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Introduction

β-hemoglobinopathies are severe anemias affecting ~350,000 newborns each year [START_REF] Cavazzana | Gene Therapy for β-Hemoglobinopathies[END_REF] . Sickle cell disease (SCD) is caused by a point mutation in the sixth codon of the β-globin gene (HBB), which leads to the E6V substitution. Hemoglobin tetramers containing the defective sickle β S -globin (HbS) polymerize under hypoxia, and red blood cells (RBCs) assume a sickle shape and become inflexible. Sickle RBCs have a short half-life and obstruct micro vessels causing a chronic multiorgan disease associated with poor quality of life and short life expectancy [START_REF] Ngo | Causes of Death in Sickle Cell Disease Adult Patients: Old and New Trends[END_REF] . β-thalassemia is caused by mutations that reduce or abrogate β-globin production. The uncoupled α-globin chains cause apoptosis of erythroid precursors and hemolytic anemia.

Current treatments of SCD and β-thalassemia include regular RBC transfusions, which are associated with significant side effects, such as iron overload and organ damage. The only definitive cure for β-hemoglobinopathies is the allogeneic hematopoietic stem cell (HSC) transplantation from HLA-matched sibling donors, which is available only to a fraction of the patients, requires an immunosuppressive regiment, and can be associated with chronic graft-versus-host disease [START_REF] Sadelain | Therapeutic options for patients with severe betathalassemia: the need for globin gene therapy[END_REF][START_REF] Besse | On Modeling Human Leukocyte Antigen-Identical Sibling Match Probability for Allogeneic Hematopoietic Cell Transplantation: Estimating the Need for an Unrelated Donor Source[END_REF] .

Transplantation of autologous HSCs transduced with lentiviral vectors (LVs) carrying an antisickling β-globin transgene (i.e., encoding a β-globin chain inhibiting Hb polymerization) is a promising therapeutic option for patients lacking a compatible donor [START_REF] Miccio | In vivo selection of genetically modified erythroblastic progenitors leads to long-term correction of β-thalassemia[END_REF][START_REF] Weber | An Optimized Lentiviral Vector Efficiently Corrects the Human Sickle Cell Disease Phenotype[END_REF] . In particular, early data demonstrated a clinical benefit in a SCD patient transplanted with HSCs genetically corrected with a LV expressing a β-globin chain containing a single anti-sickling amino acid (Q at position 87, derived from the natural antisickling fetal γ-globin) [START_REF] Ribeil | Gene Therapy in a Patient with Sickle Cell Disease[END_REF] . However, the analysis of larger cohorts of patients showed that this treatment is only partially effective in case of poor transgene transfer in HSCs [START_REF] Magrin | Lentiviral and genome-editing strategies for the treatment of b-hemoglobinopathies[END_REF] , which results in therapeutic β-globin levels insufficient to compete with β S -globin for the incorporation into the Hb tetramers. Therefore, the achievement of clinically relevant transgene expression in SCD patients required a high number of integrated LV copies per cell, which could increase the potential genotoxicity risks associated to LV semi-random integration in the genome [START_REF] Cavazzana-Calvo | Transfusion independence and HMGA2 activation after gene therapy of human β-thalassaemia[END_REF][START_REF] Kaiser | Gene therapy trials for sickle cell disease halted after two patients develop cancer[END_REF] . We have recently optimized a high-titer β-globin-expressing LV (currently used in a clinical trial for β-thalassemia [START_REF] Marktel | Intrabone hematopoietic stem cell gene therapy for adult and pediatric patients affected by transfusion-dependent ß-thalassemia[END_REF] ) for the treatment of SCD by introducing 3 anti-sickling amino acids substitutions (G16D, E22A, T87Q) in the β-globin chain (AS3) [START_REF] Miccio | The GATA1-HS2 enhancer allows persistent and position-independent expression of a β-globin transgene[END_REF] , which prevent the formation of axial and lateral contacts necessary for the generation of Hb polymers, and increase the affinity for α-globin compared to the β S -globin [START_REF] Weber | An Optimized Lentiviral Vector Efficiently Corrects the Human Sickle Cell Disease Phenotype[END_REF][START_REF] Levasseur | A Recombinant Human Hemoglobin with Antisickling Properties Greater than Fetal Hemoglobin[END_REF] . However, despite these improvements, the RBC sickling phenotype was only partially corrected even in the presence of a high VCN [START_REF] Weber | An Optimized Lentiviral Vector Efficiently Corrects the Human Sickle Cell Disease Phenotype[END_REF] .

Genome editing approaches have been recently developed for the treatment of βhemoglobinopathies. Strategies based on the high-fidelity homology-directed repair (HDR) pathway have been exploited to correct the SCD mutation by providing a DNA donor template containing the wild-type (WT) β-globin sequence [START_REF] Dever | CRISPR/Cas9 β-globin gene targeting in human haematopoietic stem cells[END_REF][START_REF] Wilkinson | Cas9-AAV6 gene correction of beta-globin in autologous HSCs improves sickle cell disease erythropoiesis in mice[END_REF][START_REF] Park | Highly efficient editing of the β-globin gene in patientderived hematopoietic stem and progenitor cells to treat sickle cell disease[END_REF] . However, the efficiency of HDR-mediated gene correction is limited in HSCs and gene disruption by non-homologous end joining (NHEJ), a more active DNA repair pathway in HSCs [START_REF] Genovese | Targeted genome editing in human repopulating haematopoietic stem cells[END_REF] , may be more frequent, generating a β-thalassemic phenotype instead of correcting the SCD mutation [START_REF] Magis | High-level correction of the sickle mutation amplified in vivo during erythroid differentiation[END_REF] .

The clinical severity of SCD and β-thalassemia is alleviated by the co-inheritance of mutations causing fetal γ-globin expression in adult RBCs (a condition termed hereditary persistence of fetal hemoglobin, HPFH [START_REF] Forget | Molecular Basis of Hereditary Persistence of Fetal Hemoglobin[END_REF] ). The NHEJ pathway has been exploited to induce fetal γglobin re-activation by disrupting cis-regulatory silencer regions in the γ-globin (HBG) promoters 20- 23 (e.g., binding sites for BCL11A and LRF transcriptional repressors) and in the β-globin locus [START_REF] Antoniani | Induction of fetal hemoglobin synthesis by CRISPR/Cas9-mediated editing of the human β-globin locus[END_REF] , or to downregulate the BCL11A HbF repressor by targeting its erythroid-specific enhancer [START_REF] Brendel | Lineage-specific BCL11A knockdown circumvents toxicities and reverses sickle phenotype[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] . The extent and impact of HbF reactivation on the recovery of SCD and β-thalassemic phenotypes is currently under investigation in clinical studies [START_REF] Frangoul | CRISPR-Cas9 Gene Editing for Sickle Cell Disease and β-Thalassemia[END_REF] .

Overall, these pre-clinical and clinical studies show that gene therapy approaches for βhemoglobinopathies require highly efficient genetic modification of HSCs and robust expression of therapeutic globins to achieve clinical benefit.

Here, we developed a novel LV platform based on the concomitant expression of the antisickling AS3 transgene and a single guide RNA (sgRNA) targeting the HBB gene to induce the downregulation of the endogenous β S globin in SCD erythroid cells and favor the incorporation of the therapeutic AS3 β-globin chain into Hb tetramers. The versatility of this platform was exploited by combining the AS3 gene addition with γ-globin re-activation by CRISPR/Cas9-mediated disruption of the BCL11A binding site in the HBG promoters or BCL11A downregulation, thus potentially extending its application to the treatment of β-thalassemia.

Our results demonstrate that editing the HBB gene or the HBG promoters is safe and enhances the therapeutic effect of the AS3 gene addition strategy, correcting the SCD pathological phenotype with a limited number of vector copies per cell.

