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Ex vivo gene correction of hematopoietic stem and progenitor cells (HSPCs) has

emerged as a promising therapeutic approach for the treatment of inherited human blood disorders.

The new gene editing technologies for selectively targeting DNA using engineered nucleases and inserting at this specific site a therapeutic gene sequence has opened the door to many therapeutic applications. Several strategies can be used to insert a DNA sequence at a specific site in the genome.

Strategies depending on the homology-directed repair (HDR) repair pathway requires DNA constructs with long homology arms that might exceed the cargo size limit of the vector used as DNA provider and lead to relatively low integration. Achieving HDR in HSPCs may also lead to low engraftment efficacy as HDR requires cell division. Alternatively, the Microhomologymediated end joining (MMEJ) strategy can enable the insertion of a DNA template with less homology and has many advantages over the HDR in terms of the size of the required microhomology (MH) arm and the ability to target quiescent and proliferating cells.

We invented a new platform called MiTiL (Microhomology meditated Target Integration using integrase-deficient lentiviral vector (IDLV).

Here we demonstrated the efficiency and low toxicity profile of our MiTiL platform to achieve robust transgene integration in several therapeutic loci and safe harbor site in cell lines and CD34+ HSPCs.

As a proof-of-concept, a GFP reporter gene and factor VIII (FVIII) / IL-2 Receptor common Gchain (IL2RG ) genes were targeted to a clinically relevant genetic locus (HBA, IL2RG) or safe harbor site (AAVS1) using IDLV virus vector and single guide RNA/Cas9 ribonucleoprotein (RNP) complexes. We demonstrate high levels of stable genome editing in K562, ED7R cell lines, and in HSPC primary cells.

In conclusion, we have achieved efficient site-specific transgene integration in HSPCs utilizing a MMEJ-based approach to targeted gene addition. This platform provides an effective alternative to HDR-based transgene integration for the treatment of monogenic human diseases affecting the hematopoietic system, and so calls for additional pre-clinical testing and development. Nous avons inventé une nouvelle plateforme appelée MiTiL (Microhomology meditated Target Integration using integrase-deficient lentiviral vector (IDLV)).

Ici, nous avons démontré l'efficacité et le faible profil de toxicité de notre plateforme MiTiL pour obtenir une intégration transgénique robuste dans plusieurs « safe harbour » et thérapeutiques loci dans les lignées cellulaires et les HSPC CD34+.
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INTRODUCTION

GENE THERAPY (GT)

GT is a field of medicine that focuses on altering the genetic code of cells to achieve a therapeutic effect; it aims to correct genetic diseases at their cellular and molecular source by repairing or reconstructing defective genetic materials.

In other words, GT is a strategy for treating or curing diseases by delivering nucleic acid GT products are being investigated for cancer, genetic problems, and infectious diseases, among other illnesses 1 . GT products have now achieved great success for a variety of human genetic disorders like inherited immune disorders, hemophilia, neurodegenerative disorders, neuromuscular disorders, and ophthalmologic diseases. In addition, gene therapies have enabled very efficient immunotherapies against lymphoid cancers 2 . Moreover, GT can be used to treat infectious disorders that are resistant to conventional clinical therapy 3 .

GT may be conducted with different strategies, each with its own set of techniques (Figure 1).

• Gene replacement addresses the loss of function caused by a single gene disorder by adding a correcting gene in place of a mutated gene.

• Gene addition is a GT method, in which new genetic material is supplemented into the cells to replace a missing or defective gene. It can be utilized in complex diseases where fixing a single mutation may not be successful, but adding a therapeutic gene may assist in alleviating the disease phenotype 4 . Gene addition can also be used to engineer T cells to produce an artificial T cell receptor with a chimeric antigen receptor (CAR) that can recognize and target specific cancer cells for immunotherapy.

• Gene knockdown by RNA interference (RNAi) aims to lower targeted protein levels using small RNAs that inhibit the mRNA hence correcting the disease.

• Gene editing treats diseases at the genetic level by directly changing a cell's DNA using a variety of approaches like inactivation/disruption (also known as gene silencing or knockout) and gene correction/insertion 5 . Different tools have been developed for gene editing like programmable endonucleases that introduce specific changes in the genome.

With the introduction of innovative programmable nucleases (like CRISPR/Cas9), GT applications have been expanded from semi-random gene insertion to site-specific genome modification, promising safer genetic manipulations.

Figure 1: Gene therapy strategies.

The gene mutation is represented in a red dot, the red cross represents missing protein synthesis, the green helix indicates a normally provided copy of the defective gene, and the green circles signify normal protein 4 .

Nucleic acid delivery is challenging. The transfer of a gene must overcome complex cellular and tissue barriers to deliver new genetic information into the target cells to drive proficient expression of therapeutic molecules without disrupting essential regulatory mechanisms.

Genetic materials could be delivered using diverse tools (non-viral and viral vectors) comprising various gene manipulation strategies 4 . Viral biology science is exploited to create recombinant vectors with the purpose of making safe viral vectors for GT to deliver exogenous coding

cassettes into the patient's cells

There are two main types of GT modalities of delivery:

• Ex vivo approaches generally start with the harvest of patient cells, their in vitro genetic modifications, and re-administration of the modified cells into the patient. The patient has been conditioned with chemotherapy to deplete the endogenous stem cell niche to maximize gene-modified cell engraftment in the bone marrow [START_REF] Naldini | Genetic engineering of hematopoiesiscurrent stage of clinical translation and future perspectives[END_REF][START_REF] Bernardo | The Role of Conditioning in Hematopoietic Stem-Cell Gene Therapy[END_REF] . This type of intervention allows the correction of the phenotype of the disease and it is particularly applicable to blood diseases; e.g. in the case of monogenic disorders or cancer cell leukemia. The Ex vivo GT approach could use hematopoietic stem cells (HSCs) or lymphocytes.

• In vivo approaches apply genetic modifications in living cells/tissues by delivering the therapeutic nucleic acid directly to the patient 1,5,[START_REF] Alnasser | Review on mechanistic strategy of gene therapy in the treatment of disease[END_REF] (Figure 2). Currently, many in vivo applications use viral vectors instead of plasmids. In contrast to protein replacement therapies (PRT) which require repeated protein infusion, GT could be a "one-time treatment" achieving durable, potentially curative clinical benefits. For instance, genetically-engineered HSCs represent long-term cell replacement that may durably alleviate a range of conditions, and obviate the need for lifelong enzyme administration or transfusion therapy.

The gene-corrected cells must be present in fairly wide quantities to reverse the condition, escape immunological recognition and survive in the long term or to be able to transmit the modification to their progeny to sustain the benefit [START_REF] Naldini | Gene therapy returns to centre stage[END_REF] .

GT R&D has led to clinical trials in a variety of inherited and acquired human diseases like hemophilia [START_REF] High | Adeno-associated viral vectors for the treatment of hemophilia[END_REF] , primary immunodeficiencies [11][12][13] , leukodystrophies [START_REF] Cartier | Hematopoietic stem cell gene therapy with a lentiviral vector in Xlinked adrenoleukodystrophy[END_REF][START_REF] Cartier | Lentiviral hematopoietic cell gene therapy for X-linked adrenoleukodystrophy[END_REF][START_REF] Biffi | Lentiviral hematopoietic stem cell gene therapy benefits metachromatic leukodystrophy[END_REF] , thalassemia [START_REF] Cavazzana-Calvo | Transfusion independence and HMGA2 activation after gene therapy of human β-thalassaemia[END_REF] , and retinal dystrophy [START_REF] Jacobson | Improvement and Decline in Vision with Gene Therapy in Childhood Blindness[END_REF][START_REF] Testa | Three-year follow-up after unilateral subretinal delivery of adeno-associated virus in patients with leber congenital amaurosis type 2[END_REF][START_REF] Bainbridge | Long-Term Effect of Gene Therapy on Leber's Congenital Amaurosis[END_REF][START_REF] Simonelli | Gene therapy for leber's congenital amaurosis is safe and effective through 1.5 years after vector administration[END_REF] , as well as cancers such as B-cell malignancies [START_REF] Kochenderfer | Chemotherapy-refractory diffuse large B-cell lymphoma and indolent Bcell malignancies can be effectively treated with autologous T cells expressing an anti-CD19 chimeric antigen receptor[END_REF][START_REF] Brentjens | CD19-targeted T cells rapidly induce molecular remissions in adults with chemotherapy-refractory acute lymphoblastic leukemia[END_REF][START_REF] Maude | Chimeric Antigen Receptor T Cells for Sustained Remissions in Leukemia[END_REF][START_REF] Lee | T cells expressing CD19 chimeric antigen receptors for acute lymphoblastic leukaemia in children and young adults: A phase 1 dose-escalation trial[END_REF] . Several genes and genemodified cell-based therapies are already approved drugs. More than a dozen products have been designated as breakthrough therapy by regulators in the United States. Around the world, 24 GT products have obtained marketing authorizations [START_REF] Ascgt | Cell, and RNA Therapy Landscape -q1 2023 quarterly data report[END_REF] .

Taking into account the products that are currently approved and under development, as well as the numerous clinical trials in this field, GT has an exciting prospect for the future.

Further maturation in GT, safety modifications, and improvements in gene transfer efficiency and delivery have finally resulted in significant clinical progress over the last ten years 2,27 .

HEMATOPOIETIC EX VIVO GENE THERAPY

HSCs are multipotent hematopoietic progenitor cells with the potential to self-renew and regenerate all of the cells that constitute the blood-forming system. HSCs are probably the best-characterized adult stem cell population and are used for clinically effective GT [START_REF] Weissman | Stem cells: Units of development, units of regeneration, and units in evolution[END_REF][START_REF] Weitzman | Haemataopoietic stem cells[END_REF] .

HSPCs are commonly used to describe a rare population of cells that include quiescent stem cells and very immature hematopoietic precursor cells that can self-renew and differentiate into multiple blood cell lineages. HSPCs have the role of ensuring blood cell homeostasis in the bone marrow [START_REF] Schulz | Hematopoietic stem and progenitor cells: Their mobilization and homing to bone marrow and peripheral tissue[END_REF] .

Treating numerous malignant and non-malignant diseases is clinically possible using allogeneic transplantation of HSPCs by reconstituting and maintaining a functional blood system for the patient's lifespan. However, the limitation of finding human leukocyte antigenmatched donors create a major obstacle, besides the need for toxic myeloablative conditioning regimens and the complication risks such as graft versus host disease (GvHD) or graft failure [START_REF] Mohty | Long-term complications and side effects after allogeneic hematopoietic stem cell transplantation: An update[END_REF] .

Hematopoietic stem cell gene therapy (HSC-GT) is a potent technique for treating an increasing variety of human genetic disorders, especially when allogeneic HSC transplants cannot be established.

HSC-GT is based on the transplantation of patient-autologous gene-modified HSPC instead of the allogenic HSPCs to treat the diseases. Ex-vivo HSC-GT approaches benefit from notable advances in HSPCs collection and in vitro manipulation [START_REF] Ferrari | Gene Editing of Hematopoietic Stem Cells: Hopes and Hurdles Toward Clinical Translation[END_REF] . One advantage of Ex vivo GT strategies is the limitation of gene modification to specific cell subsets. This reduces the risk of toxicity and off-target potential effects [START_REF] Ferrari | Gene Editing of Hematopoietic Stem Cells: Hopes and Hurdles Toward Clinical Translation[END_REF] . The engrafted modified HSPC provides a constant supply of genetically altered progeny throughout the recipient's whole life. Pathological diseases such as hereditary immunological deficiencies, blood and storage abnormalities, infections, and cancer may then be reversed by mature cells of various lineages [START_REF] Naldini | Genetic engineering of hematopoiesiscurrent stage of clinical translation and future perspectives[END_REF] .

One example of this strategy is the treatment of blood diseases like beta-thalassemias [START_REF] Cavazzana-Calvo | Transfusion independence and HMGA2 activation after gene therapy of human β-thalassaemia[END_REF] , as well as sickle cell disease which represents candidate diseases for performing a genetic correction in patient HSC [START_REF] Mansilla-Soto | Cell and Gene Therapy for the Beta-Thalassemias: Advances and Prospects[END_REF] .

Other genetic diseases like X-linked adrenoleukodystrophy [START_REF] Cartier | Hematopoietic stem cell gene therapy with a lentiviral vector in Xlinked adrenoleukodystrophy[END_REF] , metachromatic leukodystrophy [START_REF] Biffi | Lentiviral hematopoietic stem cell gene therapy benefits metachromatic leukodystrophy[END_REF] , and Wiskott-Aldrich Syndrome (WAS) 11,12,[START_REF] Magnani | Long-term safety and efficacy of lentiviral hematopoietic stem/progenitor cell gene therapy for Wiskott-Aldrich syndrome[END_REF] , have been treated Ex vivo via gene transfer into CD34 + HSCs.

As an example, current Ex vivo GT strategies utilize gene addition by integrating viral vectors, such as retrovirus or lentivirus-derived vectors to insert functional copies of a therapeutic transgene into the genome of HSPCs [START_REF] Ravin Ss De | Lentiviral hematopoietic stem cell gene therapy for X-linked severe combined immunodeficiency[END_REF] . However, gene transfer into CD34+ cells does not always recapitulate the native regulation of the transgene in all lineages of cells. Genome editing techniques in HSC have the capability of making genome modifications to obtain the desired target gene expression. Therefore gene editing could provide novel therapeutic solutions in HSC-GT.

VIRAL VECTORS

Viral vectors represent an effective way to modify eukaryotic cells and their usage in academic laboratories and industry for both research and diverse therapeutic GT applications.

Lentivirus and adeno-associated virus (AAV) represent now the most used viral vectors for GT for genetic diseases and have shown promising clinical outcomes in treating a diverse spectrum of genetic diseases 36 .

Lentiviral Vector (LV)

Lentiviruses are Retroviridae single-stranded RNA viruses that integrate into the host cell genome following reverse transcription of their viral genome. Scientists have exploited the integrative characteristics of lentiviruses to generate lentiviral gene transfer vectors. Several lentiviruses have been used to make gene transfer vectors, like human immunodeficiency virus (HIV-1), simian immunodeficiency virus, feline immunodeficiency virus, and equine infectious anemia virus. Today, HIV-1 is the basis for the majority of Lentiviral Vectors (LV) used in GT.

The HIV-1 genome contains genes such as gag, pol, and env genes that are required for viral particle production, viral life cycle, and viral function. Specifically, gag encodes for the capsid structural proteins; pol encodes enzymes required for capsid maturation (protease), for the reverse transcription of the viral RNAs into proviral DNA (reverse transcriptase (RT)), and for the integration of the provirus into the host cell genome (integrase), where env encodes the viral envelope glycoprotein (GP) [START_REF] Escors | Lentiviral vectors in gene therapy:their current status and future potential[END_REF] .

The lentivirus life cycle starts when the mature viral enters the cell by direct membrane fusion or receptor-mediated endocytosis, which is assisted by GPs within the envelope attaching to their respective receptors on the target cell's surface. Following the initial fusion, a process of uncoating occurs, in which numerous viral proteins (including several Gag subunits) separate from the viral core. Subsequently, viral RNA is transformed into proviral double-stranded DNA (dsDNA) via the reverse transcription process. The proviral DNA then forms a complex with viral and cellular proteins, including nucleoporins allowing it to enter the host cell nucleus followed by further interaction with chromatin binding factors allowing the provirus integration into the genome [START_REF] Craigie | Host factors in retroviral integration and the selection of integration target sites[END_REF] . Following integration lentivirus exploits host machinery to initiate and complete transcription and translation of viral proteins required for virus assembly. The viral progeny is then released from the plasma membrane of the cell into the extracellular space through a process called budding [START_REF] Meng | Wrapping up the bad news -HIV assembly and release[END_REF] .

Viral vectors for GT must be designed to be a safe, nonreplicable, nonpathogenic tool. One example of a GT recombinant viral vector is the HIV-1-based LV. The design of LV as a vector for GT has passed through several generations for the sake of increasing biosafety.

The LV first generation contained a large amount of the HIV-1 genome, including gag and pol genes (as well as many other viral proteins) [START_REF] Vannucci | Viral vectors: A look back and ahead on gene transfer technology[END_REF] .

The second generation lacks accessory virulence factors [START_REF] Vannucci | Viral vectors: A look back and ahead on gene transfer technology[END_REF] .

Lastly, the third-generation LV has improved safety at several levels: 1. further removing HIV genes from the expression system that prevents possibilities for recombination between vector components and wild-type HIV. For instance, HIV Tat is no longer needed to express the viral transcript in systems of production. 2. Dividing the viral DNA into several plasmids in a concept of the split genome, further avoids possible recombination between viral elements, 3. For more safety, 400-nucleotide deletion in the 3' long terminal repeat (LTR) has been implemented to generate a self-inactivating (SIN) HIV-1 vector to abolish the LTR promoter activity but not affect vector titers or transgene expression. This deletion improves significantly the biosafety of HIV-derived vectors, as it reduces the likelihood that replication-competent retroviruses will originate in the vector producer and target cells [START_REF] Zufferey | Self-Inactivating Lentivirus Vector for Safe and Efficient In Vivo Gene Delivery[END_REF] . The inactivation of promoter enhancer regions ensures that only one cycle of replication can occur during vector production.

Furthermore, as the 3' LTR is duplicated during reverse transcription and will flank the integrated transgene with SIN LTRs, this will reduce the interference expression possibilities of the transgene and integrated cassette transactivation by neighboring genes.

The production of the third generation LV is generally done by seeding and expanding producing cells (like the human embryonic kidney 293 cell line containing the SV40 large T antigen HEK293T cells), transient plasmid transfection of producing cells, culturing the cell population to obtain a sufficient number of viral particles in the culture supernatant and finally harvesting the recombinant particle in the medium followed by purification and filtration processes 42 (Figure 3). The third-generation LV is produced from a; plasmid that contains the gene of interest (GOI)

with a 3'SIN LTR to prevent recombination two separated packaging plasmids providing gag, pol on one plasmid, and rev on a separate plasmid. A fourth plasmid provided the envelope GP [START_REF] Dull | A Third-Generation Lentivirus Vector with a Conditional Packaging System[END_REF] . Since HIV-1 Env natural tropism is limited to CD4+ cells, the HIV-1 derived vectors are pseudotyped by using heterologous Env GPs, which expands their host range. The vesicular stomatitis virus G protein (VSV-G) is one of the earliest and most commonly used GPs for pseudotyping LV due to its extensive tropism and stability which enable LV vectors to transduce a large number of different cells 44 (Figure 4). VSV-G has been used as a standard for evaluating the efficiency of other pseudotypes [START_REF] Cronin | Altering the Tropism of Lentiviral Vectors through Pseudotyping[END_REF] . The most recent replication-deficient generation of HIV vectors gene expression cassette is flanked by long terminal repeats (LTR) and substitutes the majority of the lentiviral genome, which is ≈ 7.5 kb in size.

LV is mostly utilized in vitro when steady expression in dividing cells is required, as their integration into the host genome ensures long-term expression, which is not possible with episomal vectors such as AAVs (see below).

Because of its high capacity in transducing non-proliferating or slowly proliferating cells, such as CD34 + stem cells, the LV has been proven particularly attractive as a vector for therapeutic applications [START_REF] He | Patient monitoring and follow-up in lentiviral clinical trials[END_REF] .

The risk of potential recombination events during vector manufacturing exists theoretically and may result in replication-competent lentiviruses (RCLs) [START_REF] Bear | Replication-competent retroviruses in gene-modified T cells used in clinical trials: Is it time to revise the testing requirements?[END_REF] . Insertional mutagenesis events could be increased if RCLs are present in the vector, because of the possibility of viral replication and insertion into host DNA.

The success of transferring HIV from a disease-causing agent to an efficient tool for therapeutic gene delivery makes this vector an attractive tool for human GT [START_REF] Wanisch | Integration-deficient lentiviral vectors: A slow coming of age[END_REF] .

First, they stably integrate into the chromosomes of their targets, a likely requisite for longterm expression. Second, they do not transfer viral genes, avoiding transduced cells that are destroyed by virus-specific cytotoxic T cells. Third, they have a relatively large cloning capacity (~8-kb transgene cassettes in addition to all the required cis-acting signals), sufficient for most envisioned clinical situations, a big advantage to the cargo packaging capacity limitation of other viral vectors such as AAV where the maximum cargo is ~4,7kb [START_REF] Wu | Effect of genome size on AAV vector packaging[END_REF] .

In addition to these characteristics, which are common to all retroviral vectors, vectors derived from lentiviruses offer one great advantage over their oncoretroviral counterparts: they can transduce non-dividing cells a crucial asset for genetically modifying tissues considered the main potential targets of GT, such as the brain, the muscle, the liver, the lungs, and the hematopoietic system 41 .

Integration-deficient Lentiviral (IDLV) Vector

With the aim of avoiding insertional mutagenesis, non-integrating LV (viral integrase (IN)

protein deficient) could be used. This vector could be used for gene editing applications [START_REF] Philippe | Lentiviral vectors with a defective integrase allow efficient and sustained transgene expression in vitro and vivo[END_REF] .

IDLV is created by replacing the standard gag/pol packaging plasmid, which contains the wild- IDLVs remain episomes and progressively disappear by dilution in proliferating cells but remain stable in quiescent cells [START_REF] Wanisch | Integration-deficient lentiviral vectors: A slow coming of age[END_REF] . Except for the need to use the pol plasmid encoding the mutant IN for synthesis, IDLV formation, and production are comparable to LV processes [START_REF] Vijayraghavan | A protocol for the production of integrase-deficient lentiviral vectors for CRISPR/Cas9mediated gene knockout in dividing cells[END_REF] .

IDLV could be used to overcome problems of genotoxic events like semi-random integration of LV that present biosafety issues. These risks include random insertions that could disrupt normal genes or could cause accidental upregulation of cellular proto-oncogenes via promoter insertion or promoter activation, activation or insertional mutagenesis [START_REF] Bokhoven | Insertional Gene Activation by Lentiviral and Gammaretroviral Vectors[END_REF] , enhancer-mediated activation of nearby genes leading to adverse immunogenicity and severe side effects [START_REF] David | Viral Vectors: The road to reducing genotoxicity[END_REF] .

Unfortunately, the insertional mutagenesis scenario became true during the clinical application of γ-retroviral vectors, resulting in uncontrolled T-cell proliferation in an X-linked severe combined immunodeficiency (X-SCID) clinical trial [START_REF] Hacein-Bey-Abina | A Serious Adverse Event after Successful Gene Therapy for X-Linked Severe Combined Immunodeficiency[END_REF] .

For that, IDLV that is produced through the use of IN mutations that specifically prevent proviral integration can greatly reduce the risk of genomic provirus insertion and thus insertional mutagenesis.

The linear and circular forms of the ILDV

Upon IDLV target cell infection, the viral RNA is retro-transcribed into linear dsDNA (called from now on the linear form) flanked by dLTR at both ends.

In the presence of class I IN mutations, the majority of linear forms of the viral genome undergo a conversion to circular forms. This occurs because the mutations block the integration of the proviral DNA into the host genome. Consequently, the viral DNA remains in the form of circular episomes instead of being integrated into the host genome.

To put it simply, the formation of circular forms of the viral genome is inversely correlated with the virus's ability to integrate into the host genome.

Preventing integration to promote circle formation can be a worthy outcome (Retroviral episomes could play the same role as DNA minicircles) considering that viral episomes can be sufficient for a variety of applications (e.g., transgene expression, recombination, transposition).

The circularization of linear viral DNA occurs in many ways: non-homologous enjoining (NHEJ); homologous recombination (HR) via strand-invasion or single-strand annealing; closure of intermediate products of reverse transcription (Figure 5). Complementarily, two major circular variants could appear; 1-LTR and 2-LTR circles depending on the pathway used in circulation.

For example, the NHEJ assembles and ligates the 5′-and 3′-ends of the linear vector DNA, resulting in the formation of 2-LTR circles, on the other hand, the 1-LTR episomes can be produced by HR between the two vial LTRs.

Circular forms of the retroviral dsDNA have also been found to have lower gene expression than the integrated virus forms. The circular forms suffer from progressive vector episomal dilution due to cell division and can be slowly degraded 49 .

Adeno-associated virus (AAV)

AAV is one of the smallest known viruses (~26nm diameter), it belongs to the Parvoviridae family, and it is composed of a non-enveloped icosahedral capsid. AAV depends on other helper viruses to complete its life cycle/replication; for this reason, it is a dependovirus, not considered replication competent while its genome remains primarily episomal for long-term transgene expression [START_REF] Balakrishnan | Basic Biology of Adeno-Associated Virus (AAV) Vectors Used in Gene Therapy[END_REF][START_REF] Brown | Adeno-Associated Virus Vectors and Stem Cells: Friends or Foes?[END_REF] .

It contains a linear single-stranded DNA genome flanked by two AAV-specific palindromic inverted terminal repeats (ITRs). AAV genome is about 4.7 kb 56 coding for four non-structural

Rep proteins, three capsid proteins (VP1-3), and an assembly-activating protein (AAP) [START_REF] Colella | Emerging Issues in AAV-Mediated In Vivo Gene Therapy[END_REF] .

At least 12 naturally occurring AAV serotypes and over 100 AAV variants have been identified 59 Indeed, even millions of variants can be created using machine learning [START_REF] Marques | Applying machine learning to predict viral assembly for adeno-associated virus capsid libraries[END_REF] .

AAV can infect both dividing and nondividing cells in different tissues and it could be integrated into specific chromosomic loci like the AAV integration sites 1 (AAVS1) where it stays in the latency phase.

It is worth knowing that AAV naturally infects humans, meaning that a large percentage of the world population is seropositive to various strains of AAV but experiences no symptoms probably since it requires a helper virus for productive replication of its genome [START_REF] Smith | Adeno-associated virus integration: Virus versus vector[END_REF] .

AAV vectors are capable of long-term gene expression, as they can establish a stable presence in the host cell's genome. Recombinant AAVs (rAAV) vectors are the most widely used vectors for delivering genes to treat a wide range of human genetic disorders; in the rAAV genome, the two ITRs are retained, while the other viral sequences are exchanged with the exogenous DNA cassette.

AAV production is done by transient triple transfection of producing cells (typically HEK293 cells). It produces significant quantities of AAV vectors. The first plasmid used in transfection has the transgene of interest flanked by AAV ITRs, a second packaging plasmid with rep and cap genes, and a third plasmid encoding for adenoviral helper genes [START_REF] Kimura | Production of adeno-associated virus vectors for in vitro and in vivo applications[END_REF] . rAAV vector purification for preclinical and clinical purposes is performed using either column-chromatography or gradient-centrifugation. The removal of cellular debris contaminants and AAV empty capsids differs depending on the purification procedure used. This can have an important impact on the result of both preclinical and clinical investigations [START_REF] Wright | Manufacturing and characterizing AAV-based vectors for use in clinical studies[END_REF] .

The AAV manufacturing method is very adjustable. Hybrid pseudotyped AAV vectors are made up of the same transgene flanked by AAV ITRs from AAV serotype 2 (the first serotype identified and historically used as a GT vector), besides any of the naturally available or engineered AAV capsids (where capsid modification could lead to different cell tropisms and modified transgene-expression kinetics) [START_REF] Balakrishnan | Basic Biology of Adeno-Associated Virus (AAV) Vectors Used in Gene Therapy[END_REF] .

