assess RBC parameters from a minimum of 5,000 cells. ISCs from blood of SCD patients can directly be analyzed without any specific treatment as the morphology is Healthy donor !-thalassemia SCD the discriminant parameter [START_REF] Van Beers | Imaging Flow Cytometry for Fully Automated Quantification of Percentage of Sickled Cells in Sickle Cell Anemia[END_REF][START_REF] Van Beers | Imaging flow cytometry for automated detection of hypoxia-induced erythrocyte shape change in sickle cell disease[END_REF]. This method has also been applied

to in vitro generated SCD RBCs but the scoring of pathological cells is still inaccurate and the fixation step performed in this protocol can lead to artifacts and reversal of sickling [START_REF] Samsel | Imaging Flow Cytometry for the Study of Erythroid Cell Biology and Pathology[END_REF][START_REF] Sjeklocha | β-Globin Sleeping Beauty Transposon Reduces Red Blood Cell Sickling in a Patient-Derived CD34+-Based In Vitro Model[END_REF]. To assess the Hb content with the Amnis flow cytometer, RBCs from patient blood or generated in vitro need to be labelled with immunofluorescent anti-Hb antibodies, evaluating the mean fluorescence intensity in each cell [START_REF] Fertrin | Imaging flow cytometry documents incomplete resistance of human sickle F-cells to ex vivo hypoxia-induced sickling[END_REF]. However, antibodies specific for each Hb type are not always available and this analysis does not allow the absolute quantification of Hb content per cell. § Quantitative phase imaging to evaluate RBC parameters Constant improvement of analytical devices leads to the development of technologies that allow to simultaneously quantify the absolute Hb content and morphological RBC parameters in bulk populations and at single-cell level using an automated, operator-bias-free system.

A microscopy-based strategy called quantitative phase imaging (QPI) has shown its ability to enables label-free quantitative assessment of biological material, combining the principles of microscopy interferometry and holography (Fig. 17).

Phase-contrast imaging exploits differences in the refractive index of materials to differentiate structures. Different structures have a different refractive index, which is a dimensionless number that describes how fast light travels through the materials and how it can be bent, delayed, or refracted by this passage (Fig. 17a). Refractive index is closely linked to mass density, which is exploited in refractometers used to measure sugar or alcohol content in liquids. Glasdstone and Dale demonstrated that in solvents, the refractive index is modified by an amount proportional to the solute concentration [START_REF] Gladstone | Researches on the Refraction, Dispersion, and Sensitiveness of Liquids[END_REF]. Barer et al showed that the proportionality constant, also called specific refractive index increment, is the same for most cell chemical components: 0.180 µm 3 /pg [START_REF] Barer | Interference Microscopy and Mass Determination[END_REF].

When light propagates through a medium with a given refractive index, it accumulates an optical path (or phase) that is equal to the refractive index multiplied by the medium thickness. Optical path is expressed as a length, often in nanometers for biology samples. Phase is proportional to the optical path and is expressed in radians, 2p of phase is equivalent to one wavelength in optical path. Phase-contrast imaging is mainly used in biology to observe unstained cells as its technology allows to distinguish between structures that are of similar transparency. Quantitative phase imaging differs from conventional phase-contrast methods as it creates a phase image whose values are quantitative and not only gray scale values (Fig. 17c).

Interferometry is the standard method used by opticians to reveal the smallest phase changes in samples. Digital holography microscopy was developed to apply interferometry to microscopy applications and works with digital acquisition devices such as video cameras [START_REF] Cuche | Digital holography for quantitative phase-contrast imaging[END_REF][START_REF] Nolte | Optical Interferometry for Biology and Medicine[END_REF]. In this kind of set-up, the light path is splitted into two arms:

one propagates through the sample, the other through nothing. When they are recombined, they interfere and their interference is recorded by a camera and numerically computed to recover the phase-shift introduced by the sample (Fig. 17c) [START_REF] Kim | Principles and techniques of digital holographic microscopy[END_REF].

In off-axis digital holography, we observe a pattern of evenly spaced lines called fringes when no sample is placed in the "sample" arm [START_REF] Cuche | Digital holography for quantitative phase-contrast imaging[END_REF]. When an object is inserted in this arm, the fringes are locally displaced by an amount proportional to the phase value (Fig. 17b). When the phase is shifted by the object with an amount of 2p, the hologram fringe pattern is locally displaced by one interfringe spacing.

In quadriwave lateral shearing interferometry, the optical path is recovered without the need of a reference arm [START_REF] Bon | Quadriwave lateral shearing interferometry for quantitative phase microscopy of living cells[END_REF][START_REF] Primot | Extended Hartmann test based on the pseudoguiding property of a Hartmann mask completed by a phase chessboard[END_REF]. This greatly simplifies its implementation into a standard research microscope. The light going out of the microscope camera port goes through a specific diffractive optics, which modulates its intensity. After a few millimeters of propagation, it is recorded by a digital camera. It can be shown that the intensity modulation is locally deformed by an amount proportional to the space derivative of the phase (Fig. 18). The phase image is finally recovered by integrated the derivative information.

All these QPI techniques measures the full electromagnetic scalar field, which comprises the amplitude and phase images, whereas conventional brightfield microscopy only measures light intensity (Kim et al., 2012).

Each cell observed using QPI techniques, introduces a delay in the light path when it propagates through it, this delay can be measured as an optical path difference [START_REF] Park | Quantitative phase imaging in biomedicine[END_REF]. Each pixel value of an image is related to the physical thickness and the local refractive index. A pixel value directly relates to the cell local surface mass density. When pixel values are summed over the cell area, the obtained result is called an optical volume and is proportional to the cell dry-mass, which is the mass of all cell components except water. The color corresponds to the measure phase shift depending on the object thickness and its refractive index. Figure from (Kim et al., 2012).

QPI provides a description of the morphology, dry mass, and dynamics existing outside and inside a cell. Phase information allows to extract parameters at a single-cell level, such as the optical volume, the dry mass, and the shape by increasing the contrast around a cell [START_REF] Aknoun | Living cell dry mass measurement using quantitative phase imaging with quadriwave lateral shearing interferometry: an accuracy and sensitivity discussion[END_REF][START_REF] Bon | Quadriwave lateral shearing interferometry for quantitative phase microscopy of living cells[END_REF][START_REF] Bon | Enhanced 3D spatial resolution in quantitative phase microscopy using spatially incoherent illumination[END_REF]. Other indicators can be assessed like density, ellipticity, perimeter, etc., which inform about biological events or pathologies (e.g., apoptosis, cell differentiation and anemia). Creation of a phase image from an interferogram given by an interferometer. Adapted from [START_REF] Bon | Quadriwave lateral shearing interferometry for quantitative phase microscopy of living cells[END_REF].

In the hematological field, knowing the structural and mechanical properties of each cell favors the understanding of diseases and therefore is of great help in discovering and characterizing new therapies [START_REF] Popescu | Imaging red blood cell dynamics by quantitative phase microscopy[END_REF]. As mentioned before, in vitro cultured RBCs from a patient are limited in number, which restricts the type and number of analyses that can be performed. The QPI has shown its reliability and the possibility to process a limited numbers of cells, keeping a robust analysis of parameters that can be measured at single cell level [START_REF] Lee | Quantitative Phase Imaging Techniques for the Study of Cell Pathophysiology: From Principles to Applications[END_REF][START_REF] Popescu | Imaging red blood cell dynamics by quantitative phase microscopy[END_REF]. In addition, QPI is able to provide an absolute quantification of Hb per RBC without any labelling, showing great promises for analyzing erythroid cells after gene therapy treatment.

I.3 Current and novel therapies for the treatment of βhemoglobinopathies

The cost of treating a patient affected with a blood disorder varies among countries. βthalassemia major and SCD patients are generally facing lifetime treatments, which represent a huge economic burden on the health care system [START_REF] Cappellini | A paradigm shift on beta-thalassaemia treatment: How will we manage this old disease with new therapies?[END_REF][START_REF] Kauf | The cost of health care for children and adults with sickle cell disease[END_REF].

I.3.a Red blood cell transfusion

RBC transfusion is the principal treatment to counteract anemia, one of the major symptoms of both β-thalassemia and SCD patients. RBC transfusion elevates the Hb level, improves anemia and suppresses ineffective erythropoiesis. While a simple RBC transfusion reduces the pathological signs of β-thalassemia, SCD patients can require the need for a RBC exchange transfusion to remove sickle RBCs and replace them with healthy donor RBCs.

Exchange transfusion has the advantages of lowering the iron-load and most importantly lowering the HbS concentration in the blood circulation, thus resulting in a decrease of the occurrence of VOCs [START_REF] Porter | Optimal blood transfusion therapy in haemoglobinopathies[END_REF].

The main side effects of transfusions are iron-overload and risk of alloimmunization or infection. Iron-overload is a frequent consequence of repeated blood transfusions because the human body lacks a mechanism to excrete excess iron. Iron accumulation became toxic for tissues and organs leading to several abnormalities if not strictly monitored and treated [START_REF] Porter | Iron overload and chelation (Thalassaemia International Federation)[END_REF]. Alloimmunization is a common complication of transfusion therapy defined as an immune response against foreign antigens present in the transfused blood. This immune response can be avoided by using extended antigens matched donor blood [START_REF] Trompeter | Guidelines for the Management of Transfusion Dependent Thalassaemia (TDT)[END_REF]. However, promising studies have been performed to transfuse in vitro-generated RBCs, which harbor perfectly matched blood antigens to treat alloimmunized patients (Giarratana et al., 2005a[START_REF] Giarratana | Proof of principle for transfusion of in vitro-generated red blood cells[END_REF].

I.3.b Pharmacological treatments § Iron-chelation therapy

In addition to blood transfusion, iron chelation therapy is necessary to reduce iron levels.

Once the iron has accumulated and deposited in some tissues, its removal is slow, inefficient and damages are often irreversible. Therefore, prevention is preferable to rescue therapy. Iron chelators interact better with low molecular weight iron than with iron stored as ferritin, explaining the necessity to treat iron-overload before the storage of iron. The main iron chelators are deferoxamine, deferiprone and deferasirox, they can bind to iron creating a chelate-iron that will be dissolved in water and excreted through the kidneys in the urine or also through the faeces depending on the chelators [START_REF] Hershko | Iron Chelators for Thalassaemia[END_REF][START_REF] Porter | Iron overload and chelation (Thalassaemia International Federation)[END_REF][START_REF] Galanello | Beta-thalassemia[END_REF]. § Pharmacological induction of HbF Pharmacological induction of HbF expression is a promising approach considering the better clinical condition of patients with HPFH (see "hereditary persistence of fetal hemoglobin" paragraph) [START_REF] Ng | Natural Remedies for the Treatment of Beta-Thalassemia and Sickle Cell Anemia-Current Status and Perspectives in Fetal Hemoglobin Reactivation[END_REF].

5-azacytidine, decitabine, and butyrate

5-azacytidine was the first agent to be used to induce HbF. It is a chemotherapeutic agent, analogue of the cytosine nucleoside and is capable of activating silent genes like the γglobin genes [START_REF] Frenette | Sickle cell disease: old discoveries, new concepts, and future promise[END_REF][START_REF] Ley | 5-Azacytidine Selectively Increases γ-Globin Synthesis in a Patient with β + Thalassemia[END_REF][START_REF] Ley | 5-Azacytidine increases gamma-globin synthesis and reduces the proportion of dense cells in patients with sickle cell anemia[END_REF]. Indeed, 5-azacytidine inhibits DNA methyltransferase resulting in hypomethylation of genomic regions near the γ-globin genes, which is associated with γ-globin activation [START_REF] Moore | DNA Methylation and Its Basic Function[END_REF]. After seven days of administration to a β-thalassemia major patient, γ-globin synthesis increased up to sevenfold, rebalancing patient's globin synthesis [START_REF] Ley | 5-Azacytidine Selectively Increases γ-Globin Synthesis in a Patient with β + Thalassemia[END_REF]. This drug has also demonstrated its efficacy in SCD patients, increasing HbF production and resulting in the elevation of the Hb concentration from 8 to 12g/dL [START_REF] Charache | Treatment of sickle cell anemia with 5-azacytidine results in increased fetal hemoglobin production and is associated with nonrandom hypomethylation of DNA around the gamma-delta-beta-globin gene complex[END_REF]. However, this drug has never been tested in large-scale clinical trials because of concerns about its carcinogenicity [START_REF] Frenette | Sickle cell disease: old discoveries, new concepts, and future promise[END_REF].

Decitabine (5-aza 2-deoxycytidine) is an analog of 5-azacytidine able to produce a significant increase in the HbF level. It has been tested in a small-scale clinical trial in patients with SCD but needs to be inquired in a larger and longer-term study to prove the efficacy and safety [START_REF] Frenette | Sickle cell disease: old discoveries, new concepts, and future promise[END_REF].

Butyrate belongs to the family of histone deacetylase inhibitors drugs. Butyrate can elevate the HbF expression but has also an antiproliferative effect resulting in a loss of HbF expression after a prolonged administration [START_REF] Atweh | Sustained Induction of Fetal Hemoglobin by Pulse Butyrate Therapy in Sickle Cell Disease[END_REF].

Hydroxyurea (hydroxycarbamide) and other approved drugs

Hydroxyurea (HU) was the first drug for SCD approved by the Food and Drug Administration (FDA) in 1996, and it can improve both survival and the quality of life of patients with SCD. HU is capable of activating γ-globin genes associated, which can benefit both β-thalassemia and SCD patients [START_REF] Letvin | Augmentation of Fetal-Hemoglobin Production in Anemic Monkeys by Hydroxyurea[END_REF]. However in β-thalassemia patients, HU was not as efficient as for SCD patients in increasing HbF level [START_REF] Mabaera | A cell stress signaling model of fetal hemoglobin induction: what doesn't kill red blood cells may make them stronger[END_REF]. HU inhibits the ribonucleotide reductase and has proved its efficacy with moderate side effects in adults and children affected with SCD [START_REF] Ghasemi | Side effects of hydroxyurea in patients with Thalassemia major and thalassemia intermedia and sickle cell anemia[END_REF][START_REF] Hankins | Long-term hydroxyurea therapy for infants with sickle cell anemia: the HUSOFT extension study[END_REF][START_REF] Steinberg | Effect of Hydroxyurea on Mortality and Morbidity in Adult Sickle Cell Anemia: Risks and Benefits Up to 9 Years of Treatment[END_REF]. In SCD patients, an increased HbF level decreases HbS concentration, thus lowering the requirement for blood transfusions and the frequency of pain crises and episodes of ACS, [START_REF] Ansari | Hydroxyurea for ßthalassaemia major[END_REF][START_REF] Nevitt | Hydroxyurea (hydroxycarbamide) for sickle cell disease[END_REF]. HU also reduces the adhesion of sickle cells to endothelium and the amount of circulating WBCs, thus decreasing ACS and VOCs in patients with SCD [START_REF] Bartolucci | Decreased sickle red blood cell adhesion to laminin by hydroxyurea is associated with inhibition of Lu/BCAM protein phosphorylation[END_REF][START_REF] Charache | Hydroxyurea and Sickle Cell Anemia Clinical Utility of a Myelosuppressive[END_REF]. Nevertheless, the precise mechanism of action of HU is still not fully elucidated, and unfortunately, not all patients are responsive to HU treatment.

Until 2017, HU was the only FDA approved drug for the treatment of SCD. Then, three new drugs were approved to be used as monotherapy or in combination with HU: L-glutamine, crizanlizumab-tmca, and voxelotor (Frieda Wiley, 2020). L-glutamine decreases acute SCD complications, crizanlizumab-tmca reduces the number of VOCs and voxelotor works as an inhibitor of deoxygenated sickle hemoglobin polymerization, thus preventing RBCs from adopting a sickle shape [START_REF] Ataga | Crizanlizumab for the Prevention of Pain Crises in Sickle Cell Disease[END_REF][START_REF] Wiley | New Options for Sickle Cell Disease[END_REF][START_REF] Niihara | A Phase 3 Trial of l-Glutamine in Sickle Cell Disease[END_REF].

Finally, Luspatercept has been recently approved by the FDA (November 2019) for the treatment of β-thalassemia patients that undergo regular blood transfusions. Luspatercept is lowering the transfusion burden according to the BELIEVE trial that enrolled 336 transfusiondependant β-thalassemia patients [START_REF] Cappellini | A Phase 3 Trial of Luspatercept in Patients with Transfusion-Dependent β-Thalassemia[END_REF]. Indeed, this drug interferes with the signals that suppress RBC production during ineffective erythropoiesis, enhancing the latestage erythropoiesis and thus increasing the production of RBC.

I.3.c Allogeneic hematopoietic stem cell transplantation

Allogeneic hematopoietic stem cell transplantation (HSCT) is the only curative and definitive treatment for both β-thalassemia and SCD. The principle of allogeneic HSCT is to replace the HSCs, which give rise to defective RBCs with normal HSCs able to produce healthy RBC. Immunosuppressive therapy is necessary to undergo this procedure, to avoid immune response against the transplanted healthy hematopoietic cells and graft rejection.

Cyclophosphamide is a well-established agent for providing adequate immunosuppression [START_REF] Lucarelli | Hematopoietic Stem Cell Transplantation in Thalassemia and Sickle Cell Anemia[END_REF]. Prior to the allogeneic HSCT, myeloablative conditioning has to be performed to remove the defective cells from the patient. Busulfan or treosulfan are usually used to eradicate the endogenous hematopoietic system, making space for the healthy HSCs [START_REF] Angelucci | Hematopoietic stem cell transplantation in thalassemia major and sickle cell disease: indications and management recommendations from an international expert panel[END_REF][START_REF] Lucarelli | Hematopoietic Stem Cell Transplantation in Thalassemia and Sickle Cell Anemia[END_REF].

In a retrospective study, 1,000 SCD recipients of matched sibling transplants were followed for about 5 years after transplantation [START_REF] Gluckman | Sickle cell disease: an international survey of results of HLA-identical sibling hematopoietic stem cell transplantation[END_REF]. This study revealed that age is a significant factor in the survival of patients: the younger the patient (<16 years of age) at the time of transplantation, the better the survival rate [START_REF] Gluckman | Sickle cell disease: an international survey of results of HLA-identical sibling hematopoietic stem cell transplantation[END_REF].

A potential complication of allogeneic HSCT is the graft versus host disease (GVHD), which occurs when donor T cells recognize as "foreign" some proteins on host cells, amongst which the most important are the Human Leukocyte Antigens (HLA) [START_REF] Ferrara | Graft-versus-Host Disease[END_REF]. The incidence of acute GVHD is directly associated with the degree of HLA mismatch between the donor and the recipient, thus explaining the need of HLA-matched donors to perform allogeneic HSCT. The frequency of GVHD has been shown to increase in older SCD patients that undergo allogeneic HSCT [START_REF] Gluckman | Sickle cell disease: an international survey of results of HLA-identical sibling hematopoietic stem cell transplantation[END_REF]. The most frequently affected organs are the skin, the gastrointestinal tract and the liver. GVHD can be fatal and can be overcome by using immunosuppressive drugs such as cyclosporine pre-and post-transplantation [START_REF] Lucarelli | Hematopoietic Stem Cell Transplantation in Thalassemia and Sickle Cell Anemia[END_REF].

The major limitation of allogeneic HSCT is the lack of an HLA-matched sibling donors for almost 80% of the patients underlying the need for novel curative therapies for the treatment of β-thalassemia and SCD.

I.3.d Gene therapy

Gene therapy using autologous, genetically-modified HSCs can overcome the lack of HLA-matched donors for allogeneic HSCT to cure β-thalassemia and SCD. Furthermore, the autologous HSCs avoids the risk of GVHD and graft rejection. § Quality of hematopoietic stem cells in β-hemoglobinopathy patients

The pathophysiology of β-hemoglobinopathies can affect the clinical outcome of genetherapy treated patients. In particular, alteration of the bone marrow microenvironment can affect HSCs. Therefore, gene therapy using autologous, genetically-modified HSCs faces a challenge to effectively isolate and engraft HSCs in the bone marrow.

Primitive mesenchymal stromal cells play a crucial role in the regulation of HSC homeostasis and interact directly with long-term HSCs controlling their fate [START_REF] Crippa | Bone marrow stromal cells from β-thalassemia patients have impaired hematopoietic supportive capacity[END_REF][START_REF] Méndez-Ferrer | Mesenchymal and haematopoietic stem cells form a unique bone marrow niche[END_REF]. In particular, mesenchymal stromal cells in the bone marrow can uptake the iron in excess to preserve HSC homeostasis and function; however, in βthalassemia, the excessive amount of iron induces ROS production, leading to the loss of primitive mesenchymal stromal cells [START_REF] Crippa | Bone marrow stromal cells from β-thalassemia patients have impaired hematopoietic supportive capacity[END_REF]. The reduced proportion of mesenchymal stromal cells then affects HSC functions, such as homing and engraftment in the bone marrow [START_REF] Crippa | Bone marrow stromal cells from β-thalassemia patients have impaired hematopoietic supportive capacity[END_REF]. In β-thalassemia, HSC quiescence is also reduced due to the altered bone marrow environment, affecting HSC self-renewal properties [START_REF] Aprile | Hematopoietic stem cell function in β-thalassemia is impaired and is rescued by targeting the bone marrow niche[END_REF].

Similarly, in SCD, the inflammation status of the bone marrow likely affects HSC quality and recovery [START_REF] Javazon | Hematopoietic Stem Cell Function in a Murine Model of Sickle Cell Disease[END_REF][START_REF] Leonard | Bone marrow characterization in sickle cell disease: inflammation and stress erythropoiesis lead to suboptimal CD34 recovery[END_REF].

These findings revealed the challenges that need to be overcome to improve the efficacy of gene therapy approaches. § Hematopoietic stem cell mobilization

For an efficient HSCT, the collection of HSCs has to be optimal and adapted to the disease. Mobilized peripheral blood cells represents the most frequent source of HSCs. In this process, HSCs are released from the bone marrow niche into the blood circulation, facilitating their collection [START_REF] To | The Biology and Clinical Uses of Blood Stem Cells[END_REF][START_REF] Yannaki | Hematopoietic stem cell mobilization strategies for gene therapy of beta thalassemia and sickle cell disease: Stem cell mobilization for hemoglobinopathies[END_REF]. HSCs established their niche in the bone marrow thanks to different factors, including the interaction between the chemokine stromal cell-derived factor 1 (SDF-1) and its receptor CXCR4 expressed by HSCs.

This interaction helps to regulate HSC migration, survival and development and is mandatory for the engraftment of HSCs into the bone marrow. Indeed, the lack of SDF-1 is fatal in mice, mainly because of the failure of HSCs in seeding in the bone marrow [START_REF] Itkin | SDF-1 keeps HSC quiescent at home[END_REF].

Mobilization of HSCs implies the use of mobilizing agents to disrupt SDF-1/CXCR4 interaction, allowing the HSCs to circulate through the blood stream.