Results

Selection of an efficient sgRNA downregulating HBB expression

To 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 the HBB gene (gR-A, gR-B, gR-C, gR-D [START_REF] Liang | CRISPR/Cas9-mediated gene editing in human tripronuclear zygotes[END_REF][START_REF] Cradick | CRISPR/Cas9 systems targeting β-globin and CCR5 genes have substantial off-target activity[END_REF] ) (Fig. 1A). 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) in fetal K562 and adult HUDEP-2 erythroid cell lines [START_REF] Kurita | Establishment of Immortalized Human Erythroid Progenitor Cell Lines Able to Produce Enucleated Red Blood Cells[END_REF] . The frequency of insertion and deletions (InDels) ranged from ∼40 to ∼80% (Fig. 1B), as measured by Sanger sequencing and Tracking of Indels by Decomposition (TIDE) analysis [START_REF] Brinkman | Easy quantitative assessment of genome editing by sequence trace decomposition[END_REF] . The frequency of out-of-frame mutations (likely causing a decreased HBB expression) was substantially higher for gR-C and gR-D (70-95%) than for gR-A and gR-B (25-60%) in both K562 and HUDEP-2 cell lines (Fig. 1C).

The ability of the different sgRNAs to downregulate HBB expression was evaluated in HUDEP-2 cells (expressing mainly adult β-globin) differentiated in mature erythroid precursors.

qRT-PCR and western blot analysis showed a strong down-regulation of β-globin expression at both mRNA (70% to 85%) and protein (70% to 90%) levels in comparison to HUDEP-2 cells transfected only with the Cas9-GFP plasmid (Fig. 1D,E). Of note, all the gRNAs generated premature stop codons (data not shown) that likely cause mRNA degradation through nonsensemediated decay. As expected from DNA analysis, gR-C and gR-D caused a more robust β-globin down-regulation compared to gR-A and gR-B (Fig. 1D,E). Of note, sgRNAs targeting HBB gene did not alter mRNA expression of the other β-like globin genes (i.e. adult HBD and fetal HBG genes; Fig. 1D), suggesting a specific targeting of the HBB coding sequence. RP-HPLC and CE-HPLC analyses of differentiated HUDEP-2 cells treated with gR-C showed a decrease in β-globin production, resulting in an imbalance between αand non-α globin chains and accumulation of αglobin precipitates, a typical hallmark of β-thalassemia (Fig. S1A,B). Notably, the presence of δand γ-globin chains was not sufficient to compensate for the lack of β-globin (Fig. S1A).

The off-target activity of the best performing sgRNAs (gR-C and gR-D) was initially evaluated in the HBD gene, the paralog of the HBB gene with the highest sequence homology, which is often reported as the major off-target locus when targeting the HBB gene [START_REF] Luo | Integrative Analysis of CRISPR/Cas9 Target Sites in the Human HBB Gene[END_REF] . gR-C and gR-D target sequences have 4 and 2 mismatches with the potential off-target locus in HBD exon 1 (Fig. S1C). TIDE analysis showed absence of InDels in HBD in both K562 and HUDEP-2 cells treated with gR-C or gR-D (Fig. S1C). However, plasmid delivery of the CRISPR/Cas9 system in primary healthy donor (HD) HSPCs resulted in ∼3% of edited HBD alleles in gR-D-treated cells, while no off-target events in HBD were detected in samples transfected with gR-C (Fig. S1C). These findings are in line with the lower number of mismatches between the gR-D target sequence and the HBD off-target locus as compared to gR-C (Fig. S1C). Based on these findings, we further characterized the off-target activity of gR-C in plasmid-transfected HUDEP-2 cells and primary HD HSPCs by analyzing the top-15 off-targets predicted by COSMID [START_REF] Cradick | COSMID: A Web-based Tool for Identifying and Validating CRISPR/Cas Off-target Sites[END_REF] (Table S2). TIDE analysis revealed no off-target activity in 14 out of 15 loci, including HBD and HBG genes. InDels were detected only at the off-target locus 4 (OT4) in HUDEP-2 cells (~2% InDels) and at relatively low levels in primary HSPCs (~0.6% InDels) (Fig. S1D). However, this off-target maps to an intergenic region, which does not contain known hematopoietic cis-regulatory regions (Fig. S1E).

The gR-C was selected for further analyses aimed at evaluating β-globin downregulation in HSPC-derived erythroid cells, because of its high on-target activity and low off-target editing. We transfected adult HD HPSCs with plasmids encoding gR-C and Cas9-GFP, and FACS-sorted Cas9-GFP + cells were differentiated towards the erythroid lineage. Genome editing efficiency ranged between 32% to 54% of InDels with 30 to 49% of out-of-frame mutations in HSPC-derived erythroid cells (Fig. 1F; S1F). We observed β-globin downregulation at both mRNA and protein levels, which was well correlated with the frequency of frameshift mutations (Fig. 1F,G,H). In HSPC-derived erythroid cells, RP-HPLC analysis revealed that β-globin downregulation induced an imbalance between the αand β-like globin chains, which was not compensated by the presence of γ (Aγ+Gγ)-globin and δ-globin chains (Fig. 1H). Importantly, CE-HPLC analysis demonstrated that gR-C led to a substantial reduction of HbA tetramers and accumulation of α-globin precipitates (Fig. 1I).

Overall, these data showed that gR-C is efficient in generating frameshift mutations in HBB, leading to a robust downregulation of β-globin synthesis in both erythroid cell lines and primary cells.

A bifunctional lentiviral vector to concomitantly express the AS3 anti-sickling globin and down-regulate the endogenous β-globin

Transduction of HSPCs isolated from SCD patients with a LV carrying the anti-sickling AS3-globin transgene (LV AS3) led to a partial correction of SCD phenotype of HSPC-derived RBCs 6 . To enhance the therapeutic efficacy of gene addition strategies, we introduced a gR-C expression cassette in LV AS3 to concomitantly induce the expression of the AS3 transgene and the knockdown of the endogenous β-globin gene upon transient Cas9 delivery, thus favoring the incorporation of the AS3-globin chain into Hb tetramers. Importantly, the combination of gene addition and gene silencing strategies allows the knock-down of the mutant sickle β-globin gene only in cells expressing the therapeutic β-globin chain, which will compensate for the reduction of sickle β-globin chains, thus avoiding the potential generation of a β-thalassemic phenotype.

The sgRNA expression cassette was inserted downstream of the AS3-expressing cassette in reverse orientation to the AS3 transgene transcription (Fig. 2A). To further increase gR-C editing efficiency, we used an optimized sgRNA scaffold carrying a mutation in the RNA pol II transcription pause sequence and an extended sgRNA duplex to increase U6-driven sgRNA transcription and sgRNA-Cas9 interactions, respectively [START_REF] Dang | Optimizing sgRNA structure to improve CRISPR-Cas9 knockout efficiency[END_REF] . Plasmid transfection of both K562 cells and adult HD HSPCs showed that the use of the optimized scaffold increased InDel frequency, while maintaining a similar frequency of out-of-frame mutations (~90%) compared to the original scaffold (Fig. S1G,H). To avoid the downregulation of transgene expression, we introduced six silent mutations in the AS3 sequence complementary to gR-C (AS3m transgene) using synonymous codons commonly found in β-like globin genes (Fig. 2A). These silent mutations are expected to impair AS3m targeting and editing by gR-C, which will then recognize only the endogenous βglobin gene. The insertion of the sgRNA expression cassette did not compromise LV titer (∼10 9 TU/ml) and infectivity (∼7*10 4 TU/ng p24) (LV AS3m.C vector; Fig. S2A).

To evaluate if the silent mutations impair the production of AS3-chains, we compared LVs harboring the original (LV AS3) or the modified AS3 transgene (LV AS3m) in a β-thalassemic HUDEP-2 cell line 36 (HBB KO). In differentiated HBB KO HUDEP-2 cells, β-globin expression is abolished, resulting in the imbalance between αand non α-chains and accumulation of α-globin precipitates (Fig. S2B,C). We transduced HBB KO HUDEP-2 cells with LV AS3 and LV AS3m at increasing multiplicities of infection (MOIs) obtaining a VCN ranging from 0.5 to ~9 (Fig. S2B,C). HPLC analyses showed that AS3 expression was comparable in LV AS3-and LV AS3mtransduced erythroid precursors harboring a similar VCN (Fig. S2B,C). Both LVs partially restored the β-thalassemic phenotype in cells harboring a low VCN (0.5-0.9), while a higher gene marking (VCN > 4) fully corrected the α/non-α globin imbalance, as evaluated by RP-HPLC (Fig. S2B).