AAV vector genomes can be packed as single-stranded DNA or self-complementary DNA. The latter produces transgenes faster and more reliably than single-stranded AAV vectors since the 20 complementary DNA strand is already synthesized. The self-complementary AAV vectors have a reduced packaging capacity of approximately half that of single-stranded AAV vectors, limiting them to carrying genetic payloads bigger than 2.2 kilobases (kb) 59 .

AAVs have been engineered to avoid viral replication as GT vectors by removing replicative and capsid genes from their genome. Only the ITRs have been preserved because they are required for viral production and transgene expression [START_REF] Wang | Adeno-associated virus vector as a platform for gene therapy delivery[END_REF][START_REF] Li | Engineering adeno-associated virus vectors for gene therapy[END_REF] . The unique characteristics of AAV, such as its replication-defective nature, non-pathogenicity, and distinct life cycle, have made it an excellent choice for the development of safe, tolerable, and effective vectors as donor templates for GT [START_REF] Bijlani | The Role of Recombinant AAV in Precise Genome Editing[END_REF] .

Over 3,300 people have been treated with AAV vectors, and over 130 AAV trials are listed on clinicaltrials.gov [START_REF] Kuzmin | The clinical landscape for AAV gene therapies[END_REF] .

Finally, it is worth mentioning that while the rAAV genome typically remains in an episomal form without integrating into the host DNA, there have been occasional observations of random low-level integration [START_REF] Wang | Adeno-associated virus vector as a platform for gene therapy delivery[END_REF] . Also, despite that AAV has an excellent safety profile and high transduction efficiency in a broad range of target tissues that transfer its use into the clinic, several manufacturing and immunological barrier drawbacks have come out in both preclinical studies and clinical trials 58 .

PROGRAMMABLE ENDONUCLEASE

The advent of programmable endonucleases, such as CRISPR-Cas9, has enabled precise and targeted genetic modifications in cultured cells, whole animals, and plants. They have revolutionized the genome editing filed by providing versatile and efficient tools for manipulating DNA sequences enabling a wide range of applications in gene therapy.

The importance of these enzymes in research, medicine, and biotechnology stems from their capacity to cause site-specific DNA breakage in the genome, which may then be repaired through endogenous processes allowing for high-precision genome editing [START_REF] Doudna | The promise and challenge of therapeutic genome editing[END_REF] .

In addition to DNA cleavage-induced editing, there are alternative methods that do not involve DNA DSB. These include base editing 6.6.1), where CRISPR-Cas9 is used to directly alter the chemical sequence of DNA [START_REF] Komor | Programmable editing of a target base in genomic DNA without doublestranded DNA cleavage[END_REF] , and prime editing (see 6.6.2), which utilizes CRISPR-Cas9 to generate RNA templates for gene alteration [START_REF] Anzalone | Search-and-replace genome editing without double-strand breaks or donor DNA[END_REF] .

The development of new modifications and variations of the CRISPR-Cas platform is ongoing.

These emerging tools, with RT or error-prone polymerase fusions, Cascade with Cas3, and Cas12k with Tn7-like transposases, offer specific genome modification specialties [START_REF] Doudna | The promise and challenge of therapeutic genome editing[END_REF] .

These programmable endonucleases differ in various ways, including composition, targetable locations, specificities, and mutation signatures, among other features 71 .

Zinc-finger nucleases (ZFNs)

ZFNs are artificially engineered endonucleases composed of two domains: a DNA-binding zincfinger protein (ZFP) domain and a nuclease domain derived from the FokI restriction enzyme [START_REF] Kim | Hybrid restriction enzymes: Zinc finger fusions to Fok I cleavage domain[END_REF] .

The DNA-binding domain of FokI is replaced with ZFPs creating ZFNs, and the FokI nuclease domain dimerizes to make DNA DSB at the required location.

Two ZFN monomers (bonded to adjacent half-sites) are needed to form an active nuclease.

ZFN based on its structure and mechanism of action that required dimerization doubles the length of recognition sites, the thing that increases significantly the specificity of ZFNs (Figure 6). ZFP: zinc-finger protein (at the amino terminus) and the FokI nuclease domain (at the carboxyl terminus). In the zinc-finger motif consensus, X represents any amino acid. Target sequences of ZFN pairs are typically 18-36bp in length, excluding spacers On the other hand, the wild-type FokI domain could form homodimers cutting the DNA and resulting in unwanted off-target cuts but artificial modification has been made on the FokI forcing the generation of heterodimer forms to overcome this issue [START_REF] Miller | An improved zinc-finger nuclease architecture for highly specific genome editing[END_REF][START_REF] Szczepek | Structure-based redesign of the dimerization interface reduces the toxicity of zinc-finger nucleases[END_REF] .

ZFN targets are limited by poor targeting density since not all the 64 theoretically possible combinations of DNA triplet zinc-finger exist (each zinc-finger recognizes a 3-bp DNA sequence).

Moreover, it remains difficult to create ZFNs with high activity and minimal cytotoxicity 75 .

Transcription activator-like effector nucleases (TALENs)

TALENs are engineered endonucleases that aim to precisely DNA sequence cutting.

Structurally, TALEN is similar to ZFN (by having FokI nuclease domain at carboxyl termini).

Nevertheless, the transcription activator-like effectors (TALEs) can be engineered to bind to predetermined specific DNA sequences thereby constituting the DNA binding domains (at the amino terminus) [START_REF] Doyle | TAL effector specificity for base 0 of the DNA target is altered in a complex, effector-and assay-dependent manner by substitutions for the tryptophan in cryptic repeat -1[END_REF] .

Each TALE repeat is composed of 33-35 amino acids where the amino acid number 12 + 13 which is called repeat variable diresidue (RVD), recognizes a single base pair in the major groove, and four RVD modules match four DNA bases [START_REF] Deng | Structural Basis for Sequence-Specific Recognition of[END_REF] .

Target sequences of TALEN pairs are typically 30-40 bp in length so TALENs could be designed to target almost any given DNA sequence, which is an advantage compared to other types of nucleases.

On the other hand, the Thymine base is required to be at the 5ʹ end of the target sequence 76 (Figure 7). RVD: repeat variable di-residue (in red)

Clustered regularly interspaced short palindromic repeats (CRISPR)/ CRISPR-associated protein (CAS) system

The CRISPR)/CAS system is a bacterial and archaebacterial adaptive immune system against phage infection and plasmid transfer in nature.

CRISPR/Cas9 is a very effective and easy-to-reprogram genome-engineering tool and has revolutionized the life sciences.

It has been recognized for its potentially transformative applications in transcriptional perturbation, epigenetic modulation, base editing, high-throughput genetic screening, and the generation of animal or cell models of diseases [START_REF] Komor | CRISPR-Based Technologies for the Manipulation of Eukaryotic Genomes[END_REF] .

CRISPR The well-known Cas9 endonuclease from Streptococcus pyogenes (Sp) used in this research which belongs to the class 2 CRISPR system, has been the most widely used CRISPR system for gene editing.

The different CRISPR/Cas systems share several characteristics, including the use of short DNA sequences known as spacers to direct the targeting of Cas proteins. Besides the need for Protospacer Adjacent Motif (PAM) which is a conserved short DNA sequence that is essential for the functionality of CRISPR systems to aid targeting and recognition of Cas proteins. In the widely used Cas9 system, the PAM sequence is typically a short, conserved sequence of 2-6 nucleotides, with the most common PAM being "NGG" (where N represents any nucleotide).

For successful binding and cleavage of the target DNA, the PAM sequence must be present and match the specific PAM requirements of the CRISPR system being used. Different Cas proteins and CRISPR systems have specific PAM sequences that they recognize, allowing for precise and specific targeting of DNA sequences for gene editing purposes 80 (Figure 8). PAM is 5ʹ-NGG-3ʹ (where N represents any nucleotide) DNA sequence.

The CRISPR/Cas9 system has produced a revolution in the field of cell therapy, mainly involving immune cell therapy and stem cell therapy [START_REF] Chen | Dynamic imaging of genomic loci in living human cells by an optimized CRISPR/Cas system[END_REF] .

Treatment using Ex vivo gene-editing T cells from patients with autoimmune diseases have shown promising results [START_REF] Maude | Chimeric Antigen Receptor T Cells for Sustained Remissions in Leukemia[END_REF] using electroporation of Cas9 RNPs.

DNA DOUBLE-STRAND BREAKS (DSB) REPAIRING PATHWAYS

Endogenous damage sources, including replication mistakes, reactive oxygen species, and enzymatic activities, as well as external damage sources, such as ionizing radiation and chemotherapeutic drugs, could cause cellular DNA DSBs [START_REF] Lieber | The mechanism of double-strand DNA break repair by the nonhomologous DNA end-joining pathway[END_REF] .

Even DSB could be caused by the site-specific nucleases which are at the moment the most well-known, commonly used, and generally applicable technique to produce custom alterations in cells and model organisms. (like ZFNs or TALENs or CRISPR/Cas9) Upon DNA DSB, the cell performs self-repair in one or more ways, through HDR or nonhomologous end joining (NHEJ) or MMEJ Different DNA DSB repair mechanisms, such as HDR, and NHEJ have been utilized for targeted integration and GT applications. HDR relies on the presence of a donor template with homologous sequences to the target site for precise DNA repair. In GT, HDR can be harnessed to introduce specific genetic modifications by providing a donor template carrying the desired genetic sequence. This approach allows for precise gene correction, insertion, or replacement.

NHEJ can introduce gene disruptions or insertions of exogenous DNA at DSB sites. However, the imprecise nature of NHEJ can lead to insertions, deletions, or rearrangements of DNA sequences, potentially affecting gene function. MMEJ may contribute to genomic instability but can also be exploited for targeted integration.

In targeted integration approaches, HDR is often preferred for its ability to achieve precise and specific modifications. However, NHEJ and Alt-EJ can be utilized when precise integration is not essential or for applications that rely on random integration events. The choice of repair mechanism depends on the specific goals of the gene therapy intervention, the cell types involved, and the desired outcome in terms of precision and efficiency of gene modification 83

(Figure 9).

Figure 9:

The NHEJ, MMEJ, and HDR repairing mechanism after the DSB using programmable endonuclease and reparation outcomes.

Non-homologous end joining

NHEJ occurs at any time during the cell cycle and predominantly in non-dividing quiescent cells. It is activated most likely during G1 when a sister chromatid is not present to provide a template for repair.

Most frequently, the repair is inexact and can cause mutations due to nucleotide(s) loss because of the trimming process at the break site.

The NHEJ pathway uses proteins that recognize DNA ends by Ku70-Ku80 heterodimer (Ku)

protein, which recruit DNA-dependent protein kinase catalytic subunit (DNA-PKcs) protein, forming DNA-PK complex, which by its turn recruit and phosphorylate a resection protein with nuclease activity form metallo-β-lactamase family called Artemis.

The Artemis protein ensures that the two ends are compatible by degrading short regions of the 5ʹ or 3ʹ overhangs by either exonuclease or endonuclease activity making small regions of MH (≤4 nucleotides) between the two strands which facilitate the end joining by hydrolyzing DNA.

Later, DNA polymerase μ (Pol μ) and Pol λ (which belong to Pol X family polymerases), can be recruited in a template-dependent or a template-independent manner.

Other DNA polymerases could be involved in the NHEJ (not related to the Pol X family) but only in a template-dependent manner.

The ligation is the last step in repairing the DBS via the NHEJ pathway and it is done by DNA ligase IV acting in complex with X-ray repair cross-complementing protein 4 (XRCC4) and XRCC4-Like Factor (XLF) also known as Cernunnos. The last two proteins form a sleeve-like structure around a DNA duplex, which stabilize the positioning of the ends before covalent ligation and ligate the DNA ends flexibly.

NHEJ is the predominant error-prone DNA repairing pathway and can result in diverse DNA Insertion and/or Deletion (InDel) sequences at the repair junction.

This InDel frequently creates a frameshift mutation that could result in a stop codon, disrupting a gene's production and knocking out a target gene [START_REF] Chang | Non-homologous DNA end joining and alternative pathways to doublestrand break repair[END_REF] .

On the other hand, NHEJ could join the two DNA ends without any nucleotide loss/addition from both cut DNA ends [START_REF] Chang | Non-homologous DNA end joining and alternative pathways to doublestrand break repair[END_REF]85 .

Homology-directed repair (HDR)

HDR is a precise DNA repair mechanism heteroduplex is then used as a template for accurate DNA repair, restoring the damaged region with high fidelity.

The presence of a long ssDNA tail is crucial for accurate pairing with the DNA template on the other chromosome during HDR. This pairing ensures error-free repair of the damaged DNA.

Typically, the similarity ratio between the two sequences is high, usually between 95 to 100% over at least 20-30 base pairs.

Once the heteroduplex pairing forms a D-loop between the invading ssDNA strand and the undamaged DNA duplex, the damaged duplex undergoes repair through synthesis-dependent strand annealing (SDSA). The 3'-OH end of the invading strand is used as a template for repair, with the intact strand serving as the reference. After the two duplexes separate, ligation restores an intact DNA duplex (Figure 10) 85 .

HDR offers the possibility of introducing precise changes, ranging from point mutations to the insertion of entire genes, by providing an HDR donor template. This allows for the introduction of specific DNA modifications.

Various applications of HDR include modeling illnesses caused by naturally occurring mutations, correcting existing mutations, introducing specific nucleotide changes (single nucleotide polymorphisms or SNPs), and knocking out genes, among others 86 .

Microhomology-Mediated End Joining

MMEJ), also known as alternative non-homologous end joining (A-NHEJ), is a DNA DSB repair mechanism that operates independently of recombination factors and Ku proteins. MMEJ repairs DSBs through a process involving the base-pairing of DNA single strands with microhomologies (MH) at the broken ends. This is followed by nucleolytic trimming of DNA flaps, gap filling, and DNA ligation. However, MMEJ is considered highly error-prone due to its association with DNA deletions.

One advantage of the MMEJ pathway over homologous recombination (HR) is its activity during the G1 and early S phases of the cell cycle, whereas HR mainly functions in the late S/G2 phases 87 (Figure 11). The pre-annealing, annealing, and post-annealing steps of the MMEJ repair pathway, and the protein associated with each step.

MMEJ is associated with deletions and insertions flanking the original DSB, as well as chromosome translocations [START_REF] Sfeir | Microhomology-Mediated End Joining: A Back-up Survival Mechanism or Dedicated Pathway?[END_REF] and it could be exploited to perform insertion of DNA sequence [START_REF] Suzuki | A Simple Knock-In System for <Emphasis Type="BoldItalic">Xenopus</Emphasis> via Microhomology Mediated End Joining Repair[END_REF][START_REF] Sakuma | MMEJ-Assisted gene knock-in using TALENs and CRISPR-Cas9 with the PITCh systems[END_REF] .

GENE EDITING STRATEGIES

Genome editing is the scientific process of designing and modifying the sequence of genomic DNA using DNA repair mechanisms to integrate site-specific alterations into genomic DNA. It offers the ability to advance our understanding of human genetics and heal genetic illnesses by modifying cell fates and organism features [START_REF] Khalil | The genome editing revolution: review[END_REF][START_REF] Doudna | The promise and challenge of therapeutic genome editing[END_REF] .

The therapeutic potential of engineered DNA-cleaving enzymes, such as ZFNs and TALENs, has been demonstrated in genome editing. Additionally, the discovery of CRISPR-Cas9 as a simpler technique for genome editing has led to its widespread use, thanks to its programmable DNAbinding and altering capabilities.

These programmable endonucleases make a dsDNA break within the target sequence [START_REF] Gasiunas | Cas9-crRNA ribonucleoprotein complex mediates specific DNA cleavage for adaptive immunity in bacteria[END_REF] , this DSB is repaired by endogenous cellular pathways that can introduce alterations to the DNA sequence, including small sequence changes or genetic insertions [START_REF] Doudna | The promise and challenge of therapeutic genome editing[END_REF] .

Figure 13: Genome editing strategies [START_REF] Doudna | The promise and challenge of therapeutic genome editing[END_REF] .

Even though CRISPR-Cas9-induced genome editing functions in practically all cell types, precisely controlling the editing outcome remains a challenge.

As discussed before, CRISPR-Cas9-generated DNA cleavage induces genome editing when dsDNA breaks are mainly repaired either by the most frequent NHEJ and/or DNA template requiring HDR (Figure 9).

Alternative genome-editing technologies that do not introduce DBS at the target locus include base editing, prime editing, and transcriptional controller (CRISPR interference and CRISPR activation).

Base editing

Base editing is a CRISPR-Cas9-based genome editing technique that permits the irreversible conversion of point mutations in DNA in a programmable manner without causing DSBs. The unrequired DSB in base editing is in contrast to the conventional genome-editing techniques which first generate dsDNA breaks at a target locus before correcting the target gene making base editing potentially safer [START_REF] Kingwell | Base editors hit the clinic[END_REF][START_REF] Gaudelli | Programmable base editing of T to G C in genomic DNA without DNA cleavage[END_REF] ; furthermore, it doesn't require a donor template [START_REF] Gaudelli | Programmable base editing of T to G C in genomic DNA without DNA cleavage[END_REF] .

The base editor uses fusions of Cas9 nickase and cytidine/adenine deaminase enzymes.

The Cas9 nickase is used to localize a target DNA sequence through base pairing with a guide RNA and cut only one strand of DNA (do not induce dsDNA breaks) avoiding the mostly resulted in random InDel at the site of DNA cleavage through NHEJ or via HDR in case of the presence of a homologous DNA template.

Whereas the cytidine deaminase enzyme mediates the direct conversion of cytidine to uridine, thereby affecting a C→T making (cytosine base editors (CBEs)), or G→A substitution in case of adenine deaminase (adenine base editors (ABEs)) [START_REF] Gaudelli | Programmable base editing of T to G C in genomic DNA without DNA cleavage[END_REF] .

Base editors convert cytidine/adenine within a window of approximately five nucleotides, and can efficiently correct a variety of point mutations making it the latest genome-editing technology to enter the clinic for the treatment of human cardiovascular and hematological diseases [START_REF] Kingwell | Base editors hit the clinic[END_REF][START_REF] Antoniou | Base and Prime Editing Technologies for Blood Disorders[END_REF] .

In the early version of the base editor, fusing an inhibitor of uracil DNA glycosylase (UGI) to dCas9 prevents base excision repair that changes the U back to a C mutation. Base editing represents an alternative point-mutation gene-editing approach for the traditional low-efficient HDR method 102 .

Prime editing

Prime editing (PE) is a versatile and precise genome editing 'search-and-replace' method used in molecular biology for GT to alter the genome of living organisms by directly writing new nucleotides into a targeted DNA site.

As for BE, PE does not require DSB like the traditional gene editing strategies to attract and exploit the DNA repair pathway machinery in executing the desired repair which reduces the concerns in shifting gene editing to the clinic and presents technological inflection points on the road to advancing patient treatment [START_REF] Anzalone | Search-and-replace genome editing without double-strand breaks or donor DNA[END_REF] .

The PE system is composed of catalytically impaired (H840A) Cas9-nickase (to avoid DSB formation) fused to an engineered (M-MLV) RT at the C-terminus of Cas9 programmed with prime editing guide RNA (pegRNA) that both specify the target site and encodes the desired edit.

The Cas9-nickase cuts the non-complementary strand of the DNA three bases upstream of the PAM site. BE can efficiently perform transition mutations (C→T, G→A, A→G, and T→C) with no need for DSBs in many cell types but it cannot perform the eight other transversion mutations (C→A, C→G, G→C, G→T, A→C, A→T, T→A, and T→G) ;

PE technology has been used in human cells to make transversion in the HBB gene for the treatment of sickle cell disease, deleting the four-base duplication that causes Tay-Sachs disease (HEXA 1278+TATC ) or installing a protective transversion in PRNP (gene coding for prion protein) [START_REF] Anzalone | Search-and-replace genome editing without double-strand breaks or donor DNA[END_REF] .

In terms of efficacy, PE was shown to have a 30 to 270-fold greater ratio of correct editing compared to Cas9-HDR InDel formation [START_REF] Anzalone | Search-and-replace genome editing without double-strand breaks or donor DNA[END_REF][START_REF] Anzalone | Search-and-replace genome editing without double-strand breaks or donor DNA[END_REF] .

Looking for the PE off-target in both stem cells and cell lines, undesirable byproducts at the pegRNA or PE3 sgRNA target sites occurred at a low rate of 1-4%, which is significantly less than the targeted editing efficiency 105 .

GENE KNOCK-IN (KI) LOCI USEFUL IN GT

Gene KI is a genetic engineering method that can be used for GT and aims to target the insertion of a therapeutic gene sequence at a specific locus in the genome 106 .

The advent of DNA KI via HDR dates back to the late 1980s and has identified serval permissive human loci for gene expression.

Native locus gene therapy

Inserting a functional copy of a gene downstream of its natural promoter is a convenient procedure for targeted gene replacement. Substitution, frameshift, and most pathogenic mutations may be corrected using this method. Moreover, it retains physiological gene expression (maintaining endogenous lineage specificity and expression level).

This strategy has been applied to IL2RG-deficient T cells of the ED7R lineage, which have X-SCID disease. In this work, the cells have been ex vivo modified to replace the interleukin-2 receptor subunit gamma (IL2RG). The correction of only a small fraction of treated cells could lead to T-cell expansion and restoration of function in vivo.

It should be kept in mind that the editing should target principally the HSC for effective clinical translation 107,108 .

This strategy has been adopted for many other diseases like hemophilia B 109 , thalassemia 110,111 , chronic granulomatous disease 112,113 , hyper-immunoglobulin (Ig) M syndrome 114,115 , and WAS 116 .

While targeting transgenes to their genomic loci is a successful therapeutic strategy, it necessitates the creation of several gene-specific editing techniques. Furthermore, reaching and correcting a significant number of cells to produce a therapeutic advantage might be challenging in some conditions Moreover, the effectiveness is restricted when major sections of the locus are deleted or inverted, or when regulatory elements governing gene expression are altered 117 .

Genomic safe harbors (GSHs)

GSHs are human genome intragenic or extragenic areas that can accommodate the expected expression of newly integrated DNA without causing harm to the host cell or organism.

Several requirements of the GSHs sites could be mentioned like the permission of sufficient transgene expression and the prohibition of neither cells predisposition to malignancy nor changing cellular activities 118 .

Given the numerous gene loci that can be targeted in GT, a potential approach could involve KI in certain GSH for achieving ectopic controlled gene expression. This method would replace the need for creating an endless number of gene-specific editing strategies. Moreover, targeting the mutated locus is not always the best option due to the modification that could affect this locus due to the deletions and/or inversions of regulatory elements that control gene expression, which could affect the efficacy of the targeted transgene 119 .

On the other hand, regarding the randomly inserted genes as in gene-addition, the embedded gene is subjected to position effects, in other words, the effect on a gene-expression variation when its chromosomal location is changed often due to enhancers that regulate neighboring genes. Furthermore, this random gene insertion could be silenced, making their expression unreliable and unpredictable.

Endogenous genes and chromatin may be affected by newly integrated genes, potentially affecting cell behavior or favoring cellular malignant transformation due to insertional activation of oncogenes when GT is applied to stem cells 120 .

This draws attention to the necessity of finding intragenic or intergenic regions of the human GSH genome that allow integrated transgenes to express themselves stably without harming the host cell 118 .

For example, Pavani et al demonstrated the ability to efficient gene targeting in human HSCs and robust expression of beta-globin, a work that we depended on and opened the door to make a further developed HSPCs target-integration platform 121,122 .

Specific insertion sites

The most widely targeted genomic loci for generating animal/cell line models and for GT proof of concept are AAVS1, CCR5, and Rosa26 117,118,123 .

AAVS1

The AAVS1 site (which has been used as a safe harbor site in this study) on chromosome 19 (position 19q13.42) was discovered to be a frequently and preferentially recovered site of wildtype AAV integration in the human genome via non-HR pathway 124 .

The AAVS1 site encodes the PPP1R12C gene, a subunit of myosin phosphatase. The functions of this gene are not fully understood, also disrupting one or both alleles has no currently known detectable transcriptional perturbation consequences with no big abnormalities or differentiation deficits observed in human and mouse pluripotent stem cells harboring transgenes targeted in AAVS1 118,125 .

PPP1R12C has an important feature regarding the other GSHs in that it had an open and active chromatin and is constitutively transcribed in most cell types 126 .

The AAVS1 site is considered safe based on the AAV widespread infection with no detected pathology in humans 127 and could be used for the treatment of monogenic recessive diseases, with a low risk of insertional mutagenesis 128 .

Robust, persistent GFP expression has been demonstrated using the AAVS1 site in human embryonic stem cells (hESCs) showing that AAV-targeting of this site circumvents transgene inactivation with reduction of variegated transgene expression and transgene silencing during differentiation, additionally facilitate applications when the need of defined levels of transgenes expression is required.

The use of the AAVS1 site in altering human stem cells could achieve transgene integration not only with minimal silence but also without the side effects of cassette insertion near oncogenes, as seen in GT trials with retroviral insertion 129 .

Theoretically, the integration of a promoter in the AAVS1 site within a gene-rich area could lead to the transactivation of neighboring genes, and this could potentially result in unknown consequences 118 . However, it has been demonstrated that the AAVS1 site can be utilized for strong transgenic expression without causing significant transcriptional disruption of the targeted locus or upregulation of its neighboring genes, even when strong ubiquitously expressed or tissue-specific promoters are used. This has been shown in numerous cell types, including primary human lymphocytes 126 .

Therapeutically, AAVS1 has been used as a safe harbor using site-specific programmable endonucleases for gene knockdown 130 or transgene expression in multiple cell types 131,129,132,133,134 .

CCR5

The CCR5 is located on chromosome 3 (position 3p21.31) and encodes the major co-receptor for HIV-1.

CCR5's normal roles are still being elucidated, and the consequences of its disruption have yet to be thoroughly assessed.

A naturally occurring homozygous null mutation (CCR5Δ32) provides resistance to the HIV-1 infection and it does not lead to any major disease.

GFP reporter genes have been knocked into CCR5 in CD34+ hematopoietic progenitors, T cells, and human ESC lines, nonetheless, lower GFP expression has been observed compared to the AAVS1 site in human T cell 118 .

Transgene insertion at CCR5 differs from that on the AVVS1 site and resulted in substantial perturbation of preexisting negative regulation of transcription making upregulation of the targeted and flanking genes and removal of the preexisting repressive chromatin marks near the integration site 126 .

Targeting CCR5 is useful for modifying primary human T cells by introducing sequences coding for CARs exhibiting antitumor or anti-HIV activity 135 .

Human ROSA26

A retroviral gene-trapping screen identified a genomic locus that was named after the mouse strain (Rosa26) used and has since become a common transgenesis locus in mouse ESCs.

The human ROSA26 locus has been identified using homology in chromosome 3 (position 3p25.3).

However, the utility and safety of the human locus are still not well studied.

Similar to AAVS1 and CCR5 sites, several genes could theoretically be dysregulated upon transgene targeting into human ROSA26 118 .

Human ROSA26 has been used for the insertion of ubiquitously expressed transgenes in several cell types 136,124,137,138 .

Exploiting superactive promoters

Achieving clinical success could sometimes be difficult even using high dosages of nuclease and donor DNA.

Furthermore, these high doses could have side effects like increasing off-target cutting, immune responses against the vector, and random integration.

Hijacking strong endogenous promoters to overexpress therapeutic cassettes by modifying only a few numbers of cells could be an out-of-the-box strategy for this issue.

A traditional example of this strategy is the targeted integration of the transgene of interest under the control of the endogenous albumin promoter in liver cells. A superactive promoter can reach a sufficient level of therapeutic protein to correct the disease phenotype 117 .