The most frequently used mobilizing agent is granulocyte colony-stimulating factor (G-CSF), which releases HSCs into the blood circulation through multiple mechanisms, e.g., by inducing a reduction of SDF-1 concentration and the cleavage of its receptor CXCR4 in the bone marrow, resulting in a disruption of the SDF-1/CXCR4 interaction [START_REF] Lévesque | Disruption of the CXCR4/CXCL12 chemotactic interaction during hematopoietic stem cell mobilization induced by GCSF or cyclophosphamide[END_REF][START_REF] Petit | G-CSF induces stem cell mobilization by decreasing bone marrow SDF-1 and up-regulating CXCR4[END_REF]. In SCD patients, the use of G-CSF is not recommended as it can cause vasoocclusions and multi-organ failure leading to patient's death in some cases [START_REF] Abboud | Granulocytosis causing sickle-cell crisis[END_REF][START_REF] Adler | Fatal sickle cell crisis after granulocyte colony-stimulating factor administration[END_REF].

Plerixafor is also a mobilizing agent and is usually administered in combination with G- , 2002;[START_REF] Miyoshi | Development of a self-inactivating lentivirus vector[END_REF]. The intron of LVs contains a rev response element (RRE) the binds the rev viral protein and an RNA packaging signal (psi) which are essential for post-transcriptional transport of unspliced mRNA from the nucleus to the cytoplasm and packaging of the genomic viral RNA [START_REF] Pluta | Use of HIV as a gene transfer[END_REF][START_REF] Schambach | Biosafety Features of Lentiviral Vectors[END_REF][START_REF] Wu | Rev-dependent lentiviral expression vector[END_REF]. Self-inactivating LVs retain only around 20% of the HIV genome and do not express viral proteins, which are provided in trans during the vector production.

Importantly, LVs cannot replicate and propagate themselves, but retain the capacity of introducing a transgene into target cells.

HIV-based self-inactivating LVs are amongst the most efficient vector for therapeutic transgene delivery and integration, and long-term stable transgene expression associated with low immunogenicity [START_REF] Pluta | Use of HIV as a gene transfer[END_REF][START_REF] Trono | Lentiviral Vectors[END_REF]. LVs can transduce either dividing or non-dividing cells such as HSCs, the target population in gene therapy for hematopoietic disorders. Moreover, several studies showed their safe, semi-random integration profile, with a preference to integrate into active transcription units [START_REF] Cattoglio | Hot spots of retroviral integration in human CD34+ hematopoietic cells[END_REF][START_REF] Ciuffi | Mechanisms Governing Lentivirus Integration Site Selection[END_REF][START_REF] Lidonnici | Multiple Integrated Non-clinical Studies Predict the Safety of Lentivirus-Mediated Gene Therapy for β-Thalassemia[END_REF][START_REF] Papayannakos | Understanding lentiviral vector chromatin targeting: working to reduce insertional mutagenic potential for gene therapy[END_REF].

Gene addition approach

Since 1989, LVs are used as vehicles to deliver genes into the host cell's genome. LVs carrying β-like-globin genes have been developed and improved over the years for the treatment of β-thalassemia and SCD patients [START_REF] Dong | Gene Addition Strategies for β-Thalassemia and Sickle Cell Anemia[END_REF][START_REF] Magrin | Lentiviral and genome-editing strategies for the treatment of b-hemoglobinopathies[END_REF]. The β-likeglobin gene and the regulatory elements driving its expression have been selected to maximize the transgene expression without compromising the vector titer. Indeed, LVs can incorporate large DNA sequences due to their great packaging capacity, but a large size strongly decreases the titer and infectivity [START_REF] Kumar | Systematic Determination of the Packaging Limit of Lentiviral Vectors[END_REF]. Therefore, the β-like-globin-expressing cassette in the LV is composed only of critical LCR HSs, a minimal β-globin promoter and a reduced β-globin gene lacking a genomic region in the second intron that is deleterious for viral production [START_REF] Grosveld | Positionindependent, high-level expression of the human b-globin gene in transgenic mice[END_REF][START_REF] Kumar | Systematic Determination of the Packaging Limit of Lentiviral Vectors[END_REF][START_REF] Sadelain | Generation of a high-titer retroviral vector capable of expressing high levels of the human beta-globin gene[END_REF][START_REF] Talbot | A dominant control region from the human β -globin locus conferring integration siteindependent gene expression[END_REF].

Several laboratories have shown that LVs carrying β-or γ-globin gene under the control of a minimal β-globin promoter and LCR elements can rescue human β-thalassemia and SCD phenotypes [START_REF] Hanawa | Extended beta-globin locus control region elements promote consistent therapeutic expression of a gamma-globin lentiviral vector in murine beta-thalassemia[END_REF][START_REF] Puthenveetil | Successful correction of the human beta-thalassemia major phenotype using a lentiviral vector[END_REF][START_REF] Roselli | Correction of beta-thalassemia major by gene transfer in haematopoietic progenitors of pediatric patients[END_REF].

In LVs used for SCD, the wild type β-globin gene is modified to confer anti-sickling properties to the β-globin chain. In particular, the anti-sickling transgenes carry anti-sickling mutations derived from γ-, δ-globin gene and the β-globin variant forming the Hb J Baltimore [START_REF] Levasseur | A Recombinant Human Hemoglobin with Anti-sickling Properties Greater than Fetal Hemoglobin[END_REF]. The β T87Q -globin gene harbors an amino acid substitution at position 87 replacing a threonine with glutamine to inhibit Hb polymerization by blocking the lateral contacts within the HbS polymer (Fig. 19) (Cavazzana et al., 2017;[START_REF] Negre | Gene Therapy of the β-Hemoglobinopathies by Lentiviral Transfer of the βA(T87Q)-Globin Gene[END_REF]. The glutamine in position 87 is present in δ-and γ-globin chains that are known to have anti-sickling properties [START_REF] Akinsheye | Fetal hemoglobin in sickle cell anemia[END_REF][START_REF] Steinberg | HbA2: biology, clinical relevance and a possible target for ameliorating sickle cell disease[END_REF]. The expression of the β T87Q

-globin chain is also effective in correcting the β-thalassemia phenotype and allows to distinguish the transgene product from the endogenous or transfusion-derived wild-type βglobin chain. The β AS3 -globin gene contains three amino acid substitutions: (i) T87Q; (ii) E22A

(glutamic acid to alanine) at position 22 (as in δ-globin), which blocks axial contacts required to the formation of Hb polymers and (iii) G16D (glycine to aspartic acid) at position 16 (as in Hb J Baltimore) that confers a competitive advantage to the β AS3 -globin chains over the β s -Besides adding a therapeutic gene into the human genome, LVs can also be used to express specific sequences able to silent the γ-globin repressor BCL11A. RNA interference (RNAi) is a commonly used biological process where a short hairpin RNA (shRNA) molecule complementary to the target gene inhibit its expression. The introduction of a shRNA into a LV leads to its permanent expression and downregulation of the target mRNA. Approaches aimed at creating an artificial micro-RNA (amiR), which is a shRNA embedded in a miRNA backbone. This amiR targets the HbF repressor BCL11A to revert the developmental fetal-toadult Hb switch are promising and can benefit both SCD and β-thalassemia affected patients [START_REF] Brendel | Lineage-specific BCL11A knockdown circumvents toxicities and reverses sickle phenotype[END_REF][START_REF] Brendel | Preclinical Evaluation of a Novel Lentiviral Vector Driving Lineage-Specific BCL11A Knockdown for Sickle Cell Gene Therapy[END_REF][START_REF] Vikas | RNA Silencing: An Approach for the Treatment of Î 2 -Thalassemia[END_REF]. Importantly, the decrease in BCL11A

expression is also associated with a down-regulation of the mutant β S -globin gene. A modest BCL11A downregulation could still be beneficial as HbF-expressing cells are known to be selected in vivo [START_REF] Bauer | Reawakening fetal hemoglobin: prospects for new therapies for the B-globin disorders[END_REF]). An erythroid-specific targeting of BCL11A is necessary to avoid impairment of HSCs and B-lymphocytes homeostasis where BCL11A plays an essential role [START_REF] Liu | Bcl11a is essential for normal lymphoid development[END_REF].

Clinical trials

The first clinical trial using the HPV569 LV was initiated in 2006 (Fig. 20). This LV contains LCR HS2, HS3, and HS4, a minimal β-globin promoter, and the anti-sickling β T87Qglobin gene. Two chicken HS4 (cHS4) cores were inserted into the LTRs at both extremities of the LV. cHS4 cores display an enhancer blocking activity that can avoid the transactivation of neighbouring genes by the potent LCR enhancers [START_REF] Arumugam | Genotoxic Potential of Lineage-specific Lentivirus Vectors Carrying the β-Globin Locus Control Region[END_REF][START_REF] Li | Genomic and Functional Assays Demonstrate Reduced Gammaretroviral Vector Genotoxicity Associated With Use of the cHS4 Chromatin Insulator[END_REF]. In 2010, the first treated β-thalassemia patient was reported to be transfusion independent after gene therapy. The genotype of the patient was β E /β 0 , which causes a severe form of βthalassemia as a β 0 allele is co-inherited with a β E -globin allele harboring a point mutation that causes a reduced production of the Hb variant HbE [START_REF] Olivieri | Studies in haemoglobin E beta-thalassaemia[END_REF]. After gene therapy, the Hb level was maintained around 9 g/dL and the patient now requires only sporadic transfusions. The total Hb was equally composed of the vector-encoded HbA T87Q -globin, and the endogenous HbF and HbE [START_REF] Cavazzana-Calvo | Transfusion independence and HMGA2 activation after gene therapy of human β-thalassaemia[END_REF]. However, the insertion of cHS4 cores into the LTRs reduced the vector titer and the transduction efficiency.

Following these promising results and issues, a novel LV was designed based on the HPV569 LV's architecture but removing the cHS4 core elements associated with a low vector titer and a decreased infectivity. In addition, the cytomegalovirus promoter/enhancer was used to drive high-level expression of the viral genome (and therefore to a better titer), leading to the generation of the Lentiglobin BB305 LV (Fig. 20) [START_REF] Negre | Preclinical Evaluation of Efficacy and Safety of an Improved Lentiviral Vector for the Treatment of β-Thalassemia and Sickle Cell Disease[END_REF]. The BB305 LV was used in a clinical trial to treat patients affected with β-thalassemia and SCD. All the non-β 0 /β 0 patients became transfusion-dependent within 12 months after gene therapy and the β 0 /β 0 patients drastically reduced their annual transfusion volume together with the correction of ineffective erythropoiesis when Hb level exceeded 9.5 g/dL. Fifteen months after gene therapy, in the first SCD patient, the level of the anti-sickling β T87Q -globin gene represented 50% of the β-like globin chains and no SCD-related clinical event was observed [START_REF] Cavazzana | Gene Therapy Studies in Hemoglobinopathies: Successes and Challenges[END_REF][START_REF] Kwiatkowski | Clinical Outcomes up to 3 Years Following Lentiglobin Gene Therapy for Transfusion-Dependent β-Thalassemia in the Northstar Hgb-204 Study[END_REF][START_REF] Ribeil | Gene Therapy in a Patient with Sickle Cell Disease[END_REF][START_REF] Thompson | Gene Therapy in Patients with Transfusion-Dependent β-Thalassemia[END_REF]. Two other clinical trials are ongoing for transfusion dependent thalassemia patients using the BB305 LV in association with molecules that improve the transduction efficiency in order to have a higher proportion of cells expressing the therapeutic β T87Q -globin gene. The vector copy number per cell in these trials are higher than in previous trials and 12 over the 14 patients included in these two trials are no longer receiving RBC transfusions [START_REF] Sii-Felice | Hemoglobin disorders: lentiviral gene therapy in the starting blocks to enter clinical practice[END_REF][START_REF] Walters | Results from the Hgb-207 (Northstar-2) Trial: A Phase 3 Study to Evaluate Safety and Efficacy of Lentiglobin Gene Therapy for Transfusion-Dependent β-Thalassemia (TDT) in Patients with Non-β0/β0 Genotypes[END_REF].

The TNS9.3.55 LV is similar to the BB305 LV but it contains larger HS fragments from the LCR and harbors the wild-type β-globin gene. This was the first LV that was demonstrated to rescue the phenotype of a mouse model of β-thalassemia major [START_REF] May | Therapeutic haemoglobin synthesis in beta-thalassaemic mice expressing lentivirus-encoded human beta-globin[END_REF][START_REF] Rivella | A novel murine model of Cooley anemia and its rescue by lentiviral-mediated human β-globin gene transfer[END_REF]. However, its use in a small-scale clinical trial for β-thalassemia did not show sufficient clinical benefit leading to the development of a variant of this LV called TNS9.3.55.A1 that will be tested in a new clinical trial (Fig. 20) [START_REF] Mansilla-Soto | Cell and Gene Therapy for the Beta-Thalassemias: Advances and Prospects[END_REF].

The GLOBE LV contains also the wild-type β-globin gene and has been tested in a clinical trial for the treatment of transfusion-dependent β-thalassemia (Fig. 20). This thirdgeneration LV does not contain HS4, as HS2 and HS3 were reported to possess the most crucial LCR enhancer and chromatin opening functions, respectively [START_REF] Miccio | In vivo selection of genetically modified erythroblastic progenitors leads to long-term correction of -thalassemia[END_REF].

Importantly, this study showed for the first time that pediatric patients can substantially benefit from gene therapy. The good LV copy number obtained in the long-term repopulating HSCs of these young patients likely allowed to achieve a better therapeutic outcome than in adult patients [START_REF] Karponi | Gene therapy for beta-thalassemia: updated perspectives[END_REF][START_REF] Marktel | Intrabone hematopoietic stem cell gene therapy for adult and pediatric patients affected by transfusion-dependent ßthalassemia[END_REF]. However, the treatment benefits also adult patients leading to a significantly reduced transfusion requirement [START_REF] Marktel | Gene Therapy for Beta Thalassemia: Preliminary Results from the PHASE I/II Tiget-Bthal Trial of Autologous Hematopoietic Stem Cells Genetically Modified with GLOBE Lentiviral Vector[END_REF][START_REF] Marktel | Intrabone hematopoietic stem cell gene therapy for adult and pediatric patients affected by transfusion-dependent ßthalassemia[END_REF].

The sGbG LV contains HS2, HS3, and HS4 LCR elements, and a clinical trial has been initiated for the treatment of SCD patients (Fig. 20). This LV is encoding the γ-globin gene, known to alleviate the pathological signs of both β-thalassemia and SCD. It has been tested in macaques and showed a stable HbF expression of 13% and 0.1% in treated vs control animals 2.5 years post-HSCT [START_REF] Kiem | Safety Of a Gamma Globin Expressing Lentivirus Vector In a Non-Human Primate Model For Gene Therapy Of Sickle Cell Disease[END_REF][START_REF] Kiem | Pigtailed macaques as a model to study long-term safety of lentivirus vector-mediated gene therapy for hemoglobinopathies[END_REF].

The Lenti-βAS3-FB LV harbors the β AS3 -globin transgene and the FB insulator element located in the LTRs (Fig. 20). FB contains enhancer-blocking elements from the cHS4 core and the human T cell receptor d/a BEAD-1 insulator that were showed to reduce the potential genotoxicity of LVs [START_REF] Ramezani | Combinatorial Incorporation of Enhancer Blocking Components of the Chicken β-Globin 5′HS4 and Human T-Cell Receptor α/δ BEAD-1 Insulators in Self-Inactivating Retroviral Vectors Reduces their Genotoxic Potential[END_REF]. The Lenti-βAS3-FB LV was shown to produce in vitro levels of anti-sickling β AS3 -globin sufficient to improve the SCD cell phenotype [START_REF] Romero | β-globin gene transfer to human bone marrow for sickle cell disease[END_REF]. A clinical study using this vector is open but clinical data are not available.

The BCH_BB-LCRshRNA LV is similar to the GLOBE LV but it expresses a microRNA-adapted shRNA targeting BCL11A instead of a β-like globin transgene. BCL11A

has been previously described as a transcriptional repressor of HbF expression and requires to be knockdown in an erythroid-specific lineage to avoid the impairment of the other nonerythroid lineages or impairment of HSC engraftment [START_REF] Brendel | Lineage-specific BCL11A knockdown circumvents toxicities and reverses sickle phenotype[END_REF]. In the BCH_BB-LCRshRNA LV, BCL11A shRNA is under the control of erythroid-restricted promoter/enhancers, which limit its expression to the erythroid lineage. In vitro experiment in healthy donor or SCD cells using a further optimized LV showed a significant induction of HbF expression with no detectable signs of toxicity. Modified CD34 + cells showed a high vector copy number per cell, and importantly growth, differentiation and engraftment were similar to mock-transduced cells [START_REF] Brendel | Preclinical Evaluation of a Novel Lentiviral Vector Driving Lineage-Specific BCL11A Knockdown for Sickle Cell Gene Therapy[END_REF]. A clinical trial has been launched in May 2018 for SCD patients using this LV expressing BCL11A shRNA. Early data showed that this treatment leads to an increased expression of HbF representing 20 to 30% of the total Hb [START_REF] Esrick | Flipping the Switch: Initial Results of Genetic Targeting of the Fetal to Adult Globin Switch in Sickle Cell Patients[END_REF]. Although encouraging, it is frequently observed that after HSCT in thalassemia and SCD a reactivation of HbF occurs in the following months [START_REF] Alter | Fetal erythropoiesis following bone marrow transplantation[END_REF]. The LV name is indicated in bold. Self-inactivated LTRs containing a 400-bp deletion in the HIV U3 region (D), rev-responsive element (RRE), splicing donor (SD), and splicing acceptor (SA) sites, transgene, β-globin promoter (β-p), the 3' β-globin enhancer (E), and DNase-I hypersensitive sites HS2, HS3, and HS4 from β-globin LCR are shown. Two copies of the cHS4 core and the FB insulator were present in the LTRs of HPV569 and Lenti-βAS3-FB lentiviral vectors, respectively. Figure from [START_REF] Magrin | Lentiviral and genome-editing strategies for the treatment of b-hemoglobinopathies[END_REF]. § Genome editing strategies Genome editing strategies aim to directly manipulate the genome of different cell types and organisms, introducing mutations using nuclease enzymes, which create DNA breaks into the genome. Targeted nucleases can be designed to recognize a specific region in the genome.

The three most used genome editing tools are the zinc finger nucleases (ZFNs), the transcription activator-like effector nucleases (TALENs), and the clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR associated system (Cas). These tools induce doublestrand breaks (DSBs) that are repaired by the cells, creating mutations in a specific region of the genome. In particular, they can be used to knock out genes and cis-regulatory elements (e.g., transcription factor binding sites) or to knock-in mutations. These systems have enabled not only the investigation of disease mechanisms (e.g., through the generation of specific cell lines that recreate mutations characteristic of a disease), but also the development of therapeutic strategies [START_REF] Gaj | ZFN, TALEN, and CRISPR/Cas-based methods for genome engineering[END_REF][START_REF] Gupta | Expanding the genetic editing tool kit: ZFNs, TALENs, and CRISPR-Cas9[END_REF].

Overview of the ZFNs and TALENs systems

ZFNs contain the nuclease domain of the bacterial Fok1 restriction enzyme, and a DNAbinding domain able to recognize short genomic sequences, and drive the nuclease to this specific location in the genome. ZFNs are designed as a pair that recognizes two sequences flanking the cleavage site, one on the forward strand and the other on the reverse strand (Fig.

21A).

Once the ZFNs bind the target sequences, the Fok1 domains dimerizes and induce a DSB into the locus of interest. The requirement for the simultaneous binding of two ZFNs to cleave the DNA naturally limits off-target effects (Fig. 21A) [START_REF] Gupta | Expanding the genetic editing tool kit: ZFNs, TALENs, and CRISPR-Cas9[END_REF][START_REF] Ma | Genome Editing and Its Applications in Model Organisms[END_REF]. However, designing and assembling ZFNs is not easy for the non-specialists [START_REF] Ramirez | Unexpected failure rates for modular assembly of engineered zinc fingers[END_REF].

TALENs are composed of a DNA-binding domain termed TALE repeats fused to the Fok1 endonuclease domain (Fig. 21B). TALENs generate DSB at the desired site and are used as ZFNs [START_REF] Gupta | Expanding the genetic editing tool kit: ZFNs, TALENs, and CRISPR-Cas9[END_REF]. Generation of TALENs is easier compared to ZFNs but a clear disadvantage is their larger size (compared to ZFNs) that renders more difficult the delivery to target cells [START_REF] Chandrasegaran | Origins of Programmable Nucleases for Genome Engineering[END_REF]. 
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). The target DNA needs to be followed by a 5'NGG sequence, named short protospacer adjacent motif (PAM) immediately following the target site [START_REF] Jiang | CRISPR-Cas9 Structures and Mechanisms[END_REF]. The Cas9 endonuclease will cleave both strands 3-nt upstream the PAM motif (Fig. 23) and the DSB will be followed by the recruitment of cellular repair machinery (see paragraph "DNA double-strand breaks repair") (Fig. 22).

Figure 22: The Sp CRISPR/Cas9 system.

A synthetic single-guide RNA (sgRNA) drives the Cas9 nuclease to a specific target region complementary to an 18 to 20-nt guide sequence followed by the PAM. The generated DSB is repaired following HDR (bottom-right) or NHEJ (bottom-left) pathways, inserting mutations into the host genome. Figure from [START_REF] Jiang | CRISPR-Cas9 Structures and Mechanisms[END_REF].

One of the main issues of all the genome editing systems including CRISPR/Cas9 is the potential off-target activity that requires to be closely monitored. Off-target activity is caused by the unwanted binding and editing of the sgRNA and Cas9 of sequences other than the desired target in the genome, and can have deleterious effect on the genome and on gene expression [START_REF] Lin | CRISPR/Cas9 systems have off-target activity with insertions or deletions between target DNA and guide RNA sequences[END_REF][START_REF] Zhang | Off-target Effects in CRISPR/Cas9-mediated Genome Engineering[END_REF]. The off-target activity of a sgRNA can be predicted using bioinformatics tools that identify potential off-target having some degree of sequence homology with the sgRNA [START_REF] Cradick | COSMID: A Web-based Tool for Identifying and Validating CRISPR/Cas Off-target Sites[END_REF][START_REF] Haeussler | Evaluation of off-target and on-target scoring algorithms and integration into the guide RNA selection tool CRISPOR[END_REF]. Off-targets can also be experimentally evaluated genome-wide by different techniques such as genome-wide, unbiased identification of DSBs enabled by sequencing (GUIDE-seq), which identifies offtargets by integration of double-stranded oligonucleotides into DSBs generated at the off-target sites followed by NGS sequencing [START_REF] Tsai | GUIDE-seq enables genome-wide profiling of off-target cleavage by CRISPR-Cas nucleases[END_REF].