These results demonstrated that the silent mutations in the modified transgene do not affect AS3 expression and the production of functional HbAS3 tetramers.

To test the capability of LV AS3m.C to downregulate the expression of the endogenous HBB gene, WT HUDEP-2 cells were transduced with increasing doses of LV AS3m.C and then either transfected with the Cas9-GFP expressing plasmid or mock-transfected. FACS-sorted Cas9-GFP + cells were then differentiated into mature erythroblasts (Fig. 2B). The InDel frequency at the on-target HBB gene was positively correlated with the VCN (Fig. 2C). HBB editing resulted in the knock-down of the endogenous β-globin at both mRNA and protein levels, with higher InDel frequency resulting in more robust downregulation of HBB expression (Fig. 2C,D,E). Of note, no InDels were detected in the AS3m transgene even in samples displaying a high on-target activity at the endogenous HBB gene, demonstrating that silent mutations in AS3m avoid its targeting by gR-C, which specifically recognizes the endogenous β-globin gene (Fig. 2F). Concordantly, AS3m mRNA levels were comparable between the control and edited samples (Fig. 2C). Importantly, the downregulation of the endogenous β-globin expression favored the incorporation of AS3 globin chain into the Hb tetramers (Fig. 2E). In cells harboring a relatively low gene marking (VCN of 3 associated with an editing efficiency of 40%), this resulted in a balance between HbA and HbAS3 tetramers, which could not be reached in unedited cells even at high VCN (11.8; Fig. 2E). Notably, the reduction of the β-globin chain content was compensated by the AS3-globin production and incorporation into the Hb tetramers, thus avoiding the imbalance between the αand non-α-chains and the formation of α-precipitates (Fig. 2D,E). Accordingly, the erythroid differentiation of HUDEP-2 cells was not impacted by editing of the HBB gene as the cell composition was similar in edited and control HUDEP-2 cells, while HBB KO HUDEP-2 cells showed a delay in differentiation typical of β-thalassemia 37 (Fig. S3).

We achieved similar results using a clinically relevant, plasmid-free transfection protocol in LV-transduced WT HUDEP-2 cells. In particular, we compared Cas9-GFP plasmid or protein delivery methods in LV AS3m.C-transduced WT HUDEP-2 cells. Transfection with Cas9-GFP protein was less cytotoxic (68±4% of alive cells in untransfected samples, 58±4% and 37±6% in samples transfected with 15 μg of Cas9-GFP protein and Cas9-GFP-expressing plasmid, respectively), more efficient (~70% and 32.5% of GFP + cells upon protein and plasmid transfection, respectively), and led to a higher editing efficiency at the on-target HBB locus in unsorted bulk populations (Fig. S4A). LV AS3m.C-transduced WT HUDEP-2 cells transfected with 15 μg of Cas9-GFP protein were terminally differentiated in mature erythroid precursors. The decrease of HbA levels and the concomitant increase of HbAS3 content were significantly correlated with the VCN (Fig. S4B) and the genome editing efficiency at the HBB locus (Fig. S4C). Importantly, similar amounts of HbA and HbAS3 were detected in cells harboring a VCN of ~2.5 and ~46% of edited alleles (Fig. S4B,C). On the contrary, in mock-transfected LV AS3m.C-transduced cells, HbA content exceeded the levels of HbAS3 even in cells harboring a high VCN (Fig. S4B).

Overall, these data showed that the treatment with LV AS3m.C can safely and efficiently down-regulate the expression of the endogenous β-globin and increase the production of Hb tetramers containing the therapeutic AS3-globin compared to the classical gene addition approach.

A bifunctional lentiviral vector to induce the expression of the anti-sickling AS3-globin and γglobin chains

Considering the therapeutic benefit of high fetal γ-globin expression in SCD and β-thalassemia patients [START_REF] Esrick | Post-Transcriptional Genetic Silencing of BCL11A to Treat Sickle Cell Disease[END_REF][START_REF] Ahle | Gene Editing Therapy Shows Early Benefit for Patients With SCD and Beta Thalassemia[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] , we exploited the flexibility of this novel LV platform to simultaneously express the AS3m transgene and reactivate HbF expression. The combined expression of AS3-and γ-chains can elevate the total Hb content in β-thalassemia patients and, as both these globins display anti-sickling properties, it can also benefit SCD patients.

We generated LVs expressing the AS3m transgene and a sgRNA that either disrupts a sequence in the BCL11A erythroid-specific enhancer critical for its expression (AS3m.BCL11A) [START_REF] Canver | BCL11A enhancer dissection by Cas9-mediated in situ saturating mutagenesis[END_REF] or generates 13-bp deletions encompassing the BCL11A binding site in the fetal γ-globin promoters (AS3m.13bpdel) [START_REF] Traxler | A genome-editing strategy to treat β-hemoglobinopathies that recapitulates a mutation associated with a benign genetic condition[END_REF] (Fig. 2A). As observed for LV AS3m.C, the insertion of the sgRNA cassette did not impair LV titer and infectivity (Fig. S2A).

WT HUDEP-2 cells were transduced with LV AS3m.BCL11A or LV AS3m.13bpdel, and then transfected with Cas9-GFP plasmid or mock-transfected. FACS-sorted Cas9-GFP + cells and control samples were differentiated in mature erythroid precursors (Fig. 2B). Editing of the BCL11A enhancer or the γ-globin promoters did not impact the differentiation of HUDEP-2 cells (Fig. S3). LV AS3m.BCL11A-transduced cells showed up to 63% of InDel frequency at the BCL11A enhancer, which caused a strong decrease in the levels of BCL11A-XL, the isoform mainly involved in the inhibition of HbF expression [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] (Fig. S5A). In LV AS3m.13bpdel-transduced cells, around one third (31.7 ± 0.5%) of the total editing events generated by gR-13bpdel were MMEJmediated 13-bp deletions removing the entire BCL11A binding site (Fig. S5B). All other events also led to the disruption of the BCL11A binding site in the HBG promoters (Fig. S5B). Editing of the BCL11A enhancer or the γ-globin promoters resulted in HBG gene induction, and increased γglobin chain and HbF production (Fig. 2G,H,I). In particular, the concomitant expression of AS3 and γ-globin resulted in up to 37% and 55% of total anti-sickling hemoglobins (HbF+HbAS3) in LV AS3m.BCL11A-and LV AS3m.13bpdel-transduced cells, respectively (Fig. 2I). The combined expression of HbF and HbAS3 decreased adult HbA production in samples with the higher genome editing frequencies (Fig. 2I). Flow cytometry analysis confirmed the increased HbF production with up to 61% and 74% of F-cells in samples treated with LV AS3m.BCL11A and LV AS3m.13bpdel, respectively (Fig. S5C).

These data show that CRISPR/Cas9-mediated induction of HbF expression can increase the total Hb content in cells expressing a β-globin therapeutic transgene, thus representing a promising strategy to correct both SCD and β-thalassemia phenotypes.

The combination of gene addition and genome editing approaches increased the content of anti-sickling hemoglobins in SCD RBCs

The efficacy and safety of our approach was evaluated in adult plerixafor-mobilized peripheral blood (mPB) HSPCs from SCD patients. HSPCs were transduced with increasing doses of LV AS3m.C and transfected 48 hours later with Cas9-GFP protein using previously optimized protocols [START_REF] Weber | An Optimized Lentiviral Vector Efficiently Corrects the Human Sickle Cell Disease Phenotype[END_REF][START_REF] Lattanzi | Optimization of CRISPR/Cas9 Delivery to Human Hematopoietic Stem and Progenitor Cells for Therapeutic Genomic Rearrangements[END_REF] (Fig. 3A). Control and edited SCD HSPCs were plated in clonogenic cultures (colony forming cell [CFC] assay) allowing the growth of erythroid (BFU-E, burst-forming unit-erythroid) and granulomonocytic (CFU-GM, colony-forming unit granulocyte-macrophages) progenitors. The electroporation of transduced cells modestly reduced the number of progenitors, although this decrease was not statistically significant (Fig. S6A). Importantly, no significant difference was observed between LV AS3m.C-transduced, mock-transfected and edited samples (Fig. S6A). Upon differentiation in mature erythroblasts, we observed a significant correlation between editing efficiency at the HBB locus and VCN, with an InDel frequency ranging from 21% to 67% (Fig.