Another example is using the α-globin locus in HSC taking advantage of the strong transcriptional output of the α-globin promoter and the abundance of transgene-expressing erythroblasts to maximize protein production.

The α-globin locus has some advantages over the albumin locus in that patient autologous HSC cells could be edited Ex vivo upon recovering them and then re-administrated posttreatment to avoid immunological problems against vector used to deliver transgenes or nucleases 121 .

Furthermore, the α-globin locus could be used in case of pre-existing liver conditions.

Finally, to validate any possible locus superactive endogenous promoters, it is important to verify the dispensability of the disrupted gene by cutting or by integration .

SYSTEMS OF PROGRAMMABLE ENDONUCLEASE PRECISE INTEGRATION

Many target-integration studies have been shown in recent years aiming for the optimization of the editing protocol and the development of novel tools and strategies to maximize editing efficiency and specificity for its safe and successful empowerment.

Homology-directed gene-editing

Programmable-endonucleases mediated gene-editing is used to exploit the innate HDR DNA repair pathway that is activated following the generation of double-stranded breaks (DSB) to insert a large transgene where an exogenous repair donor template possessing the corrective sequence mediates the process.

HDR donor templates have left (5') and right (3') homology sequences flanking the cut site.

When homologous DNA templates are provided with site-specific nucleases, the innate HDR DNA repair pathway is privileged, allowing for tailored nucleotide alterations.

As a result, targeted genome-editing technologies offer a lot of potential for achieving precision alterations while avoiding the hazards associated with viral-based approaches 139 .

On the other hand, the DSB could also be fixed by the error-prone NHEJ pathway, and insertions or deletions (InDels) may be introduced disrupting the gene 140 (Figure 16). Major DNA repair pathways for the resolution of a double-stranded break (DSB) caused by programmable endonuclease where DNA could be inserted via HDR using a homologous donor template.

HDR template could be viral (IDLVs, adenovirus 5/35 serotype, and AAV) or single/doublestranded synthetically generated DNA 141,141 .

In the context of gene editing in HSPCs and since the AAV6 serotype has a tropism toward HSPCs, it has been mostly used as an HSPCs donor delivery vector with long homology arms of ≈ 300 -800 bp resulting in a high HDR frequency in HSPCs and other primary cell types 142

Regarding efficiency, HDR gene editing efficiency remains lower than NHEJ or MMEJ, where NHEJ gene-editing effectiveness can reach over 90%, with no reports of HDR gene-editing efficiency over 50%.

Furthermore, large insertions mediated by HDR occur at a significantly lower rate than single nucleotide modifications and small insertions 141,143 .

Disappointingly, in vivo HDR-modified cells using the AAV6 vector suffer from significant impairment of colony-forming progenitors and human cell xeno-transplantation engraftment 121,144,145,146,147,148 .

Some therapeutic HDR gene-editing strategies for genetic disorders include Sickle cell disease and β-thalassemia 149 , X-SCID 150 , WAS 116 , and mucopolysaccharidosis 151 .

PITCH SYSTEM

Introduction and Mechanism of Action

The precise Integration into target chromosome (PITCH) system is an alternative method of gene KI that depends on the MMEJ repair pathway instead of the HR pathway.

The donor sequence utilized in PITCh was derived from a plasmid, which could be employed in its entirety (by performing a single cut in the plasmid) or as a specific gene cassette (requiring two cuts in the plasmid), depending on the experimental design.

The PITCh system employs programmable nucleases, either TALEN or CRISPR-Cas9, known as TAL-PITCh or CRIS-PITCh, respectively, to generate DSBs in both the PITCh vector and the target genomic DNA at the desired integration site.

The incorporation of the MH region into the PITCh vector is a straightforward process that can be achieved through PCR or by inserting annealed oligonucleotides. This approach is relatively simpler compared to the addition of a longer homology arm spanning approximately 500-1000 base pairs, which requires more effort (Figure 17).

Although HR-mediated gene KI is well established, it cannot necessarily be applied in all cell types and organisms because of variable or low HR frequencies, also it requires a repair template that harbors a long homologous sequence corresponding to the genomic DNA around the DSB [START_REF] Sakuma | MMEJ-Assisted gene knock-in using TALENs and CRISPR-Cas9 with the PITCh systems[END_REF] .

There are differences in the type of donor DNA used for the integration of exogenous DNA into the genome between the HR-mediated gene KI and the PITCh system. In HR-mediated gene KI, a long donor DNA template with homology arms flanking the desired integration site is typically employed. These homology arms are usually in the range of several hundred to a few thousand base pairs, allowing for precise integration through HR. On the other hand, the PITCh system utilizes a different approach. Instead of using a long homology arm(s) donor DNA, the PITCh system relies on a plasmid donor sequence that contains two MH regions.

These MH regions are relatively shorter stretches of sequence homology (typically 20 bp)

present at both ends of the donor DNA.

The PITCh system takes advantage of the MMEJ DSB DNA repair to facilitate precise integration at the target site. the MMEJ repair which is active during M-early S phases in contrast to the HR which is active during the late S/G2 phases (Figure 11).

PITCh system utilizes programmable nucleases, such as TALEN or CRISPR-Cas9 to induce DSBs.

The gRNA sequences are designed to target specific sites within both the PITCh vector and the genomic DNA at the desired integration site. The created DSBs generate free DNA ends where the complementary MH regions within the PITCh vector create an opportunity for recombination. This dual cleavage allows for the precise integration of the donor DNA into the genome at the intended genomic locus using the MMEJ process.

The PITCH system has been tested in human cell lines by transfection and in frog embryos by microinjection [START_REF] Sakuma | MMEJ-Assisted gene knock-in using TALENs and CRISPR-Cas9 with the PITCh systems[END_REF]152 .

Red and blue lines represent the MH region, GOI: gene of interest.

Two main versions of PITCh have been described depending on the programmable nucleases.

TAL-PITCh

TAL-PITCh is a gene KI platform that relies on the MMEJ repair mechanism. This repair process occurs following the induction of DSB by the TALEN programmable nuclease in both the donor vector and the genomic DNA. The TAL-PITCH vector has two MH regions of ~8 bp (Figure 18).

The efficiency of TAL-PITCh is approximately 2.5 times higher than the efficiency of HRmediated gene KI in HeLa cells 152 .

Figure 17 :MMEJ-mediated gene KI in PITCh system [START_REF] Sakuma | MMEJ-Assisted gene knock-in using TALENs and CRISPR-Cas9 with the PITCh systems[END_REF] .

Figure 18: A schematic of whole plasmid integration via TAL-PITCh [START_REF] Sakuma | MMEJ-Assisted gene knock-in using TALENs and CRISPR-Cas9 with the PITCh systems[END_REF] .

Red and dark blue boxes indicate the MH sequence. GOI: gene of interest.

CRIS-PITCh

The CRIS-PITCh system has been developed in two versions that vary by the number of gRNA required to make the DBSs and the length of the MH regions.

CRIS-PITCh version 1

In this version of the CRIS-PITCh, one gRNA is utilized to induce a DSB in the genomic DNA, while two additional gRNAs are employed to cleave the ends flanking the GOI in the donor vector. This results in the GOI being flanked by two MH regions, which prompts the activation of the MMEJ repair pathway 92 (Figure 19). The first plasmid is termed the " All-in-one CRISPR-Cas9" encoding the Cas9 nuclease along with the two gRNA cassettes. The "target locus-specific gRNA" and the "generic PITCh-gRNA" are both present in this plasmid. Additionally, the second plasmid, called the "CRIS-PITCh (v2)" contains the sequences intended to be knocked in. These sequences are flanked by two MH regions, and all of them are additionally flanked by two gRNA target sequences (Figure 21). The successful gene KI using the PITCh system has been validated through the performance of bulk population PCR genotyping and/or fluorescence observation. Subsequently, the results have been confirmed through single-cell cloning, followed by genotyping of individual clones [START_REF] Sakuma | MMEJ-Assisted gene knock-in using TALENs and CRISPR-Cas9 with the PITCh systems[END_REF] .

The PITCh system has been successfully applied in various cell types, including HEK293T cells, HeLa cells, and CHO-K1 cells, among others. The system has demonstrated high efficiency in gene KI, with reported efficiencies ranging from 10 to 85% depending on the cell type and experimental design. The versatility of the PITCh system makes it a promising tool for creating reporter cell lines, modeling human diseases, and producing recombinant pharmaceutical proteins [START_REF] Sakuma | MMEJ-Assisted gene knock-in using TALENs and CRISPR-Cas9 with the PITCh systems[END_REF]152 .

Homology-Independent Targeted Integration (HiTi) system

The HiTi system is a gene editing method that enables targeted gene KI in a wide range of tissues and organs using engineered nucleases. It exploits the error-free NHEJ pathway, rather than the error-prone NHEJ pathway 153 as the primary DNA repair mechanism 154 . This approach aims to overcome challenges associated with targeted transgene integration, particularly in non-dividing cells, which are typically encountered in the classical HDR-based KI methods.

The HiTi system has been shown to exhibit a 10-fold higher efficiency compared to HDRmediated KI methods, with the additional advantage of avoiding InDels in the junction sites in the majority of cases. This system utilizes CRISPR/Cas9 as a programmable nuclease to induce DNA DSB 153,155 .

The main innovative feature of the HiTi system is its ability to guide the integration of the donor sequence in the correct direction. This capability ensures that the donor DNA is precisely incorporated into the target site with the desired orientation, enhancing the accuracy and specificity of the genome editing process.

The mechanism of HiTi can be summarized as follows: the Cas9/sgRNA complex introduces DSBs 3bp upstream of the PAM sequence in the target genomic sequence generating two blunt ends. The same target sequence is loaded onto the donor DNA in the reverse direction. Since the NHEJ repair mechanism is active throughout all cell cycles, the HiTi system can be employed in non-dividing cells, such as neurons that are in the G0/G1 phase. In vitro studies demonstrated that HiTi exhibits an approximate targeted gene KI efficacy of around 60% in these nondividing cells. This highlights the potential of HiTi to be utilized in a broader range of cell types, including those with limited proliferative capacity 155 .

The HiTi system has been tested ex vivo on mobilized peripheral CD34+ HSPCs. In this context, the GOI is introduced into the cells using a viral vector (AAV6). By modifying clinically relevant genomic loci, the HiTi system has shown enhanced frequencies of site-specific integration in non-dividing cells, coupled with sustained high-level transgene expression for several weeks after transplantation in immunodeficient mice.

Although the most common target integration methods use the HDR pathway to insert exogenous homologous donor templates at specific genomic locations, HDR is generally considered ineffective in post-mitotic cells and tissues 156 . Furthermore, When HDR-edited cells are transplanted into immunodeficient mice, it has been observed that the frequency of HDRedited cells is significantly reduced 157 .

In addition, because of their extended G0/G1 phasing, primary CD34+ HSPCs are quiescent cells in which NHEJ is the main DNA repair mechanism 148 .

For that, the HiTi method offers an alternative approach to target integration that does not rely on the HDR mechanism, which is known to be less efficient in HSPCs. Instead, the HiTi method provides a viable solution for achieving efficient target integration in HSPCs taking advantage of the NHEJ mechanism, which is more active in HSPCs.

X-LINKED SEVERE COMBINED IMMUNODEFICIENCY

Introduction of the disease

Human severe combined immunodeficiency (SCID), a syndrome of profoundly impaired cellular and humoral immunity, is most commonly caused by mutations in the X-linked gene for IL2RG 158 categorized as life-threatening primary immunodeficiency characterized by a lack of T and B lymphocytes or by dysfunctional lymphocytes 159 .

Infants with typical SCID have <300 autologous T cells per μL, absent naïve T cells, and poor proliferative responses to the mitogen phytohemagglutinin (<10% of control values) are the finding for the X-SCID diagnosis according to the Primary Immune Deficiency Treatment Consortium (PIDTC) 160 .

Symptoms range from chronic diarrhea to fungal infection, skin rashes, and short stature 161,162 .

Infections kill affected male children in their first year of life if they are not treated early due to recurrent infections by opportunistic pathogens 159,163 .

X-SCID is the most frequent type of immunodeficiency, affecting 1 in 50,000 to 100,000 infants 159 . X-SCID patient is unable to synthesize a receptor γ-chain, a transmembrane protein in the cytokine receptor gene superfamily that constitutes a subunit of IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 receptors 159,160 .

As X-SCID is inherited through the X-chromosome, a heterozygous female (carrier) has a 50% probability of transmitting the variant in each pregnancy: men who inherit the pathogenic variant will be afflicted, whereas females who inherit the pathogenic variant will be carriers and clinically asymptomatic 160 .

The affected receptors are critical for lymphocyte activation, antibody production, TCR rearrangements, and natural killer (NK) cell development 159 .

Complete loss-of-function IL2RG variants lead to a developmental arrest of T-and NK-cell lymphocytes, resulting in the typical X-SCID T-B+NK-phenotype, whereas hypomorphic IL2RG variants could have partial (reduced) T and NK cells 160 .

Identified mutation in X-SCID patients

Patients with X-SCID have different mutations in the y-chain; a point mutation, a two consecutive-base deletion, and a lack of the second exon in mRNA.

The point mutation is C to T, which results in one amino acid substitution of valine for alanine in the extracellular domain of the IL2RG (named AV mutant).

The two-base deletion also named tSH mutant causes a frameshift of the coding region in the SH2 subdomain in the cytoplasmic domain 164 .

Management/available treatment and previous essays to treat X-SCID patients

X-SCID management involves several strategies, including patient isolation to protect against infections and the use of broad-spectrum antimicrobial treatment at the first sign of infection.

Additionally, intravenous immunoglobulin replacement therapy is utilized.

However, the traditional and primary treatment for X-SCID is relying on allogeneic hematopoietic cell transplant (allo-HCT) 159,163 . Although allo-HCT is considered the gold standard of treatment for X-SCID, it carries major risks such as incomplete immune reconstitution, GvHD, and a decreased survival rate in the absence of an HLA-matched sibling donor.

Finding a suitable donor for allo-HCT in X-SCID can be a challenging and complex task. A multidisciplinary approach involving immunologists, transplant specialists, and access to large donor registries is crucial to increase the chances of successful transplantation and improved outcomes for patients with X-SCID. For infants diagnosed with X-SCID before the onset of infection, transplants from donors other than matched siblings were found to be associated with excellent survival rates. Whereas as for asymptomatic infants, regardless of the available graft sources, all are expected to lead to excellent survival outcomes 163 .

On the other hand, GT may offer promising alternatives for patients who do not have a suitable donor match. Retroviral vector-based gene transfer into HSC has shown therapeutic advantages in X-SCID patients by correcting T-cell deficiency. However, the restoration of natural killer (NK) cells and B cells were only partially achieved, likely because no preparatory conditioning regimen was used 165 .

Regrettably, certain treated X-SCID patients developed leukemia associated with the retroviral vectors used in the treatment. The use of retroviral vectors in X-SCID GT has been associated

with several side effects. These include the occurrence of vector-related leukemia, LMO2associated clonal T-cell proliferation, and insertional mutagenesis 166 . These side effects have raised concerns about the safety of retroviral GT for X-SCID 165 . Thus, the safety of GT would be improved by targeting vector integration to specific genomic sites or by developing more effective gene correction strategies 167,165 .

When it comes to ex vivo HSC-GT with a LV encoding for IL2RG, this GT has been chosen due to the necessity to transduce the HSC specifically.

Myeloconditioning may be part of the treatment process. This step is performed as a preparatory conditioning regimen before the infusion of genetically modified HSCs into the patient to create space for modified HSCs and facilitate engraftment.

Finally, It is worth mentioning that vector integration site analysis (VISA) on HSC treated with LV confirmed the preferential targeting of actively expressed genes and gene-dense regions [START_REF] Ravin Ss De | Lentiviral hematopoietic stem cell gene therapy for X-linked severe combined immunodeficiency[END_REF] .

In summary, X-SCID has been successfully targeted for GT using retroviral or lentiviral vectors to deliver a functional copy of the IL2RG gene into the patient's HSCs. Clinical trials for X-SCID

GT have shown remarkable success, with restored immune function and long-term sustained improvement in patients highlighting the potential of GT for treating X-SCID.

The success of GT in X-SCID serves as a model for other genetic disorders, demonstrating the potential of GT to correct the underlying genetic defect and restore normal cellular function.

The lessons learned from X-SCID GT have paved the way for further advancements in the field and the development of gene therapies for other immunodeficiencies and genetic disorders.

OBJECTIVES

Protein or enzyme deficiencies consist of a broad category of genetic-based illnesses with currently few effective treatments.

Engineering the patient's hematopoietic system to express high levels of the defective enzyme or protein by repairing the biochemical abnormality and healing the disease presents a possible therapy method. Targeted genome editing using designed nucleases revolutionized biomedical research and has had an immense influence on GT.

Despite rapid advancements, the ultimate goal of achieving targeted transgene integration for therapeutic applications remains unresolved, primarily due to a dearth of effective tools or methods.

The aim is to find a new KI platform to target the HSPCs taking advantage of the newly emerged ways of genomic DNA cleavage with site-specific nucleases to bias transgene integration into a chosen locus.

While KI has been successfully demonstrated in both dividing and non-dividing cells.

Transgene delivery using plasmid DNA poses challenges. Plasmid DNA is not only toxic in primary cells, (particularly HSCs) but also lacks the capability to specifically target particular cell subtypes.

On the other hand viral vectors, particularly AAV and IDLV vectors, are interesting alternatives to plasmid DNA delivery.

AAV is a good substrate for HDR-mediated KI. however, HDR is limited in most primary cells due to its poor effectiveness and toxicity 115,168 . Also, HDR occurs largely in the S/G2 phases of the cell cycle making it ineffective in non-dividing cells like HSPCs since it targets primarily progenitor cells at the expense of long-term HSCs 151 .

Furthermore, the need for homology arms flanking the transgene (800 bp each) in HDR and the need of inserting expression elements (like promoter and PA) limits the transgene size that can be delivered using AAV and potentially affect AAV production and transduction 169 . In addition to those limitations, one major drawback of ex vivo AAV-edited HSC is the issue of low engraftment 170 .

In contrast, IDLV offers enhanced safety by eliminating the risk of genomic integration and better genome capacity compared to other viral vectors [START_REF] Wanisch | Integration-deficient lentiviral vectors: A slow coming of age[END_REF] . However, IDLV shows low HDR KI efficiency and minimal engraftment upon transplantation in mice 115,150,171,149 . Moreover, the IDLV genome tends to circularize, rendering it susceptible to being lost in dividing cells due to dilution. This loss can potentially limit IDLV's persistence and stability in dividing cells.

Our target is to create a safe, efficient, precise, non-toxic, and site-specific KI platform for transgene integration that may overcome all the above-mentioned drawbacks to achieve the required gene editing to address genetic diseases.

The platform's mechanism is based on linearizing the circular form of the IDLV vector by introducing a cutting site sequence into its genome [START_REF] Wanisch | Integration-deficient lentiviral vectors: A slow coming of age[END_REF] . This cutting site sequence is designed to be identical to the required genomic cutting site, making the IDLV vector available for integration. Furthermore, by incorporating the MH region, the transgene integration can be directed precisely to the genomic DSB cutting site, in addition to recruiting the MMEJ repairing 

MATERIALS AND METHODS

DNA EXTRACTION

Genomic DNA was extracted with QIAamp DNA Micro Kit (Qiagen, Hilden, Germany) or

QuickExtract™ DNA Extraction Solution (Lucigen, Middleton, WI, USA). 

QUANTIFICATION OF EDITING EFFICIENCY (INDEL)

ON-TARGET INTEGRATION ANALYSIS

To quantify on-target transgene integration events, primers were designed spanning the donor DNA-genome 3' and 5' junctions. 200,000 cells were counted via C-chip™ plastic hemocytometer, put in 1.5 ml of Eppendorf tube, centrifuged (500g,5'), the supernatant was aspirated, cells were washed using 1 ml of (PBS Gibco™ ref: 10010023, 2 FBS Gibco™ decomplemented ), the supernatant was aspirated, 1 ul of PE Rat Anti-Human CD132 (Biosciences,ref:555898), the cell and the AB were mixed well and briefly centrifuged, kept in +4 in the dark for 30', washed using the same washing buffer, centrifuged and the supernatant was aspirated and then resuspended using 200 ul of 7-Aminoactinomycine D (Sigma-Aldrich, ref: A9400-1MG) 10ug/ul in PBS solution.

The same conditions were done using the isotype control PE Rat IgG2b, κ (Biosciences, ref:

555848)

Cells were gated using 7AAD to select the 7AAD negative cells, then using the FSC-A and SSC-A to select the living cells, then the living cells were gated using Yellow laser 585 ± 42 areas on Add supplemental Table for antibodies list and supplemental Figure 2D for gating strategy.

AS2096 flow cytometry

ED7R and Jurkat cells were transduced with AS2096 LV for 24 hours, washed, and kept in a culture medium for 72h

Flow cytometry analysis of the IL2RG protein has been done using TUGh4 monoclonal antibody specifically binds to CD132 which is a type 1 transmembrane GP that is encoded by the IL2RG (65-70 kDa)

CD132 is broadly expressed by most peripheral T cells

IL2RGCO PLASMIDS

We designed three different IDLV vectors for the expression of the IL2RGco gene; the three vectors contain an IL2RGco gene, followed by a WPRE, and all of the m are promoterless i)

The first vector AS01 contains a gRNA site, a MH region identical to genomic DNA in sense orientation

ii)

The first vector AS02 represents the state-of-the-art vector where the IL2RGco gene is flanked by arms of homology (400 and 414 bp) and BGH (Bovine growth hormone) polyA site, all in antisense orientation.

iii)

The third vector AS03 is similar to the AS01 vector but it doesn't have the MH region

The three vectors were cloned in the same already described GP33 backbone.

Each cassette was synthesized by Genscript (Piscataway, NJ). All reagents and detailed sequence information are available upon request.

The plasmids have been cloned in XL10-Gold® ultra-competent cells using the company protocol and the maxi preps have been checked using restriction enzymes. Chemically modified single-guide RNAs were purchased from Synthego.

CELL CULTURE

Primer and probes were purchased from Sigma-Aldrich (St. Louis, MI, USA) and Integrated DNA Technologies.

EDITING EXPERIMENTS IN K562 EXPRESSING CAS9

4 x 105 K562-Cas9 cells were transduced with the integrase defective lentiviral vectors (IDLV) containing a promoterless GFP MiTiL vector at a multiplicity of infection (MOI) 50 for 24 hours in 800 μl of cell culture medium containing 8ug/ml Polybrene as transduction enhancer (TE), cells then are collected, centrifuged (500 g, 5'') then washed using 1ml of PBS (PBS Gibco™ ref:

10010023), centrifuged (500 g, 5'')

Half of the cells will be cultured in 1ml of culture medium without being nucleofected (control)

The other half will be transfected with 200 ng of HBA15 gRNA-containing vector (Addgene #53188) using Nucleofector Amaxa 4D (Lonza) with 18 ul SF Cell Line 4D-Nucleofector Kit, K562

program, cells are kept in the nucleofection chamber for 10 minutes then cultured in 1 ml of culturing medium.

3,6 and 14 days post-transduction, part of the cells were harvested and DNA was extracted (extraction method depends on the cells numbers) for molecular analysis.

Cells were kept in the cell-culture medium for 14 days, cells will go for FACS analysis on day 4,7,14 post-transduction.

Cells will be monitored using Invitrogen™ EVOS™ Digital Color Fluorescence microscope for cell mortality and GFP expression.

EDITING EXPERIMENTS IN K562 USING RNP

4 x 10 5 K562 cells were transduced with the IDLV containing a promoterless GFP MiTiL vector at MOI of 50 for 24 hours in 800 μl of cell culture medium containing 8ug/ml Polybrene as TE, cells then are collected, centrifuged (500 g, 5'') then washed using 1ml of PBS (PBS Gibco™ ref:

10010023), centrifuged (500 g, 5'')

Half of the cells will be cultured in 1ml of culture medium without being nucleofected (control)

The RNP assembly for nucleofection is prepared by mixing the following elements for 10 minutes The other half will be transfected with RNP mix using Nucleofector Amaxa 4D (Lonza) with 18 ul SF Cell Line 4D-Nucleofector Kit, K562 program, cells are kept in the nucleofection chamber for 10 minutes then cultured in 1 ml of culturing medium, cells are incubated at 37°.

3, 6 and 14 days post-transduction, part of the cells were harvested and DNA was extracted (extraction method depends on the cells numbers) for molecular analysis.

Cells were kept in the cell culture medium for 14 days, cells will go for FACS analysis on days 4,7,14 post-transduction.

Cells will be monitored using Invitrogen™ EVOS™ Digital Color Fluorescence microscope for cell mortality and GFP expression.

CD34+ CELL CULTURE, NUCLEOFECTION, AND TRANSDUCTION

Human umbilical cord blood (UCB) samples were provided by Centre Hospitalier Sud-Francilien In some experiments, BFU-E was picked and cultured in an erythroid progenitor expansion medium.

RESULTS

RESULTS INTRODUCTION AND BACKGROUND

In the paper "Ex vivo editing of human HSCs for erythroid expression of therapeutic proteins" (G.PAVANI et al.) we aimed to develop a disease/mutation independent platform for the efficient and safe insertion of therapeutic transgenes in HSPCs to achieve clinically relevant robust proteins expression from the erythroid lineage. The idea of using an supraphysiological promoter to drive the expression of therapeutic proteins comes from the pioneer work using albumin endogenous promoter to overcome the limitation of insufficient expression due to low targeting efficiency 173,174 . The albumin endogenous promoter has been avoided since it could raise a problem with patients having abnormal liver architecture; e.g. patients with a history of infection with microbes as for viruses that may establish chronic liver infections 175,176 .

The CRISPR-Cas9 system programmable nuclease has been chosen to be used Ex vivo since in vivo application could the long-term expression of nucleases that might raise the problem of genotoxicity concerns and trigger immune response 177,178 .

To solve these issues, here we used the highly transcribed/expressed α-globin gene 179

exploiting it as a safe harbor 180 (see 6.7.2) to integrate different therapeutic transgenes targeting autologous HSCs.

Since KI transgene is integrated downstream of the α-globin promoter the transgene expression is restricted to the erythroid lineage and augmented upon erythroid differentiation 121 .

Erythroblasts derived from targeted HSPCs can secrete different therapeutic proteins, which retain enzymatic activity and cross-correct affected cells.

It is also worth mentioning that knocking down the α-globin gene as a result of transgene integration is not a matter since losing 50% of α-globin chains is clinically asymptomatic 180 .

Moreover, modified HSPCs maintain long-term repopulation and multilineage differentiation potential in transplanted mice.

The α-globin gene gRNA used to make DSB for transgene integration has been determined by testing several gRNAs and comparing them for their on-target InDel efficiencies and patterns.

Afterward, they were tested in Colony-forming Cell (CFC) assay to confirm that HSC remained viable and capable of multilineage differentiation. Finally, we tested their effects on erythroid differentiation by flow cytometry analysis and α-globin production by HPLC analysis of hemoglobin monomers/ tetramers of erythroblasts derived in edited HSPC.

Eventually, the best gRNA has been selected (called HBA15) which has been used in this work as a gRNA cutting HBA gene.

Off-target analyses revealed that the selected gRNA for α-globin genes had no predominant off-targets.