DNA double-strand break repair systems

DNA DSBs are common events and are repaired by the cell to protect genome integrity through various mechanisms. Eukaryotic cells can repair efficiently DSBs using two major pathways, the homologous-directed repair (HDR) or the nonhomologous end-joining pathway (NHEJ) (Fig. 23). However, if DSBs are not repaired correctly, they can cause genomic rearrangements such as deletions and translocations, leading to cell death or abnormal cell growth [START_REF] Agarwal | DNA double-strand break repair and chromosome translocations[END_REF].

The HDR pathway induces a precise repair that requires a homologous DNA sequence to serve as a template for this DNA-synthesis-dependent repair mechanism (Fig. 23). Thus, the availability of a sister chromatid is mandatory for the occurrence of HDR, and as a consequence, it can only take place in late S-phase or the G2-phase [START_REF] Hustedt | The control of DNA repair by the cell cycle[END_REF][START_REF] Nakamura | H4K20me0 recognition by BRCA1-BARD1 directs homologous recombination to sister chromatids[END_REF]. The quiescent state (G0) of HSCs does not favor the HDR repair even if an exogenous donor sequence is provided, e.g., the wild-type sequence to correct disease-causing mutations (see "Genome editing applications for β-hemoglobinopathies" paragraph) [START_REF] Hustedt | The control of DNA repair by the cell cycle[END_REF][START_REF] Shin | Controlled cycling and quiescence enables homology directed repair in engraftment-enriched adult hematopoietic stem and progenitor cells[END_REF].

The classical NHEJ pathway occurs preferentially during the G1-phase, although it can be activated during any phase of the cell cycle [START_REF] Chang | Non-homologous DNA end joining and alternative pathways to double-strand break repair[END_REF][START_REF] Vítor | Studying DNA Double-Strand Break Repair: An Ever-Growing Toolbox[END_REF]. This mechanism involves direct resealing of the two broken ends independently of sequence homology and represents the simplest and fastest procedure to heal a DSB (Fig. 23) [START_REF] Gupta | Expanding the genetic editing tool kit: ZFNs, TALENs, and CRISPR-Cas9[END_REF][START_REF] Lieber | The Mechanism of Double-Strand DNA Break Repair by the Nonhomologous DNA End-Joining Pathway[END_REF][START_REF] Vítor | Studying DNA Double-Strand Break Repair: An Ever-Growing Toolbox[END_REF]. Once the ligation is performed, the generation of small insertions and deletions (InDels) can occur. If the region where the DSB occur is the coding sequence of a gene, this can result in frameshifts and trigger a premature truncation of the protein and nonsense-mediated decay (NMD) finally leading to gene inactivation [START_REF] Gupta | Expanding the genetic editing tool kit: ZFNs, TALENs, and CRISPR-Cas9[END_REF]. NMD occurs during translation of mRNA containing a premature stop codon and results in the mRNA degradation [START_REF] Brogna | Nonsense-mediated mRNA decay (NMD) mechanisms[END_REF][START_REF] Hug | Mechanism and regulation of the nonsensemediated decay pathway[END_REF]. NHEJ have shown its efficiency to disrupt gene expression, however, it can generate unexpected events such as large chromosomal rearrangements. As an example, megabase-scale terminal deletions can occur after a DSB, leading to the loss of telomeres and downstream genes [START_REF] Cullot | CRISPR-Cas9 genome editing induces megabase-scale chromosomal truncations[END_REF]. Such deletions could confer a selective advantage to damaged cells, in case of loss of tumor-suppressor genes or genes involved in DNA repair [START_REF] Cullot | CRISPR-Cas9 genome editing induces megabase-scale chromosomal truncations[END_REF].

Therefore, events arising from NHEJ pathway must be carefully monitored to ensure the safety of gene editing approach.

The microhomology end joining pathway (MMEJ) is an alternative NHEJ repair mechanism involving the alignment of microhomologous sequences of 2 to 20 nt flanking the original DSB. This process causes the creation of deletions [START_REF] Rodgers | Error-prone repair of DNA double-strand breaks[END_REF][START_REF] Sfeir | Microhomology-Mediated End Joining: A Back-up Survival Mechanism or Dedicated Pathway?[END_REF][START_REF] Wang | Microhomology-mediated end joining: new players join the team[END_REF]. The MMEJ pathway occurs in S-phase and G2phase, thus it is often poorly active in quiescent cells such as HSCs [START_REF] Mohrin | Hematopoietic stem cell quiescence promotes error prone DNA repair and mutagenesis[END_REF][START_REF] Truong | Microhomology-mediated End Joining and Homologous Recombination share the initial end resection step to repair DNA double-strand breaks in mammalian cells[END_REF][START_REF] Wu | Highly efficient therapeutic gene editing of human hematopoietic stem cells[END_REF]. Left. HDR requires a template to initiate the repair, such as an exogenous single-strand oligonucleotide to insert mutations into the target sequence. Right. NHEJ directly ligates the broken ends and can generate insertions and deletions (InDels), causing frameshifts when the target is a coding region. Figure from [START_REF] Gupta | Expanding the genetic editing tool kit: ZFNs, TALENs, and CRISPR-Cas9[END_REF].

Genome editing applications for β-hemoglobinopathies

Given the wide possibility of modifying the human genome, many researchers focused on engineering specific sites or genes known to be linked to a disease. Both gene corrections and disruption strategies can be applied for the treatment of β-thalassemia and SCD.

HDR can be exploited to correct disease-causing mutation by providing a donor template harboring the wild-type β-globin gene sequence, and NHEJ or MMEJ can be used to induce insertions or deletions leading to gene inactivation or disruption of cis-regulatory elements [START_REF] Canver | Customizing the genome as therapy for the βhemoglobinopathies[END_REF][START_REF] Magrin | Lentiviral and genome-editing strategies for the treatment of b-hemoglobinopathies[END_REF].

Indeed, several studies have shown the potentiality to revert the SCD mutation by HDR using as donor template a short single-strand DNA or an adeno-associated virus 6 (AAV6)

vector leading to the production of wild type β-globin gene in edited SCD erythroid cells (Fig. 24A) [START_REF] Charlesworth | Priming Human Repopulating Hematopoietic Stem and Progenitor Cells for Cas9/sgRNA Gene Targeting[END_REF][START_REF] Dever | CRISPR/Cas9 β-globin gene targeting in human haematopoietic stem cells[END_REF][START_REF] Dewitt | Efficient Correction of the Sickle Mutation in Human Hematopoietic Stem Cells Using a Cas9 Ribonucleoprotein Complex[END_REF][START_REF] Hoban | Correction of the sickle cell disease mutation in human hematopoietic stem/progenitor cells[END_REF][START_REF] Hoban | CRISPR/Cas9-Mediated Correction of the Sickle Mutation in Human CD34+ cells[END_REF][START_REF] Kalkan | Development of Gene Editing Strategies for Human β -Globin (HBB) Gene Mutations[END_REF]. Even if HDR is not efficient in HSCs, studies in SCD patients subjected to allogeneic HSCT suggest that a relatively low frequency of corrected cells can lead to an amelioration of the phenotype in SCD patients [START_REF] Magnani | Extensive multilineage analysis in patients with mixed chimerism after allogeneic transplantation for sickle cell disease: insight into hematopoiesis and engraftment thresholds for gene therapy[END_REF]. However, in case of low frequency of HDR events in HSCs, the NHEJ will prevail and repair the DSB in the β-globin gene by generating InDels that can induce a β-thalassemia phenotype [START_REF] Magis | High-level correction of the sickle mutation amplified in vivo during erythroid differentiation[END_REF].

Other strategies take advantage of the NHEJ pathway, which is favored in HSCs compared to HDR, to either downregulate the HbF repressor BCL11A, or to mimic HPFH mutations, to reactivate HbF.

In the first approach, disrupting the GATAA motif recognized by the erythroid transcriptional activator GATA1 in the BCL11A erythroid-specific enhancer has been shown to increase HbF expression. In fact, GATA1 binds the GATAA motif and activates BCL11A expression, which results in HbF repression (Fig. 24B). Targeting the GATA1 binding site evicts GATA1 and reduces BCL11A expression in erythroid cells, thus leading to HbF reactivation. Importantly, targeting only the erythroid-specific enhancer of BCL11A avoids HSC and B cell impairment resulting from a constitutive knock-out [START_REF] Brendel | Lineage-specific BCL11A knockdown circumvents toxicities and reverses sickle phenotype[END_REF].

Importantly, targeting this erythroid-specific enhancer does not lead to the complete BCL11A knock-out in erythroid cells, which results in the impairment of erythroid maturation [START_REF] Bauer | An Erythroid Enhancer of BCL11A Subject to Genetic Variation Determines Fetal Hemoglobin Level[END_REF][START_REF] Canver | BCL11A enhancer dissection by Cas9-mediated in situ saturating mutagenesis[END_REF][START_REF] Chang | Long-Term Engraftment and Fetal Globin Induction upon BCL11A Gene Editing in Bone-Marrow-Derived CD34 + Hematopoietic Stem and Progenitor Cells[END_REF][START_REF] Jawaid | Binding patterns of BCL11A in the globin and GATA1 loci and characterization of the BCL11A fetal hemoglobin locus[END_REF][START_REF] Psatha | Disruption of the BCL11A Erythroid Enhancer Reactivates Fetal Hemoglobin in Erythroid Cells of Patients with β-Thalassemia Major[END_REF][START_REF] Wu | Highly efficient therapeutic gene editing of human hematopoietic stem cells[END_REF].

The second approach aims at reproducing naturally occurring point mutations or deletions found in adults with HPFH using genome editing. HPFH point mutations and small deletions in the HBG1 and HBG2 promoters either generate de novo binding site for activators or disrupt binding sites for repressors [START_REF] Ye | Genome editing using CRISPR-Cas9 to create the HPFH genotype in HSPCs: An approach for treating sickle cell disease and β-thalassemia[END_REF]. CRISPR/Cas9-based strategies have been developed to disrupt the binding sites for BCL11A and LRF repressors in the g-globin promoters [START_REF] Jawaid | Binding patterns of BCL11A in the globin and GATA1 loci and characterization of the BCL11A fetal hemoglobin locus[END_REF][START_REF] Martyn | Natural regulatory mutations elevate the fetal globin gene via disruption of BCL11A or ZBTB7A binding[END_REF]. The team of Dr. Weiss recreated a 13-bp HPFH small deletion in the g-globin promoters leading to high levels of HbF, which were sufficient to inhibit the formation of sickled-shape RBCs [START_REF] Traxler | A genome-editing strategy to treat βhemoglobinopathies that recapitulates a mutation associated with a benign genetic condition[END_REF]. This deletion is generated through the MMEJ pathway and induces the eviction of BCL11A in the g-globin promoters (Fig. 24C) [START_REF] Liu | Direct Promoter Repression by BCL11A Controls the Fetal to Adult Hemoglobin Switch[END_REF][START_REF] Martyn | Natural regulatory mutations elevate the fetal globin gene via disruption of BCL11A or ZBTB7A binding[END_REF]. Interestingly, the laboratory of Dr.

Bauer shows that MMEJ-events occur at low frequency in HSCs where the NHEJ pathway is preferentially active [START_REF] Wu | Highly efficient therapeutic gene editing of human hematopoietic stem cells[END_REF]. However, NHEJ-mediated events occurring after targeting the BCL11A binding site were also effective in decreasing BCL11A binding and increasing HbF expression [START_REF] Métais | Genome editing of HBG1 and HBG2 to induce fetal hemoglobin[END_REF][START_REF] Traxler | A genome-editing strategy to treat βhemoglobinopathies that recapitulates a mutation associated with a benign genetic condition[END_REF].

A second group of HPFH mutations is represented by large deletions in the β-globin locus. Indeed, large deletions encompassing the β-and δ-globin genes are known to increase the levels of HbF in patients (e.g., HPFH-5 deletion; [START_REF] Ye | Genome editing using CRISPR-Cas9 to create the HPFH genotype in HSPCs: An approach for treating sickle cell disease and β-thalassemia[END_REF]. The study of these HPFH mutations allows to identify cis-regulatory regions involved in the g-to-β-globin switch, that could represent novel targets for the treatment of β-hemoglobinopathies. Our team succeeded in generating a 13.6kb HPFH-like deletion encompassing the dand β-globin gene resulting in a high proportion of g-globin expressing erythroblasts [START_REF] Antoniani | Induction of fetal hemoglobin synthesis by CRISPR/Cas9-mediated editing of the human β-globin locus[END_REF]. However, deletions are among the most difficult editing events to reproduce as they need two different sgRNAs to cleave simultaneously the target sequence. 

Clinical trials using genome editing strategies for β-hemoglobinopathies

The first clinical trial using targeted nuclease for the treatment of β-thalassemia rely on ZFN editing technology to disrupt the erythroid-specific enhancer of BCL11A [START_REF] Chang | Long-Term Engraftment and Fetal Globin Induction upon BCL11A Gene Editing in Bone-Marrow-Derived CD34 + Hematopoietic Stem and Progenitor Cells[END_REF][START_REF] Holmes | A Potential Therapy for Beta-Thalassemia (ST-400) and Sickle Cell Disease (BIVV003)[END_REF][START_REF] Lessard | Zinc Finger Nuclease-Mediated Disruption of the BCL11A Erythroid Enhancer Results in Enriched Biallelic Editing, Increased Fetal Hemoglobin, and Reduced Sickling in Erythroid Cells Derived from Sickle Cell Disease Patients[END_REF][START_REF] Psatha | Disruption of the BCL11A Erythroid Enhancer Reactivates Fetal Hemoglobin in Erythroid Cells of Patients with β-Thalassemia Major[END_REF][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] Vierstra | Functional footprinting of regulatory DNA[END_REF]. The therapy is named ST-400 and has been administered to transfusion-dependent β-thalassemia patients. Three patients showed moderately increased HbF levels and one of them received a reduced number of annual RBC transfusions [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]. The same strategy is currently being tested in SCD patients.

Two other clinical trials aiming at curing β-hemoglobinopathies with autologous HSCs modified using the CRISPR/Cas9 system are currently ongoing. These studies started in 2018 to treat transfusion-dependent β-thalassemia and severe SCD patients. Autologous HSCs were modified using CRISPR/Cas9 targeting the erythroid lineage-specific enhancer of the BCL11A

gene. The treatment called CTX001 showed promising results in a SCD patient that has not experienced VOCs since cell infusion, and presented a normal Hb level with HbF representing 46.6% of the total Hb four months after therapy. In the clinical trial for β-thalassemia, the first patient has become transfusion independent after receiving CTX001 and nine months after treatment the Hb level was normal with 99.8% of HbF [START_REF] Ahle | Gene Editing Therapy Shows Early Benefit for Patients With SCD and Beta Thalassemia[END_REF][START_REF] You | Advancements and Obstacles of CRISPR-Cas9 Technology in Translational Research[END_REF].

II Aim of the project

Development of efficient gene therapy strategies for the treatment of βhemoglobinopathies are necessary to improve the quality of life and life expectancy of patients affected by SCD and β-thalassemia. LV-based strategies have proven their efficacy but require to be administered at high dose to have a positive impact on the clinical phenotype of patients.

Despite the promising results obtained in clinical trials using LV-based strategies to express a therapeutic β-like globin transgene, the correction of severe β-thalassemia or SCD patients relies exclusively on a high level of transgene expression, difficult to achieve in the erythroid progeny of transduced HSCs.

The first goal of this thesis aimed at developing a novel therapeutic strategy based on the combination of LV and genome editing technologies. This approach relies on the use of a LV harboring a β-globin transgene containing three amino-acid substitutions (G16D, E22A and T87Q) conferring an anti-sickling effect (βAS3) and a sgRNA disrupting either the β s -globin gene or sequences involved in the repression of the fetal γ-globin genes to reactivate their expression.

We first aimed to identify a sgRNA able to safely and efficiently downregulate the βsglobin gene, thus favoring the incorporation of the βAS3 globin in Hb tetramers. Indeed, the main issue of LV-based strategy for the treatment of SCD patients is the persistence of the mutant β s -globin gene expression, which competes with the βAS3 therapeutic globin expressed by the LV. This competition explains the necessity to administer a high dose of LV to achieve a beneficial effect, but a high βAS3 expression is difficult to reach in vivo. By reducing the expression of the β s -globin gene and co-expressing the βAS3 transgene, we reduced the competition and favored the incorporation of the βAS3 globin into the Hb, decreasing the LV dose needed to achieve a curative effect.

In parallel, we developed a second strategy to extend our approach to β-thalassemia patients. In the frame of the same LV carrying the βAS3 transgene, we incorporate a sgRNA targeting either the erythroid-specific enhancer of the HbF repressor BCL11A or a region within the γ-globin promoters reproducing a 13bp deletion found in patients with elevated levels of HbF [START_REF] Canver | BCL11A enhancer dissection by Cas9-mediated in situ saturating mutagenesis[END_REF][START_REF] Traxler | A genome-editing strategy to treat βhemoglobinopathies that recapitulates a mutation associated with a benign genetic condition[END_REF]. Importantly, the combined expression of the βAS3 transgene and HbF can benefit both β-thalassemia and SCD patients as HbF alleviates the symptoms of both pathologies.

We tested these combined strategies in an adult erythroid cell line (HUDEP-2) and in SCD HSPC-derived RBCs to evaluate the downregulation of HbS or the HbF reactivation (depending on the specific strategy) and the effect on the patient cell phenotype.

The second goal of this thesis aimed at developing an analytical tool based on the quantitative phase microscopy technology to assess parameters of in vitro generated RBCs.

The development of therapeutic strategies for β-thalassemia and SCD necessitates the use of primary patient cells to evaluate the efficacy of the different approaches in rescuing the RBC phenotype (i.e., amount of Hb produced per RBC, reversal of sickling). However, their availability and quantity are limited. The main issues to evaluate hematological parameters in in vitro cultured RBCs are the limited number of RBCs generated and the necessity to evaluate RBC parameters in an automated manner and at single-cell level.

In addition, the methods currently used to assess the RBC phenotype and Hb content in vitro have several disadvantages: they are time consuming, not free from operator bias, they cannot quantify the absolute Hb content and often require a specific sample preparation and labelling that may affect RBC integrity.

The lack of devices measuring precisely RBC parameters at single-cell level in small-scale in vitro experiments led us to develop a sensitive microscopy-based technology coupled with a powerful data analysis software, able to analyze single RBCs without any treatment or labelling.

Developing an automated microscopy-based approach where only few label-free RBCs are necessary to assess simultaneously numerous RBC parameters at single-cell level will allow the precise assessment of different therapeutic strategies for β-hemoglobinopathies.

We first used quantitative phase microscopy to characterize RBCs derived from blood of healthy donor, β-thalassemia and SCD patients and define relevant pathological RBC parameters (e.g., Hb content, RBC size and shape). Then, in preliminary experiments, we assessed these parameters in in vitro generated RBCs from patient HSPCs, treated or not with our combined LV/CRISPR-Cas9 strategy. The goal was to evaluate the efficacy and safety of our therapeutic approach. imbalance between aand not-a globin chains (Fig. 26C). Importantly, the presence of dand g-globin chains was not sufficient to compensate for the lack of b-globin (Fig. 26C). We evaluated the potential off-target activity of the best performing sgRNAs (gR-D and gR-E) in HBD, the gene with the highest sequence homology with the HBB gene, often reported as the major off-target when targeting HBB [START_REF] Luo | Integrative Analysis of CRISPR/Cas9 Target Sites in the Human HBB Gene[END_REF]. gR-E has only 2 mismatches with the potential off-target sequence in HBD whereas the gR-D sequence shows a higher number of mismatches ( 4) decreasing the probability of off-target activity. TIDE analysis displayed the absence of off-target activity in HBD for both sgRNAs in K562 and HUDEP-2 cells (Fig. 27A). We then evaluated the on-target and off-target activity in cord blood (CB)derived HD (healthy donor) HSPCs after plasmid transfection of the CRISPR/Cas9 system. On- target editing was ~25% and 34% in gR-E-and gR-D-treated cells, respectively (Fig. 27A). No off-target activity at HBD was observed in samples treated with gR-D, whereas ~3% of HBD alleles were edited upon treatment with gR-E (Fig. 27A). Based on these results, we further evaluated gR-D activity at the top scoring off-targets predicted by COSMID [START_REF] Cradick | COSMID: A Web-based Tool for Identifying and Validating CRISPR/Cas Off-target Sites[END_REF] (Fig. 27B). In HUDEP-2 and CB-derived HD HSPCs treated with gR-D, TIDE analysis revealed no off-target activity in 12 out of 13 potential off-targets and in HBD, HBG1, and HBG2 genes. We detected off-target editing (~5% in HUDEP-2 and 0.6% in CB-derived HD HSPCs) only in one genomic site (OT 4) (Fig. 27C), which, however, is not located within genes or hematopoietic-specific regulatory regions. In particular, OT 4 is located 390,189 bp far from the neuregulin 3 (NRG3) non-coding RNA and 297,535 bp far from the long intergenic non-protein coding RNA 2650 (LINC02650). NRG3 is thought to influence neuroblast proliferation, migration and differentiation; however, it does not exert any function in hematopoiesis. LINC02650 function has not been described yet. (A) On-and off-target activity evaluated by TIDE in HBB and HBD in K562, HUDEP-2 and CB HSPCs edited with gR-D or E (n=2-3). (B) Top 13 predicted off-targets detected using COSMID [START_REF] Cradick | COSMID: A Web-based Tool for Identifying and Validating CRISPR/Cas Off-target Sites[END_REF]. Potential off-targets in HBD and HBG1/2 are also reported. The number of mismatches compared to the gR-D target sequence in HBB exon1, the chromosome position, the strand and the genomic location (type and gene) are reported. Low scoring sites are predicted to be more likely off-target sites. (C) Editing efficiency of the HBB, HBD, HBG1/2 genes and the top 13 off-target sites identified by COSMID in CB HSPCs edited with gR-D (n=2), as measured by TIDE. Off-target editing was detected only for OT 4. Its closest genes are Neuregulin 3 (NRG3) (located 300kb far from off-target 4), which is mainly expressed in CNS tissues, and AL356140.1 miRNA (located 68kb far from the off-target site), with unknown functions and potentially involved in angiogenesis.

III Results

Combination

Based on these results, we selected the gR-D for further analysis in adult HD HSPCs because of its ability to induce HBB knock-down in HUDEP-2 cells and its limited off-target activity in HUDEP-2 cells and primary CB HSPCs.

To evaluate the effect of gR-D on globin chain expression in primary mature erythroblasts, we transfected adult HD HPSCs with plasmids encoding gR-D and Cas9-GFP.

FACS-sorted Cas9-GFP + HSPCs were differentiated towards the erythroid lineage. Genome editing efficiency ranged between 32 to 55% with 30 to 50% of out-of-frame mutations in HSPC-derived erythroid cells (Fig. 28A). We observed β-globin downregulation at both mRNA and protein levels, which was well correlated with the frequency of frameshift mutations (Fig.

28A-D).