3B). A positive correlation between editing frequency and VCN was also observed in pools of

BFU-E derived from SCD HSPCs treated with LV AS3m.C and Cas9-GFP protein (Fig. S6B). As previously observed in HUDEP-2 cells, no InDels were detected in the sequence of the AS3m transgene in any of the treated samples (Fig. 3C). Deep sequencing analysis in edited erythroblasts revealed a low off-target activity only in 1 out of the 4 off-target sites detected by genome-wide GUIDE-seq analysis (Fig. 3D). This locus corresponds to the OT4 previously identified in primary HSPCs by Sanger sequencing (Fig. S1D,E).

Erythroblasts were further differentiated in enucleated RBCs using a 3-phase protocol [START_REF] Giarratana | Ex vivo generation of fully mature human red blood cells from hematopoietic stem cells[END_REF] (Fig. 3A). We observed a positive correlation between VCN and the HbAS3 content in RBCs derived from mock-transfected, LV AS3m.C-transduced HSPCs achieving equivalent HbS and HbAS3 levels at a VCN of ~5.5 (Fig. 3E). Cas9 treatment led to a decreased expression of the sickle HBB gene at both mRNA and protein levels, thus, favoring the incorporation of the AS3 chain in Hb tetramers (Fig. 3E-F and Fig. S6C). Importantly, in RBCs derived from edited SCD HSPCs, similar amounts of HbS and HbAS3 were observed already at a VCN of ~2.2 (InDel frequency of ~41%), reproducing the Hb profile of asymptomatic SCD carriers (Fig. 3E). HbS down-regulation and increased incorporation of the AS3 chain in Hb tetramers were still evident at low VCN (Fig. 3E-F and Fig. S6C) Notably, CE-HPLC showed absence of α-globin precipitates in RBCs obtained from edited HSPCs indicating that the expression of the AS3 chain was able to efficiently compensate for the lack of βs-globin expression and avoid the generation of a βthalassemic phenotype (Fig. 3G).

In parallel, SCD mPB HSPCs were transduced with increasing doses of LV AS3m.13bpdel transfected with Cas9-GFP protein and then differentiated towards the erythroid lineage (Fig. 4A).

No significant differences were observed in the number of BFU-E and CFU-GM between control and edited samples (Fig. S6A). We observed a direct correlation between VCN and InDel frequency in BFU-Es and mature erythroblasts (Fig. 4B and Fig. S6B). LV AS3m.13bpdel-transduced erythroblasts showed ∼30% of edited loci at a VCN of 3-4, and up to 50% at higher VCNs (Fig. 4B and Fig. S6B). On the contrary, SCD mPB HSPCs transduced with LV AS3m.BCL11A were poorly edited, reaching a maximum of ∼20% of InDel efficiency (Fig. 4B). Deep-sequencing analyses of the only gR-13bpdel off-target previously 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 offtarget activity in LV AS3m.13bpdel-transduced erythroblasts (Fig. 4C). GUIDE-seq analysis in 293T cells showed a high number of off-target sites for the sgRNA targeting the BCL11A enhancer (Fig. 4D).

Given the low efficiency of LV AS3m.BCL11A and the high number of off-target sites, we further differentiated into enucleated RBCs only the cells derived from edited, LV AS3m.13bpdeltransduced HSPCs to evaluate the content of anti-sickling globins. The treatment of LV AS3m.13bpdel-transduced SCD HSPCs with Cas9-GFP protein led to an increased HBG mRNA expression (Fig. 4E), reaching a percentage of F-cells ranging from 40% to 85% (Fig. 4F). CE-HPLC analysis showed that the total amount of anti-sickling hemoglobins (HbF+HbAS3) was positively correlated with the VCN and the editing frequency (Fig. 4G-H). The concomitant AS3globin chain expression and γ-globin reactivation resulted in reduced HbS levels (Fig. 4G-H).

Importantly, similar amounts of HbS and anti-sickling hemoglobins were obtained at a lower VCN (VCN of ~3.7; 34% of InDels) in edited cells compared to the mock-transfected samples (VCN of ~5.4) (Fig. 4 G-H). Importantly, γ-globin reactivation was still observed in edited samples at low VCN (Fig. 4G-H and Fig. S6D)

The increased content of anti-sickling hemoglobins rescues the SCD cell phenotype

To assess the effect of the increased production of anti-sickling Hb tetramers on RBC sickling, we performed a deoxygenation assay to measure the proportion of sickle-shaped RBCs. In vitro generated RBCs were exposed to an oxygen-deprived atmosphere, which induces HbS polymerization and RBC sickling. The percentage of sickled cells was decreased in RBC populations derived from mock-transfected, LV AS3m.C-and AS3m.13bpdel-transduced HSPCs compared to untreated SCD controls as a consequence of the expression of the AS3-globin chain, with 40 to 60% of normal, doughnut-shaped RBCs at a VCN of ~2 to 3 (Fig. 5). Interestingly, in RBCs derived from edited LV AS3m.C-transduced HSPCs, HbS downregulation combined with the high HbAS3 expression resulted in a substantial increase in the proportion of corrected RBCs (Fig. 5). This effect was still evident by comparing RBCs generated from edited and mock-transfected LV AS3m.C-transduced HSPCs with a higher VCN (Fig. 5). Finally, the increased HbF amount induced by the editing of the HBG promoters led to a modest but still significant reduction in the percentage of sickle-shaped RBCs compared to samples obtained from unedited, LV AS3m.13bpdel-transduced HSPCs showing a similar VCN (Fig. 5).

Erythroid cell differentiation and red blood cell properties remain largely unchanged upon editing of SCD HSPCs

To exclude any impairment in erythroid differentiation of edited HSPCs, we monitored over time the erythroid liquid cultures using flow cytometry and quantitative phase imaging. In particular, although the co-expression of the AS3-globin and the sgRNA targeting HBB 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 AS3globin to compensate β S -downregulation. SCD HSPCs were transduced with the LV AS3m.C, transfected with Cas9-GFP protein, and then in vitro differentiated into mature RBCs (Fig. 6A). Erythroid cultures obtained from SCD or HD HSPCs transfected with Cas9 ribonucleoprotein (RNP) complexes containing gR-C were used as β-thalassemia-like control cells (Fig. 6A). Mature RBCs derived from SCD or HD HSPCs treated with gR-C-RNP displayed a strong reduction in the HbS and HbA content, respectively, and an increased α-/non α-chain ratio in comparison to untreated controls (Fig. 6B). On the contrary, in RBCs derived from HBB-edited, LV AS3m.C-transduced SCD HSPCs, α-/non-α-chain ratios remained largely unchanged (1.08± 0.04; n=14) compared to untreated controls and mocktransfected, LV AS3m.C-treated samples (1.05± 0.03 n=15)

The erythroid differentiation of edited HSPCs cells treated with LV AS3m.C was not impaired. Indeed, the expression of surface markers identifying the different erythroid populations (CD36, CD71, CD235A, CD49d and Band3) and the frequency of enucleated cells were similar in control and treated samples all along the differentiation (Fig. 7A-E, S7A). On the contrary, in βthalassemia-like cells erythroid differentiation was delayed as well as RBC enucleation (Fig. 7A-E).