Overall, we establish a safe and versatile CRISPR-Cas9-based HSPC platform for different therapeutic applications, including hemophilia and inherited metabolic disorders. However, we noticed that AAV showed significant toxicity in CFC assays and AAV transduced HSC had low engraftment in mice; therefore, we decided to develop a MiTiL platform.

DESIGNING AND TESTING OF MITIL VECTOR PROTOTYPES

Nowadays, targeted integration of donor DNA is based on HDR. To favor HDR, the selected genomic locus is targeted by nucleases to induce DSB, and the donor DNA is flanked by homology arms, from hundreds to kilobases long nucleotide sequences, homologous to the genomic site of integration [START_REF] Dudáš | DNA double-strand break repair by homologous recombination[END_REF] .

HDR-based gene editing is mostly successful for editing cycling cells. In fact, while NHEJ is active during the whole cell cycle, HDR is restricted only to the late S or G2 phase of the cell cycle 181 , therefore it is active almost exclusively in proliferating cells. Integration based on NHEJ (HITI) has been described as interesting alternative, but the efficiency remains low and the precision in limited (not seamless).

To improve targeted integration in both quiescent and proliferating cells we decided to explore a third DNA repair pathway, the MMEJ. MMEJ is active during the S and G2 phases as well as the G1 phase of the cell cycle and requires a donor DNA with short sequence, tens of nucleotides, homologous to the genomic site of integration 90 .

To deliver donor DNA to target cells, in particular in HPSCs, we focused on the use of a nonintegrative lentiviral vector; which shows ability to transduce quiescent cells, low toxicity and a coding capacity of ~10-kb [START_REF] Wanisch | Integration-deficient lentiviral vectors: A slow coming of age[END_REF]182 Replacing the standard gag/pol packaging plasmid with an IN-mutant version used in the LV production process (mutant D64V our case) resulted in a non-integrative LV circular form that remains episomal (similar to DNA minicircles or plasmid), a substrate for DNA repair machinery [START_REF] Wanisch | Integration-deficient lentiviral vectors: A slow coming of age[END_REF] .

IDLV DNA is circularized i) via recombination between DNA LTRs, ii)by ligation of the DNA ends, or is degraded in non-productive ways 183 since viral circular form development is inversely correlated with the virus's capacity to integrate to the host DNA [START_REF] Wanisch | Integration-deficient lentiviral vectors: A slow coming of age[END_REF] .

As first locus for DNA targeted integration, we chose the HBA safe harbor site. The HBA safe harbor takes advantage of the possibility of Ex vivo editing of autologous HSCs.

4 are mostly asymptomatic beside that healthy human produce about 2.4 x 10 11 erythroid cells per day and a striking amount of hemoglobin 179 in a manner where a fraction of which could be used to produce and secrete relevant amount of therapeutic proteins. The HBA15 gRNA has been designed to cut the HBA gene using CRISPR/Cas9 so that the therapeutic/reporter gene will be under the transcriptional control of the endogenous α-globin robust promoter in human HSC 121 .

In parallel, the same genomic cutting site gRNA (HBA15) sequence was added to the IDLVs so that CRISPR/Cas9 system will be able to recognize and cut both the IDLV and the genomic DNA.

The idea of cutting IDLV is that linear IDLV should be more prone to genomic integration upon

DSB generation

We hypothesize also that the addition of MH sequences next to the gRNA cutting site sequence will drive the repairing mechanism of the cell toward the seamless MMEJ repair pathway.

We named this new donor DNA, based on IDLV delivery of a DNA sequence flanked by a gRNA cutting site and MH sequence, a "MiTiL" platform for Microhomology mediated Target Integration using LV.

The MH has been tested in several vectors to be placed either at the 3' or the 5' end regarding the intentional GOI to be inserted.

To test the efficacy of the MiTiL platform, we designed and generated several IDLVs containing a GFP transgene for targeted integration in the a-globin locus (HBA gene).

In all these vectors, the GFP was promoterless, and the aim is to exploit a highly transcribed genomic locus to integrate the cassette downstream of it. Hence, GFP will be only expressed if the cassette is integrated into the on-target locus and just if it is inserted in the sense direction regarding the endogenous promoter (Figure 24). 8).

For example, in the case of the "GP33" IDLV vector, the GFP sequence is in a sense with the LTR and the gRNA-T and the MH sequence is 5' to the GFP.

"GP35" IDLV is similar to "GP33" except that the GFP cassette is antisense the cassette LTRs. A puromycin expression cassette is also present for an eventual antibiotic selection of expressing cells.

In "GP36", the GFP is in antisense to the LTRs, and the gRNA-T and the MH regions are 3' to the GFP.

Two other IDLV control vectors have been designed (MA117, MA127) both of these vectors do not have a gRNA cutting site or MH sequence.

In MA117, the reporter gene is under the control of the phosphoglycerate kinase (PGK)

promoter whereas in MA127 the GFP is promoterless.

Both control vectors will be used to compare the GFP expression upon the DSB cutting (Figure 25). 
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Cells were washed to remove viral excess using PBS and then transfected using a plasmid expressing HBA15 gRNA under the control of the U6 promoter. Cells were collected on days 4,7 and 14 for FACS analysis, to monitor GFP expression, and for DNA extraction to measure IDLV vector copy number (VCN) and perform InDels analysis.

Simultaneously, another part of the cells was treated similarly except for the nucleofection process to demonstrate the effect of IDLV/gRNA cutting and to assure that GFP expression is issued mostly from integrated GFP rather than episomal GFP expression(Figure 26). It has been observed that k562 cells transduced with GP33 give the highest percentage of GFP+ cells as compared to the cells traduced with the other vectors. (Figure 27 and data not shown).

With MA117 control (GFP under the control of PGK promoter) we only observed a low level of GFP expression (4 times lower than GP33), possibly due to on & off-target integration plus residual episomal non-integrated expression.

As expected, no GFP expression was observed in cells treated with the promoterless control vector (MA127) on day 14 post-transduction. Also, GP35 and 36 resulted in GFP expression, which was still lower than GP33 (Figure 28d).

N.B: GFP expression was monitored by time to assure that most of the episomal forms of vector were lost on day 14 post-transduction where no GFP expression was registered by flowcytometry.

In order to confirm FACS results, we performed VCN analysis on day 14, which reflects the integrated number of the vector copies since unintegrated IDLV will be progressively and rapidly diluted out through cell division 49 (Figure 28b+c).

The higher GFP integration and expression observed with the GP33 could be due to more efficient IDLV transduction (more donor DNA) or more efficient DNA integration.

To be sure that the observed high KI efficiency is not due to Cas9/gRNA cutting efficiency difference, we performed InDels analysis for all the samples. The InDel results calculated via ICE software were around 60-75% for the five tested nucleofected conditions, meaning that there was no difference in the cutting efficiency in the different samples (Figure 28a).

To check for the vector load and assure that the flow-cytometry results are not different because of the differences in the viral vector transduction efficiency that might be due to variation in the quality of the produced lot of vectors, we performed a VCN analysis on day 4, where the episomal IDLV is not yet diluted by cell proliferation.

The VCN analysis has been done using the Droplet Digital Polymerase Chain Reaction (ddPCR) by comparing the positive droplet of GFP vs the positive droplet of the ALB housekeeping gene. Although the cells were transduced with the same MOI, from the VCN analysis it seems that GP33 has better transduction efficiency compared to the other MiTiL prototypes, which might be due to its small viral genome and the presence of the WPRE sequence in sense that could enhance nuclear export of viral genomic mRNA 184 .

To be sure that the observed high KI efficiency is not due to Cas9/gRNA cutting efficiency difference, we performed InDels analysis for all the samples.

The InDel results calculated via ICE software were around 60-75% for the five tested nucleofected conditions, meaning that there was no difference in the cutting efficiency in the different samples (Figure 28a). This result was well conserved in all MiTiL GP33-transduced HBA15-nucleofected cells presuming that probably the mechanisms of DNA repairing are conserved; this proposal will support our hypothesis that using MiTiL vector will recruit the MMEJ repairing pathway (Figure 30). Green and orange lines should be close together before the cut site, with a typical CRISPR edit resulting in a jump in the discordance near the cut site and continuing to remain far apart after the cut site (representing a high level of sequence discordance).

Right panel: The InDel plot displays the inferred distribution of InDels in the entire edited population of genomes. Hovering over each bar of the InDel plot shows the size of the insertion or deletion (+ or -1 or more nucleotides), along with the percentage of genomes that contain it.

Figure 30: Traces between the control and the GP33-transduced nucleofected K562 cells

The horizontal black underlined region represents the guide sequence. The horizontal red underline is the PAM site. The vertical black dotted line represents the actual cut site. Cutting and error-prone repair usually result in mixed sequencing bases after the cut.

In closing, to check for the vector load and assure that the flow-cytometry results are not different because of the differences in the viral vector transduction efficiency that might be due to variation in the quality of the produced lot of vectors, we performed a VCN analysis on day 4, where the episomal IDLV is not yet diluted by cell proliferation.

The VCN analysis has been done using the Droplet Digital Polymerase Chain Reaction (ddPCR) by comparing the positive droplet of GFP vs the positive droplet of ALB housekeeping gene.

Although the cells were transduced with the same MOI, from the VCN analysis it seems that GP33 has better transduction efficiency compared to the other MiTiL prototypes (Figure 28b), which might be due to its small viral genome and to the presence of the WPRE sequence in sense that could enhance nuclear export of viral genomic mRNA.

In addition, we observed that nucleofected cells have higher VCN compared to nonnucleofected cells. Since cells were transduced with IDLV and only afterward submitted or not to nucleofection, the difference in VCN cannot be attributed to a different LV MOI but to the Electroporation-Aided Transduction (EAT) phenomenon that has been observed in similar conditions (AAV6 transducing CB HSPCs) where more than 2-fold increase in the overall frequency of transduction was noted compared with non-nucleofected cells 185 .

We think that EAT phenomenon is due to the applied electric field. This field makes macromolecular with charges move around inside and outside the cell. This creates a collection of charges on the cell's outer layer and causes temporary holes to form.

These moments of temporary permeability occur when the transmembrane potential surpasses the membrane's dielectric strength, resulting in tiny hydrophilic pores that stabilize and fuse into bigger pores, allowing large molecules like viruses to pass through 186 .

Overall, these experiments suggest that the GP33 vector prototype gives the best results in terms of GFP expression via flow cytometry analysis; therefore, we decided to study this vector in more detail.

It is important to notice that also GP36 worked also quite efficiently acknowledging the similarity to the GP33 gene in size (which helps in increasing viral load), suggesting that the strategy of cutting the IDLV genome and inserting a MH sequence may play a role.

THE SIGNIFICANCE OF GRNA CUTTING SITE IN MITIL DESIGN USING K562

CELLS

Since it is known that the IDLV tends to make circular forms that are generally dead-end molecules in terms of integration [START_REF] Wanisch | Integration-deficient lentiviral vectors: A slow coming of age[END_REF] and to further verify our hypothesis that cutting the donor DNA is essential in the integration process, K562 erythroleukemic cells constitutively expressing Cas9 has been transduced with MOI of 50 of GP33 (the best MiTiL vector 9.2 and MA127 (IDLV control that has promoterless GFP) (Figure 25).

24 hours later cells were transfected using two different plasmids; the first coding for HAB15-gRNA and the second coding for HAB16-gRNA (Figure 31).

The HBA15 and HBA16 gRNAs are adjacent to the Hemoglobin Subunit Alpha (HBA) genomic DNA Both the transgene and the genomic DNA will be targets of the endogenously produced Cas9 protein in the cells transfected with HBA15-gRNA since the sequence is common between the HBA site and the GP33 IDLV.

On the other hand, only the HBA site will be cut in cells transfected with HBA16-gRNA, thus IDLV DNA will remain circular. or HBA16 both in cells transduced with GP33 and MA127 (control) indicating that any difference in the GFP expression will not be related to the difference of cutting efficiency due to the use of two gRNAs (Figure 32a).

The cells were kept in culture for 14 days post-transduction and checked for GFP expression on day 14 via flow-cytometry where we observed almost no expression in non-nucleofected cells or MA127-transduced nucleofected (using either HBA15 or HBA16) cells.

26% of cells were positive in GP33 HBA15-nucleofected sample compared to only 5% GFP positive cells in GP33 HBA16-nucleofected sample (Figure 32d). This result suggests that cutting the IDLV facilitates genomic integration.

The ddPCR checking for the eGFP vs ALB on day5 post-transduction has been done to eliminate the possibility that the observed protein expression is generated from a difference in the VCN received at the transduction stage.

The GP33 has demonstrated a good level of transduction on day 5 compared with the MA127 control vector (≈15 copies have been detected in the K562-Cas9 pool of cells transduced with GP33 but not-nucleofected ) with ≈1,4 increase fold in cells traduced using the same vector and nucleofected.

Better IDLV transduction efficiency has been also observed in Figure 28 and it could be due to the possibility that the nucleofection process facilitates the IDLV's entrance (Figure 32d).

The same PCR analysis to check for the VCN has been done on DNA extracted on day 14 posttransduction.

Almost no VCN has been detected in all the cells (nucleofected and non-nucleofected) transduced with MA127 control IDLV.

The VCN in day 14 post-transduction for cells transduced with GP33 nucleofected with HAB15 and HBA16 were almost similar, half of the quantity of VCN has been detected in GP33transduced non-nucleofected.

It has been noticed that the VCN on day 14 has been diluted proportionally in comparison to the number of vectors received by cells on day 5 (Figure 32b).

The difference in GFP + cells between HBA 15 and HBA 16 cannot be attributed to DNA integration.

Interestingly, the mean fluorescence intensity (MFI) of GFP protein in K562-Cas9 cells transduced with GP33 MiTiL vector was ~20 times greater in cells nucleofected with HBA15 gRNA compared to the HBA16 gRNA.

This result could be explained by the fact that upon cutting the GFP is inserted next to the HBA endogenous indigenous promoter (HBA15), while in the absence of cutting the GFP could be more distant (HBA16) [START_REF] Wanisch | Integration-deficient lentiviral vectors: A slow coming of age[END_REF] .

In this second case, only a linear LTR to LTR vector form can be inserted, which includes an extra 1787 bp (from LTR to GFP sequence; including LTR, Ψ, RRE regulatory sequence) (Figure 25) from the HBA endogenous promoter to the GFP (Figure 32e).

The reason we find more GFP+ cells in HBA15 compared to HBA16 could be because of the difference in MFI.

N.b: we should have probably waited more than 14 days in this experiment to lose the episomal non-integrated vectors since we see that we still have some VCN in non-nucleofected cells. On these 62 clones, we performed PCRs amplifying the junction between the integrated vector and the genomic DNA. Here we show an example of the 5' sense integration of the cut circular form (on the K562-Cas9 GP33-transduced HBA15-nucleofected bulk population), all the other PCR detecting all the 5' or 3' integration for cut/uncut sense/antisense integration have been done in a similar way upon PCR optimization (Figure 34). The primers used are shown in blue, positive control is coming from K562-Cas9 transduced and nucleofected using a vector that depends on HDR repairing mechanism, UT: untreated k562 cells.

Among the 62 VCN-positive clones, 48 clones were GFP positive (77%) via Flow cytometry analysis, meaning that those 48 clones have the GOI integrated on target and with the correct orientation, therefore under the control of the HBA promoter. (Figure 36). This result demonstrates that the Cas9/gRNA system is active in cutting the IDLV vector.

We then checked the 3' end of the sense-integrated vectors and observed that at least 30 clones (67%) derived from a circular IDLV and only two clones (4%) from the linear vector form (including 1 clone that has both circular and linear forms).

For some of the 5' sense-integrated clones (14 out of 45, 31%) we were not been able to detect the 3' end possibly due PCR problems or due to DNA chewing since this part of the vector doesn't have MH region that might stop resection factors [CtIP and Mre11 complex (Mre11/Rad50/Nbs1)] 88 ; further investigation using possibly long read sequencing technique will better clarify the DNA integration profiles.

It is worth mentioning that the HBA15-gRNA cut each of the 4 HBA genes present in the human genome, therefore multiple integrations can possibly explain why we observe different integration forms in the same cell clone.

This was confirmed by VCN quantification of the 45 clones expressing GFP, which showed that 26 clones had more than one integration. As expected, on average clones with more than 1 integration expressed GFP to a higher level (Figure 37, Figure 40). The antisense on-target integrations of the VCN+ K562-Cas9 were checked by three different

PCRs amplifying the junction region between the 3' cut-MiTiL vector and the genomic DNA at the HBA15-cutting site.

The uncut full vector has not been studied since it has been noticed from the MiTiL senseintegration profiles that it is a rare event.

Additionally to verifying the 3' antisense cut form, the 5' antisense circular or linear forms have been checked as demonstrated in Figure 39. In total 10 clones had the antisense form of integration and all of these clones had also one form of sense integration.
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As it has been noticed in the sense-integration profiles, most of the antisense clones were positive for cut (8/10) circular (4/10) vector PCR with only one clone detected with linear 5'

antisense integration. (Figure 40) 95

Centre: K562-Cas9 clones obtained by serial dilution, right: 5' and 3' MiTiL vector forms of integrated sense on-target integration form of the GFP+ K562-Cas9 clones, left: 5' and 3' MiTiL vector forms of on-target anti-sense integration profiles of VCN+ K562-Cas9 clones.

The 5' junction site between the genomic DNA and the sense-integrated vector is a very sensitive area since any InDels in this area could affect the endogenous HBA promoter or the GOI. For this reason, we performed

Sanger sequencing of all 45 clones with 5' sense cut integration and we observed that all had seamless integration, with no InDels or mismatch in the expected sequence (Figure 41). This indicates that the MiTiL platform is a very precise platform for target integration. In conclusion, we have been able to observe/achieve that:

• The MiTiL vectors with LTR with sense orientation + gRNA cutting sequence followed by 5' MH region is the best MiTiL vector design.

• The chosen MiTiL efficiently transduced target cells.

• The transgene is mostly integrated on-target and in-sense orientation.

• The protein is efficiently expressed (detected by flow-cytometry analysis)

• The cut-circular form is the most prevalent form of the integrated vector.

• The on-target 5'cut integration is occurring in a 100% seamless manner with no deleting of any base pair in the viral-genomic junction site.

• Multiple donor DNA can integrate into the same cell

DELIVERING THERAPEUTIC LARGE PROTEIN

As a proof of concept that the MiTiL platform is capable of delivering therapeutic transgene larger than the GFP reporter gene, we generated another IDLV where we replaced GFP with a transgene encoding for a codon-optimized FVIII cDNA (GP34, Figure 42). FVIII cDNA was chosen since it is challenging to fit it in the limited cargo size capacity of AAV, even in its B-domain-deleted version [START_REF] High | Adeno-associated viral vectors for the treatment of hemophilia[END_REF] .

The K562 erythroleukemic cells constitutively expressing Cas9 (K562-Cas9) has been transduced with GP34 with MOI of 50 or with two control vectors (MA127 or GP33).

The cells have been nucleofected 24 hours later with a plasmid coding for HBA15 gRNA.

The InDel analysis, the VCN using ddPCR for coFVIII vs ALB, and ELISA analysis to check for the FVIII expression have been done (Figure 43+Figure 49).

The InDel results for GP34 was 65 while for MA127 and GP33 was 56 and 52 respectively (Figure 43a).

ddPCR checking for the coFVIII vs ALB on day 5 and day 14 post-transduction has been done.

On Day 5 the VCN for the K562-Cas9 cells treated with GP34 and nucleofected with HBA15

~13 and it drops to ~5 for non-nucleofected cells.

When checking the day 14 post-transduction, the VCN for the K562-Cas9 cells treated with GP34 and nucleofected with HBA15 was 1 and it drops to 0,36 for non-nucleofected cells.

The proportion of VCN dilution is very similar between nucleofected and non-nucleofected cells on days 5 and 14.

It has been noticed that the VCN on day 5 is lower compared to the cells transduced with GP33 and it may be due to the bigger size of the GP34-IDLV genomic cargo size (3461 bp vs 7176 bp from LTR to LTR for GP33, GP34 respectively) (Figure 43b,c) a: InDel analysis gRNA using ICE software b,c: VCN of coFVIII vs ALB using ddPCR day 5 and 14 post-transduction respectively

In a similar way to the GP33, PCR analysis has been done to check for the existence of the coFVIII sequence, sense 5' integration, and 3'integration of K562-Cas9 cells transduced with GP34 IDLV.

As in 9.4 clonal study has been made to see how integration affects GOI expression.

The K562 clones have been obtained via the serial dilution method. PCR analysis has been optimized on the bulk population and applied afterward on the clones to check for the existence of the coFVIII and the 5' and 3'integration profiles (Figure 42). Top: GP34 complete vector integration, middle: GP34 cut linear integration, Bottom: GP34 cut circular integration. The primers and PCR amplicon sizes are shown as arrows and dashed lines respectively.

27 clones have been obtained via the serial dilution method.

To check for the presence of coFVIII clones, a PCR analysis has been done using primers that match only with the codon-optimized sequence and not with the endogenous FVIII. (Figure 44Top)

11 of the 27 (41%) clones were positive for coFVIII. (Figure 45 left).

99 The 5' integration sense cut vector PCR has been optimized and applied to the clones. (Figure Sanger sequencing has been done for the DNA band to assure the correct amplification.

For 9 out of 10 G34-transduced HBA15-nucleofected K562 single-cell clones, we confirmed that integration was seamless 5' cut sense integration, with no missing, deleted, or inverted base pair at the genomic DNA-viral junction site (Figure 50).

To test if the integration profile is correlated with FVIII protein expression FVIII ELISA test has been performed on five clones that were positive for the 5' sense cut integration; the results

show the expression of 4 out of 5 samples (Figure 49).

The ELISA test has been repeated twice on two supernatant samples at 24 and 48 h after medium changing to check for the expression in 24h.

The untreated and non-nucleofected cells show no expression.

An increased expression has been noticed in the 24 hours that followed the first 24h after changing the medium in all the four mentioned clones and the bulk cells.

It is worth mentioning that one of the five selected clones (clone n4) that has 5' cut sense ontarget integration didn't produce FVIII where the Sanger sequencing at the junction area between the genomic DNA and viral vector shows a 5 bp difference (4bp insertion and 1bp inversion) compared to seamless genomic-viral junction seen in the other clones. Table 9: Summary of the GP34 single cell clones VCN, ELISA analysis, the form of the integrated GP34 vector, and 5' sense seamless integration.

The Clone n4 has not been put in Figure 49 though Table 9 summarizes all the analyses that have been performed on those clones. The VCN analysis on day 5 post-transduction shows a higher for late nucleofection, probably because cells have more time to be transduced before washing away the vector with PBS and medium.

The highest percentage of GFP+ cells was in conditions 3 and 4 (24 and 32 hours posttransduction) where we reach 53,5% and 56,1% respectively, for the HBA15 gRNA, which was confirmed by looking at the data of VCN at D28 post-transduction, where the highest number of transgene integrated copies was again for the 24-32h post-transduction time point (Figure 56b,c).

A GFP MFI study has been done to compare GFP expression as an indicator of the relative level of the GFP-expressed protein. GFP MFI was higher in conditions 3 and 4 both in HBA15/HBA16 nucleofected cells.

We believe (as concluded in 9.3) that cutting the MiTiL vector led to GOI insertion near the The line is connecting cells nucleofected with the same RNP-gRNA.

HBA
Overall, this experiment confirms previous ones by showing a higher percentage of GFP+ cells in K562 cells treated with the HBA15-gRNA that cut both the vector and genomic site compared to the HBA16-gRNA that cut only the genomic site (5,5 fold in term of GFP expressing cells)

It is worth mentioning that HBA 15 and 16 have a similar VCN (day 28), regardless of the %GFP+ cells being higher for HBA 15 (Figure 56c) this phenomenon could be explained by the fact that MiTiL favors on-target and in-sense GFP integration (Figure 56d) as seen in 9.4.

Another reason could be attributed to different HBA16 off-target profile where the GP33 vector could had been integrated into off-target loci. provides an important boost in the InDel (as compared to the plasmid) which is reflected in a higher level of transgene integration and expression. In total, we have been able to increase the percentage of cells positive for the reporter transgene by one-fold compared to the best MiTiL prototype first trial seen in Figure 28d.

TESTING THE MITIL DESIGN IN CD34+ PRIMARY CELLS.

To validate the MiTiL design in the context of primary HSPCs, CD34+ cells were transduced using GP33 and nucleofected using HBA15 HBA16 gRNAs (Figure 57), as previously done in K562 cells in 9.3.

Figure 57 : Scheme of experiment design of GP33-MiTiL-transduction of CD34+ using two different gRNAs (HBA15, HBA16) UT: untreated cells, NNF: non-nucleofected

Human-mobilized peripheral blood CD34+ cells were thawed and stimulated in the Prestim medium for 48 hours. Afterward, cells were transduced with GP33 for 24 hours (120MOI, UT kept as control), washed with PBS to remove any unbound IDLV, and divided into three parts with one part being nucleofected with HBA15, the second part with HBA16-gRNA RNP, and the last part was not nucleofected (Figure 58).

One part of the treated cells was kept in erythroid differentiation liquid culture and another part was plated in methylcellulose (CFC assay) for 14 days and was observed on a daily basis.

Figure 58: Timeline of CD34+ transduction using either GP33, GP51,or GP54 vectors and nucleofection using HBA15-gRNA RNP in the cell culture medium and colony-forming cell (CFC) medium.

We observed efficient and similar InDel percentages with both HBA15 and HB16 RNP, assuring that any possible difference is not due to the cutting activity (Figure 59a).

Additionally, variation in innate immune factors like tripartite motif-containing protein 5α (TRIM5α) 196 or unevenness in endogenous "inhibiting interferon-induced transmembrane protein 3" (IFITM3) level causing HSC transduction variability across individual patients had been reported; this diversity leads to VSV GP-mediated vector entry restriction resulting in different permissiveness of HSCs to lentiviral transduction 197 (Figure 59b,c).

Flow cytometry shows low GFP+ percentages in non-nucleofected cells on day 5 that are almost lost in the following days due to dilution of the non-integrated cytoplasmic vectors.

Interestingly, about 6,4% of stable GFP+ GP33-transduced HBA15-nucleofected CD34+ cells have been recorded, which is 12-fold higher than the percentage of GP33 HBA16 cells (Figure 59d,e,f). This was confirmed at the DNA level. The VCN analysis (GFP vs ALB) has been done via the ddPCR method and although GP33 HBA16 cells received a higher amount of the vector, it seems that the integrated vectors were higher in GP33 HBA15 CD34+ cells.

Noteworthy, the GFP+ percentage increases over time due to the erythroid differentiation of the CD34+ cells and the activation of the HBA promoter that drives GFP expression. This observation also indicates that most of the DNA integrations are on target. In order to follow the erythroid differentiation of the CD34+cells, Glycophorin A (GYPA) also known as cluster of differentiation 235 (Sialoglycoproteins expressed by erythroid precursors and mature circulating red cells) was used as a marker/ found exclusively on cells of the erythroid lineage.

Most of the CD34+ cells were positive for GYPA and GFP on day 12 post-transduction, denoting that almost all GFP+ cells are erythroid-differentiated (Figure 60 middle).

Observing the MFI of GFP; GFP+ & GYPA+ cells (differentiated red blood cells) have higher MFI compared to GFP+ cells which could be coming from cytoplasmic GFP expression.