As expected, RP-HPLC analysis revealed that β-globin downregulation induced an imbalance between aand β-like globin chain synthesis, which was not compensated by the increased production of γ (Aγ+Gγ)-globin and δ-globin chains (Fig. 28C). CE-HPLC analysis revealed that in HD cells edited with gR-D, the a-/not a-globin imbalance resulted in the accumulation of a-precipitates (aP), a typical hallmark of β-thalassemia (Fig. 28D). Finally, to increase gR-D editing efficiency, we tested an optimized sgRNA scaffold characterized by a mutation in the RNA pol II transcription pause sequence increasing U6driven sgRNA transcription and by an extension of the sgRNA duplex stabilizing the Cas9 RNP complex [START_REF] Dang | Optimizing sgRNA structure to improve CRISPR-Cas9 knockout efficiency[END_REF]. Plasmid transfection of both K562 cells and adult HSPCs showed that the optimized scaffold increased InDel frequency, while maintaining a similar frequency of out-of-frame mutations (~90%) compared to the original scaffold (Fig. 29A-B Overall, these data showed that gR-D is efficient in generating HBB frameshift mutations, leading to downregulation of β-globin synthesis in both erythroid cell lines and primary cells.
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III.1.b Generating and testing bifunctional LVs in HUDEP-2 cells § Generation of LVs carrying a βAS3 antisickling transgene and a sgRNA

We previously showed that LVs expressing the βAS3-globin chain (LV.AS3) harboring three anti-sickling amino-acid substitutions (T87, E22 and G16) known to disrupt axial and lateral contacts within the HbS polymers and to increase the affinity for a-globin chain [START_REF] Levasseur | A Recombinant Human Hemoglobin with Anti-sickling Properties Greater than Fetal Hemoglobin[END_REF] can efficiently transduce HSPCs and partially correct the SCD cell phenotype [START_REF] Weber | An Optimized Lentiviral Vector Efficiently Corrects the Human Sickle Cell Disease Phenotype[END_REF].

Therefore, we introduced in LV.AS3 the gR-D harboring the optimized scaffold to concomitantly induce the expression of the anti-sickling βAS3 transgene and knock-down the endogenous β-globin gene (LV.AS3mod.gR-D). Importantly, this combination of gene addition and gene silencing strategies allows the knock-down of the mutant sickle β-globin gene only in cells that express the therapeutic β-globin transgene, which will compensate for the reduction of sickle β-globin chains, thus avoiding the potential generation of a β-thalassemic phenotype.

The gR-D under the control of the human U6 promoter was inserted downstream of the βAS3-expressing cassette, in reverse orientation to the βAS3 transgene transcription. (Fig. 30). Importantly, to avoid the undesired targeting of the βAS3 transgene by the gR-D, we inserted silent mutations in the 19-nt sequence recognized by gR-D in the original βAS3 transgene (Fig. 30). To insert silent mutations, we used synonymous codons used in HBB, HBD, HBG1 and HBG2 genes, generating a modified transgene sequence harboring six mismatches compared to the HBB gene (βAS3mod-globin transgene) (Fig. 30). We compared the ability of the βAS3 and βAS3mod transgenes to express βAS3 thus leading to the formation of HbAS3 composed of 2 aand 2 βAS3 globin chains (Fig. 31A,B).

We transduced a thalassemic HUDEP-2 cell line (HBB KO) with LV.AS3 and a similar vector expressing the βAS3mod-globin transgene (LV.AS3mod) at increasing multiplicities of infection (MOIs) obtaining a vector copy number per cell (VCN) ranging from 0.5 to 9 (Fig. 31A,B). Cells were terminally differentiated in mature erythroid precursors. For both LVs, βAS3 expression was VCN-dependent and comparable in LV.AS3 and LV.AS3modtransduced cells harboring a similar VCN (Fig. 31A,B In parallel, we developed a similar combined approach to simultaneously express the βAS3mod transgene and reactivate HbF expression, known to benefit both SCD and βthalassemia patients. In particular, we co-express the βAS3mod transgene and sgRNAs that either disrupt the enhancer of the BCL11A HbF repressor, or disrupt its binding site in HBG1 and HBG2 promoters to reactivate HbF expression. The coupled expression of βAS3mod and g-globin can elevate Hb expression in thalassemia patients and, as they both display antisickling properties, it can also benefit SCD patients. We generated two LVs containing the βAS3mod transgene and a sgRNA complementary either to a region in the BCL11A erythroidspecific enhancer critical for its expression (LV.AS3mod.gR-BCL11A) [START_REF] Canver | BCL11A enhancer dissection by Cas9-mediated in situ saturating mutagenesis[END_REF] or to a region within the fetal γ-globin promoters reproducing a 13-bp deletion encompassing a BCL11A binding site and found in patient with HPFH (LV.AS3mod.gR-13bpdel) (Traxler et al., 2016) (Fig. 30). We used the βAS3mod transgene containing the silent mutations also LV.AS3mod.gR-BCL11A and LV.AS3mod.gR-13bpdel to better compare the efficiency of the 3 bifunctional LVs (Fig. 30).

All LVs displayed a high titer of ~10 9 TU/ml (Fig. 32) and the infectivity ranged between 5.10 4 and 9.10 4 TU/ng p24 (Fig. 32). Importantly, the insertion of the sgRNA cassette did not impair titer and infectivity, which were similar to the LV.AS3mod vector (Fig. 32). n=4), gR-BCL11A (n=1) and gR-13bpdel (n=2). Titer and infectivity were evaluated in HCT116 cells. The infectivity was measured as a ratio between the infectious (TU/ml) and the physical titer (ng p24/ml). § A bifunctional LV down-regulating β-globin expression

We then tested our combined strategy aimed to concomitantly express the βAS3mod transgene and downregulate HBB in WT HUDEP-2. Cells were transduced with LV.AS3mod.gR-D and then either transfected with the Cas9-GFP expressing plasmid (edited samples) or mock-transfected (control, non-edited samples). FACS-sorted Cas9-GFP + cells were then differentiated into mature erythroblasts (Fig. 33A).

As expected, editing efficiency was positively correlated with the VCN. HBB editing resulted in the knock-down of the endogenous β-globin at both mRNA and protein levels (Fig. 33B-D). Of note, HBAS3 mRNA levels were comparable between the control and edited samples, demonstrating that gR-D does not downregulate βAS3mod expression (Fig. 33B). Indeed, Sanger sequencing followed by TIDE analysis revealed no editing of the βAS3mod transgene despite the high on-target activity at the endogenous HBB gene (data not shown).

Importantly, the reduction of the β-globin chain content was compensated by the increased βAS3-globin production and incorporation into Hb tetramers (HbAS3) avoiding the appearance of α-precipitates (Fig. 33C,D). A VCN of 3 (associated with an editing efficiency of 40%) was sufficient to achieve a balanced production of the β-and βAS3-globins (Fig. 33C,D). 
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Overall, these data showed that treatment with LV.AS3mod.gR-D can safely and efficiently down-regulate β-globin expression increasing the production of Hb tetramers containing the therapeutic βAS3-globin compared to the classical gene addition approach.

Importantly, these findings indicate that this combined strategy is promising for the treatment of SCD. If reproduced in primary SCD cells, we can predict that a relatively low VCN is sufficient to achieve a balanced expression between β s -and βAS3-globins, thus reproducing the Hb profile of asymptomatic SCD carriers. § Bifunctional LVs reactivating HbF expression Next, we transduced WT HUDEP-2 cells with LV.AS3mod.gR-BCL11A and LV.AS3mod.gR-13bpdel. Cells were either transfected with Cas9-GFP plasmid or mock-transfected. FACSsorted Cas9-GFP + cells and control samples were differentiated in mature erythroid precursors (Fig. 33A). Cells expressing the gR-BCL11A showed a strong decrease in the levels of BCL11A-XL (the BCL11A isoform expressed in adult erythroid cells [START_REF] Sankaran | Human Fetal Hemoglobin Expression Is Regulated by the Developmental Stage-Specific Repressor BCL11A[END_REF][START_REF] Yin | BCL11A: a potential diagnostic biomarker and therapeutic target in human diseases[END_REF])) even at a relatively low VCN (=3.2) (Fig. 34A).

Editing of the BCL11A enhancer or the HBG promoters resulted in an increased expression of γ-globin at both mRNA and protein levels compared to mock-transfected samples (Fig. 34B-D). Around one third of editing events generated by gR-13bpdel were MMEJmediated 13bp deletions encompassing a BCL11A binding site. Most of the remaining events led to the disruption of the BCL11A binding site, likely resulting in HbF reactivation (data not shown). Reactivation of the γ-globin expression and βAS3 production led to up to 37% and 55% of total anti-sickling Hb (HbF+HbAS3) in cells treated with LV.AS3mod.gR-BCL11A and LV.AS3mod.gR-13bpdel, respectively (Fig. 34D). The combined expression of HbF and HbAS3 decreased adult Hb production (up to 32%), which would ameliorate the pathological phenotype in SCD cells (Fig. 34D). Flow cytometry analysis confirmed the increased HbF production with up to 61% and 74% of F-cells in cells treated with LV.AS3mod.gR-BCL11A (VCN 8.9 and InDels 63%) and LV.AS3mod.gR-13bpdel (VCN 13 and InDels 87%) (Fig.

34E).

These approaches showed that anti-sickling transgene expression combined with HbF reactivation, increase the total amount of therapeutic Hb, and represent a promising strategy to correct both β-thalassemia and SCD phenotypes. impacted by the editing procedure as the expression of the early and late erythroid markers (CD36, CD71 and CD235a also known as glycophorin A (GPA)) were similar to the WT HUDEP-2 cells (Fig. 35A). In particular, the analysis of erythroid differentiation in LV.AS3mod.gR-D-treated samples confirmed the absence of a β-thalassemic phenotype, compared to HUDEP-2 HBB KO cells that showed a delay of differentiation, typical of βthalassemia (Fig. 35A,B). Indeed, differentiated HUDEP-2 HBB KO cells displayed a lower GPA expression and contained more immature pro-erythroblasts and no mature orthochromatic cells compared to untreated and LV-transduced WT HUDEP-2 (Fig. 35A,B). was less cytotoxic and led to a higher editing efficiency compared to Cas9-GFP plasmid delivery without the need to select GFP + cells (~70% and 32.5% with Cas9-GFP protein and Cas9-GFP plasmid, respectively) (Fig. 36A).

Unsorted WT HUDEP-2 transfected with Cas9-GFP protein were terminally differentiated in mature erythroid precursors. The decrease in HbA and the concomitant increase in HbAS3 were directly correlated with VCN and genome editing efficiency (Fig. 36B,C). Importantly, we obtained a balance between the amount of HbA and HbAS3 with a VCN around 2.5 corresponding to 46% of editing efficiency, demonstrating the curative potential of this approach at a relatively low VCN (Fig. 36B,C). Notably, equimolar amounts of HbA and HbAS3 could not be obtained in mock-transfected LV.AS3mod.gR-D-transduced cells even at a high VCN (Fig. 36B). 

III.1.c Testing bifunctional LVs in SCD HSPCs § Genetic modification of SCD HSPCs using bifunctional LVs

Next, we evaluated the efficacy and safety of our approach in adult plerixafor-mobilized peripheral blood HSPCs from SCD patients. We previously optimized protocols of LV transduction and transfection with CRISPR/Cas9 ribonucleoprotein (RNP) of adult HSPCs [START_REF] Lattanzi | Optimization of CRISPR/Cas9 Delivery to Human Hematopoietic Stem and Progenitor Cells for Therapeutic Genomic Rearrangements[END_REF][START_REF] Weber | An Optimized Lentiviral Vector Efficiently Corrects the Human Sickle Cell Disease Phenotype[END_REF]. Using these optimized conditions, we transduced HSPCs with the 3 LV.AS3mod containing gR-D, gR-BCL11A and gR-13bpdel. After 48 hours LV-transduced cells were either transfected with Cas9 or mock-transfected, and subsequently differentiated towards the erythroid lineage (Fig. 37A).

We observed a linear correlation between the genome editing efficiency and VCN in nucleated erythroblasts derived from SCD HSPCs transduced with LV.AS3mod.gR-D and LVAS3mod.gR-13bpdel (Fig. 37B). Editing of the β s -globin gene ranged between ~30% (at a VCN between 1 and 3) to ~60% (when VCN>5). Similarly, LVAS3mod.gR-13bpdeltransduced erythroblasts showed ~30% of edited loci (at a VCN between 2 and 3), and this frequency was up to ~50% (when VCN>5) (Fig. 37B). This positive correlation was confirmed in pools of erythroid progenitors (BFU-E burst-forming unit-erythroid), derived from SCD HSPCs treated with LV.AS3mod.gR-D and LV.AS3mod.gR-13bpdel (Fig. 37C). On the contrary, for LV.AS3mod.gR-BCL11A, the overall transduction efficiency was lower, and the editing of the BCL11A enhancer remained unchanged (~20%) at increasing VCNs, thus resulting in a non-linear correlation between InDel frequency and VCN (Fig. 37B). Given the low efficiency of LVAS3mod.gR-BCL11A, we used only LV.AS3mod.gR-D and LV.AS3mod.gR-13bpdel for further analyses aimed at evaluating the content of antisickling hemoglobin and the recovery of the SCD cell phenotype. To this aim, edited and control SCD HSPCs were differentiated in mature enucleated RBCs using a 3-phase protocol (Giarratana et al., 2005a) (Fig. 37A). The erythroid differentiation of cells treated with both LV.AS3mod.gR-D and LV.AS3mod.gR-13bpdel was not impaired by Cas9-treatment. Indeed, the frequency of cells expressing early (CD36 and CD71) and late (GPA) erythroid markers, and the enucleation rate resembled that of the controls all along the erythroid differentiation (Fig. 38). 39A). Importantly, Cas9 treatment resulted in a decreased expression of the mutated HBB gene at both mRNA (Fig. 39B) and protein (Fig. 39A) levels. CRISPR/Cas9-induced downregulation of HbS expression resulted in an increased incorporation of βAS3 globin in Hb tetramers, finally resulting in an equal amount of HbS and HbAS3 in samples with a VCN of only ~2 showing ~35% of edited alleles highlighting the therapeutic advantage resulting from the CRISPR/Cas9-mediated β s -globin knock-down (Fig. 39A). Of note, in LV.AS3mod.gR-Dtreated samples, we did not detect a-precipitates (Fig. 39C) and α-/not α-globin ratios was normal (data not shown), demonstrating that the expression of the βAS3mod transgene was able to efficiently compensate for the lack of β s -globin expression, avoiding the generation of a β-thalassemic phenotype. 

HBB

We then performed a sickling assay to evaluate the recovery of the SCD cell phenotype after the treatment with our combined strategy. In vitro cultured RBCs were exposed to an oxygen-deprived atmosphere, which induces HbS polymerization and RBC sickling. The percentage of sickled cells decreased by increasing the VCN in RBCs derived from mocktransfected, LV-transduced HSPCs as a consequence of increased expression of the βAS3globin transgene. In edited samples, however, the strong reduction of HbS resulted in a substantially reduced frequency of sickled RBCs. In particular, this frequency was 58% in mock-transfected samples expressing only βAS3 (VCN=3.7) but only 25% in Cas9-treated samples (VCN=3; 51% InDels), thus highlighting the additional advantage of our combined approach in decreasing HbS levels and ameliorating the SCD cell phenotype (Fig. 40). Even at higher VCNs (10.3 in in mock-transfected samples and 8.7 in edited cells), the complete recovery of sickle cell phenotype was achieved only when combining βAS3 expression and HbS down-regulation (67% of edited HBB alleles) (Fig. 40). In LV.AS3mod.gR-13bpdel samples treated with Cas9, we observed a linear correlation between the expression of therapeutic hemoglobins (HbF+HbAS3) and VCN or editing efficiency (Fig. 41A). In particular, targeting the HBG promoters reactivated HbF expression, which represented 10 to 30% of the total Hb types (Fig. 41B). The increased expression of fetal g-globin gene was confirmed by qRT-PCR and flow cytometry analysis (Fig. 41C,D). The 51 -concomitant βAS3-globin chain expression and increase in γ-globin resulted in the decrease of HbS levels (Fig. 41A,B). Importantly, an equal amount of HbS and therapeutic hemoglobins (HbAS3+HbF) was obtained in edited samples harboring a lower VCN (~3-3.5; 34% of editing efficiency) compared to mock-transfected LV.AS3mod.gR-13bpdel samples (VCN ~5.5) (Fig.

41A,B).

Compared to mock-transfected transduced samples, we observed an amelioration of the SCD cell phenotype already in samples with a VCN of ~3 and ~30% of edited alleles. The frequency of sickled RBCs decreased to only 10% in samples harboring a VCN of 8.7 and 51% of InDels frequency (Fig. 40). At a similar VCN (~3), we observed a higher InDel frequency and a more robust decrease of the frequency sickled cells using LV.AS3mod.gR-D compared to LV.AS3mod.gR-13bpdel, suggesting the HbS down-regulation might be more effective that HBG promoter targeting in rescuing the SCD cell phenotype (Fig. 40). The goal of this project was to develop a microscopy-based method able to simultaneously evaluate multiple parameters in RBCs collected from the peripheral blood and in in vitro generated RBCs. In particular, we were seeking for a reliable tool able to precisely measure these parameters at single-RBC level considering that in small-scale in vitro experiments, RBC parameters are difficult to assess because of the low number of RBCs produced and the lack of efficient devices to analyze them.

This project was carried out in collaboration with the Phasics company who developed the BIO-Data software that can process RBC quantitative phase images (acquired using the SID4-Bio camera) and extract multiple measurements from each RBC. We first evaluated the parameters of RBCs from healthy donors', and SCD and β-thalassemia patients' blood to define specific features characterizing patients' RBCs. Then, we tested this tool in in vitro generated RBCs derived from gene-therapy treated patient HSPCs.

Our long-term objective was to use this tool to assess the rescue of the SCD and βthalassemic phenotypes in gene therapy-treated RBCs at single-cell level, thus demonstrating the effectiveness and safety of our gene therapy approaches.

III.2.a Evaluation of RBC parameters in SCD patients' peripheral blood

First, we performed a comparative analysis of RBCs obtained from healthy donors' (HD) and from SCD patients undergoing regular RBC exchanges. Blood samples were collected from 3 SCD patients prior to RBC exchange. The 3 patients have different haplotypes in the β-globin locus, which influence the levels of the fetal Hb and the disease severity [START_REF] Akinsheye | Fetal hemoglobin in sickle cell anemia[END_REF]. The chromosomal background of the b s allele has been classified on the basis of the presence or absence of a set of restriction sites, yielding five haplotypes, Arabian/Indian, Benin, Cameroon, Bantu, and Senegal, named after ethno-linguistic groups or geographic regions [START_REF] Shriner | Whole-Genome-Sequence-Based Haplotypes Reveal Single Origin of the Sickle Allele during the Holocene Wet Phase[END_REF]. SCD1 patient harbors the Benin/Benin haplotype, SCD2 the Benin/Senegal haplotype and SCD3 the Benin/Bantu haplotype. The Senegal haplotype includes a SNP located 158 bp upstream the HBG2 promoter and is usually associated with the highest level of HbF, fewer clinical manifestations and a lower occurrence of organ damages [START_REF] Habara | Fetal hemoglobin in sickle cell anemia: The Arab-Indian haplotype and new therapeutic agents[END_REF]Labie et al., 1985a). Benin and Bantu haplotypes are associated with a lower level of HbF and a more severe clinical phenotype.

HbS accounted for 61.3%, 36.6% and 42% of the total hemoglobins in SCD1, SCD2 and SCD3, respectively, as detected by capillary electrophoresis. RP-HPLC analysis confirmed that SCD1 had higher b s -globin levels compared to SCD1 (Fig. 43). Conversely, wild type bglobins (derived from the previously transfused RBCs) were more abundant in SCD1 than in SCD2, suggesting that the RBC population in SCD1 contains more SCD RBCs compared to SCD2. In SCD2, we also observed low but detectable Gg-globin levels, possibly due to the Senegal haplotype (Fig. 43).

We used the HORIBA ABX Micros ES 60 hematology analyzer to measure Hb concentration, MCV (mean corpuscular volume) and MCH (mean corpuscular hemoglobin).

The Hb concentration in the 3 SCD patients was lower compared to the normal values and the HD samples, indicating a mild to severe hemolysis. SCD1 patient showed the lowest Hb concentration (7.5g/dL) confirming that blood sample from SCD1 contain the highest number of pathological RBCs (Table 1). MCV and MCH were normal for all patients. In parallel, we acquired and processed RBC images with the BIO-Data software, which is capable of segmenting each RBC and evaluating different parameters (e.g., morphological parameters, dry mass) in a quantitative manner (Fig. 44). RBCs are collected from the patient's or healthy donor's blood, analyzed using an inverted microscope and pictures are taken using the Phasics SID4-Bio camera. The BIO-Data interface software is able to isolate each RBC by segmentation and to extract parameters in order to classify the different RBC populations represented in the blood sample. As the analysis of RBC parameters was biased by the presence of healthy RBCs derived from the RBC exchange, we proceeded to the manual selection of the ISCs based on the morphology to specifically isolate this pathogenic RBC population. ISCs were selected based on their elongated shape (Fig. 45). The proportion of ISCs was 8% for SCD1, 4.5% for SCD2 and 2.4% for SCD3 (Fig. 45). We computed and compared 15 different parameters describing the morphological phenotype and the Hb content of each RBC from mixed samples (containing both HD and SCD RBCs), and from the manually selected ISC populations (Table 2, Fig. 46). Morphological parameters include perimeter, surface area, circularity and ellipse axis ratio. As Hb is the main component of a mature RBCs, the dry mass parameter provides a good estimation of the Hb amount per cell. Indeed, the observed values are similar in the range of normal values reported in the literature or measured using the HORIBA BX Micros ES 60 hematology analyzer (Table 1, Fig. 46). Parameters were extracted from HD (n=3), SCD1, SCD2 and SCD3 total blood samples (tot) and their corresponding ISC populations (ISC). SCD samples contain both SCD RBCs and HD RBCs derived from RBC exchanges. Data are reported as boxplots showing quartiles, median and outliers.

Statistical analyses revealed that 4 parameters were significantly different between the HD cells and the ISC populations (Table 3, Fig. 47). One of the most relevant parameters identifying sickled-shape RBCs was the ellipse axis ratio that measures the ellipticity of the RBCs. For this parameter, the more the shape differs from a circle the more the value is close to zero. The difference between HD and ISC populations was confirmed by analyzing 3 different statistical parameters: the skewness (measuring the curve distribution asymmetry between the 2 populations), the median and the mean (Table 3). Circularity was also shown to be a relevant parameter to discriminate the 2 populations as evaluated using four different statistical parameters: the kurtosis (which represents the difference in spread of the curve), the skewness, the median, and the mean (Table 3). Of note, mixed SCD samples showed ellipse axis ratio and circularity values that tend to be in between the HD and ISC populations (Fig.

46

). Finally, dry mass and surface value dispersions were also relevant parameters based on the analysis of the standard deviation, with some cells showing parameters that are higher or lower compared to HD cells (Fig. 47, Table 3).