Furthermore, we acquired images from in vitro differentiated RBCs derived from SCD HSPCs treated with LV AS3m.C to evaluate several morphological and physical parameters in a quantitative manner (Fig. 6A). β-thalassemia-like RBCs were characterized by a reduced dry mass compared to mock-treated control samples, due to the lower Hb content (Fig. 7F,S7B). Surface, perimeter and ellipticity parameters were altered in β-thalassemia-like RBCs (Fig. 7G-I, S7C-E), reflecting the anisocytosis and poikilocytosis characterizing β-thalassemic RBCs [START_REF] Galanello | Beta-thalassemia[END_REF][START_REF] Needs | Beta Thalassemia[END_REF] . In RBCs derived from LV AS3m.C-treated SCD HSPCs harboring ~42% of edited HBB alleles, only a small percentage of cells showed reduced dry mass, surface, and perimeter (6.2±2.3%, 5.4±3.6% and 6.5±3.7%; n=2, respectively) in comparison to RBCs obtained from mock-transfected LV AS3m.C HSPCs (Fig. 7F-H, S7B-D), while ellipticity was overall unaffected (Fig. 7I,S7E). These frequencies were modestly increased in RBCs derived from SCD HSPCs harboring 63% of edited alleles (10.1% for dry mass, 13.4% for surface and 10.2% for perimeter).

Finally, editing of HBG promoters did not impact the differentiation and enucleation of LV AS3m.13bpdel-transduced SCD HSPCs (Fig. S8B-E). Alpha-/non-α-chain ratios, surface, dry mass, perimeter and ellipticity were similar in RBCs derived from edited LV AS3m.13bpdel-transduced HSPCs and control samples (Fig. S8A, S8F-I).

In conclusion, these analyses showed that erythroid differentiation of SCD HSPCs edited using bifunctional LVs and cas9 transfection is largely unaltered.

Discussion

LVs expressing a β-globin transgene to compensate β-globin deficiency in β-thalassemia, or to inhibit Hb polymerization in SCD have shown promising clinical outcomes [START_REF] Ribeil | Gene Therapy in a Patient with Sickle Cell Disease[END_REF][START_REF] Marktel | Intrabone hematopoietic stem cell gene therapy for adult and pediatric patients affected by transfusion-dependent ß-thalassemia[END_REF][START_REF] Thompson | Gene Therapy in Patients with Transfusion-Dependent β-Thalassemia[END_REF] . However, to be effective, gene addition strategies require the sustained engraftment of highly transduced HSCs [START_REF] Tisdale | Abstract 196. Updated Results from HGB-206 LentiGlobin for Sickle Cell Disease Gene Therapy Study: Group C Data and Group A AML Case Investigation[END_REF] . This could increase the genotoxic risk particularly in SCD patients who have an increased probability of developing hematological malignancies compared to the general population [START_REF] Seminog | Risk of individual malignant neoplasms in patients with sickle cell disease: English national record linkage study[END_REF][START_REF] Brunson | Increased risk of leukemia among sickle cell disease patients in California[END_REF] .

While promising approaches aimed at improving LV-derived transgene expression have been investigated [START_REF] Breda | Lentiviral vector ALS20 yields high hemoglobin levels with low genomic integrations for treatment of beta-globinopathies[END_REF] , reaching therapeutic globin expression with a low VCN is still challenging as LVs cannot accommodate the entire β-globin locus control region (βLCR) responsible for high-level expression of the β-like globin genes.

Interestingly, clinical observations in a compound β 0 /β S heterozygous SCD patient indicate that β-globin deficiency was associated with amelioration of the disease phenotype despite the relatively low gene marking in engrafted HSCs [START_REF] Magrin | Lentiviral and genome-editing strategies for the treatment of b-hemoglobinopathies[END_REF] . Furthermore, a mild disease phenotype is observed in SCD and β-thalassemia patients harboring HPFH mutations [START_REF] Forget | Molecular Basis of Hereditary Persistence of Fetal Hemoglobin[END_REF][START_REF] Akinsheye | Fetal hemoglobin in sickle cell anemia[END_REF][START_REF] Steinberg | Fetal hemoglobin in sickle cell anemia: a glass half full?[END_REF] . These clinical observations support the rationale of the design of gene therapy approaches that combine the expression of an anti-sickling β-globin transgene with editing strategies aimed to either reduce the β s -globin expression or to increase the γ-globin content to counteract HbS polymerization in SCD or to increase Hb content in β-thalassemia.

We designed LVs simultaneously driving the expression of a β-globin chain carrying three anti-sickling amino acids [START_REF] Levasseur | A Recombinant Human Hemoglobin with Antisickling Properties Greater than Fetal Hemoglobin[END_REF] , and a sgRNA either to introduce frameshift mutations in the HBB gene (LV AS3m.C), or to reactivate HbF expression by disrupting the BCL11A binding site in the γglobin promoters (LV AS3m.13bpdel) [START_REF] Miccio | In vivo selection of genetically modified erythroblastic progenitors leads to long-term correction of β-thalassemia[END_REF] or by downregulating BCL11A expression (LV AS3m.BCL11A) [START_REF] Miccio | In vivo selection of genetically modified erythroblastic progenitors leads to long-term correction of β-thalassemia[END_REF] .

The editing efficiency at the on-target loci was positively correlated with the number of integrated LV copies in HUDEP-2 cells and SCD primary HSPCs, demonstrating the efficient LVderived sgRNA expression and the formation of the functional CRISPR/Cas9 RNP complexes in transfected cells. These data are in line with combinatorial systems based on the stable LVmediated delivery of sgRNAs coupled with transient transfection of Cas9 mRNA in human HD HSPCs to downregulate the expression of cell surface proteins [START_REF] Yudovich | Combined lentiviral-and RNA-mediated CRISPR/Cas9 delivery for efficient and traceable gene editing in human hematopoietic stem and progenitor cells[END_REF] . Importantly, we achieved high editing efficiencies using Cas9 protein delivery that we previously demonstrated to be less toxic and more efficient than mRNA delivery in primary HSPCs [START_REF] Lattanzi | Optimization of CRISPR/Cas9 Delivery to Human Hematopoietic Stem and Progenitor Cells for Therapeutic Genomic Rearrangements[END_REF] . A recent report showed that precomplexing of Cas9 protein with a non-targeting sgRNA was required to achieve high genome editing frequency using LV-delivered sgRNAs [START_REF] Ting | Guide Swap enables genome-scale pooled CRISPR-Cas9 screening in human primary cells[END_REF] . Interestingly, our system was already efficient by transfecting Cas9 protein alone and the editing efficiency was not further increased by complexing the Cas9 with a nontargeting sgRNA (data not shown). Importantly, we applied this technology to develop a gene therapy approach for β-hemoglobinopathies by combining the efficient LV-based delivery of sgRNAs with the expression of a therapeutic β-globin transgene.