Furthermore, as seen in the HBA15/HBA16 nucleofected GP33-transduced K562 cells (Figure 56e); the MFI of GFP in HBA15-nucleofected cells by far higher than in HBA16-nucleofected cells presumably since the GFP is close to the HBA promoter only IDLV is cut by the HBA15 gRNA (Figure 60 right). To study the proliferation and differentiation pattern of edited hematopoietic progenitors we assessed their ability to form colonies in this semisolid medium. Colonies were counted and identified according to morphological criteria (BFU-E, CFU-G/GM, and CFU-GEMM). No alteration in terms of multilineage potential or toxicity has been noticed in the BFU-E, CFU-G/GM, and CFU-GEMM-modified progenitors compared to untreated cells (Figure 61). Observing the MFI of GFP; GFP+ & GYPA+ cells (differentiated red blood cells) have higher MFI compared to GFP+ cells which could be coming from cytoplasmic GFP expression.

Once more, these experiments demonstrate the importance of the gRNA target sequence in the IDLV for vector on-target sense integration and activation of the MMEJ repair mechanism (Figure 59d,e,f). K562 cells were transduced with MOI of 50 using either GP33, GP351, or GP54 for 24h, washed using PBS, and nucleofected using in vitro complex RNP using HBA15-gRNA (Figure 63). By looking at the results of the same ddPCR on day 14 post-transduction, the nucleofected cells have retained almost the same VCN for the nucleofected cells compared to low VCN for non-nucleofected cells meaning the vector has been diluted due to K562 cells replication and only the integrated vectors have been retained due to integration. Similar VCN was obtained comparing cells transduced with GP33 or GP51 demonstrating that the size of the homology arm does not affect integration efficiency.
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We believe that the small VCN in the non-nucleofected cells is not integrated and is going to be further diluted if the VCN analysis has been done in more advanced days (Figure 64b,c).

Flow cytometry analysis detecting the GFP+ cells on day 14 post-transduction has shown no GFP expression for non-nucleofected cells indicating that the vectors have not been able to integrate into the genome due to the absence of DNA cut. This result goes in concordance with the ddPCR VCN-analysis for the non-nucleofected vector where it indicates only a small amount of the vectors (probably cytoplasmic non-integrated copies of the vectors).

A similar percentage of GFP+ cells/ MFI in nucleofected cells transduced with GP33 and GP51

were reported, indicating that there was no advantage of using a homology arm (Figure 64d,f).

To achieve a fair comparison, the percentage of GFP+ cells has been normalized to the number of VCN on the day 5 to normalize any difference coming from a different VCN load on the day of transduction (eliminating the factor that some cells may have transduced with more or less amount of vector due to difference in vector infectivity/production); same GFP+ percentages have been obtained after normalization of the GFP+ cells percentage indicating that the vector transduction is not the source of this equality between GP33 and GP51 vectors (Figure 64e).

On the flip side, low expression and integration were observed in cells transduced with the control GP54 vector (does not contain gRNA cutting-site sequence)

The GFP expression is very low in the nucleofected GP54-transduced cells possibly due to:

• The distance upon integration at the HBA15 cutting site between the GFP reporter transgene and the endogenous HBA promoter.

• The absence of a mechanism for directional integration since the MH-region effect will be negligible because it is within the vector and not at the edge (no cutting) (Figure 64d). The experiment was performed exactly as in 9.7 CD34+ cells (human mobilized peripheral blood) were thawed and stimulated in Prestim medium for 48 hours then transduced with either GP33, GP51, or GP54 for 24 hours, subsequently washed using PBS to assure removal of any unbound IDLV, afterward split in two part with one part being nucleofected with HBA15-gRNA RNP, whereas the other part has been kept without nucleofection as control. In addition, part of the cells (nucleofected and non-nucleofected ) were cultured in erythroid differentiation liquid culture and another part was plated in methylcellulose (CFC assay) for 14 days and was observed on a daily basis (Figure 58).

InDel efficiency was similar among the nucleofected CD34+ cells transduced with either G33, GP51, or GP54 and similar to the results obtained when nucleofecting the K562 cell line using the same gRNA and same vectors (Figure 65a). This InDel similarity excludes any possible difference in terms of transgene expression due to the difference in cutting efficiency.

ddPCR analysis on day 5 was performed on nucleofected cells by comparing the GFP positive droplets vs. ALB positive droplets and it shows an average of 2, 3,5, and 5,4 VCN for the cells transduced with GP33, GP51, and GP54 respectively (Figure 65c).

Compared to the k562 cell line, we observed lower VCN in CD34+ cells, which can be expected as primary cells are more difficult to transduce.

At the same time, this ddPCR for the non-nucleofected cells has been compared with the ddPCR of PSI vs. ALB.

It is worth knowing that the PSI region exists between the LTR and the RRE region, and it was expected to be lower in VCN value than the VCN obtained via GFP vs. ALB since the PSI region could be lost due to the cut of the vector as it shows (as in the MiTiL linear form ) (Figure 65b).

Nevertheless, the PSI-part genome vector (from LTR to the cutting site) could also be integrated (although that is unlikely since it lacks the MH region).

We thought that we could concurrently compare VCN for both kits (PSI/ALB and GFP/ALB) for GP54 transduced cells for the early day considering that it doesn't include gRNA sequence (cannot be cut) and should have equal results for both kits; nevertheless, we noticed that PSI/ALB has lower VCN compared to GFP/ALB.

We presume that GFP/ALB is more sensitive than PSI/ALB and since it is hard to determine if the VCN that is measured using PSI vs ALB is measuring the PSI containing part of the vector or the vector that contains the transgene, it is better to use from GFP/ALB as a standard way for VCN analysis via ddPCR.

The same VCN analysis has been done (GFP/ALB) using DNA extracted from cells nucleofected or non-nucleofected on day 14 post-transduction.

The VCN for non-nucleofected cells on day 14 was very low compared to nucleofected cells, with an average of 0,025, 0,045, and 0,075 for cells transduced with GP33, GP51, and GP54 respectively.

The VCN was higher in the CD34+ nucleofected cells with average VCN of 0,09, 0,2, and 0,16

or cells transduced with GP33, GP51, and GP54 respectively.

It is believed that the difference between the value of the nucleofected and non-nucleofected cells is due to the integration of the vector in the human genome.

The flow cytometry analysis has been done to detect the GFP+ CD34+ cells. Here we show the flow results on the day 14 post-transduction which is supposed to be issued from the integrated MiTiL vector.

FACS analysis on day 14 shows that GFP+ CD34+ cells percentage was lower than GFP+ K562 cells, which agrees with the VCN results on day 14 post-transduction and the difficulty of transducing CD34+ primary cells.

A slight decrease in terms of GFP+ nucleofected cells has been noticed between the cells transduced with the GP33 (MH MiTiL vector) and GP51 (HDR homology vector) (Figure 65e).

We believe that this difference is due to the difference in vector load, as by normalizing for the VCN on day 5 post-transduction no difference can be observed (Figure 65f).

In accord with that, the MFI of the nucleofected cells transduced with GP33/GP51 shows the same value proposing that the two vectors lead to the same integration results producing the GFP transgene under the control of the HBA endogenous promoter (Figure 65g).

a: InDel analysis using ICE software,b: GFP/ALB VCN analysis via ddPCR on day5 post-transduction c,d: GFP/ALB VCN analysis via ddPCR on days 5 and 14 post-transduction respectively,e,f,g: flow cytometry analysis on day 14 post-transduction,e: percentage of GFP+ cells,f: percentage of GFP+ cells upon VCN normalization according to GFP/ALB VCN-D5, g: MFI of GFP protein

The same GP33/GP51/GP54 transduced HSPCs were plated in the semisolid Methocult medium to (CFC assay) directly after nucleofection for 14 days (similarly to Figure 58). PCR molecular analysis has been done on CD34+ colonies extracted from the semisolid Methocult medium (CFC assay) to check for the forms of the integrated IDLVs.

Sense integration for cut/uncut vector checking the 5' end, and circular/linear sense vector integration to check for the 3' end have been performed.

All the GP33 and GP51 GFP+ colonies were positive for the 5'sense integration of the cut vector meaning that the vectors were integrated into the right position and orientation. Importantly, all these colonies were seamlessly integrated at the genomic-viral junctions demonstrating that the allegedly proposed MMEJ used to repair the cut in CD34+ treated with the MiTiL vector is an error-free repair mechanism (Figure 67, Table 11).

Checking the 3' end of the sense-integrated IDLV vector, it has been noticed that most of the vectors had circular-end signifying that the IDLV has been circularized and cut before integration (demonstrating one more time the importance of the gRNA-role in MiTiL design in primary cell context).

This result complies with what has been observed in the K562 cell line where most of the integrated vectors have the vector cut-circular form. Left: CFC count, right: CFC percentage Three IDLV vectors have been cloned named GP57, GP58, and MA227 to test the efficiency and precision of MiTiL-vector target integration in the AVVS1 locus.

The GP57 is the MiTiL IDLV that has a GFP expression cassette, containing the human PGK promoter, the GFP cDNA, and the WPRE flanked at the 5' by the LH1 gRNA-T sequence and the MH sequence identical to the genomic PPP1R12C gene.

Adding the PGK promoter will lead to GFP expression regardless of the insertion orientation (even in antisense on-target integration) or on/off-target site integration.

The second IDLV (called GP58) is identical to GP57 but it lacks the MH region to illustrate the effect of the MH in the MiTiL platform.

The last IDLV (called MA277) is similar to the GP57 but it lacks both LH1 gRNA-T and MH region and it will be used as a negative control (Figure 69). PCR amplicon flanking the cutting area has been Sanger-sequenced to compare it with the untreated cell and obtain the InDel efficiency.

Although that one point in cells transduced with GP58/MA227 has shown lower InDel efficiency, we do not believe that it has an impact on the integration efficiency since the VCN on day 14 post-transduction were almost similar in both K562 cells transduced replicates. InDel plots show a major +1 and -11 pattern, which was similar regardless of the IDLV used for transduction.

It is noteworthy that the InDel pattern is completely different from the HBA15-gRNA pattern (Figure 70). VCN analysis has been done using the ddPCR method comparing the GFP+ vs ALB+ droplets on day 14.

As previously, the nucleofected cells have higher vector copies compared to the nonnucleofected cells.

No difference has been observed in VCN between cells transduced with GP57 or GP58, suggesting that the size of the homology arm does not affect integration.

It is believed that due to the lack of the LH1 cutting sequence, the MA277-IDLVs circularise and are not capable of integrating; therefore, MA227-IDLV is diluted with cell proliferation, which explains the low VCN of MA277-LH1 K562 cells (Figure 71a).

GFP+ cells percentages were similar on day 14 for both GP57 and GP58. This result was expected on the grounds that both GP57 and GP58 contain LH1 cutting site and the GFP reporter gene is always expressed due to the presence of the PGK promoter inside the vector.

These GFP+ cells percentages were four-fold higher regarding the control MA277 that is matching the integrated VCN on day 14 results. These GFP+ cells percentages were four-fold higher regarding than for control MA277 that

These results reiterate what we have previously concluded (see 9.3) that cutting the IDLV is of benefit for the insertional expression of the vector.

It is important to note that all transduced K562 cells have the same MFI since GFP expression is always under the control of the cis-PGK promoter (Figure 71b,c).

a: VCN analysis on day 14 post-transduction via ddPCR method. b,c: flow cytometry analysis and MFI analysis of GFP expression on day 14 post-transduction b: percentage of GFP+ cells,c: MFI of GFP protein NNF: non-nucleofected, NF: nucleofected

To see the importance of the MH region in directing sense-antisense integration in the ontarget site and the profile of the viral-genomic DNA junction site (possibility of deletion or addition of some nucleotide) single-cell clone analysis was performed.

ddPCR analysis has been done on the pool population of k562 cells treated with either GP57

or GP58 before and after FACS-sorting before proceeding into the serial dilution to obtain the single-cell clones.

The aim is to confirm that the sorting has been done correctly and to be acquainted with the average of the VCN that has been integrated into each bulk of cells.

The average VCN in GFP+ sorted bulk k562 population transduced with GP57 or GP58 is near 1 which means that on average every cell has integrated one copy of the transgene. The GFP+ sorted clones were checked again for GFP expression using flow cytometry before starting the molecular analysis (Figure 72).

Figure 72 : GFP+ sorting of GP57/GP58 transduced LH1-nucleofected K562 cells via FACS

As in the previous experiments, checking for the integration pattern at both ends has been done via PCR.

Eight PCR's have been performed to check the form of integration at 5' and 3'

PCR1 (1,1 and 1,2) aims to check for the integration of sense cut vector (either cut linear 1,1 or cut circular 1,2 ).

PCR2 has been designed in a way to amplify only the 5' integration of sense uncut vector.

In the same way, examining the antisense integration at the 5' end has been made; PCR3 has been made to check the linear antisense integration (same for cut linear 3,1 or uncut linear 3,2 )

and finally, for the 5' integration part, the antisense cut circular was checked by the PCR4.

The 3' end has been identified by four other PCRs; the PCR5 has been designed to look for the sense linear integration whereas PCR6 has been made to check the sense circular integration.

PCR7 is to check the antisense cut integration, in a similar way PCR8 has been made to check the uncut antisense integration (Figure 73). Flow-cytometry analysis of those clones reveals the same GFP MFI expression as shown in Figure 71b regardless of the sense of integration since GFP is always under the control of the PGK promoter (Figure 74).

To verify the preferential effect of the MH in terms of precise target integration, GP57 and GP58

clones have been examined. By comparing the number of clones that have _at least_ one positive PCR either for 5' or 3', sense or antisense on-target integration, a significant increase in the number of MH vector (GP57) transduced clones has been observed.

The number of clones that showed positive evidence of on-target integration was 118 and 88 K562 clones treated with GP57 and GP58 respectively.

This suggests that the MH region (the only difference between the two clone's categories)

could bias the on-target integration due to the homology sequence through the MH sequence adjacent to the LH1 cutting site (Figure 75). After showing MiTiL MH capacity for on-target integration, we presumed that the MH effect would be functional only upon transgene cutting.

Bearing in mind that the MH sequence is a small region and its effect will be activated when it is on the edge of the vector (in case of cut MiTiL vector). We compared the number of clones that were positive for cut sense integration (PCR 1,6 ) and cut antisense integration (PCR4,7)

referred to from now on as positive for cut transgene.

In K562 clones transduced with GP57 (MH vector), the number of positive clones for sense cut integrated transgene was 88 compared to only 29 clones that were positive for cut antisense transgene; in a ratio of ~75%, and ~25% for sense and antisense cut in-target integration respectively.

In K562 clones transduced with GP58 (the vector that lacks MH region), the number of positive clones for sense cut integrated transgene was 49 compared to 39 clones that were positive for cut antisense transgene; in a ratio of ~55% and ~44% for sense and antisense cut integration respectively. (Figure 76). 33 and 22 clones for GP57 and GP58 respectively have been checked by amplifying the integration region using PCR1 and the PCR amplicon has been sequenced using Sanger sequencing.

In the 33 K562 clones treated with GP57, 80% (n=27) of clones have seamless integration with no loss of add of any nucleotides (Figure 77) and 6% (n=2) has some missing nucleotide at the site in the junction (cutting site) between the vector and the genomic DNA, whereas in 12% of the clones (n=4) we have observed a repetition of the MH region at the cutting site. On the other hand, when looking at the same PCR1 for cut 5' sense integration for K562 clones transduced with GP58, it is very obvious that there was no trend to follow and that the repairing has been done randomly; most of the 22 studied clones had unique InDel profile.

The InDel for those clones ranges from 97 bp insertion to 114 bp deletion (Figure 78).

Overall, we demonstrated that the MiTiL platform has a positive effect for:

• On-target vector target integration.

• Sense orientation of on-target integration.

• Seamless vector-genome junction-site integration. Left: comparison of seamless vector integration in on-target cut sense GP57/GP58-transduced LH1-nucleofected k562 clones, middle: profiles of cut integration, left: repetition of InDel observed in GP58-transduced LH1nucleifected K562 cells.

Testing the AAVS1_MiTiL vector in lymphoid cell lines

To extend the use of the MiTiL vector, we decided to test its performance on a lymphoid cell line (ED7R).

To achieve this aim, 4e5 ED7R cells were transduced (in duplicate) with the same vectors (GP57, GP58, MA277) targeting the AAVS1 site with MOI (50) (Figure 79).

Figure 79 : 10.11.6. Scheme of the experiment aiming of testing the AAVS1_MiTiL vector using the ED7R cells

After the transduction, the cells were nucleofected or not with RNP using LH1 gRNA (GTCCCCTCCACCCCACAGTG) that is cutting the first intron in the PPP1R12C gene (the safe harbor site for the AAV) (Figure 68).

We performed InDel analysis on ED7R-treated DNA samples taken on day 4, day 14, and day 21 (Figure 80a).

The proliferation rate of the ED7R is slower than the K562 cells, which logically leads to extending the time needed to lose the non-integrated vector; we have decided to follow the VCN analysis of the vector until day D28 instead of day 14 in K562 cells.

The VCN analysis has been done using ddPCR by detecting the GFP and ALB (housekeeping gene) positive/negative droplets estimating that the ED7R cells have two copies of the ALB gene. 202 To normalize any variation in the ED7R albumin VCN, the ED7R cells that have been transduced

with a diluted amount of the AS2096 showing VCN=1 to the estimated 2 copies of ALB have been used as a reference in all ddPCR VCN analysis.

Each sample has been analyzed by ddPCR, the two points of the two analyses are represented in all the figures, and all the following results represent the average of the two analyses of the same sample.

Again, the VCN analysis at day 3 of NNF cells was lower than nucleofected cells, as previously observed On day 14, the VCN dropped in general in all conditions indicating that the cells have lost the majority of the non-integrated vectors during the replication of the cells.

On day 14, the VCN dropped in general in all conditions indicating that the cells had lost the majority of the non-integrated vectors during the replication of the cells.

Since we have only two possible on-target loci and even though we know from our last use of LH1 gRNA that there is a possibility of having off-target integration, we were not attending these high results and we have decided to keep the cells in culture since we have observed that the proliferation rate is slower than K562 cells.

VCN analyses on days 21 and 28 show that VCN continued to decrease, indicating that unintegrated IDLVs were still present (Figure 80b,c,d,e).

The very low VCN of the non-nucleofected samples indicates that non-integrated vectors have already been lost due to the cell's proliferation and the VCN of the nucleofected samples represents the integrated vectors (that could be integrated into on or off-target loci)

The Flow cytometry analysis shows that the GFP+ percentage of the ED7R nucleofected transduced with GP57 and GF58 were similar and much higher than the MA277.

We notice that the GFP+ percentage of the day 21 and D28 post nucleofection is very close meaning that most IDLV vectors have been integrated by day 21 which is also proportional with the VCN ddPCR analysis of these days (Figure 80f,g,h). This is in line with what we observed previously in K562 and indicates that cutting the IDLV is important to achieve efficient targeted integration. 12).

All off-target results could be obtained from the following files:

CRISPOR LH1 gRNA evaluation LH1 gRNA CRISPOR offtargets results

139 And we included one additional off-target site marking high MIT score that wasn't predicted according to CFD score (in Table 14) as a consequence of low CFD off-target score ( Table 13). COSMID searches the human genome for DNA sequences that partially match the target sequence of the guide strand, but contain insertions or deletions in addition to base mismatches since large numbers of potential off-target sites would be missed using search a tool such as CRISPOR that only consider base mismatches, but not insertions or deletions.

The parameters used in the web tool are homo sapiens UCSC Dec 2013 (The human reference genome GRCh38) for the target genome, NGG for PAM suffix, 2 allowed mismatches, 1 base deletion, and 1 base insertion.

We have chosen the off-target with the highest scores in comparison with all COSMID scores (Table 14). By using only cut sense/cut antisense PCRs, which were the two prevalent PCRs detected for the on-target integration of GP57/GP58-transduced LH1-nucleofected K562 cells, no difference has been observed between GP57 and 58 in terms of positive clones for the offtarget n8.

These results go with the fact that MH could not bias the integration for any off-target site due to the absence of sequence homology with the region adjacent to the off-target cutting site (Figure 82).

Gray lines indicate mean ± SD; the number of clones analyzed is indicated. ( p = 0.0658 two-side Fisher exact test)

In conclusion, the MiTiL platform could have a preferential effect for sense on-target precise junction-seamless target-integration but on the other hand, no beneficial effect for off-target sites integration supporting our notion of MH's positive role in MiTiL platform for on-target integration.

OPTIMIZATION OF IDLV TRANSDUCTION AND DNA INTEGRATION VIA TRANSDUCTION ENHANCERS ON HSPCS.

To increase the VCN and the production yields of the expressed protein, several TEs have been used.

TE could have a beneficial impact on the MiTiL platform in terms of maximizing vector transduction and reducing treatment costs.

Some TEs (CsA, CsH 197 , Rapamycin 210 ) have already been used in order to improve IDLV Transduction in HSPCs.

In the aim of examining if TE could improve MiTiL platform HSPC transduction and its effect on the efficiency of MiTiL-mediated HSPC gene editing, six different TEs (and some In the eighth condition, we used DMSO in its highest concentration used as a solvent for some applied TEs, thereby this condition is used as a control to show the effect of this solvent. (Figure 83).

Figure 83: Scheme of TE combinations applied on CD34+cells

The power symbol refers to nucleofection with either HBA15-gRNA or LH1-gRNA when transducing CD34+ cells with GP33 or GP57 respectively.

RPS: Retronectin + protamine sulfate, PGE2: Prostaglandin E2, Rapa: Rapamycin, CsH: Cyclosporine H, DMSO: Dimethyl sulfoxide.

The experiment was done by stimulating HSCs with PreStim medium for 48h, then 2,5e5 cells were transduced with either GP33 or GP57 of 250 MOI with the addition of the TE at the same moment of transduction (except for PGE2 which has been added 2h hours before transduction).

Cells were kept in culture in an erythroid differentiation medium for 14 -15 days posttransduction (Figure 84, Figure 85). For the CD34+ cells transduced with GP33, InDel analysis for the HBA15 cutting site has been done as previously explained.

The InDel results on day 7 vary from 52% in cells transduced treated with Rapamycin to 79% in the condition treated with DMSO; the InDel on day 7 are more or less similar with an average of 66%.

By looking for InDel results on day 14 we noticed that the InDel percentage increased a little bit but not in a significant way, and they varied from 62% in cells transduced treated with Kanamycin to 86% in the condition treated with DMSO; the InDel in day 14 are more or less similar with an average of 73%.

The similarity of InDel efficiency indicates that the RNP has been applied in an equivalent way ruling out any difference in integration or expression due to cutting efficiency (Figure 86a).

The VCN analysis has been done by ddPCR by detecting the GFP gene versus the albumin housekeeping gene.

The VCN results on the day 7 post-nucleofection vary according to the TE used, the best result for the non-nucleofected cells on day 7 were ≈ 23, 35, and 45 copies for the conditions of (RPS+PGE2+LentiBOOST), ( RPS+PGE2+Rapa) and (RPS+PGE2+CsH+Rapa) respectively.

The best results for the nucleofected cells on day 7 were ≈ 41, 68, and 80 copies for the condition of (RPS+PGE2+LentiBOOST), (RPS+PGE2+Rapa) and (RPS+PGE2+CsH+Rapa) respectively.

The results for the non-nucleofected cells on day 14 were very low with an average of 0,1 copy.

The best results for the nucleofected cells on day 14 were 0,69 ,0,89, and 1,06 copies for the conditions of (RPS+PGE2+LentiBOOST),( RPS+PGE2+Rapa) and (RPS+PGE2+CsH+Rapa) respectively.

By looking at the results of the VCN on day 14, which indicate the integrated vectors we notice that:

• Most of the vectors that have entered the cells in the early days of transduction have been lost since we are using integrative deficient vectors.

• The best three nucleofected conditions (4,5,7) that have the higher VCN on day 7, have the higher VCN at 14 (Figure 86b,c).

Flow-cytometry analysis has been done on CD34+ cells to follow their ability to express GFP, It has been noticed that the expression is increasing with differentiation since the CD34+ cells have been cultivated in an erythroid differentiation medium and the GP33 cassette is only expressed if it is integrated into the HBA15 cutting site and in-sense with endogenous HBA promoter.

By comparing the expression on day 14, we have seen that the expression of condition number 4 (RPS+PGE2+LentiBOOST) has given the best GFP expression (18,5%) which is 66% higher than the already used RPS TE (12,7%).

The flow cytometry for non-nucleofected cells shows no GFP expression in all CD34+ conditions demonstrating that the expression in nucleofected conditions is coming from the integrated vectors in the HBA locus.

The amelioration of GFP expression recorded by flow cytometry follows the same path seen in VCN analysis (Figure 86d.e.f).

The viabilities of the cells were acceptable with an average of 79% and 77% viable cells for the non-nucleofected and nucleofected cells respectively with 93% viable for the non-treated cells.

Some toxicity has been noticed when applying the (RPS PGE2+CsH+Rapa) in condition 7

nucleofected cells probably due to G1-phase arrest induced by Rapamycin TE 213214 . (Figure 86g). The CFC counting shows that the CD34+ treated with rapamycin has lower BFU-E, CFU-G/GM, and CFU-GEMM compared to the other CD34+ treated condition and the untreated cells in both nucleofected and non-nucleofected cells.

No bias has been noticed in the percentage of the blood BFU-E, CFU-G/GM, and CFU-GEMM compartment (Figure 87).

CD34+ cells coming from the same donor have been transduced with MOI of 250 using GP57

MiTiL vector that targets the AAVS1 safe harbor site under the control of the PGK promoter (Figure 85). The cells are then nucleofected with RNP targeting the AAVS1 site using LH1 gRNA.

The CD34+ cells have been treated with the same eight conditions of TEs that have been in the previous experiment (Figure 83).

Figure 85 shows the timeline of the experiment where the cells were kept for one more day in the pre-stimulation medium in comparison with the cells that were treated with GP33.

The cells started to die on day 14 post nucleofection, for that reason, the results that we have depended on for the flow-cytometry results will be the results of D13 post nucleofection in this experiment.

For the CD34+ cells transduced with GP57, InDel analysis for the LH1 cutting site has been done as previously explained.

The InDel result on day 7 varies from 64% in cells transduced treated with (RPS PGE2+CsH+Rapa) to 85% in the condition treated with DMSO; the InDels on day 7 are more or less similar with an average of 75%.

By looking for InDel results on day 14 we noticed that the InDel percentage increased a little bit as has been noticed when using the HAB15 gRNA but not in a significant way, and they vary from 77% in cells transduced treated with RPS to 94% in the condition treated with DMSO; the InDel results in day 14 are more or less similar with an average of 84% (Figure 88a).

The VCN analysis has been done by ddPCR by detecting the GFP gene versus the albumin housekeeping gene using the primers/probes used in the previous experiments.

The best results for the non-nucleofected cells on day 7 were about 18,3, 28,7, and 32 copies for the conditions of (RPS PGE2+CsH), (RPS PGE2+CsH+Rapa) and (RPS PGE2+Rapa) respectively.

The best results for the nucleofected cells on day 7 were consistent with the non-nucleofected cells and they were about 29,32,42, and 46 copies for the condition (RPS, PGE2, LentiBOOST), (RPS PGE2+CsH), (RPS PGE2+CsH+Rapa) and (RPS PGE2+Rapa) respectively.

The results for the non-nucleofected cells on day 14 were very low with an average of 0,2 copies.

The best results for the nucleofected cells on day 14 were 1, 1,2, and 1,3 copies for the conditions of (RPS+PGE2+CsH), (RPS+PGE2+LentiBOOST) and (RPS PGE2+Rapa) respectively.