As expected, these results show that ISCs are characterized by an elliptic and not a circular shape while HD RBCs display a round and biconcave shape. Our analysis shows that ISCs are more diverse than HD RBCs, presenting a variety of different dry mass and surface values. For each population, data were normalized to the total number of RBCs belonging to the same group, and are reported as overlaid histograms (HD cells in orange and ISCs in light blue). Circled graphs show relevant differences between the 2 populations (Student's t-test; p<0.005). HD (n=3) and ISC (n=3).

Overall, our statistical analyses demonstrate the ability of parameters defined using quantitative phase microscopy to discriminate between the most pathological cell population (ISCs) and normal RBCs. The goal now will be to automatize this tool thanks to artificial intelligence (AI) methods to detect ISCs in a mixed blood sample composed of normal and pathological RBCs in order to assess the severity of the disease in SCD patients (e.g. in patients pre-and post-gene therapy) and possibly to prevent SCD-related events known to be associated to the increase of ISCs in the blood flow a few days before their occurrence [START_REF] Alvarez | Quantification of Sickle Cells in the Peripheral Smear as a Marker of Disease Severity[END_REF]Billett et al., 1988a;[START_REF] Embury | The Clinical Pathophysiology of Sickle Cell Disease[END_REF][START_REF] Lew | Ion Transport Pathology in the Mechanism of Sickle Cell Dehydration[END_REF]. This automated method will be tested in RBCs derived from the peripheral blood of SCD patients (e.g. in patients preand post-gene therapy) after exposure to an oxygen-deprived atmosphere (that promote RBC sickling) to evaluate the overall percentage of RBCs capable to sickle and therefore the potential correction of the SCD RBC phenotype. This method will also be applied to in vitro generated SCD RBCs derived from gene therapy-treated HSPCs to assess the therapeutic potential of different gene therapy treatments.

III.2.b Evaluation of parameters of RBCs from a β-thalassemia major patient's peripheral blood

We then focused on the evaluation of specific parameters characterizing β-thalassemic RBCs. In particular, we measured the globin and Hb composition by HPLC, RBC indices using the HORIBA hematology analyzer, and the morphological RBC parameters with the absolute Hb content using quantitative phase technology.

We obtained RBCs from the peripheral blood of a β-thalassemia major patient (thal1) who is homozygous for the IVS1-1G>A β 0 mutation in HBB gene. This patient has a severe clinical phenotype, requiring regular transfusions to maintain a normal Hb level and counteract the profound anemia. Of, note thal1 patient carries a single-nucleotide polymorphism (SNP) in the g-globin promoter (-158C>T) known to be associated with mildly elevated levels of HbF [START_REF] Galarneau | Fine-mapping at three loci known to affect fetal hemoglobin levels explains additional genetic variation[END_REF][START_REF] Gilman | DNA sequence variation associated with elevated fetal G gamma globin production[END_REF][START_REF] Ho | Beta-thalassaemia intermedia: is it possible consistently to predict phenotype from genotype?[END_REF][START_REF] Labie | The -158 site 5' to the G gamma gene and G gamma expression[END_REF][START_REF] Thein | Association of thalassaemia intermedia with a beta-globin gene haplotype[END_REF].

RP-and CE-HPLC analyses showed the presence mainly of adult β-globin chains and HbA tetramers (derived from transfused WT RBCs) and a good proportion of g-globin chains (likely derived from β 0 /β 0 patient RBCs) with HbF representing 38% of the total Hb (Fig. 48).

The analysis of total RBCs (transfused and patient RBCs) performed using the HORIBA ABX Micros ES 60 hematology analyzer showed that the total Hb concentration in thal1 was lower (9 g/dL) compared to HD (14.7 g/dL). Only small differences in MCV and RDW (RBC distribution width) were observed between HD and thal1 samples, likely because of the high relative proportion of transfused WT RBCs (Table 4). In thal1 patient, 10.5±0.6% of total RBCs were reticulocytes, highlighting the compensatory response to low Hb levels characterizing β-thalassemia major patients. Representative CE-HPLC chromatograms and quantification of Hb tetramers in HD and thal1 samples. We reported the percentage of each Hb amongst the total hemoglobins. Therefore, we immunoselected thal1 RBCs to analyze RBC parameters in pure βthalassemic populations. As the Fya antigen was expressed only on thal1 RBCs and absent on the transfused RBCs (HD), we selected Fya + (β-thalassemic) and Fya -(HD) RBCs by FACS (Fig. 49). The proportion of Fya + cells was 39.3% over the total RBC (Fig. 49), in accordance with the proportion of HbF measured by CE-HPLC (Fig. 48). Indeed, we considered that due to the absence HbA production in thal1 patient, β-thalassemic RBCs contain exclusively HbF (Fig. 48). Fya + (THAL) and Fya -(HD) RBCs were analyzed using SID4-Bio camera and images were processed with the BIO-Data software (Fig. 49). Statistical analyses revealed significant differences between THAL and HD RBC populations in the perimeter and dry mass (using standard deviation and skewness as statistical parameters, respectively) (Table 5). There was a larger variety of perimeter values measured in THAL cells compared to HD cells (Fig. 50). A lower dry mass in THAL RBCs compared to HD left-shifted the dry mass curve, underlying the reduced Hb production in thalassemic RBCs (Fig. 50). These results reflect the known properties of β-thalassemic RBCs, which are characterized by poikilocytosis (abnormally shaped RBCs), anisocytosis (different size of RBCs), microcytosis (presence of small RBCs) and a lower Hb content per RBC. Importantly, quantitative phase microscopy allowed to extract simultaneously and precisely all these different parameters at a single cell level. For each population, data were normalized to the total number of RBCs belonging to the same group, and are reported as overlaid histograms (Fya + THAL in orange and Fya -HD cells in blue). Circled graphs show the most relevant differences between the 2 populations (Student's t-test analysis; p<0.005). (n=2 for each population).

HD THAL

We then set up a classification tool ("classifier") in the frame of the BIO-Data software that was trained using Fya + (THAL) and Fya -(HD) populations to automatically recognize βthalassemic and normal RBCs in mixed samples from transfused patients.

After the first training, the classifier assigned a consistent fraction of Fya -RBCs to the THAL group (36.5%) and 15.9% of Fya + RBCs to the HD group (see Materials and methods section, paragraph "Analyses using the BIO-Data software"). To better identify pathological thalassemic RBCs, we modified the training algorithm considering the parameters that discriminate better Fya + (THAL) and Fya -(HD) RBCs. This resulted in a strong decrease in the proportion of Fya -RBCs assigned to the THAL group (5.3%), while 66.1% of Fya + RBCs were assigned to the HD group, suggesting that a large fraction of β-thalassemic cells display a HDlike RBC phenotype. This could be explained by the fact that β-thalassemic RBCs found in the patients' blood are the ones that express enough Hb to survive (e.g., RBCs that have a higher HbF content) and therefore are morphologically more similar to HD cells and have a normal Hb.

We then analyzed the original unselected mixed sample from thal1 patient (containing both THAL and HD populations) (Fig. 51). The classifier identified 15.6% of RBCs as βthalassemic (THAL Predict) in the mixed samples. These cells were characterized by a lower dry mass and heterogeneous perimeter values compared to HD (HD Predict). Considering that the proportion of RBCs derived from the β-thalassemia patient was 39% as determined by flow cytometry analysis of Fya + cells (Fig. 49), we assume that ~40% of the total Fya + patient cells have severe thalassemic phenotype. These results are in accordance with the frequency of RBCs assigned by the classifier to the THAL group in the Fya + (THAL) pure population (33.9% while 66.1% were assigned to the HD group; (see Materials and methods section, paragraph "Analyses using the BIO-Data software")). Interestingly, we could observe more pronounced differences in some parameters (e.g., perimeter, dry mass, surface, surface density) between the THAL and HD using more stringent parameters defining cell with a severe β-thalassemic phenotype (Fig. 50,51).

These preliminary results showed that the recognition and analysis of thalassemic RBCs and their proportion is feasible in mixed samples using quantitative phase microscopy. This robust method can be applied to evaluate the proportion of pathological cells and the degree of correction in RBC samples from gene therapy-treated patients (e.g., pre-and post-treatment) as well as in in vitro generated RBCs derived from gene therapy-treated patient HSPCs to evaluate the therapeutic potential of different treatments. The classification was performed using the BIO-Data software (cells with a severe β-thalassemic phenotype: THAL Predict; normal cells: HD Predict). For each population, data were normalized to the total number of RBCs belonging to the same group, and are reported as overlaid histograms (light pink for HD Predict and violet for the THAL Predict populations). Circled graphs show the highest differences between the 2 populations. 15.6% of RBCs showed a severe β-thalassemic RBC phenotype (THAL). A similar rate of enucleation was obtained in both LV TE and LV Cas9 samples (95% and 93%, respectively). CE-HPLC analysis showed that HbS was decreased by 69% in the LV Cas9 sample, corresponding to a 32% increase in HbAS3 levels compared to the LV TE sample (Fig. 53). The low number of in vitro cultured RBCs recovered at the end of the erythroid differentiation (~1.5 million cells) was not sufficient to analyze RBC parameters using the hematology analyzer. The quantitative phase image analysis showed that in vitro cultured RBCs with a reduced proportion of HbS (LV Cas9) had parameters similar to the control sample (LV TE) (Fig. 54). Indeed, the dry mass parameter representing the Hb content per cell was similar in both samples, demonstrating a normal hemoglobinization of RBCs treated with our combined approach (Fig. 54).

Overall, these data indicate that editing of the sickle HBB gene does not alter the erythroid differentiation, and LV-derived HbAS3 production is likely sufficient to compensate for the lack of HbS, allowing the production of normal RBCs. Future experiments aim at further validating this strategy by using quantitative phase microscopy to precisely evaluate the proportion of sickled RBCs in samples incubated under hypoxic conditions. For each population, data were normalized to the total number of RBCs belonging to the same group, and are reported as overlaid histograms (orange for LV Cas9 and green for LV TE)

IV Discussion

IV.1 Combination of lentiviral vector and genome editing strategies for the treatment of β-hemoglobinopathies

LVs expressing a β-like-globin gene to compensate for β-globin deficiency in βthalassemia or compete with β s -globin chains in SCD showed promising results in clinical trials [START_REF] Marktel | Intrabone hematopoietic stem cell gene therapy for adult and pediatric patients affected by transfusion-dependent ßthalassemia[END_REF][START_REF] Ribeil | Gene Therapy in a Patient with Sickle Cell Disease[END_REF][START_REF] Thompson | Gene Therapy in Patients with Transfusion-Dependent β-Thalassemia[END_REF]. Over the years, LV-based gene therapy of β-hemoglobinopathies has made tremendous progress, but the poor gene transfer achieved using LV harboring a β-like globin gene remains a major issue to efficiently cure patients. Improvements have been recently achieved either optimizing LV architecture or the HSPC transduction protocol, which resulted in higher LV titer, infectivity and transduction efficiency [START_REF] Walters | Results from the Hgb-207 (Northstar-2) Trial: A Phase 3 Study to Evaluate Safety and Efficacy of Lentiglobin Gene Therapy for Transfusion-Dependent β-Thalassemia (TDT) in Patients with Non-β0/β0 Genotypes[END_REF][START_REF] Walters | Lentiglobin for Sickle Cell Disease (SCD) Gene Therapy (GT): Updated Results in Group C Patients from the Phase 1/2 Hgb-206 Study[END_REF][START_REF] Weber | An Optimized Lentiviral Vector Efficiently Corrects the Human Sickle Cell Disease Phenotype[END_REF]. Genome editing approaches entered recently the gene therapy field of β-thalassemia and SCD using ZFNs or the CRISPR/Cas9 system targeting the erythroid specific enhancer of the HbF repressor, BCL11A [START_REF] Ahle | Gene Editing Therapy Shows Early Benefit for Patients With SCD and Beta Thalassemia[END_REF][START_REF] Esrick | Flipping the Switch: Initial Results of Genetic Targeting of the Fetal to Adult Globin Switch in Sickle Cell Patients[END_REF][START_REF] Holmes | A Potential Therapy for Beta-Thalassemia (ST-400) and Sickle Cell Disease (BIVV003)[END_REF][START_REF] Lessard | Zinc Finger Nuclease-Mediated Disruption of the BCL11A Erythroid Enhancer Results in Enriched Biallelic Editing, Increased Fetal Hemoglobin, and Reduced Sickling in Erythroid Cells Derived from Sickle Cell Disease Patients[END_REF][START_REF] Psatha | Disruption of the BCL11A Erythroid Enhancer Reactivates Fetal Hemoglobin in Erythroid Cells of Patients with β-Thalassemia Major[END_REF][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]. Clinical trials ongoing showed encouraging preliminary results: HbF reactivation increases the Hb concentration in β-thalassemia patients and decreases the level of β s -globin gene for SCD patients [START_REF] Ahle | Gene Editing Therapy Shows Early Benefit for Patients With SCD and Beta Thalassemia[END_REF][START_REF] Esrick | Flipping the Switch: Initial Results of Genetic Targeting of the Fetal to Adult Globin Switch in Sickle Cell Patients[END_REF][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].

In this study, we developed a LV and genome editing combined strategy for the treatment of SCD and β-thalassemia. The LV drives the expression of a β-globin chain with three amino-acid substitutions (βAS3) conferring an anti-sickling effect (LV.AS3) [START_REF] Levasseur | A Recombinant Human Hemoglobin with Anti-sickling Properties Greater than Fetal Hemoglobin[END_REF]. Indeed, the βAS3 transgene harbors 3 amino acids, which are responsible for the inhibition of axial (E22A) and lateral (T87Q) contacts necessary for the formation of the HbS polymer, and confer to the βAS3-globin an increased affinity (G16D) for the α-globin compared to the β s -globin to preferentially form HbAS3 over HbS tetramers [START_REF] Levasseur | A Recombinant Human Hemoglobin with Anti-sickling Properties Greater than Fetal Hemoglobin[END_REF]. A

LV harboring the βAS3 transgene showed its efficiency but even if administered at a high dose (i.e., VCN of 5) the therapeutic effect is still limited because of the high expression of the endogenous β s -globins (in SCD) [START_REF] Weber | An Optimized Lentiviral Vector Efficiently Corrects the Human Sickle Cell Disease Phenotype[END_REF]. In the frame of this LV, we incorporated a sgRNA to either downregulate the β s -globin gene (gR-D), or reactivates the expression of the anti-sickling g-globin chains (gR-BCL11A and gR-13bpdel) [START_REF] Canver | BCL11A enhancer dissection by Cas9-mediated in situ saturating mutagenesis[END_REF][START_REF] Traxler | A genome-editing strategy to treat βhemoglobinopathies that recapitulates a mutation associated with a benign genetic condition[END_REF]. Notably, the latter LVs can also be used to boost β-like globin expression for the treatment of β-thalassemia.

Therefore, the presence of a sgRNA targeting specific regions confers another function to the LV, which, when combined to the transgene expression, can improve the therapeutic efficacy. Downregulating the β s -globin gene favors the production of HbAS3 decreasing the amount of LV necessary to achieve a curative effect in SCD patients. Similarly, by adding sgRNAs increasing the HbF expression, the combined expression of HbF and HbAS3 increases the therapeutic efficiency of the current gene addition strategies for both SCD and βthalassemia.

Combination of βAS3 transgene expression and downregulation of the HBB gene

To decrease the expression of the mutant sickle HBB gene, we selected a sgRNA able to efficiently and safely downregulate the HBB gene. The LV co-expressing βAS3 and the sgRNA targeting HBB (LV.AS3mod.gR-D) is efficient in HUDEP-2 erythroid cell line and in primary erythroid cells derived from SCD HSPCs in decreasing HBB at both mRNA and protein levels. The downregulation of the HBB positively correlates with the editing efficiency, which is dependent from the VCN. While HBB decreases, we observe an increased formation of tetramers containing βAS3. Importantly, the decreased incorporation of the β s -globin chain into Hb tetramers is further favored by the high affinity of the βAS3-chains to the α-chains [START_REF] Adachi | Effects of increased anionic charge in the beta-globin chain on assembly of hemoglobin in vitro[END_REF][START_REF] Levasseur | A Recombinant Human Hemoglobin with Anti-sickling Properties Greater than Fetal Hemoglobin[END_REF].

At similar VCN, the LV.AS3mod.gR-D is more efficacious than the classical gene addition approach. Indeed, under hypoxic conditions, the proportion of sickling cells decreased to 25% (VCN of 3) in LV.AS3mod.gR-D treated samples compared to 58% (VCN of 3.7) of the total RBCs in non-edited LV.AS3mod.gR-D treated samples expressing βAS3 without disrupting the HBB gene. Using our combined approach, a VCN of 3 was sufficient to achieve 51% of editing efficiency of the HBB gene resulting in a balanced expression between HbS and HbAS3, which is usually achieved at a VCN of 5 using the classical gene addition approach, confirming the advantage of the combination of LV and editing technologies.

Our combined approach is safe, allowing to produce mature RBCs without compromising the erythroid differentiation. Moreover, the βAS3-globin transgene expression was sufficient to compensate for the lack of β s -globin expression, without creating a βthalassemia phenotype. Compared to a LV containing only the antisickling transgene, our combined approach requires a lower VCN to achieve a curative effect, thus reducing the low but potential genotoxicity risk associated to LV integration [START_REF] Schlimgen | Risks Associated With Lentiviral Vector Exposures and Prevention Strategies[END_REF]. The gR-D has a minimal off-target activity but we are not excluding to seek for other sgRNAs targeting HBB without any off-targets to further improve the safety of our approach.

Other therapeutic strategies for SCD aim at reverting the SCD mutation by cleaving the sickle HBB gene using CRISPR/Cas9 and inserting through the HDR pathway a donor template containing the wild-type HBB sequence that is either provided as single strand oligonucleotide or delivered by a recombinant AAV6 vector [START_REF] Cromer | Global Transcriptional Response to CRISPR/Cas9-AAV6-Based Genome Editing in CD34+ Hematopoietic Stem and Progenitor Cells[END_REF][START_REF] Dever | CRISPR/Cas9 β-globin gene targeting in human haematopoietic stem cells[END_REF]. However, HDR is poorly efficient in HSCs, while our combined approach is likely more prone to produce the desired modification as it relies on the NHEJ pathway, known to be preferentially active and more efficient in HSCs compared to HDR (Chang et al., 2017a;[START_REF] Hustedt | The control of DNA repair by the cell cycle[END_REF][START_REF] Nakamura | H4K20me0 recognition by BRCA1-BARD1 directs homologous recombination to sister chromatids[END_REF][START_REF] Vítor | Studying DNA Double-Strand Break Repair: An Ever-Growing Toolbox[END_REF]. Moreover, failed HDR-mediated gene correction likely results in the NHEJ-mediated HBB gene disruption, thus potentially generating a β-thalassemia phenotype [START_REF] Magis | High-level correction of the sickle mutation amplified in vivo during erythroid differentiation[END_REF]. This was not observed using our combined strategy as the same LV is co-expressing the sgRNA targeting HBB and the therapeutic βAS3 chain that compensates the knock-down of the endogenous HBB.

Combination of βAS3 transgene expression and reactivation of HBG1 and HBG2 genes

The strategies based on the use of LV.AS3mod.gR-BCL11A and LV.AS3mod.gR-13bpdel aimed at forcing a β-to-γ-globin switch to reactivate the HBG1 and HBG2 genes, disrupting either the erythroid-specific enhancer or the binding site of the HbF repressor BCL11A in the HBG promoters [START_REF] Canver | BCL11A enhancer dissection by Cas9-mediated in situ saturating mutagenesis[END_REF][START_REF] Traxler | A genome-editing strategy to treat βhemoglobinopathies that recapitulates a mutation associated with a benign genetic condition[END_REF]. Using the LV.AS3mod.gR-13bpdel disrupting the BCL11A binding site in the HBG promoters [START_REF] Liu | Direct Promoter Repression by BCL11A Controls the Fetal to Adult Hemoglobin Switch[END_REF][START_REF] Traxler | A genome-editing strategy to treat βhemoglobinopathies that recapitulates a mutation associated with a benign genetic condition[END_REF], we observed a high genome editing efficiency and a robust increase in HbF levels in both HUDEP-2 and RBCs derived from SCD HSPCs.

The editing efficiency was positively correlated with the VCN, and we could reach a balance between the therapeutic Hbs (HbF+HbAS3) and the HbS at a lower VCN (~3-3.5) compared to control, non-edited samples expressing only βAS3 (VCN ~5.5). The gR-13bpdel showed no off-target activity and targeting the BCL11A binding site did not impair the erythroid differentiation. RBCs generated from SCD HSPCs treated with LV.AS3mod.gR-13bpdel

showed a decrease in the proportion of sickling cells (64%) compared to control samples harboring a similar VCN~3 (50%). Of note, we observed a more robust decrease of the proportion of sickling cells using LV.AS3mod.gR-D compared to LV.AS3mod.gR-13bpdel, suggesting that HbS down-regulation and HbAS3 expression might be more effective than the combined HbAS3 and HbF expression in rescuing the SCD cell phenotype. However, it is worth to test the strategy based on the use of LV.AS3mod.gR-13bpdel in β-thalassemia cells as the combined expression of HbAS3 and HbF can counteract the reduced or absent production of HbA, thus leading to the production of fully hemoglobinized RBCs.

Genome editing strategies based on the use of Cas9 ribonucleoprotein coupled with a sgRNA targeting the BCL11A binding site are efficient in reactivating HbF expression in RBCs derived from SCD HSPCs [START_REF] Weber | Editing a γ-globin repressor binding site restores fetal hemoglobin synthesis and corrects the sickle cell disease phenotype[END_REF]. However, our combined approach can have a better therapeutic potential due to the simultaneous expression of 2 anti-sickling β-like globins.

Surprisingly, LV.AS3mod harboring the gR-BCL11A showed a poor capability of transducing and editing the BCL11A erythroid-specific enhancer in SCD HSPCs. Moreover, considering that bi-allelic disruption of this enhancer is required to achieve HbF reactivation, we did not further pursue this approach. We need to further investigate the mechanisms that led to a poor transduction of SCD HSPCs. The selection of a more efficient sgRNA disrupting critical regions in the BCL11A enhancer could allow us to further pursue this strategy. Indeed, the gR-BCL11A we used in our study targets a region close to the binding site of the BCL11A transcriptional activator GATA1, without, however, disrupting it, while other sgRNAs editing the GATA1 binding site have been recently shown to reactivate more efficiently HbF expression [START_REF] Wu | Highly efficient therapeutic gene editing of human hematopoietic stem cells[END_REF].