The delivery of Cas9 protein in clinically relevant SCD HSPCs transduced with LV AS3m.C resulted in robust downregulation of HBB expression at both mRNA and protein levels. On the contrary, introduction of silent mutations in the AS3 sequence prevented undesired editing and inactivation of the transgene. The increased availability of α-globin chains caused by β-globin downregulation favored the formation of AS3-containing Hb tetramers, thus increasing the total anti-sickling Hb content in RBCs derived from edited HSPCs, as compared to RBCs obtained from control HSPCs harboring a similar number of LV copies. In a parallel approach, the editing of the γglobin promoters in SCD HSPCs transduced with LV AS3m.13bpdel increased the total content of anti-sickling Hb tetramers by inducing the expression of both Gγ-and Aγ-globins. As previously reported [START_REF] Traxler | A genome-editing strategy to treat β-hemoglobinopathies that recapitulates a mutation associated with a benign genetic condition[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][START_REF] Martyn | Natural regulatory mutations elevate the fetal globin gene via disruption of BCL11A or ZBTB7A binding[END_REF][START_REF] Liu | Transcription factor competition at the γ-globin promoters controls hemoglobin switching[END_REF] , editing of the -115 region of the HBG promoters disrupts the BCL11A binding site and evicts BCL11A, allowing the recruitment of the NF-Y transcriptional activator at the -86 region and γ-globin reactivation. The sgRNAs targeting HBB gene or the HBG promoters showed minimal off-target activity as detected by GUIDE-seq and targeted NGS sequencing of the potential off-targets. However, although GUIDE-seq was identified as the best-performing assay for ex vivo therapeutics [START_REF] Chaudhari | Evaluation of Homology-Independent CRISPR-Cas9 Off-Target Assessment Methods[END_REF][START_REF] Shapiro | Increasing CRISPR Efficiency and Measuring Its Specificity in HSPCs Using a Clinically Relevant System[END_REF][START_REF] Tsai | Defining and improving the genome-wide specificities of CRISPR-Cas9 nucleases[END_REF] , it has a limited sensitivity (0.1%) and therefore could fail to detect off-target events that occur at a low frequency but can still potentially lead to deleterious outcomes (e.g., clonal expansion and malignant neoplasms). More sensitive assays to assess the potential CRISPR/Cas9-associated genotoxic risk should be developed in particular for clinical applications aimed to modify hundreds of millions of cells. Surprisingly, LV AS3m.BCL11A showed poor transduction and editing efficiencies in the BCL11A erythroid-specific enhancer in SCD HSPCs. We have not clarified the mechanisms of poor transduction by LV AS3m.BCL11A. In cell lines, we have not observed any significant difference in titer and infectivity between LV AS3m.BCL11A and the other vectors, although the LV harboring the gRNA targeting the BCL11A enhancer tends to have a lower infectivity that could impact the efficiency of transduction of primary HSPCs. In our previous study, we also compared LVs with similar titer and infectivity (as determined in cell lines) and observed, for some of these vectors, a low transduction of HSPCs, likely related to specific sequences that are detrimental to the vector performance in primary cells [START_REF] Lattanzi | Optimization of CRISPR/Cas9 Delivery to Human Hematopoietic Stem and Progenitor Cells for Therapeutic Genomic Rearrangements[END_REF] . Furthermore, bi-allelic disruption of this enhancer is required to achieve HbF reactivation and the selected sgRNA targeting BCL11A [START_REF] Canver | BCL11A enhancer dissection by Cas9-mediated in situ saturating mutagenesis[END_REF] showed numerous potential off-target sites. For these reasons, we decided to not further pursue this approach. The selection of a more efficient and specific sgRNA disrupting critical regions in the BCL11A enhancer will allow us to ameliorate this therapeutic approach in future experiments.

Interestingly, the high content of anti-sickling hemoglobins observed with both LV AS3m.C and LV AS3m.13bpdel resulted in reduced HbS levels, Hb polymerization and frequency of sickled RBCs compared to the conventional gene addition approach. Importantly, compared to a LV expressing only the anti-sickling transgene, our combined approach requires a lower VCN to achieve a therapeutic effect, thus reducing the potential genotoxicity risk associated to LV integration. In particular, we achieved similar amounts of HbS and anti-sickling hemoglobins (resembling the Hb profile of an asymptomatic heterozygous SCD carrier) with a VCN of ~5.5 using the conventional gene addition strategy, and a VCN of ~2.2 and ~3.7 (associated with 30-35% of edited HBB or HBG genes) using LV AS3m.C and LV AS3m.13bpdel, respectively. As a higher VCN was required to reach a similar editing frequency for LV AS3m.13bpdel compared to LV AS3m.C, we hypothesize that the difference in the extent of the correction of the disease phenotype between these two approaches is due to the higher editing efficiency of the gR-C compared to the sgRNA targeting the HBG promoters. Alternative sgRNAs targeting HbF inhibitory sequences [START_REF] Weber | Editing a γ-globin repressor binding site restores fetal hemoglobin synthesis and corrects the sickle cell disease phenotype[END_REF][START_REF] Wu | Highly efficient therapeutic gene editing of human hematopoietic stem cells[END_REF] could be tested in future studies to further enhance γ-globin reactivation with a lower VCN.

Importantly, we used flow cytometry and quantitative phase imaging to evaluate erythroid differentiation of edited HSPCs and quantify at single cell level morphological and physical parameters of in vitro differentiated RBCs. This study is fundamental to demonstrate the safety of HSC-based treatments for β-hemoglobinopathies. β-thalassemic erythroid cells showed delayed differentiation and enucleation, imbalance in the α-/non α-chain ratio, α-precipitates, anisocytosis and poikilocytosis. Editing of the HBB gene or the γ-globin promoters in HSPCs did not negatively impact their differentiation and enucleation rate, allowing the production of mature RBCs with Hb content and morphological parameters largely similar to untreated controls. In particular, in erythroid cells derived from HBB-edited HSPCs, AS3-globin chain expression was sufficient to compensate for the lack of β s -globin expression in the vast majority of RBCs. In fact, only a small percentage of RBCs (~5 to 10%) displayed a β-thalassemic-like phenotype. We can speculate that a small fraction of poorly transduced HSPCs harboring bi-allelic disruption of HBB gene give rise to this RBC subpopulation producing AS3 levels, which are insufficient to compensate β Sdownregulation. Importantly, preclinical and clinical data indicate that in allotransplanted or gene therapy treated β-thalassemia subjects, β-thalassemic cells are counter selected in vivo because the erythroid precursors undergo apoptosis, and mature RBCs have a shorter lifespan compared to HD or corrected cells [START_REF] Miccio | In vivo selection of genetically modified erythroblastic progenitors leads to long-term correction of β-thalassemia[END_REF][START_REF] Marktel | Intrabone hematopoietic stem cell gene therapy for adult and pediatric patients affected by transfusion-dependent ß-thalassemia[END_REF][START_REF] Gaziev | Stem cell transplantation for hemoglobinopathies[END_REF] . Furthermore, we do not expect that such a low frequency of β-thalassemic

RBCs will impact the correction of SCD phenotype in vivo.

Other therapeutic strategies for SCD aim at reverting the SCD mutation by cleaving the sickle HBB gene using the CRISPR/Cas9 system and inserting through the HDR pathway a donor template containing the WT HBB sequence that is either provided as single strand oligonucleotide or delivered by a viral vector [START_REF] Dever | CRISPR/Cas9 β-globin gene targeting in human haematopoietic stem cells[END_REF][START_REF] Cromer | Global Transcriptional Response to CRISPR/Cas9-AAV6-Based Genome Editing in CD34+ Hematopoietic Stem and Progenitor Cells[END_REF][START_REF] Uchida | Cas9 protein delivery non-integrating lentiviral vectors for gene correction in sickle cell disease[END_REF] . More recently, we proposed a combined treatment for βthalassemia based on the insertion of the AS3 transgene in the α-globin (HBA) locus to simultaneously express the therapeutic β-globin while reducing HBA expression levels [START_REF] Pavani | Correction of β-thalassemia by CRISPR/Cas9 editing of the α-globin locus in human hematopoietic stem cells[END_REF] and αglobin precipitates. However, although more promising that the standard gene addition strategy, these approaches currently suffer from poor HDR efficiency in HSCs. On the contrary, our combined approach is likely more prone to produce the desired genome modification as it relies on the NHEJ pathway, known to be preferentially active and more efficient in HSCs compared to HDR [START_REF] Chang | Non-homologous DNA end joining and alternative pathways to double-strand break repair[END_REF][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, in SCD, failed HDR-mediated gene correction likely results in the NHEJmediated HBB gene disruption, which could likely not be compensated by the residual endogenous β-like globin chains, thus potentially generating a β-thalassemic phenotype [START_REF] Magis | High-level correction of the sickle mutation amplified in vivo during erythroid differentiation[END_REF] . On the contrary, generation of a β-thalassemia phenotype was observed only in a small fraction of RBCs using our combined strategy as the same LV is co-expressing the sgRNA targeting HBB and the therapeutic AS3 chain that compensates for the knock-down of the endogenous HBB.