• We notice also that most of the vectors that have entered the cells in the early days of the transduction have been lost since we are using integrative deficient vectors. The CFC counting shows that the CD34+ treated with rapamycin has lower BFU-E, CFU-G/GM, and CFU-GEMM compared to the other CD34+ treated condition and the untreated cells in both nucleofected and non-nucleofected cells (as has been noticed with the cells treated with the GP33 vectors)

No bias has been noticed in the percentage of the blood BFU-E, CFU-G/GM, and CFU-GEMM compartment (Figure 89).

We have concluded that the CD34+ cells treated with the combination of (RPS+PGE2+LentiBOOST) have given _using two different IDLV MiTiL vectors _the best cassette expression and higher integrated VCN at the last day of experiments with no effect on the viability or bias of the cells as on the CFC BFU-E, CFU-G/GM, and CFU-GEMM blood compartment; thereby we suggest using it when applying the MiTiL platform on primary HSPCs in the future. 

MITIL VECTOR FOR TREATING X-SCID MODEL PATIENT CELLS

To test the possibility of applying the MiTiL vector on a therapeutic location, we have decided 

Optimization of ED7R nucleofection

To optimize the nucleofection process, several nucleofection programs have been tested to find a balance between InDel efficiency and cellular toxicity.

Eight LONZA nucleofection programs (CA-137-DS-120-CM-137-EH-100-EO-100-DN-100-EN-150-CL-120) has been selected and tested.

2e5 ED7R cells were nucleofected using PT20 gRNA RNP complex and the viability of the ED7R cells and InDel percentage were compared among all the conditions;

(Figure 91) (Figure 92). with CRISPOR web tool using the same hg38 genome, one mismatch has been common and high score between the two algorithms (TGGTAATGATGACTTCAACATAG) but it has not been detected by NexGen-Seq (Figure 94).

The same paper provides a summary of the off-target study on the same Pt20 gRNA where they have detected only background or very low levels of InDel using the same gRNA on either WT CD34+ cells or X-SCID CD34+ cells (Table 15). The design of the IDLV MiTiL vector was based on a gRNA cutting site in accordance with our experience of seamless viral-genomic integration using the MiTiL platform.

The Pt20 gRNA is going to cut the human genomic DNA at the first exon of the IL2RG gene after the fourth nucleotide leaving the ATG sequence coding for Methionine which will not be a part of the IDLV IL2RGco sequence.

The T nucleotide (the 4 th nucleotide) should be excluded in the MMEJ repairing mechanism and the MiTiL transgene in the IDLV has no ATG sequence.

The MH region will positively integrate the MiTiL vector (AS01) in the correct location so that the IL2RGco sequence will be under the control of the endogenous promoter and the amount of the IL2RG protein produced should mimic the normal level of the protein in healthy unmated cells.

To eliminate the possibility of the expression of endogenous mutated IL2RG protein, two different stop codons TgA(opal) and TAA (ochre) have been added at the end of IL2RGco transgene; by this way, the endogenous promoter will not be able to produce the mutated IL2RG protein in the modified cells (Figure 95). The WPRE sequence will when transcribed create a tertiary structure enhancing expression.

The LTR sequence will play as a poly-A sequence.

The state-of-the-art IDLV vector coding for the IL2RG (AS02) vector that has two homology arms regions flanking the IL2RGco transgene has been created to work as a control for the MiTiL vector.

Similarly, a third IDLV vector similar to the MiTiL vector but lacking the MH region has been created as a control (AS03)

A fourth vector of the integrative LV that codes for the IL2RGco under the control of ubiquitous "Elongation Factor-1 Alpha Short" (EFS) promoter has been produced to be used as a control that could integrate into the genome. (Figure 96). 

ddPCR analysis of IL2RGco

Since the IL2RGco exists in IDLV vectors but not in the genome, we developed a ddPCR to quantify the amount of vector integration.

Several considerations have been used in the design of these primers/probe

• The primers have a GC content of 50-60%

• The melting temperature is between 50 and 65°C.

Due to the introduction of the MH region in the MiTiL platform, it has been confirmed that the viral-genomic junction splices seamlessly with no InDel both in the K562-erythroleukemic cell line and in HSPCs.

This result is of high significance since the allegedly used MMEJ repair mechanism exploited in MiTiL has been consistently considered an error-prone mechanism. 

AAV genome host random integration

The emergence of AAV as a clinically important vector along with programmable nucleases such as the CRISPR/Cas9 system highlights the potential of combining these two technologies to create target-integration gene-editing therapies 216 .

Although the use of rAAV vectors for their safety profile and ability of high-efficiency transduction in a wide range of target tissues is making it the platform of choice for GT, some random AAV genome integrations _although in low frequency _ have been reported [START_REF] Smith | Adeno-associated virus integration: Virus versus vector[END_REF]217,218 .

It has been thought that removal of the wild-type AAV Rep proteins will block the AAV genome integration thus the oncogenesis risk mediated by vector-induced insertional mutagenesis; nevertheless, tumors were identified in neonatal β-glucuronidase-deficient mice treated with rAAV leading to the development of hepatocellular carcinoma in a lower level than in retroviral/lentiviral or transposon vectors but in greater than that observed with plasmid or adenoviral vectors 219

Nonetheless, the existing risk of off-target integration which is not attributed to the MiTiL platform by itself but rather than the creation of DNA DSB appropriated from the site-specific programmable endonuclease used is always present; an issue that could be diminished with the technology advancement in this field like the use of high-fidelity CRISPR/Cas9 220 . Furthermore, several approaches to reduce the off-target effects have been applied 221 where cutting fidelity is the key element controlling the off-target integration.

AAV genome size limitation

AAV engineering focusing on the vector genome has also been addressed, with the goal of overcoming some of the major drawbacks like the limited DNA cargo capacity (~ 5 kb) which is a significant restriction. Because of this limitation, vector design for diseases like cystic fibrosis, Duchenne muscular dystrophy, hemophilia A, von Willebrand factor (VWF), and certain types of Leber congenital amaurosis and retinitis pigmentosa, among others [START_REF] Wu | Effect of genome size on AAV vector packaging[END_REF]222 is difficult and sometimes impossible; similarly, the use of complex physiological regulatory elements can be restrained.

Although several strategies have been implemented to overcome the size limit of the AAV vector like oversized AAV vectors and dual AAV vectors strategy where HR must undergo the overlapping regions between the two AAVs giving variable success and potential for unwanted expression products 222,223 .

In the AAV oversized vector, heterogeneous truncated genomes are reconstituted upon cell delivery leading to a full-length transgene expression cassette, however, most of the vectors are heterogeneous in length and truncated at the 5′ end with low vector yields. Besides that, the full-length transgene reconstitution suffers from low transduction efficiency and lack of homogeneity which are major drawbacks of this strategy 224 .

In the dual AAV vectors strategy where a large transgene cassette is split into two separate halves, each half is then packed into a separate vector, and the full vector is produced upon transduction of the same cell with the two vectors via trans-splicing and HR techniques 222 , although prosperous results are being achieved by applying this strategy 225 , however, it requires several vectors and higher doses and it has lower efficacy when compared with single AAV vector since effectiveness is essentially constrained by intron processing or HR efficiencies.

On the other side, it has been demonstrated that the MiTiL vector (with its IDLV large coding capacity of ~8-kb transgene cassettes + all the required cis-acting signals) [START_REF] Wanisch | Integration-deficient lentiviral vectors: A slow coming of age[END_REF] has been able to produce FVIII to correct the hemophilia A using the GP34 MiTiL vector coding for β-deleted domain recombinant factor VIII (BDDrFVIII) (4436 bp ) which is almost the limit size of the AAV packaging capacity without the regulatory elements, ITRs or the poly-A sequence.

Toxicity of AAV transduction of HSPCs

Although the use of the Ex vivo GT method will overcome all the immunogenicity problems related to the AAV, a relatively new concern has emerged due to the possibility of the AAV genome integration, which could lead to potential concerns associated with gene-based therapies.

Moreover, even though the rAAV vectors don't have the AAV Rep protein gene or any viral gene that has DNA IN activity, it has been proven that the rAAV vector could integrate even with low efficiency into the host genome in animal models. 226 In addition, it has been demonstrated that AAV2 has cytotoxic and cytostatic effects inducing cell death by apoptosis autonomously of p53 but mediated by caspase-3 via Rep78 AAV protein by DNA binding and ATPase/helicase activity 227 .

When AAV toxicity has been investigated in a stem cell context, it has been noticed that rAAV transduction is directly correlated with hESC apoptosis independently of AAV capsid but reliantly triggered through G-rich repetitive elements in the origins of replication in ITR sequence via p53 pathway after employing MRE11-RAD50-NBS1 (MRN) complex against AAV ITRs 168,228 .

Furthermore, it has been demonstrated that cell cycle arrest and apoptosis AAVs-induced reduces seriously undifferentiated cells viability 229 On the other hand, IDLV DNA fragment insertion at induced DNA breaks phenomena is less frequent compared with AAV thus presenting an outperforming viral vector to reduce adverse impact and genotoxicity and provide a better safety profile when it comes to HSPCs gene editing 228 .

Naked DNA donor templates

Oligodeoxynucleotide (ODN) could be used as donor templates for single-base substitutions introducing and/or correcting disease-associate mutations in order to generate human disease models for drug discovery and the elucidation of diseases These oligonucleotides are effective donors for small sequence alterations, albeit electroporation 230 used for inducing transient permeabilized state in the cell membrane that is used for oligonucleotides cells loading by allowing passage through the destabilized membrane may induce mild toxicity 194 .

On the other hand and unlike oligonucleotides or plasmids, IDLV or AAV may transport donor sequences of varying lengths (up to several kb) to HSCs with less cytotoxicity 149,111 .

It is noteworthy that the MiTiL platform required the application of the nucleofection method to transfer either the gRNA-plasmid or the assimilated RNP CRIPSR-Cas9 system in order to make the DSB, which also has been attributed to the percentage of cell toxicity.

Nonetheless, unlike the PITCh system, the MiTiL platform uses one MH (upstream of the CDS) compared to two MH in the PITCh system and includes only one gRNA cutting sequence (for the aim of opening the circular IDLV and rendering it accessible for integration and activate the MMEJ repair).

Additionally, MiTiL uses the transient RNP to make DSB instead of the gRNA/Cas9 plasmidbased delivery method, and finally, MiTiL utilizes IDLV rather than plasmid as a delivery vector.

• In the PITCh system, either the whole plasmid as when using the TAL-PITCh system or a specific gene cassette (depending on the experimental design) could be knocked in [START_REF] Sakuma | MMEJ-Assisted gene knock-in using TALENs and CRISPR-Cas9 with the PITCh systems[END_REF] These possibilities are reduced in the MiTiL platform because of the use of single gRNA that cut both the vector and the genomic locus where the percentage of having an uncut full vector was about 6% (n=3) in clones of 48 (Figure 40).

• In the v2 of CRIS-PITCh when two plasmids/one gRNAs site have been used;

o The possibility of integrating the first plasmid called "All-in-one CRISPR-Cas9 vector for CRIS-PITCh (v2)" that contains the Cas9 protein sequence and the two gRNAs (one gRNA flanking the GOI in the second plasmid and another gRNA to cut the required genome site) will always be there; making it extremely dangerous for sustained production of Cas9 and gRNA 237 , a complicating which doesn't exist in MiTiL platform since it depends of already assembled in vitro RNP that should be degraded by time.

o The ability to integrate the "CRIS-PITCh (v2) vector" plasmid will be possible in case

Cas9 cuts only one gRNA leading to linearization of the plasmid.

• In both versions of CRIS-PITCh, the possibility of integrating the part of the plasmid that doesn't contain the GOI exists, although it should be minimal since it doesn't contain the MH region or the two MH regions in case of cutting the PITCh plasmid by one or two gRNA respectively.

Taking into account that plasmid-mediated high-level CRISPR expression increases off-target effects when compared to RNP delivery.

Furthermore, using RNP as a CRISPR-Cas9 delivery method as in the MiTiL platform is less stressful and could produce at least twofold more colonies compared to the plasmid method 191 .

The construction of the PITCh platform is relatively similar to MiTiL since the short homologous sequences could easily be added to the donor vector by PCR and In-Fusion cloning, especially with the provided free online tool that helps the design of sgRNA and homology arms and primers for constructing a donor vector for PITCh system 238 .

An efficacy comparison with the MiTiL platform is complicated to make since the PITCh system uses puromycin selection to select edited HEK293T/ HeLa single-cell clones and the antibioticselected clones are individually analyzed via confocal laser-scanning fluorescence microscopy with no approximate edited bulk population ratio has been mentioned may be due to the difficulty of making bulk scanning using the confocal microscopy.

In addition, although that on-target concatemeric IDLV genomic structure (possibly coming from IDLV recombination ) via HDR target integration has been reported 250 , we do not believe that we have on-target concatemeric IDLV integration since only one K562 GP33-transduced clone (out of 62 clones) has exceeded the maximum number of VCN to the possible on-target cutting site (Figure 40) although that more investigation has to be made to verify that.

It is worth mentioning considering our finding that the major MiTiL system IDLV integrated vector is circular, there are parts of cis-acting regulatory elements needed for transduction, and transgene expression of the viral vector will probably be inserted at the cut target site In this version, the PA signal will be inserted in antisense with LTR (for the sake of not stopping the ssRNA production), another same gRNA sequence (in order to apply only one gRNA as previously used) will be added, MH3' region will be added (expected beneficial effect in stop DNA chewing during the DSB reaping).

On the other hand, two parts of the vectors would be produced making the less likely MHlacking part accessible for integration (Figure 103). Before being applied in therapeutic applications in human HSPCs, more research will be needed to compare the safety and effectiveness criteria of the MiTiL platform.

Limitations of the study

Some of the experiments are based on two repeats, although we have been able to settle a conclusion by adding up the information from the different experiments that are consistent; some experiments have to be solidified for statistical reasons.

To assess the system's universality and ensure the functionality of the MiTiL vector regardless of its integration site within the genome, the MiTiL system has been tested in several loci and cell types. This testing is essential because the integration (KI) process can be influenced by various factors, including locus activation/silencing, epigenetic phenomena related to chromatin accessibility (whether it's the loosely packed, accessible euchromatin or the tightly packed, less accessible heterochromatin), and the influence of Position-Effect Variegation (PEV). PEV can affect gene expression and phenotype by modulating chromatin structure and binding variables, potentially hindering proper DNA access 200,201 .

The MiTiL system has been tested only in three loci (HBA, AAVS1, and IL2RG) and in K562, ED7R cell lines, and primary human CD34+ cells. Although there is nothing that suggests that it could not work in other loci/cell lines, experiments have to be conducted to approve that.

No animal study has been conducted showing the efficacy of Ex vivo post-modification engraftment potential, immunological response, and sustained expression.

THE POSSIBLE FUTURE POTENTIAL OF THE MITIL PLATFORM

Transgenes were mostly introduced into human blood stem cells through HDR-based approaches using engineered nuclease-mediated DSBs. However, because of the low HDR activity in quiescent HSPCs, effective transgene incorporation has been difficult employing these approaches 156 .

Particularly in human MPB-derived CD34+ HSPCs, which are the most common source of autologous blood stem cells in clinical practice.

On the other hand, the MMEJ repair mechanism could be used as an alternative repair mechanism since it is active in quiescent cell 87 including primary HSPCs 148 .

Here we showed that the MiTiL platform is an effective alternative to HDR-based strategies to support efficient site-specific transgene KI in human cell lines and MPB-derived HSPCs.

According to the above-mentioned, we expect that our MiTiL strategy can be used as a sitespecific transgene integration platform in CD34+ HSPCs for the treatment of genetic and nongenetic disorders.

MiTiL has a wide range of potential applications, including the generation of reporter cells or animal lines, disease modeling, and the manufacturing of recombinant biopharmaceutical proteins. Although we used two different MOI, the transduction rate was almost similar.

IN VIVO TRANSDUCTION OF AAV-8 HAAT M-VWF HEAD AND TAIL

A previously performed transduction of two model mice with the dual vector of AAV-8 coding for hAAT murine vWF head and AAV-8 coding for hAAT murine vWF tail has been done using intravenous tail injection and the blood and liver sample has been collected 42-day posttransduction.

Murine plasma ELISA test to detect vWF levels and PCR in liver samples to detect the efficiency of the HR has been done 

CODON OPTIMIZATION

Codon-optimized head and tail murine vWF transgenes have been used in the production of two rAAV8: AAV8 coding for murine head codon-optimized vWF and AAV8 coding murine tail codon-optimized vWF.

1*e6 HuH-7 cells which have been tested before and seem to not be able to synthesize the vWF_ have been transduced with all the possibility of head/tail / head + tail codon-optimized The efficiency of the HR seems to be better in the non-codon-optimized dual AAV compared to the codon-optimized one.

My other contribution to the study was in the setting of Western blot analysis of the murine VWF m-vWF and murine codon-optimized VWF m-vWFco for the HuH7 cells lysate and the HuH7cells medium, several modifications of the protocol have been done in term of incubation period before harvesting the medium and the cells, the concentration of the primary antibody, many other technical points.
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  Knock-in d'IDLV médié par MMEJ via CRISPR/Cas9 dans des cellules souches/progénitrices hématopoïétiques humaines Mots clés : thérapie génique, édition génétique, CRISPR-Cas9, plateforme MMEJ, lentivirus. Resumé: La correction génique ex vivo des cellules souches et progénitrices hématopoïétiques (HSPC) est apparue comme une approche thérapeutique prometteuse pour le traitement des troubles sanguins héréditaires chez l'homme. Les nouvelles technologies d'édition génétique visant à cibler sélectivement l'ADN à l'aide de nucléases modifiées et à insérer sur ce site spécifique une séquence génétique thérapeutique ont ouvert la porte à de nombreuses applications thérapeutiques. Plusieurs stratégies peuvent être utilisées pour insérer une séquence d'ADN à un site spécifique du génome. Les stratégies dépendant de la voie de « homology-directed repair » (HDR) nécessitent des constructions d'ADN avec de longs bras d'homologie qui pourraient dépasser la taille limite du vecteur utilisé comme fournisseur d'ADN et conduire à une intégration relativement faible. Atteindre le HDR dans les HSPC peut également conduire à une faible efficacité de prise de greffe, car le HDR nécessite une division cellulaire. Alternativement, la stratégie de « Microhomology-mediated end joining » (MMEJ) peut permettre l'insertion d'une matrice d'ADN avec moins d'homologie et présente de nombreux avantages par rapport au HDR en termes de taille du bras de microhomologie (MH) requis et de capacité à cibler les individus au repos et cellules en prolifération.
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  generally DNA) to achieve specific effects. It can function by replacing/inactivating diseasecausing gene(s) or introducing a new or modified gene(s).
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 4 Figure 4: Third-generation LV 46 . 1-Transfer vector: contains self-inactivating 3' LTR (SIN-LTR) and elements required for viral packaging and integration; Ψ is a cis-acting sequence required for the packaging of RNA into viral particles. a Rev responsive element (RRE): facilitates the nuclear export of unspliced viral RNA transcripts, ensuring efficient packaging and production of viral particles. a central polypurine tract (cPPT) Increases transduction efficiency and transgene expression, and the Woodchuck Hepatitis Virus Post-Transcriptional Response Element (WPRE) stimulates the expression of transgenes via increased nuclear export. The psi sequence (Ψ) allows for efficient incorporation of the vector RNA genome into particles. 2-Packaging plasmids: Gag-Pol expressing viral structural proteins (Gag), RT, integrase, and protease (Pol), 3-rev expressed in trans. 4-viral envelope protein. Pro: promoter
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 8 Figure 8: Cas9 and a single-chain guide RNA (sgRNA) 71 .

  that utilizes homologous chromosomes as templates for DSB repair. It is the preferred pathway during the late S phase of the cell cycle, coinciding with DNA replication, or in the G2 phase. This preference is possibly due to the availability of sister chromatids, which can serve as templates for accurate repair without introducing mutations or loss of genetic sequences. Additionally, HDR can also occur during the G1 phase, utilizing an exogenous template when a sister chromatid is unavailable. However, it is essential to note that the restoration during the G1 phase HDR may not be identical to the original sequence before the damage. The process of HDR starts by generating single-stranded DNA (ssDNA) 3' ends at the site of the DSB, usually at least 50 nucleotides long, through the action of specialized helicases and exonucleases. Next, one of the ssDNA ends locates a complementary sequence on the intact DNA duplex through a process called strand invasion, resulting in the formation of a heteroduplex (synapsis). The homologous sequence within the Figure 10: The steps of HDR repairing mechanism.
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 2911 Figure 11: DSB repair pathways during the cell cycle in mammalian cells showing the activity phases of NHEJ, MMEJ, and HR. MMEJ consists of three distinct steps: pre-annealing, annealing, and post-annealing of the flanking MHs. The pre-annealing step involves end resection, similar to HR. This resection exposes the flanking MHs required for annealing. This process involves the binding of the Poly(ADP-ribose) polymerase 1 (PARP1) enzyme to the DNA DSB ends, which then recruits the Mre11-Rad50-Nbs1 (MRN) complex and CtIP resection factors. These factors initiate a nick near the DSB site, leading to DNA decay through 3′-5′ exonuclease activity. Additional resection is catalyzed by Bloom syndrome RecQ-like helicase (BLM) and exonuclease1 (Exo1) if the MHs are distant from the DSB site. Once the flanking MHs are exposed through excision, they undergo annealing.The stability of the annealed intermediates and the repair outcome is likely influenced by the size of the MHs involved in the annealing process[START_REF] Seol | Microhomology-mediated end joining: Good, bad and ugly[END_REF] . During this stage of pre-annealing, the replication protein A (RPA) complex plays a crucial role in preventing the annealing of singlestranded DNA (ssDNA).In the annealing steps, the complementary ssDNA regions containing MH can now anneal together. The annealing is mediated by the MH, aligning the two broken DNA ends in preparation for ligation.The post-annealing step follows the annealing step where short non-homologous singlestranded DNA flaps can sometimes form. These flaps need to be removed to ensure the correct alignment of the broken DNA ends. This trimming of the non-homologous tails produces 3′hydroxyl termini that are DNA-polymerase extensionally eligible (by XPF/ERCC1 structurespecific nuclease complex). DNA polymerase Polθ extends mismatched termini, ssDNA, and
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 12 Figure 12: Mechanisms of MMEJ in human cell 88 .
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 14 Figure 14: Mechanism of action of cytidine base editor 98 .Coupling a cytidine deaminase with the inactive dCas9 leads to cytosine to uracil conversion without cutting DNA.
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 15 Figure 15: Prime editing mechanism of action 103,104 . Cas9 nickase (blue) is complexed with the pegRNA (green) making the PE-pegRNA complex that nicks the target PAM-containing DNA strand 3 bp upstream of the PAM site, consequently, the emerged 3' DNA end with a 3' OH group is hybridized with the 14-16 bp Primer Binding Site (PBS) of the PegRNA serving as a primer for RT, then the modified RT (purple) reverses the RT-template containing the edit (red) extending the 3' flap. An equilibration is made between the edited 3′ flap and the unedited 5′ flap (the edited 3' flap is favored by endogenous endonuclease FEN1 (not shown)), followed by cellular 5′ flap cleavage and ligation repairing the DNA and having stably edited DNA.
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 19 Figure 19: Version 1 of CRIS-PITCh systems for cassette KI 92 .

Figure 21 :

 21 Figure 21: A schematic illustration of two plasmids used in Cris-PITCh v2 system 92 .

  Both the target locus and the donor DNA are cleaved by Cas9/sgRNA, and the donor DNA is integrated into the target site through NHEJ repair. If the donor DNA integrates into the correct orientation, the junction sequences are protected from further cleavage by Cas9/sgRNA. However, if the donor DNA integrates into the reverse orientation, Cas9/sgRNA will excise the integrated donor DNA due to the presence of intact Cas9/sgRNA target sites. Consequently, this process facilitates precise and efficient targeted gene KI. Notably, only 2.1% of the cases exhibited donor cassette insertion in the opposite direction, indicating a high degree of fidelity in achieving the desired orientation 153 (Figure22).

Figure 22 :

 22 Figure 22: Scheme of homology-independent target integration mechanism of action 153 . The blue pentagon represents the Cas9/gRNA target sequence, and the Blackline within the blue pentagon indicates the cleavage site, GOI: gene of interest.

  mechanism. The activity of MMEJ throughout the cell cycle allows for the targeting of both dividing and quiescent cells. The Platform depends on Ex vivo HSPCs editing to integrate the required transgene. Thereby acquiring sustained and lifelong expression of the required protein and possibly ameliorating the Ex vivo modified cell engraftment. This work demonstrates the importance of developing a new platform that avoids all the limitations that hinder the application of the target integration KI strategy for different genetic diseases.

  the x-axis (for IL2RG) and yellow laser 690±50 area for Y axis (for the 7AAD) Cells were analyzed using CytoFLEX S (Beckman Coulter, Pasadena, CA, USA); data were elaborated with CytExpert (Beckman Coulter, Pasadena, CA, USA) or FlowJo software (Tree Star, OR, USA). We used MoFlocell sorter (Beckman Coulter, Pasadena, CA, USA) to select live GFP positive cells.

  AND REAGENTS K562 cells (ATCC® CCL-243) were maintained in RPMI 1640 medium containing 2 mM glutamine and supplemented with 10% fetal bovine serum (FBS, BioWhittaker, Lonza), 10 mM HEPES, 1 mM sodium pyruvate (LifeTechnologies) and penicillin and streptomycin (100U/ml each, life technologies), ED7R cells also known as ED40515 (-) is a subline of a human T cell line derived from the peripheral blood of a patient with adult T cell leukemia, which expresses the 1L-2R-α and βchains, but not the γ-chain. ED7R cells derived from an adult human T-cell leukemia line deficient in the IL2RG gene expression 164 Sp-Cas9 protein (with 2 nuclear localization signals, NLS) was provided by J.P. Concordet and was expressed and purified.

(

  CHSF, Evry, France) and processed according to France bioethics laws (declaration DC-2012-1655 to the French Ministry of Higher Education and Research). CD34 + cells were purified by immunomagnetic selection with AUTOMACS PRO (Miltenyi Biotec, Paris, France) after immunostaining with CD34 MicroBead Kit (Miltenyi Biotec, Paris, France). Mobilized peripheral blood (MPB) and UCB CD34 + were also obtained by Cliniscience (Nanterre, France).MPB-or UCB-derived HSPC were thawed and cultured in prestimulation media for 48 h (StemSpan, Stemregenin-1 0.75uM, StemCell technologies; rhSCF 300 ng/ml, Flt3-L 300 ng/ml, rhTPO 100 ng/ml and IL-3 20 ng/mL, CellGenix). 2.5 x 10 5 HSPC per condition were transduced with MiTiL vectors for 24h (MOI 250), washed with PBS, 2,2 x 10 5 of nucleofected HSPC per condition were nucleofected with RNP complex using P3 Primary Cell 4D-Nucleofector kit (CA137 program). Specific sgRNA were diluted (Synthego) following the manufacturer's instruction and RNP complexes were formed with 30 pmol of spCas9 (ratio 1:1.5) HSPC were cultured in erythroid differentiation medium (StemSpan, StemCell Technologies; SCF 20 ng/ml, Epo 1 u/mL, IL3 5 ng/ml, Dexamethasone 2 µM and Betaestradiol 1 µM; Sigma) or semisolid Methocult medium (colony-forming cells (CFC) assay, H4435, StemCell Technologies) for 14 days. Colonies were counted and identified according to morphological criteria (BFU-E, CFU-G/GM, and CFU-GEMM).