A strategy aimed at decreasing the BCL11A levels is currently tested in a clinical trial giving promising results. This approach relies on the use of a LV expressing an amiR against BCL11A under the control of an erythroid-restricted promoter [START_REF] Brendel | Lineage-specific BCL11A knockdown circumvents toxicities and reverses sickle phenotype[END_REF]. Early clinical data showed a significant induction of HbF representing 20 to 30% of the total Hb [START_REF] Esrick | Flipping the Switch: Initial Results of Genetic Targeting of the Fetal to Adult Globin Switch in Sickle Cell Patients[END_REF]. If successful, our combined approach would further increase the percentage of therapeutic hemoglobins due to the LV-derived expression of the βAS3 transgene and would require a lower VCN to achieve a therapeutic benefit. Moreover, a potential advantage of our approach is that given the transient expression of the Cas9, sgRNAs will be rapidly degraded once Cas9 expression will be extinguished. Indeed, the presence of Cas9 protein is necessary to protect sgRNAs from cellular degradation [START_REF] Hendel | Chemically modified guide RNAs enhance CRISPR-Cas genome editing in human primary cells[END_REF][START_REF] Lattanzi | Optimization of CRISPR/Cas9 Delivery to Human Hematopoietic Stem and Progenitor Cells for Therapeutic Genomic Rearrangements[END_REF]). In this way, we will avoid the generation of dsRNA molecules inducing an interferon response and cell apoptosis, as observed using a microRNA-based approach (Sadelain et al., 2005).

Other clinical trials have been launched using Cas9 ribonucleoprotein associated with a sgRNA targeting the erythroid-specific enhancer of BCL11A, showing recently encouraging results in a transfusion-dependent β-thalassemia patient and in a SCD patient [START_REF] Ahle | Gene Editing Therapy Shows Early Benefit for Patients With SCD and Beta Thalassemia[END_REF].

These results pave the way for the application of genome editing strategies in clinics for the treatment of β-hemoglobinopathies. Again, if successful, our combined approach will potentially further increase the therapeutic efficacy as it combines gene-addition and a genedisruption strategies currently in clinics that have been already shown to ameliorate the βhemoglobinopathy patient phenotype.

Conclusions and perspectives

Overall, this study showed that our combined strategies can improve the efficacy of the current gene addition approach for β-hemoglobinopathies, decreasing the amount of vector required to achieve a therapeutic effect, thus reducing the potential genotoxicity risk associated with high VCN and potentially lowering the costs of LV production. However, it must be noticed that although combination of LV and genome editing has a high therapeutic potential, it also poses safety issues as both potential off-target and insertional mutagenesis events need to be closely monitored.

Future experiments aim at evaluating the engraftment capability of patient HSPCs modified with our combined strategy in immunodeficient NSG mice to assess the efficiency of our approach in modifying long-term repopulating HSCs.

IV.2 Development of a microscopy-based method to assess

RBC parameters

Seeking for new therapeutic strategies to treat SCD and β-thalassemia is crucial because the only curative treatment is the allogeneic HSPC transplantation, which is, however, available for a small subset of patients with a compatible donor. Autologous transplantation of genetically corrected HSPCs is an alternative strategy for patients lacking a compatible donor. The work of our laboratory is focused on the development of novel therapeutic strategies aimed at restoring the RBC phenotype characterizing SCD or β-thalassemia to cure these diseases.

Indeed, RBCs from SCD and β-thalassemia patients are characterized by specific morphological and quantitative parameters, which differ from a healthy donor RBC. Lack of βglobin expression in β-thalassemia cause the production of poorly hemoglobinized RBCs with a variety of size and shape [START_REF] Galanello | Beta-thalassemia[END_REF], while in SCD, the presence of sickled cells in the blood flow is a key characteristic directly linked to the severity of the disease [START_REF] Goodman | The irreversibly sickled cell: a perspective[END_REF][START_REF] Ilesanmi | Pathological basis of symptoms and crises in sickle cell disorder: implications for counseling and psychotherapy[END_REF]. The development of gene therapy approaches to treat SCD and β-thalassemia requires assays to evaluate their efficacy that assess precisely the reversion of the pathological phenotype in in vitro differentiated RBCs from patient's HSPCs.

Phenotypic observations of RBCs are usually carried out in a non-automated manner in blood smears or in in vitro generated RBCs cytospinned in a slide and analyzed under a microscope but quantification can be biased by the specific operator [START_REF] Alvarez | Quantification of Sickle Cells in the Peripheral Smear as a Marker of Disease Severity[END_REF][START_REF] Galanello | Beta-thalassemia[END_REF]. Flow cytometry is used to evaluate morphology and Hb composition. However, flow cytometry-based measurements require the fixation of RBCs or the permeabilization of RBCs (e.g., allowing to immunostain the Hb of interest) and these treatments can alter RBC integrity and phenotype [START_REF] Van Beers | Imaging flow cytometry for automated detection of hypoxia-induced erythrocyte shape change in sickle cell disease[END_REF][START_REF] Fertrin | Imaging flow cytometry documents incomplete resistance of human sickle F-cells to ex vivo hypoxia-induced sickling[END_REF].

Finally, no methods have been developed to analyze the absolute Hb content at single-RBC level.

The major objective of our study was to develop a tool able to perform phenotypical and quantitative measurements in RBCs derived from peripheral blood and in in vitro cultured RBCs derived from gene therapy-treated patient HSPCs. We set up a label-free microscopybased tool associated with a powerful software able to extract simultaneously 15 different parameters characterizing precisely each RBC from HD and patient peripheral blood and from in vitro erythroid cultures obtained starting from gene therapy-treated patient HSPCs. We first evaluated and defined relevant parameters describing the most pathological population observed in SCD patient's blood, i.e., ISCs. Our quantitative phase microscopy method was able to identify 4 relevant parameters capable of discriminating the ISCs from the normal RBCs, ellipticity, circularity, dry mass and surface. We showed that ISCs are characterized by an elliptic shape and that they have a more dispersed dry mass, thus confirming ISC characteristics reported in the literature [START_REF] Henry | Allosteric control of hemoglobin S fiber formation by oxygen and its relation to the pathophysiology of sickle cell disease[END_REF][START_REF] Lew | Ion Transport Pathology in the Mechanism of Sickle Cell Dehydration[END_REF][START_REF] Rodgers | Irreversibly sickled erythrocytes in sickle cell anemia: A quantitative reappraisal[END_REF]. These observations support the ability of our microscopy-based method to discriminate between pathological and normal RBC populations.

The future goal is to automatize this method using AI in order to determine the proportion of ISCs present in a blood sample from SCD patients (undergoing or not transfusion), that can be then correlated with the disease severity [START_REF] Alvarez | Quantification of Sickle Cells in the Peripheral Smear as a Marker of Disease Severity[END_REF]Billett et al., 1988a;[START_REF] Lux | Irreversible deformation of the spectrinactin lattice in irreversibly sickled cells[END_REF][START_REF] Rodgers | Irreversibly sickled erythrocytes in sickle cell anemia: A quantitative reappraisal[END_REF]. Indeed, it has been shown that the proportion of ISCs in the blood flow increases prior to a VOC and decreases during the crisis, consistent with their selective retention within obstructed vessels [START_REF] Alvarez | Quantification of Sickle Cells in the Peripheral Smear as a Marker of Disease Severity[END_REF]Billett et al., 1988aBillett et al., , 1988b;;[START_REF] Lew | Ion Transport Pathology in the Mechanism of Sickle Cell Dehydration[END_REF]. This method will also be applied to evaluate the rescue of the SCD cell phenotype in in vitro generated RBCs to assess the therapeutic potential of different gene therapy strategies.

Then, we focused on evaluating RBC parameters from a transfusion-dependent βthalassemia major patient, to define discriminant parameters between β-thalassemic and normal

RBCs. The most relevant parameters were perimeter and dry mass. Indeed, the large variety of perimeter and dry mass values underlines the anisopoikilocytosis and lower Hb content typical of β-thalassemic RBC [START_REF] Galanello | Beta-thalassemia[END_REF]. We then succeeded in developing an AIbased algorithm able to quantify the proportion of β-thalassemic RBCs with a severe phenotype from a mixed blood sample. The future goal is to apply this method to evaluate the rescue of the β-thalassemic phenotype in RBCs from the peripheral blood of gene therapy-treated patients (e.g., pre-and post-treatment) as well as in in vitro generated RBCs derived from gene therapytreated patient HSPCs to evaluate the therapeutic potential of different treatments.

Finally, in a preliminary experiment, we used quantitative phase microscopy to evaluate the efficacy and safety of our combined approach for SCD aimed at expressing an antisickling transgene (βAS3) and a sgRNA downregulating the sickle HBB gene in in vitro generated

RBCs. Indeed, one of the main advantages of our microscopy-based method is the requirement of few cells to be processed, making it suitable to small-scale in vitro experiments. Quantitative phase microscopy showed that our treatment does not impair erythroid differentiation. All morphological parameters from control and modified SCD RBCs were similar, and the absolute Hb content was normal, demonstrating that HBB downregulation is well compensated by the βAS3 production. Overall, these data showed that our strategy is efficacious and safe.

Conclusions and perspectives

These preliminary findings pave the way for the use of quantitative phase microscopy and AI to have robust, reliable and quantitative evaluation of parameters of RBCs either derived from patient peripheral blood or generated in vitro from patient HSPCs. Importantly, our labelfree quantitative phase microscopy-based method allows to extract simultaneously and precisely multiple parameters at a single cell level without impairing RBC integrity.

Our long-term goal is to assess the rescue of the SCD and β-thalassemic phenotypes in gene therapy-treated RBCs at single-cell level, thus demonstrating the effectiveness and safety of gene therapy approaches.

V Materials and Methods

Plasmid construction

Plasmids expressing a Cas9-GFP fusion protein (pMJ920) and gRNA (MLM3636) were If the first nucleotide of the target sequence was different from G, we inserted a G nucleotide (indicated in lowercase) upstream of the target sequence to allow U6-driven gRNA expression. PAM sequences are highlighted in bold. For each gRNA, we reported the hg19 genomic coordinates. gR-A sequence was retrieved from [START_REF] Cottle | Controlled delivery of β-globintargeting TALENs and CRISPR/Cas9 into mammalian cells for genome editing using microinjection[END_REF], gR-B sequence from [START_REF] Liang | CRISPR/Cas9-mediated gene editing in human tripronuclear zygotes[END_REF], and gR-D and gR-E sequenced from [START_REF] Huang | Production of Gene-Corrected Adult Beta Globin Protein in Human Erythrocytes Differentiated from Patient iPSCs After Genome Editing of the Sickle Point Mutation: Corrected β Globin in Genome-Edited Human iPSCs[END_REF]. and T87Q) [START_REF] Levasseur | A Recombinant Human Hemoglobin with Anti-sickling Properties Greater than Fetal Hemoglobin[END_REF] were introduced in the pCCL.β-globin plasmid by in vitro site-directed mutagenesis to obtain the pCCL.βAS3 plasmid. Silent mutations were inserted in the 19-bp βAS3 transgene sequence recognized to avoid its targeting by gR-D to generate the pCCL.βAS3mod plasmid.

The expression cassette consisting of

Synthetic oligonucleotides (Integrated DNA Technologies) containing the sgRNA expression cassette were inserted in pCCL.βAS3mod generating the transfer vectors for the LV production: pCCL. βAS3modified.gR-D transfer vector for LV.AS3mod.gR-D production pCCL. βAS3modified.gR-BCL11A transfer vector for LV.AS3mod.gR-BCL11A production pCCL. βAS3modified.gR-13bpdel) transfer vector for LV.AS3mod.gR-13bpdel production

Lentiviral vector production and titration

Third-generation lentiviral vectors were produced by calcium phosphate transient transfection of HEK293T cells with the transfer vector (pCCL.βAS3mod, pCCL.βAS3mod.gRs), the packaging plasmid pKLg/p.RRE, the Rev-encoding plasmid pK.REV, and the vesicular stomatitis virus glycoprotein G (VSV-G) envelope-encoding plasmid pK.G. The physical titer of vector preparations was measured using the HIV-1 Gag p24 antigen immunocapture assay kit (PerkinElmer, Waltham, MA, USA) and expressed as p24ng/mL. The viral infectious titer was calculated by transducing HCT116 cells with serial vector dilutions, as previously described [START_REF] Lattanzi | Correction of the Exon 2 Duplication in DMD Myoblasts by a Single CRISPR/Cas9 System[END_REF]. Vector copy number per diploid genome (VCN) was calculated to determine the viral infectious titer, expressed as transducing units per ml (TU/ml).

Viral infectivity was calculated as ratio between infectious and physical titers (TU/ng p24).

Vector copy number analysis

At day 13 of erythroid differentiation, or 14 days after plating HSPCs in the methylcellulose medium, genomic DNA (gDNA) was extracted using PURE LINK Genomic DNA Mini kit (Life Technologies) following manufacturer's instructions. VCN per diploid genome was determined by digital droplet polymerase chain reaction (ddPCR), using the droplet reader QX200 droplet reader (Biorad), as previously described [START_REF] Lin | Application of Droplet Digital PCR for Estimating Vector Copy Number States in Stem Cell Gene Therapy[END_REF]. ~50 ng of gDNA was digested with a 20 unit/μL concentration of DraI enzyme (New England BioLabs, Ipswich, MA), in a total volume of 6 μL for 30 min at 37°C. We used 6 μL of the restriction mixture for the subsequent ddPCR analysis. We used primers and probes specific for: 

Off-target prediction

For gR-D, the top-predicted off-target (OT) sites, identified by COSMID [START_REF] Cradick | COSMID: A Web-based Tool for Identifying and Validating CRISPR/Cas Off-target Sites[END_REF], were amplified in genome-edited K562, HUDEP-2 or HSPCs bulk populations and subjected to Sanger sequencing, followed by comparison with mock-treated cells by TIDE analysis. Lowscoring sites are predicted to be more likely off-targets. OT sequences are listed in Table 7. 

PCR-based assays for detection of genome editing events

Genomic DNA was extracted using PURE LINK Genomic DNA Mini kit (Life Technologies) following manufacturer's instructions. To evaluate editing efficiency at sgRNA on-target and off-target sites (predicted using COSMID; OT 1 to OT 13), we performed PCR followed by Sanger sequencing and TIDE analysis (Tracking of InDels by Decomposition) [START_REF] Brinkman | Rapid Quantitative Evaluation of CRISPR Genome Editing by TIDE and TIDER[END_REF][START_REF] Brinkman | Easy quantitative assessment of genome editing by sequence trace decomposition[END_REF]. Primer sequences used for PCR analysis are listed in Table 8. 

GUIDE-seq and deep-sequencing analysis of off-target regions

GUIDE-seq was performed in HEK293 cells as previously described [START_REF] Tsai | GUIDE-seq enables genome-wide profiling of off-target cleavage by CRISPR-Cas nucleases[END_REF][START_REF] Weber | Editing a γ-globin repressor binding site restores fetal hemoglobin synthesis and corrects the sickle cell disease phenotype[END_REF]. Off-targets identified by GUIDE-seq were PCR-amplified using the Phusion High-Fidelity Taq polymerase with GC Buffer (New England BioLabs). Primer sequences used to amplify off-targets identified by GUIDE-seq are listed below in Table 9. We performed PCR followed by deep sequencing as previously described [START_REF] Lattanzi | Optimization of CRISPR/Cas9 Delivery to Human Hematopoietic Stem and Progenitor Cells for Therapeutic Genomic Rearrangements[END_REF]. In brief, Illumina compatible barcoded DNA amplicon libraries were prepared using the TruSeq DNA PCR-Free kit (Illumina). Libraries were pooled and sequenced using Illumina HiSeq2500 (paired-end sequencing 130 130 bases). A total of 0.59 to 1.12 million passing filter reads per sample were produced. Targeted deep-sequencing data were analyzed using CRISPRESSO [START_REF] Pinello | Analyzing CRISPR genome-editing experiments with CRISPResso[END_REF]. 

Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted using RNeasy micro kit (QIAGEN) following manufacturer's instructions. Mature transcripts were reverse-transcribed using SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen) with oligo(dT) primers, respectively. qRT-PCR was performed using SYBR green (Applied Biosystems). Primer sequences are listed in Table 10. HUDEP-2 [START_REF] Kurita | Establishment of Immortalized Human Erythroid Progenitor Cell Lines Able to Produce Enucleated Red Blood Cells[END_REF] cells were cultured and differentiated, as previously described [START_REF] Antoniani | Induction of fetal hemoglobin synthesis by CRISPR/Cas9-mediated editing of the human β-globin locus[END_REF]. A standard May-Grumwald Giemsa staining was performed to evaluate the cell morphology during HUDEP-2 differentiation. Erythroid differentiation was monitored during the culture by flow cytometry analysis of CD36, CD71 and CD235a expression.

HUDEP-2 thalassemic cell (HBB KO) were generated by transfecting HUDEP-2 WT cells with plasmids expressing the gR-D targeting HBB exon 1 and the Cas9-GFP. FACS-sorted GFP + cells were cloned by limiting dilution. After 14 days, single clones were isolated, expanded and screened by PCR. A HUDEP-2 clone characterized by the absence of β-globin chain expression was selected.

Cell line and HSPC plasmid transfection

One million K562 or HUDEP-2 cells were transfected with 4 ug of a Cas9-GFP expressing plasmid (pMJ920) and 0.8 to 1.6 ug of each gRNA-containing plasmid (MLM3636 or MA128) in a 100 ul volume using Nucleofector I (Lonza). We used AMAXA Cell Line Nucleofector Kit V (VCA-1003) for K562 and HUDEP-2 (T16 and L-29 programs, respectively) and AMAXA Human CD34 Cell Nucleofector Kit (VPA-1003) for HSPCs (U-08 program). GFP + HUDEP-2 cells were sorted using SH800 Cell Sorter (Sony Biotechnology). We differentiated FACS-sorted GFP + Cas9-expressing HUDEP-2 cells (30-60% of the total cell populations) in mature erythroid precursors.

HSPC purification and culture

We obtained human cord blood CD34 + HSPCs and human adult HSPCs mobilized with G-CSF from healthy donors. Human adult SCD CD34 + HSPCs were isolated from Plerixaformobilized SCD patients (NCT 02212535 clinical trial, Necker Hospital, Paris, France). Written informed consent was obtained from all adult subjects. All experiments were performed in accordance with the Declaration of Helsinki. The study was approved by the regional investigational review board (reference: DC 2014-2272, CPP Ile-de-France II "Hôpital Necker-Enfants malades"). HSPCs were purified by immuno-magnetic selection with AutoMACS (Miltenyi Biotec) after immunostaining with CD34 MicroBead Kit (Miltenyi Biotec).

After thawing, CD34 + cells were cultured (10 6 cells/ml) 24 h before transduction in X-VIVO 20 supplemented with penicillin/streptomycin (Gibco, Carlsbad, CA, USA), StemRegenin1 at 250 nM (SR1; StemCell Technologies) and the following recombinant human cytokines (Peprotech): 300 ng/mL SCF, 300 ng/mL Flt-3L, 100 ng/mL TPO and 60 ng/mL IL3 ("expansion medium").

HSPC transduction

2 hours prior to transduction, cells were plated in RetroNectin-coated plates (10 μg/cm2, Takara Bio, Kusatsu, Japan) at 3x10 6 cells/ml in the expansion medium supplemented with 16,16dimethyl-prostaglandin E2 (PGE2; Cayman Chemical; [START_REF] Zonari | Efficient Ex Vivo Engineering and Expansion of Highly Purified Human Hematopoietic Stem and Progenitor Cell Populations for Gene Therapy[END_REF]). Cells were then transduced (3x10 6 cells/ml) for 24 h in plates coated with RetroNectin, in the expansion medium supplemented with protamine sulfate (4 μg/ml, Sigma-Aldrich, St. Louis, MI, USA or APP Pharmaceuticals, Schaumburg, IL, USA), PGE2, and LentiBOOST (Sirion Biotech, [START_REF] Delville | A Nontoxic Transduction Enhancer Enables Highly Efficient Lentiviral Transduction of Primary Murine T Cells and Hematopoietic Stem Cells[END_REF]. Cells were washed and cultured in the expansion medium for 48 h before transfection.

HSPC transfection

We used 90μM Cas9-GFP protein (provided by Dr. De Cian). 48h after transduction, 100,000 human CD34 + cells were transfected with Cas9-GFP protein using the P3 Primary Cell 4D-Nucleofector X Kit S (Lonza) and the AMAXA 4D CA137 program (Lonza). After transfection, cells were plated at a concentration of 50,000/mL in the erythroid differentiation medium.

In vitro erythroid differentiation of HSPCs

Control and genetically modified human HSPCs were differentiated into mature RBCs using a 3-step protocol (Giarratana et al., 2005b). From day 0 to day 6, cells were grown in a basal erythroid medium supplemented with 10 -6 M hydrocortisone (Sigma) and the following recombinant human cytokines: 100 ng/mL SCF (Peprotech), 5 ng/mL IL3 (Peprotech), and 3 IU/mL of EPO (Eprex, Janssen-Cilag). From day 6 to day 9, cells were cultured onto a layer of murine stromal MS-5 cells in the basal erythroid medium supplemented only with 3 IU/mL EPO. Finally, from day 9 to day 20, cells were cultured on a layer of MS-5 cells in the basal erythroid medium without any cytokines.

Erythroid differentiation was monitored by flow cytometry analysis of the erythroid surface markers CD36 (CD36-V450, BD Horizon, Franklin Lakes, NJ, USA), CD71 (CD71-FITC, BD Pharmingen, Franklin Lakes, NJ, USA) and CD235a (CD235a-PECY7, BD Pharmingen, Franklin Lakes, NJ, USA). We used the nuclear dye DRAQ5 (eBioscience, San Diego, CA, USA) to evaluate the proportion of enucleated RBCs. Flow cytometry analyses were performed using the Gallios analyzer and Kaluza software (Beckman-Coulter, Brea, CA, USA).

CFC Assay

Hematopoietic progenitors were evaluated in a clonal Colony Forming Cell (CFC) assay, where

HSPCs were plated at 2x10 3 cells/ml in methylcellulose-containing medium (GFH4435, Stem Cell Technologies, Vancouver, BC, USA) under conditions supporting erythroid differentiation. BFU-E were randomly picked and collected as bulk populations (containing at least 25 colonies) to evaluate the transduction and editing efficiencies and globin expression.

Flow cytometry analysis

We labeled HUDEP-2 and HSPC-derived erythroblasts with antibodies against CD36 (CD36-V450, BD Horizon), CD71 (CD71-FITC, BD Pharmingen) and CD235a (CD235a-APC, BD Pharmingen; CD235a-PECY7, BD Pharmingen) surface markers. Differentiated cells were fixed and permeabilized using BD Cytofix/Cytoperm solution (BD Pharmingen) for HUDEP-2 cells and glutaraldehyde and Triton 1X for HSPCs-derived erythroblasts. After permeablization, cells were stained with antibodies recognizing HbF (HbF-APC, MHF05, Life

Technologies and HbF-FITC, 552829, BD Pharmingen). We performed flow cytometry analyses using Fortessa X20 flow cytometer (BD Biosciences) and Gallios (Beckman Coulter).