Ongoing trials for β-hemoglobinopathies using a genome editing strategy efficiently targeting the BCL11A enhancer showed early promising results [START_REF] Frangoul | CRISPR-Cas9 Gene Editing for Sickle Cell Disease and β-Thalassemia[END_REF] . However, HbF reactivation and therapeutic benefit were modest when editing occurred at low efficiency [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] . Furthermore, as reported in trials based on LV gene addition approaches, some patients did not attain normal levels of total Hb, and in SCD subjects HbS levels were not always decreased to the values observed in asymptomatic heterozygous SCD carrier, suggesting the persistence of a subset of non-corrected RBCs [START_REF] Frangoul | Safety and Efficacy of CTX001 in Patients with Transfusion-Dependent β-Thalassemia and Sickle Cell Disease: Early Results from the Climb THAL-111 and Climb SCD-121 Studies of Autologous CRISPR-CAS9-Modified CD34+ Hematopoietic Stem and Progenitor Cells[END_REF] .

Our strategies combine two gene therapy platforms currently under evaluation in experimental clinical trials for β-hemoglobinopathies, potentially improving the efficacy of gene therapy to treat SCD and even β-thalassemia when AS3 expression is combined with HbF reactivation. Notably, in our strategies bi-allelic editing is likely not required when targeting either the sickle β-globin gene or the HBG promoters. However, there are some concerns related to the risks of combining LV and CRISPR/Cas9 approaches, which can both lead to potential deleterious DNA mutagenesis and DNA damage response. Despite our study suggests that the treatment of patient HSPCs with both LV and Cas9 did not affect progenitor growth and differentiation, predictive assays, such as xenotransplantation in immunodeficient mouse models, are required to demonstrate the safety of the proposed approaches in repopulating stem cells and their progeny.

Finally, bifunctional LVs can have a wider range of potential applications in this field. In fact, by simply modifying the sgRNA sequence, the bifunctional LVs could be exploited to develop different therapeutic approaches for β-hemoglobinopathies (e.g., sickle β-globin or BCL11A downregulation [START_REF] Canver | BCL11A enhancer dissection by Cas9-mediated in situ saturating mutagenesis[END_REF] ; inactivation of HBG inhibitory sequences [START_REF] Traxler | A genome-editing strategy to treat β-hemoglobinopathies that recapitulates a mutation associated with a benign genetic condition[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] ; insertion of HBG activating sequences [START_REF] Gaudelli | Directed evolution of adenine base editors with increased activity and therapeutic application[END_REF][START_REF] Richter | Phage-assisted evolution of an adenine base editor with improved Cas domain compatibility and activity[END_REF] ) by using a variety of editing tools (e.g., Cas9 nucleases, base editors, epigenome editors and prime editors [START_REF] Rees | Base editing: precision chemistry on the genome and transcriptome of living cells[END_REF][START_REF] Nakamura | CRISPR technologies for precise epigenome editing[END_REF][START_REF] Anzalone | Search-and-replace genome editing without double-strand breaks or donor DNA[END_REF] ).

More generally, the combination of gene addition and genome editing strategies has the potential to simultaneously induce the expression of therapeutic proteins and downregulate diseasecausing genes. By way of example, we envision that this versatile technology can allow the development of therapeutic strategies for the treatment of autosomal dominant disorders, which requires the down-regulation of the dominant allele. As it is difficult to achieve targeted downregulation of the mutant gene without impairing the expression of the WT allele, our strategy could allow the disruption of the endogenous genes, and simultaneously the LV-derived expression of a non-targeted WT allele (i.e. harboring silent mutations, which impair sgRNA binding and transgene disruption).

Materials and Methods

Lentiviral vector production and titration

For LV production, the expression cassette consisting of DNase I hypersensitive sites HS2 (genomic coordinates [hg38]: chr11:5280255-5281665) and HS3 (genomic coordinates [hg38]: chr11:5284251-5285452) of the βLCR 76 , and a HBB mini-gene extending from -265 bp upstream of the transcriptional start site to +300 bp 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 and T87Q) [START_REF] Levasseur | A Recombinant Human Hemoglobin with Antisickling 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.AS3 plasmid. Silent mutations were inserted in the 19-bp AS3 transgene sequence recognized by gR-C to generate the pCCL.AS3m plasmid. To insert silent mutations, we used synonymous codons from HBB, HBD, HBG1 and HBG2 genes. Synthetic oligonucleotides (Integrated DNA Technologies) containing the sgRNA expression cassette (with the optimized sgRNA scaffold [START_REF] Dang | Optimizing sgRNA structure to improve CRISPR-Cas9 knockout efficiency[END_REF] ) were inserted in pCCL.AS3m generating the transfer vectors (pCCL.AS3m.gRs) for the LV production.

Third-generation lentiviral vectors were produced by calcium phosphate transient transfection of HEK293T cells with the transfer vector (pCCL.AS3m or pCCL.AS3m.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 p24 ng/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).

HSPC transduction and transfection

We isolated cord blood CD34 + HSPCs and adult G-CSF-mobilized HSPCs from healthy donors.

Human adult CD34 + HSPCs were isolated from the blood of SCD patients either after Plerixaformobilization (NCT 02212535 clinical trial, Necker Hospital, Paris, France) or after erythrocytapheresis. Written informed consent was obtained from all the 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). 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").

Two hours before LV transduction, CD34 + 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 16,16-dimethyl-prostaglandin E2 (10 µM 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 for 24 h 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 70 ). After expansion of CD34 + cells for 48h, 100.000 cells were transfected with 15 μg Cas9-GFP protein (provided by Dr. De Cian) by 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 cells/mL in the erythroid differentiation medium.

Erythroid differentiation of HSPCs

After transfection, HSPCs were differentiated into mature RBCs using a 3-phase protocol [START_REF] Giarratana | Ex vivo generation of fully mature human red blood cells from hematopoietic stem cells[END_REF] . From day 0 to day 6, cells were grown in a basal erythroid medium 6 supplemented with 10 -6 M hydrocortisone (Sigma), 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 and enucleation rate were monitored by flow cytometry analysis.

Reverse phase and cation-exchange HPLC analysis

For HPLC analyses, HUDEP-2 cells were collected at day 9 of erythroid differentiation, whereas in vitro differentiated RBCs were collected at day 20 of erythroid differentiation.

Reverse phase (RP) HPLC analysis were performed using a NexeraX2 SIL-30AC chromatograph (Shimadzu) and the LC Solution software. Globin chains 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 (CE) HPLC analysis were performed using a NexeraX2 SIL-30AC chromatograph (Shimadzu) and the LC Solution software. Hemoglobin tetramers 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 (day 19-20 of differentiation) derived from treated and control SCD HSPCs were exposed to an oxygen-deprived atmosphere (0% O2) and the time-course of sickling was monitored in real-time by video microscopy for 1 hour, capturing images every 20 minutes using the AxioObserver Z1 microscope (Zeiss) and a 40X objective. At 0% O2, around 400 cells per condition were counted and processed with ImageJ to determine the percentage of sickled RBCs in the total cell population.

Quantitative phase image microscopy of RBCs

50,000 to 100,00 in vitro differentiated 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 or 8 wells (Ibidi). We used the SID4 HR GE camera (Phasics, Saint-Aubin, France) with an inverted microscope (Eclispe Ti-E, Nikon) to obtain quantitative phase images of label-free RBCs [START_REF] Bon | Quadriwave lateral shearing interferometry for quantitative phase microscopy of living cells[END_REF] . Pictures were taken using a 40X/0.60 objective. The BIO-Data R&D software (version 2.7.1.46) performed a segmentation procedure to isolate each RBC from a picture. We analyzed only enucleated RBCs, discarding cells with a surface density (dry mass/surface) higher than 0.55 pg/µm 2 . For each RBC, we evaluated dry mass (pg), surface (µm 2 ), perimeter (µm) and ellipticity [START_REF] Aknoun | Living cell dry mass measurement using quantitative phase imaging with quadriwave lateral shearing interferometry: an accuracy and sensitivity discussion[END_REF] .