Figure 23 :

 23 Figure 23: Demonstration of HSC with the HBA gene safe harbor site The figure demonstrate only one out of 4 possible transgene integration possibilities

Figure 24 :

 24 Figure 24: Scheme of the two possibilities of the transgene integration in the HBA gene and the outcome of the on-target transgene expression. Notably, the tested IDLVs differ in cassette orientation relative to the IDLV's LTRs in addition to the position of the MH and gRNA-T within the cassette. (Figure 25, Table8).

Figure 25 :

 25 Figure 25 : scheme of MiTiL prototypes (GP33, GP35, and GP36) and the controls (MA117, MA127) LTR: long terminal repeat, RRE: Rev Response Elements, : gRNA target site, MH: Microhomology, GFP: Green Fluorescent Protein, WPRE: Woodchuck hepatitis virus post-transcriptional regulatory element, PGK: phosphoglycerate kinase promoter, pA: Polyadenylation, Puro: Puromycin

Figure 26 :

 26 Figure 26: Experimental timeline in K562 cells K562 Cells have been analyzed via Flow-cytometry to check for GFP expression 14 days posttransduction (Figure 27).

Figure 27 :

 27 Figure 27: Example of representative dot plots flow-cytometry showing GFP expression in K562. The right gate aims to select the cloud of living cells, and the triangle in the lift gate selects the GFP+ cells. SCC: side scatter, FSC: forward scatter, GFP: green fluorescent protein, AF: auto fluorescence.
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 28 Figure 28 : K562-CAS9 cells transduced with MiTiL porotypes and controls
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 29 Figure 29: Discordance plot and InDel plot of K562-Cas9 cells transduced with GP33 and nucleofected using "HAB15" gRNA Left panel: Discordance plot shows the alignment level between the control wild type (orange) and the edited sample (green) in the inference window (the region around the cute site), i.e. it shows the average amount of signal that disagrees with the reference sequence derived from the control trace file.
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 31 Figure 31: Scheme of HBA integration site showing the close sites of HBA15 and HBA16 gRNAs. The InDel analysis has been done by amplifying the cutting region via PCR and checking for InDel via ICE software. The transfected cells have similar InDel results when using either HBA15
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 32 Figure 32:K562-Cas9 cells transduced with either MiTiL GP33 or control (MA127) IDLV nucleofected with either HBA15 or HBA16 gRNAs or non-nucleofected
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 34 Figure 34: DNA gel electrophoresis of PCR showing the 5'integration of sense cut (linear or cut circular) vectors in GP33-transduced nucleofected K562-Cas9 cells.
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 353635 Figure 36: On-target integration ratio of GP33-transduced nucleofected K562-Cas9 clones (Flow-cytometry based results) O n -t a r g e t U n d e t e c t e d
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 375 Figure 37 :5'integration forms of GP33-transduced nucleofected K562-Cas9 clones

Figure 38 :Figure 39 :

 3839 Figure 38: MFI comparison between GP33-transduced HBA15nucleofected clones that have received one or more than one copy of the transgene

Figure 40 :

 40 Figure 40: On-target Integration forms of the GP33-transduced nucleofected K562-Cas9 clones.

Figure 41 :

 41 Figure 41: Scheme of seamless 5' GP33 cut vector at the HBA15 junction site Top In-silico sequence of the seamless integration of cut (linear or circular) vector; bottom; alignment using Benchling software of the Sanger sequencing of PCR amplifying the 5' GP33 sense cut integration.

Figure 42 :

 42 Figure 42 : Scheme of GP33 MiTiL vector coding for GFP with MH at 5' of the reporter gene and HBA15 gRNA similar to HBA genomic site, GP34 similar for GP33 but coding for coFVIII.

Figure 43 : 98 Figure 44 :

 439844 Figure 43: K562-Cas9 cells transduced with MiTiL GP33, GP34 and the control MA127 nucleofected using HBA15gRNA.

Figure 45 :

 45 Figure 45: Detection of the coFVIII in K562-Cas9 GP34-transduced HBA15-Nucleofected clones Left: Percentage of coFVIII+ clones based on PCR analysis, right: gel electrophoresis of PCR detecting the existence of coFVIII in single cell clones showing the expected 230 bp band. To confirm the amplified band, two randomly chosen clones (clones 24 and 27) were Sanger sequenced by the same forward and reverse primers used for PCR amplification, and alignment results confirmed the coFVIII sequence assuring the amplification of the wanted sequence (Figure 46).

Figure 46 :

 46 Figure 46: Sanger sequencing of two clones of coFVIII PCR via forward and reverse primers confirming the coFVIII sequence. (Alignment has been done using Benchling software) The uncut full form of the sense GP34 MiTiL integration has been checked and none of the clones was positive in line with what has been noticed with the K562 clones transduced with GP33.

Figure 48 :

 48 Figure 48: DNA gel electrophoresis of PCR detecting the 3' sense integration of the GP34 MiTiL vector at the HBA locus Left: DNA Gel electrophoresis of PCR detecting a linear or complete form of GP34 MiTiL senseintegration in K562-Cas9 bulk population, right: DNA Gel electrophoresis of PCR detecting a circular form of GP34 MiTiL sense-integration in K562-Cas9 clones.

Figure 49 :

 49 Figure 49: Enzyme-linked immunosorbent assay (ELISA) detecting the FVIII in non-treated K562 cells, nucleofected bulk population, the non-nucleofected population, and four single cell clones coming from the bulk nucleofected population.

Figure 50 :

 50 Figure 50: Scheme showing the 5' cut sense seamless integration of G34-transduced HBA15nucleofected K562-Cas9 single cell clone.

Figure 53 :

 53 Figure 53: Gene editing via RNP The RNP is already complexed in vitro and provided to the cell by nucleofection, the enzyme will be directed to the nucleus via the nuclear localization sequence (NLS) and starts cutting targeted genomic DNA. As for the first experiment, we tested nucleofection at different time-point after IDLV transduction to determine when IDLV DNA is more prone to integration. The HIV-1 lifecycle begins by entering their target cells, followed by RT conversion of viral RNA into a double-stranded linear DNA (DNAL) or it could circularize having one or two LTRs (1-LTRc and 2-LTRc, respectively). 1-LTRc is formed by the circularization of DNAL by HR and 2-LTRc by the NHEJ pathway and then migrating into the nucleus.In the beginning, linear IDLV is the major form that decreases over time due to its circularization.

Figure 54 :

 54 Figure 54 : Kinetics of total (top) 1LTR and 2LTR circular(middle), linear (bottom) DNA forms during single round of replication of HIV-1 virus 195 .

Figure 55 :

 55 Figure 55: Scheme of the transduction and the time points of nucleofection (4h, 8h, 24h, 32h, and 48h) using two different gRNAs (HBA15, HBA16) The InDel analysis of the two gRNA (HBA15 and 16) has been done (on day 7 post-transduction) showing relatively similar InDel efficiency. It was ranging from 87% to 99%. The use of already complexed RNP has tremendously improved the InDel efficiency (Figure 56a) as compared to plasmid delivery.

  endogenous promotor as a result of deleting (in case of linear MiTiL insertion) /displacing (in case of cut circular MiTiL insertion) LTR till cutting site region in MiTiL vector as explained in Figure 33 which has been demonstrated in high GOI MFI (Figure 56d,e). a: InDel analysis using ICE software on day 6 post-infection b,c: VCN using ddPCR on day 5 and day 28 post-nucleofection. d,e: flow cytometry and MFI (right) analysis of the on day 14 posttransduction

Figure 56 :

 56 Figure 56:GP33-transduced HBA15/HBA16-nucleofected via RNP K562 cells at different time points post-infections

Figure 59 :

 59 Figure 59:HMPB-CD34+ cells transduced with GP33 MiTiL IDLV nucleofected/non-nucleofected with either HBA15/HBA16 gRNAs (RNP) a: InDel analysis using ICE software. b,c: VCN analysis via ddPCR on days 5 and 14 respectively d,e,f: flow cytometry analysis: example of flow cytometry gating strategy of GFP vs GFP autoflorescence cells,e,f: GFP percentage and MFI respectively on the 5,9,12 days post-transduction

Figure 61 :

 61 Figure 61 : Colony forming cell (CFC) assay of GP33-transduced HBA15/HBA16 gRNA nucleofected CD34+ cells Left: colony count right: colony percentage

Figure 60 :Figure 62 :

 6062 Figure 60 : CD34+ flow cytometry gating strategy and results of all GFP+ cells vs GFP+/GYPA ± cells on days 9,12 post transduction

Figure 63 :

 63 Figure 63: Timeline of K562 transduction using either GP33, GP51, or GP54 vectors and nucleofection using HBA15-gRNA RNP. DNA has been extracted and used to amplify the flanking region of the cut and InDel analysis has been done and showed relatively similar results by using ICE software (except for one point of GP51 that seems to show a lower InDel percentage ) (Figure 64a) ddPCR analysis has been done comparing the GFP vs. ALB on DNA pellets from day 5 posttransduction showing relatively similar results for all IDLVs, excluding any possible difference due to viral transduction.

a:

  InDel percentage by ICE software, b,c: VCN analysis via ddPCR on days 5 and 14 respectively d,e,f: flow cytometry analysis on day 14 post-transduction d: percentage of GFP+ cells, e: percentage of GFP+ cells upon VCN normalization according to VCN-D5 f: MFI of GFP proteinAll the aforementioned experiments were performed on the human hematopoietic cell line K562 with the goal of setting the experimental conditions before moving to the clinically relevant HSPCs.

Figure 64 :

 64 Figure 64:K562 cells transduced with either GP33, GP51 or GP54 and nucleofected using HBA15-gRNA (RNP).

Figure 65 :

 65 Figure 65:CD34+ cells transduced with either GP33, GP51 or GP54 and nucleofected with HBA15 gRNA-RNP

Figure 66 :

 66 Figure 66 : colony-forming cell (CFC) assay of GP31/GP51/GP54 transduced nucleofected/non-nucleofected CD34+ on day 14 post nucleofection.

Figure 69 :

 69 Figure 69: Scheme of the GP57, GP58, MA277 IDLV vectors.  represents LH1 cutting site sequence 4e5 K562 cells have been transduced with each one of these three IDLV for 24 hours (MOI=50) as in Figure 63.

  Left: InDel-percentage in K562 cells nucleofected via RNP LH1-gRNA. Middle and right: pattern of InDel of GP57, and GP58-transduced cells respectively on day 5 post nucleofection, the InDel plot displays the inferred distribution of InDels in the entire edited population of genomes. Hovering over each bar of the InDel plot shows the size of the insertion or deletion (+ or -1 or more nucleotides), along with the percentage of genomes that contain it.

Figure 70 :

 70 Figure 70 : InDel percentage and pattern in K562 cells nucleofected using LH1-gRNA

Figure 71 :

 71 Figure 71:GP57, GP58, MA227-transduced LH1-nucleofected K562 cells

Figure 73 :

 73 Figure 73: PCRs used to detect the cut/uncut linear/circular IDLV sense/antisense on-target integrated forms of either GP57 or GP58-transduced LH1-nucleofected cells. PPP1R12C gene is shown as a barred box, and forward and reserve primers are shown as top and bottom arrows respectively. Left: the VCN on bulk cells before and after GFP+ sorting, right: sorting via FACS and serial-dilution technique used to acquire single-cell clones.

Figure 74 :

 74 Figure 74 : MFI of GFP expression in GP57/GP58-transduced LH1-nucloefected sense/antisense on-target integration K562 cells.

Figure 75 :

 75 Figure 75: On-target effect of MiTiL vector realized on GP57/GP58 transduced LH1-nucleofected K562 clones

Figure 76 :

 76 Figure 76: The orientation effect of the MiTiL platform using GP57/GP58-transduced LH1nucleofected K562 clones. Gray lines indicate mean ± SD; the number of clones analyzed is indicated. (p < 0.05 two-side Fisher exact test)

Figure 77 :

 77 Figure 77: Example of Sanger sequencing of vector-genome junction area showing seamless 5'cut sense on-target integration in GP57-transduced LH1-nucleofected K562 clone.

Figure 78 :

 78 Figure 78 : The advantage of MiTiL seamless integration
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Figure 81 :

 81 Figure 81: LH1 off-target COSMID and CRISPOR web-tools detection along with InDel detected in GP57/GP58/MA227-transduced LH1-nucleofected K562 cells.

Figure 82 :

 82 Figure 82 : Percentage of GP57/GP58-tansduced LH1-nucleofected K562 clones positive for cut sense or antisense integration in the off-target n8

Figure 84 :

 84 Figure 84: Scheme of transducing CD34+ via MiTiL vector and nucleofection using gRNA RNP.

Figure 85 :

 85 Figure 85: Scheme of transducing CD34+ via GP57-MiTiL vector and nucleofection using LH1-gRNA RNP. The viability of the cells, and cutting efficiency measured by InDel percentage, VCN, flow cytometry, and MFI analysis were conducted on CD34+ cells.

  InDel efficiency results for days 7 and 14 post-nucleofection, b,c: VCN analyses on days 7 and 14 post-nucleofection for both nucleofected and non-nucleofected cells, d,e,f: flow-cytometry results of GFP+ percentage CD34+ GP33-transduced cells on days5, 8, 11, 14 and 15 post-nucleofection, d: Flow-cytometry of HBA15-nucleofected cells, e: MFI results of GFP expression in HBA15-nucleofectedcells, f: flow-cytometry of non-nucleofected cells, g: viability percentages of nucleofected and nonnucleofected CD34+ cells on day4 post-nucleofectionAfter manipulation, HSPCs were cultured in Methocult semisolid medium CFC assay, for 14 days. Colonies were counted and identified according to morphological criteria (BFU-E, CFU-G/GM, and CFU-GEMM).

Figure 87 :

 87 Figure 87 : Colony forming cell (CFC) assay of CD34+ cells following the application of several TEs. a: CFC count of GP33-transduced non-nucleofected CD34+ cells, b: CFC percentage of GP33-transduced non-nucleofected CD34+ cells c: CFC count of GP33-transduced HBA15-RNP-nucleofected CD34+ cells, d: CFC percentage of GP33-transduced HBA15-RNP-nucleofected CD34+ cells.

Figure 86 :

 86 Figure 86:CD34+ cells GP33-transduced HBA15-nucleofected analyses with the application of different TEs.

  InDel efficiency results on days 7 and 14 post-nucleofection, b,c: VCN analyses on days 7 and 14 post-nucleofection for both nucleofected and non-nucleofected cells, d,e,f: flow-cytometry analyses on days5, 7, 10, and 13 post-nucleofection, d: percentage of GFP+ nucleofected cells, e: MFI results of GFP protein in nucleofected cells, f: percentage of GFP+ nucleofected CD34+ cells on day 13 post nucleofection,g: percentage of GFP+ non-nucleofected cells, h: viability percentages of nucleofected and non-nucleofected CD34+ cells on day4 post-nucleofection.

Figure 89 :

 89 Figure 89 : Colony forming cell (CFC) assay of GP57-Transduced CD34+ cells following the application of several TEs. a: CFC count of GP57-transduced non-nucleofected CD34+ cells, b: CFC percentage of GP57-transduced non-nucleofected CD34+ cells c: CFC count of GP57-transduced LH1-RNP-nucleofected CD34+ cells, d: CFC percentage of GP57-transduced LH1-RNP-nucleofected CD34+ cells.

Figure 88 :

 88 Figure 88:CD34+ cells GP57-transduced LH1 nucleofected analyses with the application of different TEs.

  to test the MiTiL platform on the X-SCID disease cell model called ED7R where the gamma subunit of the IL2RG is mutated. Pt20 gRNA (TGGTAATGATGGCTTCAACA) has been chosen to target the first nucleotides of exon 1 of the IL2RG gene where a previous publication has shown high InDel efficiency for this gRNA with no effect on UCB-derived CD34+ HSPCs viability 145 (Figure90).

Figure 90 :

 90 Figure 90: Scheme of PT20 RNP complex and PT human genomic cutting site just before the first exon in IL2RG gene.

Figure 91 :Figure 92 :

 9192 Figure 91: Timeline for optimization of nucleofection protocol of ED7R cells using PT20-RNP. Amaxa's Nucleofector nucleofection programs used are shown in column

Figure 94 :

 94 Figure 94: Genome specificity of IL2RG sgRNA guide 171

Figure 93 :

 93 Figure 93 : InDel and viability percentages of ED7R cells on day 3/12 post-nucleofection using PT20-gRNA-RNP with or without Alt-R HDR enhancers following the application of the best five-nucleofection programs.

  IL2RG codon-optimized (IL2RGco) sequence has been created coding only for the cDNA of the IL2RG gene and used as a transgene in MiTiL vector for IL2RG site. The sequence of the IL2RGco has been manually modified in the triplet number 288 coding for Arginine and the bias code of AGA has been used instead of CGG to avoid being cut by BamHI restriction enzyme that is needed for cloning purposes. Designing the MiTiL vector for IL2RGco was based on our MiTiL best porotype (GP33) 9.2 where the IL2RGco sequence is in sense with LTR, PT20 gRNA MH, and WPRE; where MH region upstream the IL2RGco region.

Figure 95 :

 95 Figure 95: The design of MiTiL vector for X-SCID disease The scissor indicates the cutting site in the human genome and MiTiL vector, the pink color indicates the gRNA site in the MiTiL vector and IL2RG locus, the dark gold color indicates the MH region, the green color indicates the IL2RG first exon including the ATG sequence in the human genome, the purple color indicates the T nucleotide after the ATG sequence in the human genome, the magnifying glass indicates the seamless integration at the cutting site

Figure 96 :

 96 Figure 96: Scheme of vectors used to transduce ED7R cells The designed vectors have been cloned in the same backbone of GP33 Maxipreps producing cloned plasmids have been checked using restriction enzymes. The AS01, AS02, and AS03 maxiprep have been checked using BamH1 + XhoI, and the DNA gel electrophoresis shows 2 bands for all the plasmids. AS01 plasmid gives two bands of 6555 and 1180 bp after digestion. AS02 plasmid gives two bands of 6555 and 2274bp after digestion. AS03 plasmid gives two bands of 6555 and 1165bp after digestion. The AS2096 has been digested using BamH1 which gives 3 bands of 6808,883 and 253bp (Figure 97 left).The maxipreps have been rechecked using different digestion enzymes that cut different essential areas in the plasmids.The AS01 plasmid has been digested using either BamH1+ Eco1051+ EcoR1+ Sca1+ Xho1 to give five bands (2210+ 1959+ 1780+ 1180+ 617 bp) or with BamH1+ Xho1 to give 2 bands (6555+ 1180 bp ) or with BamH1+ EcoR1+ Xho1 to give three bands (5949+ 1180 + 617 bp)

Figure 97 :Figure 99 :

 9799 Figure 97: Verification of the AS01-AS02-AS03-AS2096 Maxi prep using restriction enzymes

  which could have potential undesired effects due to the insertion of the plasmid component into the genome 191 . • Furthermore, the need to use two plasmids (one coding for Cas9 and the gRNAs, and the other containing the GOI) could induce cytotoxicity consequences by itself 194 , the necessity of transfection reagent required in plasmid transfection like Lipofectamine has additional toxic effect involving cell morphology, viability, and gene expression profile dysregulation 236 . • Moreover, electroporation of large plasmids like the plasmids used in the CRIS-PITCh system (from 6 to 16 kb) has harmful consequence 231 . • Additionally, the use of three gRNAs to cut both the vector and the genomic DNA in the first version of CRIS-PITCh has many disadvantages in comparison with the MiTiL platform in terms of : o The possibility of generating multiple off-target due to the use of different gRNAs. o The possibility of whole plasmid integration in the on/off cutting site(s) in case of genomic-DNA cutting and cutting of only one (of the two) plasmid's gRNA locus leading to the linearization of CRIS-PITCh vector plasmid. o As for the MiTiL platform, the PITCh system has the possibility of cutting only the genomic DNA without the integration of the plasmid or the GOI in the plasmid driving the cells into the dominant NHEJ repairing mechanism provoking InDel at the genomic cutting site and rendering this genomic site inaccessible for gene editing.

  downstream of the GOI; like LTR, Ψ packaging signal, cPPT (Central polypurine tract) and RRE. This could raise potential safety concerns although the FDA (US Food and Drug Administration) has approved the use of HIV-1-based LVs in the GT clinical trial 246 . The first version of the MiTil vector includes only one gRNA and one MH sequence. MiTiL vector design has been done in this way since the 5'LTR has been exploited as a poly-A signal and putting Poly A signal downstream of the GOI would stop the production of IDLV ssRNA leading to truncated ssRNA production. Now and after verifying the MiTiL vector mechanism of action and figuring out the way that IDLV tends to circularize and re-linearized rendering it integrative-competent, a second version of the MiTiL vector could be suggested for future testing addressing the issue of truncation observed at the 3' end of the original MiTiL and addressing the issue of cis-viral vector regulatory elements insertion.

Figure 103 :

 103 Figure 103: Proposed V2 of MiTiL vector Another limitation of the MiTiL platform relative to the gene editing methods is its lack of suitability for the correction of point mutations.

Figure ! ! :

 ! Figure !!: gel electrophoresis of DNA extracted from HEK293-E4 and HuH7cell transduced with two different MOI (5*10e3, 10e4) (a) sample treated with primer coding for head only, (b) sample treated with primer coding for tail only, (c) sample treated with primer coding for the overlapping region between the head and tail. This experiment has proven the ability of HR of cDNA coming from the head part of vWF and the tail part of vWF. The AAV8 transduction efficiency was similar in HuH7 and HEK293-E4 cells despite the use of Ponasterone A in the HEK293-E4 cells.

Figure 7 :Figure 10 :

 710 Figure 7: Timeline of the in vivo study

Figure 8 :Figure 9 :

 89 Figure 8: vWF levels detected by ELISA in plasma

Figure 12 :

 12 Figure 12: comparison between the efficiency of the HR efficiency after transduction of HuH7 cell with (a) AAV-8 coding for murine codon-optimized VWF (m-vWFco) and (b) AAV-8 coding for murine non-codon-optimized VWF m-vWF.
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Table 1 :

 1 50 ng of genomic DNA was used to amplify the region that spans the cutting site of each gRNA using KAPA2G Fast ReadyMix (Kapa Biosystem, Wilmington, MA, USA). After Sanger sequencing (Genewiz, Takeley, UK), the percentage of insertions and deletions (InDels) was calculated using ICE Analysis https://ice.synthego.com. Table of primers used in InDel analysis

	InDel	for	Forward	Reverse	Primer used for	Amplicon	Annealing
	gRNA		primer name	primer	sanger	size (bp)	temperature
				name	sequencing		
	HBA15		3820F	4870R	3820F	1051	60°
	LH1		MA359	MA360	MA359	709	58°
	Pt20		IL2RG-F2	IL2RG-R1	IL2RG-F2	229	60°
	Primer name			Primer sequence	
	3820F				TATCGCCAGAGGGAAAGGGA
	4870R				CTTGAAGTTGACCGGGTCCA	
	MA359				CAGCTCAGGTTCTGGGAGAG	
	MA360				CTTGTAGGCCTGCATCATCA	
	IL2RG-F2			TTCTTTCCACCGGAAGCTATG
	IL2RG-R1			AGCTGTGGTGTCTTCATTCC	

Table 2 :

 2 Table of primer sequence 8.3. VECTOR PRODUCTIONS LVs were produced by transient transfection of 293T using third-generation packaging plasmid pMDLg/p.RRE (or pMDLg/p.RRE.D64V for IN defective), pK.REV, and pseudotyped with the vesicular stomatitis virus GP G (VSV-G) envelope. LV/IDLV were titrated in HCT116 cells 172 and HIV-1 Gag p24 content was measured by ELISA (Perkin-Elmer) according to the manufacturer's

	instructions.
	8.4. DROPLET DIGITAL PCR
	8.4.1. Designing Primers for a ddPCR Assay

GFP, ALB, and Il2RGco primers for ddPCR analysis were designed considering the following guidelines: GC content of 50-60%, Tm between 50 and 65°C with values of 50 mM for salt concentration, and 300 nM for oligonucleotide concentration, secondary structure were avoided or Cs reputation longer than 3 bases were avoided, Gs and Cs were placed on the ends of the primers when possible, to avoid primer-dimer formation forward and reverse primer sequences were checked to ensure that there is no 3' complementarity, BLAST (Basic Local Alignment Search Tool ) were used verify the specificity of the primers for the target sequence, SNPs (single nucleotide polymorphisms) were avoided

The primer blast web tool ( https://www.ncbi.nlm.nih.gov/tools/primer-blast ) was used to design the required primers.

8.

4.2. ddPCR protocol ddPCR

  was performed according to the manufacturer's instruction using ddPCR Supermix for Probes No dUTP (Biorad, Hercules, CA, US) and 5 ng of genomic DNA digested with HindIII (New England Biolabs, Ipswich, MA, USA). Droplets were generated using AutoDG Droplet

		coF8 FWD Set	coF8 REV Set		coF8 PRB Set
	FVIII			60°	
		3	3		3
	PSI	233LentiPSI	363LentiPSI	60°	255lentiPSI,
					IL2RGco
	IL2RGco	IL2RG F2	IL2RG R2	60°	
					Probe2
				According to the detected	
	ALB	ALB.F	ALB.R		AlbVic.P
				gene	
	Generator and analyzed with a QX200 droplet reader; data analysis was performed with
	QuantaSoft (Biorad, Hercules, CA, US).		
	To quantify the GFP/FIX/PSI/IL2RGco copy number, primers, and probes were designed.
		Forward	Reverse	Annealing/extension	
	Detected gene				Probe
		Primer	Primer	temperature	
	GFP	614GFP.F	680GFP.R	58°	636GFP.P
	56				

Table 3 :

 3 Table of primers used in ddPCR Assay

	Primer/probe		
	name	Primer sequence	Reporter dye
	614GFP.F	AGTCCGCCCTGAGCAAAGA	-
	680GFP.R	GCGGTCACGAACTCCAGC	-
	636GFP.P	CAACGAGAAGCGCGATCACATGGTC FAM/Qsy
	233 LentiPSI	CAGGACTCGGCTTGCTGAAG	-
	363 LentiPSI	TCCCCCGCTTAATACTGACG	-
	255 lentiPSI	CGCACGGCAAGAGGCGAGG	FAM
	ALB.F	GCTGTCATCTCTTGTGGGCTGT	-
	ALB.R	ACTCATGGGAGCTGCTGGTTC	-
	AlbVic.P	CCTGTCATGCCCACACAAATCTCTCC VIC/TAMRA
	coF8 FWD Set 3	GAGTGCCCAAGAGCTTCC	-
	coF8 REV Set 3	CTGGGCTTGGCGATATTGA	-
	coF8 PRB Set 3	AAACCCTGTTCGTGGAGTTCACCG	FAM/ZEN
	IL2RG F1	GATACAACCGCCGACTTCTTC	
	IL2RG R1	CTGTTCCAGGTGCAGTTCATG	
	IL2RGco Probe1	CACGTTGAACACGAAGCACTGCAC	FAM/ZEN
	IL2RG F2	CATGAACTGCACCTGGAACAG	
	IL2RG R2	GTCGTTGTCGCTGTTCTTG	
	IL2RGco Probe2	GTAGTGCAGGGTCAGATTGGTGGG	FAM/ZEN

Table 4 :

 4 Table of primers/probes sequences 57 Human albumin (ALB) gene was used as a reference for copy number evaluation (assay ID:dHsaCP2506312, Biorad, Hercules, CA, US).