Reverse phase HPLC analysis of globin chains

HPLC analysis was performed using a NexeraX2 SIL-30AC chromatograph (Shimadzu) and the LC Solution software. Globin chains from in vitro differentiated mature erythroblasts and RBCs were separated by HPLC using a 250x4.6 mm, 3.6 µm Aeris Widepore column (Phenomenex). Samples were eluted with a gradient mixture of solution A (water/acetonitrile/trifluoroaceticacid, 95:5:0.1) and solution B (water/acetonitrile/trifluoroacetic acid, 5:95:0.1). The absorbance was measured at 220 nm.

Cation-exchange HPLC analysis of hemoglobin tetramers

Cation-exchange HPLC analysis was performed using a NexeraX2 SIL-30AC chromatograph (Shimadzu) and the LC Solution software. Hemoglobin tetramers from in vitro differentiated erythroblasts and RBCs were separated by HPLC using a 2 cation-exchange column (PolyCAT A, PolyLC, Coulmbia, MD). Samples were eluted with a gradient mixture of solution A (20mM bis Tris, 2mM KCN, pH=6.5) and solution B (20mM bis Tris, 2mM KCN, 250mM NaCl, pH=6.8). The absorbance was measured at 415 nm.

Sickling assay

In vitro differentiated RBCs derived from modified and control SCD HSPCs were exposed to an oxygen-deprived atmosphere (0% O2) and the time-course of sickling was monitored in realtime by video microscopy for 1 hour, capturing images every 20 minutes using the AxioObserver Z1 microscope (Zeiss) and a 40X objective. Images of the same fields were taken throughout all stages and processed with ImageJ to determine the percentage of sickled RBCs per field of acquisition in the total RBC population.

Statistics

Data were analyzed with Graph PadPrism software (version 7.0) and expressed as mean ± standard error mean (SEM), if not otherwise stated. Parametric tests (Student's t-test, or unpaired t tests or Two-way ANOVA test -Turkey's multiple comparisons test) were used according to datasets. The threshold for statistical significance was set to P<0.005. Linear regression analyses were performed to assess the correlation between frequency of genome editing and VCN or between frequency of genome editing or VCN and Hb expression.

Patients' and healthy donor blood samples

We used blood samples from 3 SCD patients that were enrolled in a gene therapy clinical trial (NCT02212535, Necker Hospital, Paris, France). Blood samples from 1 β-thalassemia major patient treated with monthly blood transfusions at Necker Hospital (Paris France). Blood was collected prior to RBC transfusion. Written informed consent was obtained from all adult subjects. All experiments were performed in accordance with the Declaration of Helsinki. The study was approved by the regional investigational review board (reference: DC 2014-2272, CPP Ile-de-France II "Hôpital Necker-Enfants malades"). Blood samples from 3 adult healthy donors were obtained from the Etablissement Français du Sang (EFS) and used as control.

Hematology analyzer

We used the HORIBA ABX Micros ES 60 hematology analyzer, which process 10μL of the whole blood to assess RBC parameters.

Blood sample preparation for quantitative phase image microscopy

Blood samples were collected in EDTA tubes and centrifuged at 1,500 rpm for 5 min. After removing the plasma, RBCs were resuspended in PBS (Gibco) supplemented with 0.5% bovine serum albumin (BSA) and placed in a -Slide with 4 wells (Ibidi).

Preparation of in vitro generated RBCs for quantitative phase image microscopy

SCD HSPCs were transduced with LV.AS3mod.gR-D and transfected with Cas9-GFP protein (LV Cas9) or only transfected with TE (LV TE) and then differentiated in mature RBCs using a 3-phase protocol (see " HSPC in vitro erythroid differentiation paragraph ). At the end of the differentiation, 50,000 in vitro generated RBCs were centrifuged at 1,500 rpm for 5 min, resuspended in 50 μL of PBS 0.5% BSA, and placed in a μ-Slide with 15 wells (Ibidi).

Quantitative phase image microscopy

We used the SID4Bio camera (Phasics, Saint-Aubin, France) with an inverted microscope (Eclispe Ti-E, Nikon) to obtain quantitative phase images of label-free RBCs. Pictures were taken using a 40X/0.60 objective.

Analyses using the BIO-Data software

The BIO-Data software (version 2.7.1.46) performed a segmentation procedure to isolate each RBC from a picture. Segmentation errors were avoided by a semi-automatized process discarding extreme values. For example, we discarded: (i) 2 RBCs that are too close and considered as 1 and not 2 RBCs, (ii) RBCs not fully sedimented and/or flattened at the bottom of the dish or rotated on their side, and (iii) RBC for which the background is considered as the border of the RBC thus overestimating the surface area value or, on the contrary, when not all the RBC surface area is properly segmented (Fig. 56). 15 parameters were extracted from each RBC. We used a classification learning model that relies on the Support Machine Vector (SVM) [START_REF] Cortes | Support-vector networks[END_REF]. This supervised machine learning algorithm analyzes data for 
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  tétramères d'hémoglobine (HbAS3) ont été observées dans les cellules traitées avec le LV.AS3mod.gR-D. De plus, un faible VCN nous a permis de mesurer une quantité équivalente d'HbS et d'HbAS3 dans les GR différenciés ex vivo, reproduisant le profil des porteurs hétérozygotes asymptomatiques. Les traitements LV.AS3mod.gR-13bpdel et LVAS3mod.gR-I Introduction I.1 Hemoglobin regulation and erythropoiesis I.1.a Hemoglobins synthesis and regulation Hemoglobin (Hb) is a conjugated heme protein, containing 4 globin chains. Its synthesis needs the synchronized production of heme and globins. § Heme
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 1 Figure 1: Organization and developmental expression of Hb chain. (A) α-and β-like globin genes are located on chromosomes 16 and 11, respectively. (B) Hb regulation throughout life. After birth a g-to-b globin switch occurs. b-like globin genes are expressed sequentially during development thanks to the interaction of their promoters with the locus control region (LCR).Figure from(Cavazzana et al., 2017).

Figure 2 :

 2 Figure 2: Representation of adult hemoglobin (HbA1). HbA1 is composed of two a-chains and two b-chains, each of them containing a heme molecule necessary to bind oxygen. Adapted from Protein Data Bank.

Figure 3 :

 3 Figure 3: HbF and HbA O2-hemoglobin dissociation curve.The increase of oxygen partial pressure leads to increased binding of O2 to hemoglobin. HbF has a higher affinity for O2 than HbA. Adapted from Biosciencenotes.

Figure 4 :

 4 Figure 4: Main regulators of the fetal-to-adult Hb switching.Two different NuRD complexes inhibit the expression of the γ-globin genes mainly through the binding of their promoter regions. MYB is activating KLF1 that activates both BCL11A and the β-globin gene. Figure from(Cavazzana et al., 2017) 

Figure 5 :

 5 Figure 5: Journey of a hematopoietic stem cell through hematopoiesis.Abbreviations: B, B cells; Baso, basophils; CLP, common lymphoid progenitor; CMP, common myeloid progenitor; DC, dendritic cells; Eos, eosinophils; Ery, erythrocytes; GMP, granulocyte/macrophage progenitor; HSC, hematopoietic stem cell; MC, mast cells; MEP, megakaryocyte/erythroid progenitor; Mk/Pla, megakaryocytes/platelets; MLP, multilymphoid progenitor; M/M, monocytes/macrophages; MPP, multipotent progenitor cell; Neutr, neutrophils; NK, natural killer cells; T, T cells. Figure from[START_REF] Antoniani | Concise Review: Epigenetic Regulation of Hematopoiesis: Biological Insights and Therapeutic Applications[END_REF].

Figure

  Figure 6: Erythropoiesis.Erythroid differentiation from HSCs to RBCs. The differentiation from CFU-E to reticulocytes occurs in the erythroblastic islands in the bone marrow. In the bloodstream, RBCs continue their maturation. Figure from[START_REF] Zivot | Erythropoiesis: insights into pathophysiology and treatments in 2017[END_REF].

Figure 7 :

 7 Figure 7: Prevalence of b-thalassemia and SCD carriers worldwide. Top. distribution of β-thalassemia carriers. Bottom. Distribution of SCD carriers (scales in %). Figure from ithanet.eu.

Figure 8 :

 8 Figure 8: Morphology of normal and b-thalassemic RBCs. Pictures were taken using a SID4Bio Phasics camera (40x magnification).

Figure 9 :

 9 Figure 9: Ineffective erythropoiesis and hemolysis in β-thalassemia.Intramedullary ineffective erythropoiesis and extramedullary peripheral hemolysis. Figure from[START_REF] Rachmilewitz | How I treat thalassemia[END_REF].

Figure 10 :

 10 Figure 10: Intracytoplasmic α-chain precipitates from several late polychromatic erythroblasts. Label A, B and C show a large number of intracytoplasmic α-chain precipitates. Picture (magnification x10,000) from[START_REF] Wickramasinghe | Observations on the Ultrastructure of Erythropoietic Cells and Reticulum Cells in the Bone Marrow of Patients with Homozygous β-Thalassaemia[END_REF].

Figure 11 :

 11 Figure 11: Representation of ineffective erythropoiesis in β-thalassemia major patients compared to normal erythropoiesis.Apoptosis of polychromatophilic cells and the release of cells containing HbF. Figure from[START_REF] Arlet | Novel players in β-thalassemia dyserythropoiesis and new therapeutic strategies[END_REF].

Figure 12 :

 12 Figure 12: Representation of the HbS polymer.Axial and lateral contacts leading to HbS polymerization. Figure from(Cavazzana et al., 2017).

Figure 13 :

 13 Figure 13: Sickle-shaped and normal RBCs. HbS polymerization causes the formation of sickled-shape RBC.

Figure 15 :

 15 Figure 15: Model of vaso-occlusion in SCD. (A) First, adhesion of the newly formed RBCs reduces the space in post capillaries venules and then (B) trapping of RBCs lead to obstruction of the vessels, impairing blood flow. Figure from[START_REF] Kaul | The pathophysiology of vascular obstruction in the sickle syndromes[END_REF] 

Figure 16 :

 16 Figure 16: Blood smears stained with May-Grünwald Giemsa of a healthy donor, b-thalassemia and SCD patients. Figure from Atlas of Hematology.

Figure 17 :

 17 Figure 17: Quantitative phase imaging. (a) principle of quantitative phase imaging. (b) measured interferogram and(c) retrieved phase image of a RBC using quantitative phase imaging. The color corresponds to the measure phase shift depending on the object thickness and its refractive index. Figure from(Kim et al., 2012).

Figure 18 :

 18 Figure 18: Quantitative phase imaging principle.Creation of a phase image from an interferogram given by an interferometer. Adapted from[START_REF] Bon | Quadriwave lateral shearing interferometry for quantitative phase microscopy of living cells[END_REF].

  CSF to increase the mobilization efficacy in β-thalassemia patients. Plerixafor acts by reversibly inhibiting the interaction between SDF-1 and CXCR4, releasing HSCs from their bone marrow niche. For patients affected by SCD, plerixafor is used alone to avoid adverse effects caused by G-CSF[START_REF] Lagresle-Peyrou | Plerixafor enables safe, rapid, efficient mobilization of hematopoietic stem cells in sickle cell disease patients after exchange transfusion[END_REF]. SCD patients undergo hypertransfusion and red cell exchange before the mobilization to decrease the HbS level to <30%. The reduced number of sickle RBCs avoids the occurrence of SCD-related events during the mobilization. § Lentiviral vector-based strategy Lentiviruses (LVs) are gene transfer vectors derived from the human immunodeficiency virus (HIV), an RNA virus belonging to the family of retroviridae. Once entered in the target cells, the RNA is retro-transcribed into DNA and then permanently integrated in the host genome. Integration of LVs into the genome depends on viral long terminal repeats (LTRs), located at both ends of the proviral genome. The 3'-LTR is copied during the reverse transcription and give rise to the 5'-LTR, thus mutations inserted into the 3'-LTR will be automatically copied into the 5'LTR. In self-inactivating LVs enhancers and promoter of HIV have been deleted from the LTRs for safety reasons resulting in a transcriptional inactivation (De Palma and Naldini

Figure 20 :

 20 Figure 20: Proviral form of LVs used in clinical trials for β-hemoglobinopathies.

Figure 21 :

 21 Figure 21: ZFNs and TALENs. ZFNs (A) and TALENs (B) bind to a specific genomic site. They both have multiple binding domains and their FokI domains need to dimerize to generate a DSB. Figure from (Gupta and Musunuru, 2014).

Figure 23 :

 23 Figure 23: DSB repair mechanisms.Left. HDR requires a template to initiate the repair, such as an exogenous single-strand oligonucleotide to insert mutations into the target sequence. Right. NHEJ directly ligates the broken ends and can generate insertions and deletions (InDels), causing frameshifts when the target is a coding region. Figure from[START_REF] Gupta | Expanding the genetic editing tool kit: ZFNs, TALENs, and CRISPR-Cas9[END_REF].

Figure 24 :

 24 Figure 24: Genome editing approaches for the treatment of β-hemoglobinopathies.(A) HDR-based approach using a nuclease and a donor sequence harboring the wild type β-globin gene to correct the disease-causing mutation. (B) BCL11A downregulation via the targeting of a GATA1 binding site located in its erythroid-specific enhancer (position +58kb) resulting in the reactivation of g-globin gene expression. (C) Generation of HPFH mutations in the g-globin genes promoters (e.g., the 13bp deletion or the HPFH-5 large deletion encompassing the β-and δ-globin genes) results in the increase of HbF expression. Figure from[START_REF] Magrin | Lentiviral and genome-editing strategies for the treatment of b-hemoglobinopathies[END_REF].

  of lentiviral vector and genome editing technologies for the treatment of b-hemoglobinopathies III.1 Combination of lentiviral and genome editing strategies for the treatment of β-hemoglobinopathies Given the limitations of the current gene therapy approaches for the treatment of βhemoglobinopathies (high β S -globin content associated with low incorporation of the therapeutic globins in Hb tetramers and potential genotoxicity associated to elevated VCNs), we developed a strategy combining LV-based gene addition and genome editing. Indeed, coupling βAS3-globin expression to β S -globin down-regulation or γ-globin induction could improve the efficacy and the safety of LV-based therapeutic strategies. A lower expression of the mutant HBB gene will benefit SCD patients by favoring the incorporation of the therapeutic βAS3 globin expressed by the LV, and reactivating the HBG1 and HBG2 genes will improve both SCD and β-thalassemia phenotype. III.1.a Selection of an efficient sgRNA downregulating HBB expressionTo select a sgRNA able to efficiently and safely knock-down the mutant sickle HBB gene, we tested sgRNAs recognizing sequences within the exon 1 of HBB gene (gR-A, gR-B, gR-D, gR-E;[START_REF] Cradick | CRISPR/Cas9 systems targeting βglobin and CCR5 genes have substantial off-target activity[END_REF][START_REF] Liang | CRISPR/Cas9-mediated gene editing in human tripronuclear zygotes[END_REF] (Fig.25A). The plasmids expressing the different sgRNAs under the control of the human U6 promoter were individually delivered together with a plasmid carrying SpCas9 nuclease fused with the green fluorescent protein (Cas9-GFP) by plasmid transfection. To validate the efficiency of selected sgRNAs, we used the fetal erythroleukemia K562 and the adult erythroid HUDEP-2 cell lines(Kurita et al., 2013a). Editing efficiency measured as frequency of insertion and deletions (InDels) by Sanger sequencing and Tracking of Indels by Decomposition (TIDE) analysis, ranged from ~40 to ~80%; however, the frequency of out-of-frame mutations (likely causing a decreased HBB expression) was significantly higher for gR-D and gR-E (70-95%) than for gR-A and gR-B (40-60%) (Fig.25B,C).

Figure 25 :

 25 Figure 25: Efficiency of sgRNAs targeting the HBB gene in K562 and HUDEP-2 cells.(A) sgRNA protospacers are aligned to their complementary on-target loci in HBB gene. sgRNAs are indicated as gRs, gR-B targets a region containing the SCD mutation, therefore its sequence was modified to target the wild-type (WT) HBB gene during the validation experiments in K562 and HUDEP-2 erythroid cell lines, and in healthy donor (HD) HSPCs. The codon containing the SCD mutation is highlighted in red. (B) Editing efficiency of sgRNAs measured by TIDE analysis[START_REF] Brinkman | Rapid Quantitative Evaluation of CRISPR Genome Editing by TIDE and TIDER[END_REF][START_REF] Brinkman | Easy quantitative assessment of genome editing by sequence trace decomposition[END_REF] after PCR amplification of the target region and Sanger sequencing in Cas9-GFP + K562 (n=2 for gR-B, D and E and n=1 for gR-A) and HUDEP-2 (n=3 for gR-D; n=2 for gR-A, B and E) erythroid cell lines. Transfection efficiency measured as percentage of GFP-expressing cells was 55-70% for K562 and 30-60% for HUDEP-2. (C) Out-of-frame mutations identified using TIDE after PCR amplification of the target region and Sanger sequencing in K562 (n=2 for gR-B, D and E and n=1 for gR-A) and HUDEP-2 (n=3 for gR-D; n=2 for gR-A, B and E) erythroid cell lines.

Figure 26 :

 26 Figure 26: Efficiency of sgRNAs knocking down HBB in HUDEP-2 cells. (A) Relative expression of HBB, HBD and HBG mRNAs normalized to α-globin, detected by RT-qPCR in HUDEP-2 cells. Data are expressed as mean±SEM (n=2), **** p < 0.0001 vs Ctr (Two-way ANOVA test -Tukey's multiple comparisons test). Ctr-Cas9 samples are HUDEP-2 cells transfected only with the Cas9-GFP plasmid. (B) Relative expression of the β-globin chain normalized to the α-globin chain, measured by Western blot analysis in differentiated HUDEP-2 cells. Data are expressed as mean±SEM (n=4 for gR-D; n=3 for gR-A, B and E) * p < 0.05 vs Ctr (Two-way ANOVA test -Sidak's multiple comparisons test). (C) RP-HPLC analysis of globin chains in differentiated HUDEP-2 cells. β-like globin chains were normalized to the α-globin chain. α/not-α ratio are reported on top of each sample. Representative RP-HPLC chromatograms are reported on the left panel. (D) CE-HPLC quantification of Hb tetramers in HUDEP-2 cells. We plotted the percentage of each Hb type over the total Hb tetramers.

Figure 27 :

 27 Figure27: On-and off-target analysis of selected sgRNAs. (A) On-and off-target activity evaluated by TIDE in HBB and HBD in K562, HUDEP-2 and CB HSPCs edited with gR-D or E (n=2-3). (B) Top 13 predicted off-targets detected using COSMID[START_REF] Cradick | COSMID: A Web-based Tool for Identifying and Validating CRISPR/Cas Off-target Sites[END_REF]. Potential off-targets in HBD and HBG1/2 are also reported. The number of mismatches compared to the gR-D target sequence in HBB exon1, the chromosome position, the strand and the genomic location (type and gene) are reported. Low scoring sites are predicted to be more likely off-target sites. (C) Editing efficiency of the HBB, HBD, HBG1/2 genes and the top 13 off-target sites identified by COSMID in CB HSPCs edited with gR-D (n=2), as measured by TIDE. Off-target editing was detected only for OT 4. Its closest genes are Neuregulin 3 (NRG3) (located 300kb far from off-target 4), which is mainly expressed in CNS tissues, and AL356140.1 miRNA (located 68kb far from the off-target site), with unknown functions and potentially involved in angiogenesis.

Figure 28 :

 28 Figure 28: Efficiency of the selected gR-D knocking down HBB in HD HSPCs. (A) Editing efficiency (% InDels) and frequency of out-of-frame mutations measured by TIDE analysis in HD HSPCs edited with gR-D (n=1 for HD1, n=2 for HD2 and n=2 for HD3). (B) Relative expression of HBB, HBD and HBG mRNA normalized to α-globin, measured by RT-qPCR in erythroid cells derived from HD HSPCs edited with gR-D. The percentage of HBB decrease upon gR-D treatment is reported above the histogram bars. (n=1 for HD1, n=2 for HD2 and n=2 for HD3) (C) RP-HPLC quantification of globin chains in erythroid cells derived from HD HSPCs edited with gR-D. β-like globin chains are normalized over αglobin chain (n=1 for HD1, n=2 for HD2 and n=2 for HD3). The percentage of β-globin decrease upon gR-D treatment and the α/not-α ratio are reported above the histogram bars. (D) CE-HPLC analysis of Hb tetramers in erythroid cells derived from HD HSPCs treated or not with gR-D and in β-thalassemic cells (thal). gR-D treated samples have a globin expression pattern that was similar to in vitro differentiated erythroid cells from a b-thalassemia patient. We plotted the percentage of each Hb type over the total Hb. CE-HPLC chromatograms are reported on the left panel. αP=alpha-precipitates.

Figure 29 :

 29 Figure 29: Efficiency of the gR-D harboring an optimized scaffold in K562 and mPB-HSPCs. (A-B) Editing efficiency (left panel) and out-of-frame mutations (right panel) evaluated by TIDE in K562 and mobilized peripheral blood from HD HSPCs (mPB HSPCs) edited with gR-D harboring the original (gR-D) or the optimized (opt gR-D) scaffold (n=2).

Figure 30 :

 30 Figure 30: Combination of lentiviral vector and genome editing technologies.Schematic representation of the LVs carrying the βAS3 globin gene or the βAS3mod globin gene. The βglobin gene is under the control of a short β-globin promoter (β-p) and a mini-LCR containing HS2 and HS3. The anti-sickling amino acid substitutions are reported in red. The modified nucleotides in LV.AS3mod, avoiding its targeting by the gR-D, are underlined. sgRNA expression is under the control of the human U6 promoter. gR-D targets a region in Ex1 of HBB, gR-BCL11A targets the +58kb erythroidspecific enhancer of BCL11A and gR-13bpdel targets a region within the HBG1 and HBG2 promoters containing HPFH mutations that disrupt BCL11A binding.

  ), demonstrating that the silent mutations in the modified transgene do not affect βAS3 expression. Importantly, both LVs rescued the thalassemic phenotype generating an Hb profile similar to the WT HUDEP-2 in cells harboring (Fig.31A,B). Indeed, a VCN >4 ameliorated the a/non-a globin imbalance and reduced the formation of a-precipitates, as evaluated by RP-HPLC and CE-HPLC, respectively (Fig.31A,B and data not shown).

Figure 31 :

 31 Figure 31: Efficient βAS3 expression driven by LV.AS3 and LV.AS3mod in HBB KO HUDEP-2 cells. (A) RP-HPLC histograms (left panel) and quantification (right panel) of globin chains in LV.AS3-and LV.AS3mod-treated cells. WT HUDEP-2 and HBB KO HUDEP-2 serve as controls. β-like globin chains are normalized to a-globin chains. VCN are reported in blue. α/not-α ratio are reported above the histogram bars. (B) CE-HPLC histograms (left panel) and quantification (right panel) of Hb tetramers in LV.AS3-and LV.AS3mod-treated cells. WT HUDEP-2 and HBB KO HUDEP-2 serve as controls. We plotted the percentage of each Hb type over the total Hbs. VCN are reported in blue.