Statistics

Data were analyzed with Graph Pad Prism software (version 7.0) and expressed as mean ± standard error mean (SEM), if not otherwise stated. Parametric tests (Student's t-test, unpaired t tests, Twoor One-way ANOVA test, Sidak's, Dunnett's and Tukey's multiple comparisons test) were used according to datasets. The threshold for statistical significance was set to P<0.05. Linear or nonlinear 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. erythroid cell lines. Data are expressed as mean±SEM. The frequency of out-of-frame mutations for gR-C was significantly higher than for gR-A (p < 0.0001 in K562 and p < 0.05 in HUDEP-2) and gR-B (p < 0.005 in K562). In K562, the frequency of out-of-frame mutations for gR-D was significantly higher than for gR-A and gR-B (p < 0.0005). In both K562 and HUDEP-2, no differences were observed between gR-C and gR-D (One-way ANOVA test -Tukey's multiple or the AS3m globin gene and a sgRNA-expressing cassette (LV AS3m.gR). Both AS3-and AS3mglobin genes are under the control of a short β-globin promoter (β-p) and a mini-βLCR containing HS2 and HS3. The anti-sickling amino acid substitutions are reported in red. The modified nucleotides in LV AS3m, avoiding its targeting by the gR-C, are reported in green. We indicated the amino acids below the nucleotide sequence. sgRNA expression is under the control of the human U6 promoter (U6p). gR-C targets a region in exon 1 (Ex1) of HBB (strategy # 2), gR-BCL11A targets the +58kb erythroid-specific enhancer of BCL11A (strategy # 3) and gR-13bpdel targets the BCL11A binding site within the HBG promoters (strategy # 4). 
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 1 Figure 1: Test and validation of an effective sgRNA to knock-down the HBB gene.

  comparisons test). (D) 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=3). ** p < 0.01 between gR-A or gR-B vs Ctr-Cas9. *** p < 0.001 between gR-C or gR-D vs Ctr-Cas9 (Two-way ANOVA test -Dunnett's multiple comparisons test). Ctr-Cas9 samples are HUDEP-2 cells transfected only with the Cas9-GFP plasmid. (E) Relative expression of the β-globin chain normalized to the α-globin chain, as measured by Western blot analysis in differentiated HUDEP-2 cells. Data are expressed as mean±SEM (n=4 for gR-C; n=3 for gR-A, B and D) * p < 0.05 and ** p < 0.01 vs Ctr-Cas9 (Two-way ANOVA test -Sidak's multiple comparisons test). A representative western blot image is shown. Ctr-Cas9 samples are HUDEP-2 cells transfected only with the Cas9-GFP plasmid. (F) Editing efficiency (InDels) and frequency of out-of-frame mutations measured by TIDE analysis after PCR amplification of the target region and Sanger sequencing in G-CSFmobilized peripheral blood (mPB) HD HSPCs edited with gR-C (n=1 for HD1, n=2 for HD2 and n=2 for HD3). Data are expressed as mean±SEM. (G) Relative expression of HBB, HBD and HBG mRNAs normalized to α-globin, measured by RT-qPCR in erythroid cells derived from G-CSF-mPB HD HSPCs transfected with Cas9-GFP plasmid only (Ctr-Cas9) or with both Cas9-GFP and gR-C plasmids (gR-C). HBB decrease upon gR-C treatment is reported as percentage above the histogram bars. (n=1 for HD1, n=2 for HD2 and n=2 for HD3). Data are expressed as mean±SEM. (H) RP-HPLC quantification of globin chains in erythroid cells derived from G-CSF-mPB HD HSPCs transfected with Cas9-GFP plasmid only (Ctr-Cas9) or with both Cas9-GFP and gR-C plasmids (gR-C). β-like globin chains are normalized over α-globin chains (n=1 for HD1, n=2 for HD2 and n=2 for HD3; n= 5 biological replicates). The percentage of β-globin decrease upon gR-C treatment and the α-/non-α-globin ratio are reported above the histogram bars. Data are expressed as mean±SEM. A representative chromatogram is reported in the left panel. (I) CE-HPLC analysis of Hb tetramers in β-thalassemic cells (thal) and in erythroid cells derived from G-CSF-mPB HD HSPCs treated or not with gR-C. gR-C treated samples have a hemoglobin expression pattern similar to the profile observed in in vitro differentiated erythroid cells from a β-thalassemia patient.We calculated the percentage of Hb types over the total Hb tetramers (n=2 donors). CE-HPLC chromatograms are reported on the left panel. αP=α-precipitates.
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 2 Figure 2: Combination of lentiviral and genome editing technologies is efficient in HUDEP-2

  (B) Schematic representation of the LV transduction and plasmid transfection protocol used in HUDEP-2 cells. Cells were transduced with LV AS3m carrying gR-C, BCL11A and 13bpdel sgRNAs and transfected after 10 days with a Cas9-GFP plasmid. Transfection efficiency was 30-60%. FACSsorted Cas9-GFP + cells were differentiated into mature erythroblasts. (C) Relative expression of HBB and AS3m mRNAs normalized to α-globin, as detected by qRT-PCR. Data are expressed as mean±SEM. VCN are reported in blue and InDels in black below the graph. Ctr UT are untreated HUDEP-2 cells and Ctr TE are HUDEP-2 cells transfected only with TE buffer. Transduced samples that were mock-transfected, are indicated with "-". The percentage of HBB decrease upon LV AS3m.C treatment is reported above the histogram bars. Data are expressed as mean±SEM. (D) RP-HPLC quantification of globin chains in Cas9-treated and control (mock transfected) LV AS3m.C-transduced cells. β-like globin chains were normalized to α-globin chains. VCN are reported in blue and InDels in black below the graph. Ctr UT are untreated HUDEP-2 cells and Ctr TE are HUDEP-2 cells transfected only with TE buffer. Transduced samples that were mocktransfected, are indicated with "-" and harbored no InDels. The percentage of β-globin decrease upon LV AS3m.C treatment and the α-/non-α-globin ratio are reported above the histogram bars. (E) CE-HPLC chromatograms (left panel) and quantification (right panel) of Hb tetramers in Cas9treated and control mock-transfected LV AS3m.C-transduced cells. We calculated the percentage of each Hb type over the total Hb tetramers. VCN are reported in blue and InDels in black below the graph. Ctr UT are untreated HUDEP-2 cells and Ctr TE are HUDEP-2 cells transfected only with TE buffer. The decrease in HbA expression upon LV AS3m.C treatment is reported as percentage Evaluation of off-target activity. GUIDE-seq analysis of gR-C in 293T cells (left panel). The protospacer targeted by gR-C and the PAM are shown in the first line. Off-targets and their mismatches with the on-target (highlighted in color), sequencing read counts and chromosomal position are reported. Deep-sequencing analysis of off-target editing events in mature erythroblasts derived from SCD HSPCs treated with LV AS3m.C (right panel). Transduced and mock transfected SCD cells (Ctr) are indicated in red and edited samples (AS3m.C) in black. (E) 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 AS3m.C (2 mobilized SCD donors). R 2 and line-of-best-fit equation are indicated. Dashed lines indicate the VCN required to achieve equal amounts of HbS and HbAS3. (F) Relative expression of HBB mRNA normalized to α-globin in untreated SCD cells (Ctr) (n=6) and in cells treated with LV AS3m.C (n=8; 2 mobilized SCD donors). **** p < 0.0001 (unpaired t-test). Horizontal lines indicate median and first and third quartiles. (G) Representative CE-HPLC chromatograms showing the Hb profile of in vitro differentiated mature erythroblasts. From top to bottom: -thalassemic cells (thal), healthy donor cells (HD), HD cells treated with gR-C plasmid (HD+gR-C), SCD cells (SCD), SCD cells transduced with LV AS3m.C and mock-transfected, SCD cells transduced with LV AS3m.C and transfected with Cas9-GFP protein.
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 4 Figure 4: Testing of LV AS3m.13bpdel and LV AS3m.BCL11A in SCD HSPCs.
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 5 Figure 5: The bifunctional LVs AS3m.C and AS3m.13bpdel reduce RBC sickling

Figure 6 :

 6 Figure 6: The bifunctional LV down-regulating HbS does not generate a β-thalassemic

Figure 7 :

 7 Figure 7: Erythroid differentiation and RBC parameters were not impaired in cells derived
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