Figure 32 :

 32 Figure 32: Titer and infectivity of bifunctional LVs.Histograms showing: (i) the infectious titer (left panel) of LV.AS3mod (n=3) and LV.AS3mod containing gR-D (n=4), gR-BCL11A (n=3) and gR-13bpdel (n=4); (ii) infectivity (right panel) of LV.AS3mod (n=1) and LV.AS3mod containing gR-D (n=4), gR-BCL11A (n=1) and gR-13bpdel (n=2). Titer and infectivity were evaluated in HCT116 cells. The infectivity was measured as a ratio between the infectious (TU/ml) and the physical titer (ng p24/ml).

Figure 33 :

 33 Figure 33: Efficiency of the LV.AS3mod.gR-D in HUDEP-2 cells. (A) Schematic representation of LV transduction and plasmid transfection protocols used in HUDEP-2 cells. Cells were transduced with LV.AS3mod carrying gR-D, BCL11A or 13bpdel and transfected 10 days after with a Cas9-GFP plasmid. FACS-sorted Cas9-GFP + cells were differentiated into mature erythroblasts. (B) Relative expression of HBB and HBAS3 mRNA normalized to a-globin, as detected by qRT-PCR. Data are expressed as mean±SEM. VCN are reported in blue and InDels in black. Ctr UT are untreated HUDEP-2 cells and Ctr TE are HUDEP-2 cells transfected only with TE. Transduced samples that were mocktransfected, are indicated with "-" and harbored no InDels. The percentage of HBB decrease upon LV.AS3mod.gR-D treatment is reported above the histogram bars. (C) RP-HPLC quantification of globin chains in Cas9-treated and control LV.AS3mod.gR-D-transduced cells. β-like globin chains were normalized to a-globin chains. VCN are reported in blue and InDels in black. The percentage of b-globin expression decrease upon LV.AS3mod.gR-D treatment is reported above the histogram bars. α/not-α ratio are reported above the histogram bars. (D) CE-HPLC histograms (left panel) and quantification (right panel) of Hb tetramers in Cas9-treated and control mock transfected LV.AS3mod.gR-D transduced cells. Hb are normalized over the total Hb and reported as percentage. VCN are reported in blue and InDels in black. The percentage of HbA expression decrease upon LV.AS3mod.gR-D treatment is reported above the histogram bars.

Figure 34 :§

 34 Figure 34: Efficiency of the LV.AS3mod.gR-BCL11A and LV.AS3mod.gR-13bpdel in HUDEP-2 cells. (A) Relative expression of BCL11A-XL normalized to GAPDH, as measured by qRT-PCR in LV.AS3mod.gR-BCL11A-transduced cells treated with Cas9-GFP plasmid or mock-transfected control ("-"). VCN are reported in blue and InDels in black. (B) Relative expression of HBG mRNA in Cas9-treated and control mock-transfected control LV.AS3mod.gR-BCL11A and gR-13bpdel cells, normalized over HBA expression. VCN are reported in blue and InDels in black. (C) RP-HPLC quantification of globin chains in Cas9-treated and control mock-transfected control LV.AS3mod.gR-BCL11A and gR-13bpdel cells. β-like globin chains are normalized over a-globin chains. VCN are reported in blue and InDels in black. α/not-α ratio are reported above the histogram bars. (D) CE-HPLC histograms (left panel) and quantification (right panel) of Hb tetramers in Cas9-treated and mock-transfected control LV.AS3mod.gR-BCL11A and gR-13bpdel cells. We plotted the percentage of each Hb type over the total Hb tetramers. VCN are reported in blue and InDels in black. The percentage of HbA decrease is reported above the histogram bars. (E) Representative flow cytometry plots (left panel) and quantification (right panel) of HbF-expressing cells chains in Cas9-treated and control mock-transfected control LV.AS3mod.gR-BCL11A and gR-13bpdel cells. VCN are reported in blue and InDels in black.

Figure 35 :

 35 Figure 35: Erythroid differentiation of HUDEP-2 cells treated with bifunctional LVs. (A) Representative expression of early (CD36, CD71) and late (GPA) erythroid markers evaluated in differentiated (day 9) HUDEP-2 cells transduced with LV.AS3mod.gR-D, LV.AS3mod.gR-BCL11A or

  Figure 36: Cas9 protein delivery in HUDEP-2 cells. (A) Percentage of alive cells and GFP-expressing cells measured by flow cytometry 24 hours after transfection with either Cas9-GFP plasmid (4µg) or Cas9-GFP protein (5-15µg). InDel frequency is also reported above the bars. (B) CE-HPLC histograms (left panel) and correlation between VCN and percentage of HbA or HbAS3 over the total adult tetramers (HbA+HbAS3) (right panel) in LV.AS3mod.gR-Dtransduced cells tranfected with Cas9-GFP protein and in mock-transfected cells. (C) Correlation between InDel frequency and percentage of HbA or HbAS3 over the total adult tetramers (HbA+HbAS3) in LV.AS3mod.gR-D-transduced cells transfected with Cas9-GFP protein and mock-transfected.

Figure 37 :

 37 Figure 37: Efficiency of bifunctional LVs in SCD HSPC-derived erythroid cells and BFU-E. (A) Schematic representation of the protocol used to transduce and transfect SCD HSPCs. 24h after thawing, cells were transduced and after 48h were transfected with the Cas9-GFP protein and differentiated into mature RBCs. (B) Correlation between InDel frequency and VCN in cells treated with LV.AS3mod.gR-D (2 SCD donors), LV.AS3mod.gR-BCL11A (1 SCD donor) and LV.AS3mod.gR-13bpdel (2 SCD donors). (C) Correlation between InDels frequency and VCN in BFU-E derived from HSPCs treated with LV.AS3mod.gR-D and LV.AS3mod.gR-13bpdel.

Figure 38 :

 38 Figure 38: Erythroid differentiation of SCD HSPCs treated with bifunctional LVs. Representative flow cytometry analysis of the early (CD36 and CD71) and late (GPA) erythroid markers at day 6, 13, 16 and 20 (left) and day 13 and 20 (right) of erythroid differentiation of untreated SCD cells (Ctr), LV.AS3mod.gR-D-and LV.AS3mod.gR-13bpdel-treated SCD HSPCs were mock-transfected or transfected with Cas9-GFP protein. The enucleation rate was measured using DRAQ5 nuclear staining.

Figure 39 :

 39 Figure 39: Efficiency of LV.AS3mod.gR-D in SCD HSPC-derived erythroid cells. (A) Correlation between VCN (left panel) or Indel frequency (right panel) and percentage of HbS and HbAS3 (determined by CE-HPLC) in SCD RBCs derived from mock-transfected (orange and light blue) and Cas9transfected (red and dark blue) SCD HSPCs transduced with LV.AS3mod.gR-D (2 mobilized SCD donors). (B) Relative expression of HBB mRNA normalized to α-globin in control (n=6) and cells treated with LV.AS3mod.gR-D (n=7; 2 mobilized SCD donors). **** p < 0.001 (unpaired t-test). (C) Representative CE-HPLC chromatograms showing the Hb profile of in vitro differentiated mature erythroblasts. From top to bottom: b-thalassemic cells (thal), healthy donor cells (HD), healthy donor cells treated with gR-D plasmid (gR-D), SCD cells (SCD), SCD cells transduced with LV.AS3mod.gR-D and mock-transfected, SCD cells transduced with LV.AS3mod.gR-D and transfected with Cas9-GFP, SCD cells transduced with LV.AS3mod.gR-13bpdel and mock-transfected, SCD cells transduced with LV.AS3mod.gR-13bpdel and transfected with Cas9-GFP.

Figure 40 :

 40 Figure 40: Rescue of the SCD cell phenotype by bifunctional LVs.In vitro sickling assay measuring the proportion of sickled RBCs under hypoxic conditions (0% O2). We reported the percentage of sickling RBCs (left panel) and representative photomicrographs of RBCs derived from control (Ctr), LV.AS3mod.gR-D and LV.AS3mod.gR-13bpdel samples that were either mocktransfected or transfected with Cas9-GFP (right panel; 2 SCD donors).

Figure 41 :III. 2

 412 Figure 41: Efficiency of LV.AS3mod.gR-13bpdel in SCD HSPC-derived erythroid cells. (A) Correlation between VCN (left panel) or Indel frequency (right panel) and percentage of HbS and HbAS3 (determined by CE-HPLC) in SCD RBCs derived from mock-transfected (orange and light blue) and Cas9transfected (red and dark blue) SCD HSPCs transduced with LV.AS3mod.gR-13bpdel (2 mobilized SCD donors). We plotted the percentage of HbS or HbAS3+HbF over the total Hbs. (B) CE-HPLC quantification of Hb tetramers in Cas9-treated and control mock-transfected LV.AS3mod.gR-13bpdel-transduced cells. Hb are normalized over the total Hbs and reported as percentage. VCN are reported in blue and InDels in black. We used mobilized HSPCs from 2 SCD donors with different HbF background levels (CtrA and CtrB). (C) Relative expression of HBG1/2 mRNA normalized to α-globin in control (n=5) and cells treated with LV.AS3mod.gR-13bpdel (n=13, 2 SCD donors). *** p < 0.005 (unpaired t-test). (D) Representative flow cytometry analysis of F-cells in untreated control (Ctr; light blue) and LV.AS3mod.gR-13bpdel-treated SCD HSPCs mock-transfected (medium blue) or transfected with Cas9-GFP (dark blue) (2 SCD donors).

Figure 43 :

 43 Figure 43: RP-HPLC analysis of globin chains in RBCs from HD (n=3) and SCD patients. β-like globin chains are normalized to the α-globin chain. Representative RP-HPLC chromatograms are reported in the left panel and quantification in the right panel.

Figure 44 :

 44 Figure 44: Schematic representation of the procedure to collect and capture RBC quantitative phase images.RBCs are collected from the patient's or healthy donor's blood, analyzed using an inverted microscope and pictures are taken using the Phasics SID4-Bio camera. The BIO-Data interface software is able to isolate each RBC by segmentation and to extract parameters in order to classify the different RBC populations represented in the blood sample.

Figure 45 :

 45 Figure 45: Manual selection of ISCs from 3 SCD patients. Photomicrographs of RBCs from HD, SCD1, SCD2 and SCD3, taken using Phasics SID4-Bio camera (60X magnification). Examples of ISC are circled in red. The proportion of ISCs in each sample is reported in red below the picture.

Figure 46 :

 46 Figure 46: RBC parameters evaluated with the BIO-Data software in HD and SCD mixed samples, and ISC populations.Parameters were extracted from HD (n=3), SCD1, SCD2 and SCD3 total blood samples (tot) and their corresponding ISC populations (ISC). SCD samples contain both SCD RBCs and HD RBCs derived from RBC exchanges. Data are reported as boxplots showing quartiles, median and outliers.

Figure 47 :

 47 Figure 47: RBC parameters assessed with the BIO-Data software in HD and ISC populations.

Figure 48 :

 48 Figure 48: Globin and Hb composition in HD and a mixed thalassemic (thal1) samples.Top panels. Representative RP-HPLC chromatograms and quantification of globin chains from a HD and a β-thalassemia major patient (thal1). β-like globin chains are normalized to the α-globin chain. Bottom panels. Representative CE-HPLC chromatograms and quantification of Hb tetramers in HD and thal1 samples. We reported the percentage of each Hb amongst the total hemoglobins.

Figure 49 :

 49 Figure 49: Immunoselection of RBCs expressing Fya + (β-thalassemic (THAL)) and Fya -(HD) cells. Pictures were taken using Phasics SID4-Bio camera (60X magnification) and analyzed with BIO-Data software.

Figure 50 :

 50 Figure 50: RBC parameters assessed with the BIO-Data software in Fya + (THAL) and Fya -(HD) populations.For each population, data were normalized to the total number of RBCs belonging to the same group, and are reported as overlaid histograms (Fya + THAL in orange and Fya -HD cells in blue). Circled graphs show the most relevant differences between the 2 populations (Student's t-test analysis; p<0.005). (n=2 for each population).

Figure 51 :

 51 Figure 51: RBC parameters assessed with the BIO-Data software in the unselected mixed RBC population from peripheral blood of the transfused thal1 patient.

III. 2 .

 2 c Quantitative phase imaging to assess parameters in in vitro cultured SCD RBCs We used quantitative phase imaging to evaluate the efficacy and safety of our strategy based on the use of the LV.AS3mod.gR-D that simultaneously expresses an anti-sickling transgene (βAS3mod) and a sgRNA (gR-D) targeting the mutated sickle HBB (see paragraph III.1.b). Although the co-expression of the βAS3-globin and the sgRNA should avoid the excessive reduction of β-like globin chains, a potential issue of this strategy is the possibility to generate a β-thalassemic phenotype in the absence of a sufficient amount of transgene-derived βAS3 to compensate β S -downregulation. To address this issue, SCD HSPCs were transduced with the LV.AS3mod.gR-D, transfected with Cas9-GFP protein, and then in vitro differentiated into mature RBCs (LV Cas9 samples; Fig. 52). Control cells were transduced and transfected only with TE buffer (LV TE).

Figure 52 :

 52 Figure 52: Schematic representation of the experimental plan to evaluate RBC parameters in vitro using the quantitative phase technology. Cells were transduced using LV.AS3mod.gR-D and transfected with Cas9-GFP protein. Cells were differentiated for 21 days in mature RBCs. Pictures of in vitro cultured RBCs were taken using the Phasics SID4-Bio camera. The BIO-Data interface software was used to analyze the RBC images.

Figure 53 :

 53 Figure 53: Hb composition in RBCs derived from LV.AS3mod.gR-D-treated SCD HSPCs. CE-HPLC Chromatograms and quantification of Hb tetramers in RBCs derived from LV.AS3mod.gR-Dtreated SCD HSPCs. Cells were transfected with Cas9-GFP protein (LV Cas9) or with TE (LV TE). VCN and InDel frequency are reported next to the chromatograms. We reported the percentage of each Hb over the total hemoglobins.

Figure 54 :

 54 Figure 54: RBC parameters assessed with the BIO-Data software in samples derived from LV Cas9 and LV TE SCD HSPCs.For each population, data were normalized to the total number of RBCs belonging to the same group, and are reported as overlaid histograms (orange for LV Cas9 and green for LV TE)

  DNase I hypersensitive sites HS2 (genomic coordinates[hg38]: chr11:5280255-5281665) and HS3 (genomic coordinates[hg38]: chr11:5284251-5285452) of the locus control region (βLCR) (Hardison et al., 1997) and a HBB mini-gene extending from -265bp upstream of the transcriptional start site to +300bp downstream of the poly(A)-addition site (genomic coordinates[hg38]: chr11:5225174-5227336) with a short version of intron 2 (genomic coordinates[hg38]: chr11:5203703-5204295) was cloned into a pCCL lentiviral vector backbone to generate the pCCL.β-globin plasmid. The mutations determining three anti-sickling amino acid substitutions (G16D, E22A

  ). the VCN was determined using QuantaSoft software by calculating the ratio of the target molecule concentration to the reference molecule concentration multiplied by the number of copies of reference species in the genome (usually two).

  of qRT-PCR primers used to amplify the globin transcripts (HBA, HBB, HBG and HBAS3), GAPDH and BCL11A-XL. Cell line generation, culture and differentiation K562 were maintained in RPMI 1640 medium (Lonza) containing 2 mM glutamine and supplemented with 10% fetal bovine serum (FBS, BioWhittaker, Lonza), HEPES (20 mM, LifeTechnologies), sodium pyruvate (1 mM, LifeTechnologies) and penicillin and streptomycin (100U/ml each, LifeTechnologies).

Figure 56 :

 56 Figure 56: Segmentation errors. Red arrows indicate cells that were discarded from the analysis.

  classification, and represents one of the most robust prediction methods. Given a set of training examples, each one marked as belonging to one or the other of two categories (HD and THAL in our case), the SVM training algorithm builds a model that assigns new examples, coming from mixed samples, to one category or the other.The SVM was trained multiple times to better define normal and β-thalassemic populations.The first test (Init SVM) classified 36.5% of HD cells as belonging to the THAL group and after 7 set of training, only 5.3% of HD cells were classified as THAL cells. THAL cells classified as HD increase with the number of trainings, meaning that only 33.9% of THAL cells display a severe phenotype compared to HD cells (Fig.57).

Figure 57 :

 57 Figure 57: SVM training to refine the analysis of HD (yellow line) and THAL (blue line) cells.RBCs with an HD-like phenotype present in THAL group were re-classified inside the HD group after several trainings.

  

  

  

  

  

  

  

  

Table 1 : Hematological parameters measured in HD and SCD patients.

 1 Measurements were done using the HORIBA ABX Micros ES 60 hematology analyzer. HD (n=3). Values lower than the normal range are highlighted in blue.

Table 2 : Evaluation of 15 quantitative phase image parameters.

 2 Name of the 15 parameters measured with the BIO-Data software with their unit and definition.

	Parameter	unit	Definition
	Perimeter	µm	Measure of boundaries that surround an object
	Dry mass	pg	Dry mass deducted from optical volume (divided by 0.18 factor)
	Surface	µm²	Projected surface (sum of non-0 pixel)
	Surface density	pg/µm ²	Ratio dry mass/surface
	Circularity		Quantifies the circularity of the object (circle=1, line=0)
	Ellipse axis ratio		MinorAxis/MajorAxis (circle=1, ellipse=0)
	Solidity		Ratio RBC surface/convex surface (circle=1, convex structure<1)
	Optical volume	µm 3 Mass integrated on surface
			Relative amount that an object differs
	Convexity		from a convex object. Ratio RBC perimeter/convex perimeter
			(convex=1; not convex<1)
	Phase min	nm	Phase minimum value
	Phase median	nm	Median value of the phase
	Phase max	nm	Phase maximum value
	Phase StDev	nm	Standard deviation of the optical path differences (OPD)
	Phase PV	nm	Max OPD -min OPD
	Phase avg	nm	Average value of the phase

Table 3 : Identification of the most significant parameters discriminating HD (n=3) and ISC (n=3) populations.

 3 Data are reported as percentage. The significance is calculated based on 5 parameters: mean, median, skewness, kurtosis and standard deviation (stdev). The most relevant parameters with a p<0.005 are reported in the table (Student's t-test).

	RBC	Statistic	Significant
	parameter	parameter	Difference (%)
	Ellipse axis ratio	skewness	100.00
	Ellipse axis ratio	median	99.99
	Ellipse axis ratio	mean	99.98
	Circularity	kurtosis	99.97
	Circularity	median	99.94
	Circularity	skewness	99.91
	Dry mass	stdev	99.84
	Surface	stdev	99.82
	Circularity	mean	99.81
	Ellipse_axis_ratio	stdev	99.53

Table 4 : Hematological parameters measured in HD and thalassemic patient (thal1).

 4 

	Measurements were performed using the HORIBA ABX Micros ES 60 hematology analyzer. HD (n=3).
	Values lower the normal range are highlighted in blue.

Table 5 : Identification of the most significant parameters discriminating Fya + (THAL) and Fya -(HD) populations.

 5 The significance was calculated based on 5 parameters: mean, median, skewness, kurtosis and standard deviation (stdev). The most relevant parameters with a p<0.005 are reported in the table(Student's t-test). Data are reported as percentage.

	RBC	Statistic	Significant
	parameter	parameter	difference (%)
	Perimeter	stdev	99.94
	Dry mass	skewness	99.35

Table 6 : List of the sgRNAs tested in this study.

 6 

Table 7 : List of the top-predicted off-target sites for gR-D.

 7 On-target in HBB and putative off-target sequences in HBD and HBG are also reported. Mismatches with On-target sequence in HBB are underlined.

Table 8 : List of primers used to amplify the on-target regions edited using gR-D, gR-BCL11A and gR- 13bpdel, and the top-predicted off-target sites of gR-D. Fwd: forward and Rev: reverse.

 8 

Table 9 : Primers used to amplify putative off-targets sites targeted by gR-13bpdel (chr 17) or gR-D (chr 9, 10, 6 and 3). Fwd: forward and Rev: reverse.

 9 

BCL11A ont entrainé une réactivation de la globine-g, avec une efficacité plus importante pour la condition LV.AS3mod.gR-13bpdel, entrainant une expression abondante d'HbAS3 et d'HbF associée à une diminution de l'expression d'HbS. La proportion de GR falciforme est d'autant plus réduite après administration de notre stratégie combinée, démontrant l'avantage de notre approche par rapport aux stratégies classiques d'intégration d'un transgène thérapeutique. Les sgRNAs utilisés ont montré une très faible activité hors cible dans les cellules primaires des patients. En parallèle nous avons utilisé la technologie de microscopie quantitative de phase pour développer un outil d'évaluation des paramètres des GR de patients drépanocytaires, βthalassémiques ainsi que ceux générés in vitro. Nous avons mesuré les paramètres des GR par cellule démontrant que notre stratégie n'altère pas la différentiation érythroïde et mène à une expression d'hémoglobine thérapeutique fonctionnelle.Ces résultats ont démontré que notre stratégie est sûre et plus efficace que les approches de thérapies géniques actuelles pour le traitement de la drépanocytose et de la β-thalassémie, en évitant la potentielle genotoxicité associée aux VCN élevés requis pour aboutir à un effet thérapeutique.
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globin chains to interact with α-globin chains and form Hb tetramers (Fig. 19). (Cavazzana et al., 2017;[START_REF] Malik | Gene and Cell Therapies for Beta-Globinopathies[END_REF]. In HbS polymers the valine at position 6 of the β-chain interacts with the phenylalanine and leucine residues of the β-chain of the adjacent HbS tetramer (lateral contact). In the HbS polymer, the glutamic acid at position 22 of the β-chain interacts with the histidine at position 20 of the α-globin chain of an adjacent Hb tetramer (an axial contact). Incorporation of βT87Q-, βAS3-or γ-globin into the Hb prevents HbS polymerization by inhibiting the formation of axial and/or lateral contacts necessary for Hb polymeryzation. Figure from (Cavazzana et al., 2017).

Gene silencing approach § Off-target analysis in primary SCD cells Finally, deep sequencing analysis in HBB-edited erythroblasts revealed a consistent but low off-target activity in 1 out of 4 off-target sites detected by genome-wide GUIDE-seq in 293T cells and previously identified using COSMID (off-target 4) (0.4 to 0.7% off-target activity in samples with 53 to 67% of on-target activity; 0.1% InDels in mock-transfected control samples) (Fig. 42A). Deep-sequencing of the only gR-13bpdel off-target detected by GUIDE-seq [START_REF] Weber | Editing a γ-globin repressor binding site restores fetal hemoglobin synthesis and corrects the sickle cell disease phenotype[END_REF] revealed no off-target activity in LV.AS3mod.gR-13bpdeltransduced HSPCs (Fig. 42B). [START_REF] Brinkman | Easy quantitative assessment of genome editing by sequence trace decomposition[END_REF].
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