		Temp, C	Time in sec	Replication
	Enzyme activation	95	600	1X
	Denaturation	94	30	40 x
	Annealing/Extension	see the sequence table	60	
	Enzyme deactivation	98	600	Ramp 2 C
	Hold	12	infinity	1X

Table 5 :

 5 The thermocycler conditions used in ddPCR assays

Table 6 :

 6 Table of primers to check 5' and 3' integration of MiTiL vectors in different loci

					IDLV	Directionality	
			integration				Forward	Reverse
	Locus gRNA		Vector	vector	of	
			site				primer	primer
					form	integration	
	HBA	HBA15 5'	GP33/GP51	Cut	Sense	F3820	PPT eGFP R
					Non-		
	HBA	HBA15 5'	GP33/GP51/GP54		Sense	F3820	PSI RRE R
					cut		
	HBA	HBA15 3'	GP33/GP51	Circular Sense	PPT eGFP F 894R
	HBA	HBA15 3'	GP33/GP51/GP54	Linear	Sense	WPRE254F 894R
	HBA	HBA15 3'	GP33/GP51	Cut	Anti-sense	PPT eGFP R 894R
	HBA	HBA15 5'	GP33/GP51	Circular Anti-sense	F3820	PPT eGFP F
	HBA	HBA15 5'	GP33/GP51/GP54	Linear	Anti-sense	F3820	WPRE254F
	AAVS1 LH1	5'	GP57/GP58	Cut	Sense	MA359	AS_PGK111R

8.6. FLOW CYTOMETRY 8.6.1. IL2RG staining

Table 7 :

 7 RNP complexing 

The RNP is stable for a week at 4°

Table 8 :

 8 Table of comparison summarizing the difference between the MiTiL vectors and controls

		GP33	GP35	GP36	MA117	MA127
	(gRNA seq)	Present	Present	Present	Absent	Absent
	MH	Present at 5′ Present at 5′ Present at 3′	Absent	Absent
	Internal Indicator GFP	GFP	GFP	GFP	GFP
	LTR sense	Sense	Anti-sense	Anti-sense	Anti-sense Anti-sense
	4 10^5 K562 erythroleukemic cells constitutively expressing Cas9 (K562-Cas9) were transduced

with each of the described IDLV with a MOI of 50 using Polybrene as TE for 24 hours.

Table 13 :

 13 

CRISPOR off-target detection site of LH1-gRNA with high MIT off-target score with a low CFD off-target score.

Table 12 :

 12 CRISPOR off-target detection site of LH1-gRNA with CFD score above 0,4 Cas9 can tolerate DNA and RNA bulges and induce cleavage at genomic loci with high rates, sometimes even higher than the target site 209 , we used the COSMID205 web tool (https://crispr.bme.gatech.edu) to search for those putative off-targets.

	N	Off-target Seq	Mismatch Pos	Mismatch Count Score	Mit Off-target Score	Cfd Off-target	cosmid score	Chr	start	end	strand	Locus Desc
	17	GTCCCATCCACCCC	.....*......		2,1	0,2			18000	18000		intron
				2				9			-	
		ACAGAGTGG	......*.		1	7			000	000		:ELL
	As revealed recently,										

Table 14 :

 14 COSMID off-target detection site of LH1-gRNA with highest COSMID score

Table 15 :

 15 Summary of IL2RGsgRNA off-target InDel frequency analysis

9.12.3. The design of the MiTiL vector for IL2RG locus

  

(RNP) à guide unique ARN/Cas9. Nous démontrons des niveaux élevés d'édition stable du génome dans les lignées cellulaires K562, ED7R et dans les cellules primaires HSPC.En conclusion, nous avons réalisé une intégration efficace de transgènes spécifiques à un site dans HSPCs en utilisant une approche basée sur MMEJ pour l'addition ciblée de gènes. Cette plate-forme offre une alternative efficace à l'intégration transgénique basée sur HDR pour le traitement des maladies humaines monogéniques affectant le système hématopoïétique, et nécessite donc des tests et un développement précliniques supplémentaires.

CRIS-PITCh version 2

In this modified version, a generic gRNA (PITCh-gRNA) is used to cut both upstream and downstream of two MH areas flanking the GOI in the PITCh plasmid. The primary goal of this new system is to minimize off-target effects by utilizing a single gRNA instead of multiple gRNAs.

In contrast to CRIS-PITCh v1 which requires proximal MMEJ, CRIS-PITCh v2 recruits distal MMEJ for precise integration. The aim of using distal MMEJ is based on the idea that it can take advantage of the MMEJ machinery's trimming capability to remove extra bases outside the two microhomologies during the repair process. This trimming step contributes to achieving a more precise integration of the GOI into the target chromosome. Additionally, the decision to use distal MMEJ is supported by the suggestion that the occurrence frequency of distal MMEJ is higher than that of proximal MMEJ, thereby potentially increasing the overall efficiency of the gene editing process.

By combining the generic PITCh-gRNA with the distal MMEJ repair mechanism, CRIS-PITCh v2 aims to enhance the precision and efficiency of targeted gene integration while minimizing the risk of off-target effects compared to previous versions that relied on multiple gRNAs and proximal MMEJ. Two gRNAs have to be used in this CRIS-PITCh v2 system. The first one is referred to as the "target locus-specific gRNA," which is responsible for cutting the desired locus in the cell. The second gRNA is known as the "generic PITCh-gRNA," and its role is to cut the CRIS-PITCh v2 vector. During the gene editing process, two plasmids are co-transfected into cultured cells.

MECHANISM AND CHARACTERIZATION OF IDLV INTEGRATION

IDLV genome is present in the nucleus of transduced cells in two main forms: a linear and a circular form.

Cas9/gRNA cutting of different IDLV forms will generate different DNA substrates for targeted integration (Figure 33 ).

The linear form can integrate as it is or after Cas9/gRNA cutting.

i)

The linear form has one LTR at the 5' end and a second LTR at the 3' end and contains all viral components.

ii)

The linear cut form lacks the part upstream of the gRNA cut sequence due to Cas9

activity and it has a similar 3' end of the linear form.

The circular form originates from the two LTRs recombination, it can have 1-LTR or 2-LTR, and it cannot integrate into the genomic DNA unless it is cut by the Cas9/gRNA.

iii)

The cut circular form has the same 5'end of the linear cut form, two consecutive or one LTR depending on the original circular form and the remaining part of the IDLV genome.

To discriminate among these different possible forms of integration and observe the effect of each form on the GOI expression, we generated by serial dilution of 160 single cell clones from k562 cells with GP33 targeted integration.

We extracted DNA from each clone and performed PCR analysis using primers designed to specifically recognize the different integration forms by amplifying donor-DNA-genome junctions.

In addition, primers allow discriminating integration orientation (i.e. if it has occurred in sense or antisense orientation) (Figure 33). The identity of the amplified band has been confirmed by Sanger sequencing two clones (clones 24 and 27) and aligning them with an in-silico 5' cut vector sequence at the HBA integration site.

The 3' integration profile has been checked for all the nine clones that were positive for 5' sense cut integration, the 3' sense linear integration (Figure 44 This shows that the MiTiL platform is applicable to target-integration cDNA with bigger size and secreted protein compared to that shown using eGFP.

The results were in accordance with what we described for GP33-transduced HBA15nucleofected K562-Cas9 clones.

OPTIMIZATION: POST-INFECTION-NUCLEOFECTION TIMING AND RNP OPTIMIZATION

Expressing CRISPR-Cas9 endonuclease in order to make DSB in the genomic DNA and MiTiL vector needs a common element in all previous experiments. Given this, we used a constitutively expressing Cas9 K562 clone.

This same Cas9 could also be provided as a plasmid DNA that will intracellularly express the Cas9 protein.

If CRISPR-CAS plasmids were employed in human patients, they could represent a risk by allowing the CAS gene to be integrated into the genome 187 . apart from that, the gRNA has been provided using a different plasmid has some toxicity and may cause cell death 188 rather than the toxicity of the transfection reagents (e.g., lipids) used for plasmid transfection 189

Besides the time-consuming and labor needed for plasmid preparation, there is the time needed for the cells to transport the plasmid into the nucleus for RNA transcription and the exportation of the emerged mRNA from the nucleus for translation of the protein. The Cas9 should be complexed with gRNA in the cytoplasm and the RNP complex should be retransported to the nucleus where the editing occurs, all of these steps make the process by itself uncontrollable and may cause variable editing efficiencies (Figure 51). Not all of these processes are immediate and the time of having the ready complex is hard to predict.

Since the plasmid could serve as a template for Cas9-gRNA complex expression for a long time after making the desired DSB, the Cas9 could cut in some undesired genomic DNA sequences with a similar sequence to the target site.

Even with a good gRNA design and because of the long presence of the Cas9-gRNA complex the probability of off-target cutting is higher. 189 and the long the CAS-gRNA expression, the higher chance that the protein will cut the undesired sequence 190 .

The off-target cleavage could be by itself toxic since it generates several DBS that could provoke apoptosis or even facilitate the transgene KI in an oncogenic region causing cancer 191 .

The bottom message is that long CAS enzyme expression may cause a problem.

In order to optimize the way of providing the Cas9-gRNA complex, increase editing efficiency and avoid the undesired effects such as cytotoxicity 192,193 , we have provided the recombinant SpCas9 enzymes and the more stable (exonucleases protected), chemically modified version of gRNA (2'-O-methyl analogs and 3' phosphorothioate internucleotide linkages at the first three 5' and 3' terminal RNA residues) as a ready to used RNP 194 .

The RNP preparation is done in vitro before the nucleofection step as shown in (Figure 52). Then the RNP is delivered into the cell by electroporation using nucleofection protocol making small pores in the nucleolus membrane and allowing the RNP to enter directly where it can immediately start cutting the genome.

The RNP will be degraded over time lowering the chance of making off-target cleavage and lowering the possibility of transgene off-target insertion At the same time and since no plasmid has been used the possibility of having Cas9-plasmid integration is also erased (Figure 53).

Table 10 summarizes all the molecular analyses that have been done on the GP33HBA15 GFP+ CD34+ cells obtained from colonies extracted from the semi-solid medium (CFC assay). As previously seen in K562, the most abundant MiTiL form is the cut circular form and all the cells have seamlessly integrated the vector without any InDel at the HBA cutting site. To continue optimizing the MiTiL platform, we want to test if the KI efficiency and/or reporter gene expression could be improved by increasing the length of the homology arm, in other words, to compare what is supposed to be exploiting the MMEJ repair mechanism with the cutting edge HDR mechanism where the homology arms longer (500-1,000 bp) 121,198,199 .

To test this possibility, we designed a novel IDLV (GP51) in which we replaced the MH (~50 bp)

of the GP33 IDLV with a full homology arm (~417 bp).

As a control, we generated another IDLV vector called GP54, which contains the MH sequence but lacks the gRNA-T sequence to evaluate the importance of cutting the IDLV genome for targeted integration (linearizing the major 1LTR or 2LTRs circular forms that are abundant at the optimal nucleation time as shown in the previous experiment) (Figure 62).

123

We presume that the GP54 IDLV vector will tend to circularise and form a dead-end molecule that is unable to integrate into the HBA15 cutting since it lacks the gRNA-cutting site which explains the fact the GP54 HBA15 CD34+ GFP+ cells were 3,4 fold less compared to GP33 and GP51 GFP+ cells (Figure 65e).

This also explains the fact that only one GFP+ GP54 HBA15 colony is found. This colony is positive for 5' sense integration for the uncut vector since GP54 doesn't contain gRNA cutting sequence and cannot be cut.

Table 11: Summary of the GFP+ CFC molecular analysis and the scheme of corresponding vector forms Figure 67 : Molecular analysis -DNA Gel electrophoresis of sense 5'&3' PCR for vectorintegration forms of HBA15-nucleofected GP33/GP51/GP54 transduced CFC Clones.

Black arrow indicate the size of the expected PCR amplicon, the forward and reverse primer for each PCR is indicated in red , the DNA Ladders used is gene ruler 1kb plus

ESTABLISHING THE UBIQUITY OF THE MITIL PLATFORM: TARGETING AAVS1 LOCUS IN K562CELLS

MiTiL target-integration of large DNA into the genome succeeding in the HBA locus does not mean that the platform is ubiquitous and robust; several factors could play roles in challenging the new platform.

A particular locus could be highly activated/silenced; also, epigenetic phenomena owing to chromatin accessibility 200 (euchromatin /heterochromatin) that is regulated by the occupancy, topology, and other chromatin-binding variables could prevent DNA from being accessed as in position-effect variegation (PEV) 201 To test the ubiquity of the system (assuring that the MiTiL vector is functional regardless of the integration site), we tested the MiTiL platform on another genomic locus. We selected the AAVS1 safe harbor site (also known as the PPP1R12C locus) since this locus has been well described as a safe harbor where the integration of a new gene can be done without disrupting the expression or regulation of adjacent genes 118 .

The AAV is found to be integrated into the host genome at chromosome 19q13.4 qtr (AAVS1)

during the latent phase of the virus biphasic lifestyle 123 .

To make DSB at the AAVS1 site we used a sgRNA that has some off-target sites (LH1 gRNA) to test if there is any advantage of the MiTiL platform in biasing the integration into the on-target DSB site due to the presence of MH sequence adjacent to cutting site in the MiTiL vector.

The LH1 sgRNA consists of 20 nucleotides (gtcccctccaccccacagtg) with GGG pam and is intended to cut the PPP1R12C gene in the intron 1 area (Figure 68). a: InDel efficiency using ICE software on days 4,14, and 21 post-nucleofection,b,c,d,e: VCN analysis via ddPCR on days 3,14, 21, and 28 post-nucleofection respectively, f.g.h: flow-cytometry and MFI analysis of GFP expression on day 14, 21 and 28 post-nucleofection respectively.

Yellow ⚡ symbol refers to the nucleofection process, *: missed sample

We could conclude that the MiTiL vector for the AAVS1 site is versatile and it works in the K562 cells and ED7R cells

THE OFF-TARGET STUDY REPORT OF LH1 GRNA

Identifying off-target cleavage by CRISPR/Cas9 systems in a genome of interest is quite important, especially in treating human disease and creating model organisms.

Since CRISPR off-target cleavage 203 can result in mutations, deletions, inversions, and translocations 204 inducing detrimental biological consequences and potentially causing disease. However, accurate and complete genome-wide analysis of off-target efforts is a daunting task, since unbiased sequencing of a full genome to determine off-target activity is very costly, and many nuclease-treated clones would have to be sequenced 205 .

As seen in 9.9 where MiTiL vector on-target integration advantage has been confirmed and in order to detect the off-target of the previously used LH1-gRNA and thereafter observe any ontarget integration biasing effects that could be afforded to the MiTiL platform, we have utilized two CRISPR-Cas9 genome editing bioinformatics-based web tools to predict and rank potential off-target cleavage sites in accordance with several scores analyzes potential offtargets in the target genome, and anticipates on-target activity 206 .

The first tool called "CRISPOR" (http://crispor.tefor.net) applied using the Homo sapiens UCSC Dec 2013 (The human reference genome GRCh38) and the SNPs (db SNP148).

When preferring guides with high-efficiency scores recommended by this tool (MIT off-target score that is the early off-target specificity prediction algorithm developed for the CRISPR/Cas9 system 207 and Cutting Frequency Determination (CFD) off-target score) 208 we selected 12 off- The intersection between the off-target results from CRISPOR (1-13) and the off-target from COSMID (1-4) shows that there is a similarity as the following (number 7 in CRISPOR =number 1 in COSMID),( number 5 in CRISPOR =number 4 in COSMID ) and the intersection list will be composed of 16 off-target sites in total A short list could be formed (10 off-target sites) by taking the highest CFD off-target score from CRISPOR that has a mismatch outside the seeding region (1-10) _which contains all the 4 off-target sites predicted by COSMID.

Forward and reverse primers to amplify the off-target regions were designed for each offtarget site.

Upon amplification of the possible off-target cutting sites, Sanger sequencing, and analysis via ICE software, three off-target sites were detected with one off-target that has higher InDel efficiency compared to the two others (Figure 81). combination of them) have been selected and tested using two MiTiL vectors (GP33, GP57) by transducing HSC CD34+ cells.

The CD34+ that have been used were coming from the same cord-blood donor to exclude any variant attributed to different donors.

The first condition has been conducted by applying the already used in-lab TE protocol for CD34+, which is the combination of coating the wells with retronectin followed by adding protamine sulfate to the culture medium (called from now on RPR).

In the second and third conditions, we used prostaglandin E2 (PG2) with and without RPR respectively, since it has been suggested that PGE2 could increase the lentivirus transduction efficiency of two-fold in HSC while preserving the viability of the cells and increase the repopulation of HSCs in immune-deficient (like SCID / IL2RG null [NSG] ) mouse model, besides no evidence of in vivo toxicity, linage-bias or de-novo bias of LV integration site have been reported which encourage us examining PEG2 211 .

The addition of RPR has been added systematically in all the following conditions since it was the best tool that worked before in our hands.

In the fourth combination, we used PGE2/LentiBOOST (synperonic F108 ) considering that it has been suggested that this combination increases LV gene transfer in a primitive HSC population, with no effects on lineage distribution or engraftment 212 .

In conditions 5, 6, and 7, the addition of the PGE2 and RPR has been added with other TEs for the purpose of boosting the TEs effects.

In the fifth condition, the addition of Rapamycin has been tested since it has been suggested that it plays a role in the post-binding endocytic events, which augments the LV cytoplasmic entry, LV VCN, and the reverse transcription, which logically leads to higher genomic integration 213 .

In condition n°6, we have tested the effect of cyclosporine H (CsH) which inhibits IFITM3 that restricts VSV GP-mediated vector entry.

In other words, CsH inhibits the innate immunity of the cells that stop LV transduction 197 .

In condition n°7, we want to see the effect of adding Rapamycin and CsH simultaneously, in the expectation of having synergetic effects since the mechanism of action of each TEs is different.

• The best three nucleofected conditions (4,5,6) that have the higher VCN on day 7, have the higher VCN at 14, except for condition 7 which dropped on day 14 compared to the other 3 conditions. (Figure 88b,c).

Flow-cytometry analysis has been done to CD34+ cells to follow their abilities to express GFP over time, it has been noticed that the expression is decreasing over time since the CD34+ cells will lose the GP57 cassette by proliferation recalling that the GFP expression is under the control of PGK promoter so only the integrated cassette (nucleofected cells) will express GFP.

This clarifies why we have high GFP expression on day 5 which diminished gradually over time till day 14.

By comparing the expression on day 13 (best condition of CD34+ cells viability), we have seen that the expression of condition number 4 (RPS+PGE2+LentiBOOST) has given the best GFP expression (15%) which is 57% higher than the already used RNP TE (9,5%).

The MFI of the nucleofected samples shows almost similar intensity compared to all the CD34+ treated conditions.

The flow-cytometry results of the non-nucleofected cells show that the GFP expression drops by time from their high level on day 5 (vector cytoplasmic expression ) till they reach almost zero levels due to the fact that the IDLV cassette had been lost almost completely lost by day 13 (Figure 88d,e,f,g).

The viability of the cells on day 4 was acceptable with an average of 85% and 69% viable cells for the non-nucleofected and nucleofected cells respectively with 93% viable for the nontreated cells.

Some toxicity has been noticed when applying the (RPS PGE2+CsH+Rapa) in condition 7 (68% for nucleofected cells) (Figure 88h).

The cells were kept for 12 days in culture in order to lose the non-integrated viral vector then two ddPCR using coIL2RG(kit2)/ALB and PSI/ALB were done on DNA extracted via mangapure 96 device. (Figure 98). The dilution number 7 in both replicates shows VCN=1 and this ED7R transduced cells with AS2096 LV could be used as a positive control in FACS analysis and as a control in VCN ddPCR analysis since the best on-target integration copy number that we could obtain using the AS01

IDLV is 1 since we are targeting the X chromosome (Figure 99).

• secondary structures were avoided; primer locations were adjusted so they are outside the target sequence secondary structure,

• Repeats of Gs or Cs longer than three bases have been avoided if possible.

• Gs and Cs have been placed on the ends of the primers

• The forward and reverse primer sequences were checked to ensure that there is no 3' complementarity (to avoid primer-dimer formation)

• The specificity of the primers for the target sequence has been verified using BLAST and Primer3 tools

• No SNPs within the primer sequences have been checked.

• have <30 nucleotides between the fluorophore and the quencher

• The melting temperature of the probe should be 5-10°C higher than that of the corresponding primers Two primers/probe kits have been designed in a way that fits as much as possible all the previous criteria

The first kit 

Figure 100: The two kits of ddPCR primers/probe used in the VCN analysis of the cells transduced with a vector coding for coIL2RG

The ddPCR analysis has been done on ED7R WT cells and water to check for the specificity of the two kits; slightly more false positive droplets for the coIL2RG have been detected using kit number 1 compared to few positive droplets in kit number 2 both in samples from ED7R WT cells or water (Figure 101). Kit number 2 is considered more specific with a lower false positive background and has been selected for further VCN analysis using the ddPCR technique.

To validate the consistency of the coIL2RG kit number 2 and compare it with the previously functional ddPCR kit, the same samples of ED7R-WT, water, and ED7R WT transduced with several dilutions of the AS2096 have been compared with the kit of PSI.

The negative controls (ED7R-WT and water samples) showed more precise results using the coIL2RG (kit2)/ALB compared to PSI/ALB (Figure 102).

Figure 102: ddPCR comparison between PSI and coIL2RG kit number 2

The blue color represents the coIL2RG/Psi positive droplets; the green color represents the ALB gene positive droplets.

DISCUSSION

SUMMARY OF RESULTS

Targeted genome editing with engineered nucleases has become popular in a variety of domains. HR may be used to execute gene KI; however, the effectiveness is generally low rendering its precise gene-editing advantage for clinical intervention considerably insufficient.

We developed the MiTiL platform (MIcrohomology Target Integration using Lentiviral vectors),

an Ex vivo IDLV-based MMEJ-engaging targeted-integration platform for efficient gene targeting in human HSCs and robust protein expression.

MiTiL platform had been tested to produce GFP as a reporter protein and FVIII as a therapeutically large protein.

The platform has been challenged in several loci either by hijacking endogenous promoter (HBA and IL2RG genes) to have robust or biological expression levels or under the control of cis-promoter to have a permeant durable expression (AAVS1 safe harbor).

The platform has worked and optimized in K562 (52% of modified cells) and ED7R cells line (15%) and in HSPCs (20%).

Harnessing the easily programmable selective and accurate DNA-endonuclease CRISPR-Cas9 system in order to make DSB carry out target-integration in the favor of modifying specific genomic loci associated with human disease, we inserted gRNA target sequence in the interest of exploiting the circular dead-end molecule of IDLV and render it accessible for integration.

MH sequence has been added downstream of the gRNA sequence and upstream of the desired transgene in order to hire the MMEJ reaping mechanism upon making the genomic DSB. We demonstrated that the MH region 5' to the transgene has an important role in the cassette's precise target integration and correct orientation.

Furthermore, we demonstrated that the MiTiL platform has a good advantage as CRISPR-Cas9 genome-editing technology by biasing the target integration into the on-target locus where the use of non-specific gRNA is mandatory in certain clinical disease/gene editing applications.

In other words, it is a tool for attenuating the off-target adverse effect as a prerequisite for further advancing in the gene editing field.

Regarding the plasmid delivery system, very low viability and transfection efficacies are reported concerning GT relevant to large plasmid (≈ 6 to 16 kb) 231,232 the size that is relevant to wide ranges of genetic diseases.

The reduced transport of bigger DNA across the plasma membrane is likely the cause of the observed lower electro transfection efficiency with increasing DNA size.

Moreover, it has been reported that large plasmids transfer are toxic in combination with electric pulses 231 the matter that affects the delivery of RNP via nucleofection in the related delivery system.

COMPARISON WITH OTHER GENE-EDITING TARGET-INTEGRATION PLATFORMS

Here we compare the MiTiL platform with the state-of-the-art target-integration methods conducting specific transgene KI in human cell lines and primary cells in terms of efficacy and precision.

Programmable endonuclease-mediated homology-dependent targeted integration

The classical targeted integration HDR-based strategies are the main used methods for gene editing but it targets only dividing cells (while the non-dividing cells constitute the major building blocks of adult tissues and a target for genetic disorders therapeutic strategies), moreover, it is inefficient in realizing gene integration in animal embryos and tissues because HR is active only during the late S/G2 phase 119,233 .

The requirement of left and right homology arms that could vary in length from 500-3000 bp lowers the capacity of vector cargo for introducing the GOI 121,234,235 .

Although HDR-mediated gene KI has indeed been confirmed in a variety of cells and organisms, including HSPC and mice, there is still room for improvement in gene KI strategies, particularly in terms of increasing their efficiency and expanding their applicability to a wider range of cells and organisms, including low-HDR frequency cells.

PITCh system

MiTiL platform shared some PITCh system characteristics as recruiting the MMEJ repairing mechanism, besides cutting the donor vector by including a programmable nuclease target site to generate DSB [START_REF] Sakuma | MMEJ-Assisted gene knock-in using TALENs and CRISPR-Cas9 with the PITCh systems[END_REF] .

Furthermore, the allegedly 67-80% target-integration efficiency ratio in the PITCh system is elicited by the vector-genome junction PCR of only 6 antibiotic-selected single-cell clones.

Regarding the vector genome junction-site integration profile and although it could be affected by the applied cell line, PITCh system edited heLa cells PCR shows only one clone with seamless 3' and 5' vector genome junction-site integration with a range of 3-5 bp insertion and 15-27 bp deletion 152 compared with 80-90% of seamless 5'integration integration in MiTiL edited K562 cells (Figure 50, Table 9, Figure 78).

HiTi system

While the HiTi system appears to be a promising targeted integration platform, its reliance on AAV viral vectors is hampered by the limitations of AAV 239 , including the above-mentioned drawback of restricted cargo capacity. Additionally, the potential toxicity of AAV, which arises from its high viral load and the extended presence of AAV genomes and their fragments. This extended presence can lead to continuous activation of the p53-mediated DNA damage response (DDR), primarily by recruiting the MRE11-RAD50-NBS1 (MRN) complex to the AAV ITRs 228 . The toxicity that has been observed in the use of the rAAV-6 with an overall decrease in the total number of CFUs 157 due to reduced clonogenic output after genome editing with rAVV6 donor templates 121 .

Bearing in mind the AAV DNA accumulation within cell cycle-arrested HSPCs, it often leads to its integration. This integration predominantly occurred in the form of transcriptionally active ITRs at both nuclease on-target and off-target sites 228 .

On the other hand, the MiTiL platform uses a non-integrative viral vector for KI which reduces the occurrence of viral DNA insertions. This choice helps minimize the negative effects and genetic alterations 228 . Consequently, it should make the transition of gene editing in HSPC GT into clinical applications smoother.

In terms of DNA DSB repairing mechanism, the HiTi system depends on NHEJ; albeit it is the predominant DSB repairing pathway and that is homology independent, it is known that it induces InDels upon repairing [START_REF] Chang | Non-homologous DNA end joining and alternative pathways to doublestrand break repair[END_REF] . On the other hand, the MiTiL platform as for HiTi could target both dividing and quiescent cells where it relays on MMEJ using MH and has been able to integrate viral DNA with high precision.

In terms of gene editing efficiency and although the target integration locus used in HITI is not the same as the one used in the MiTiL platform in the context of HSPC targeting, the Ex vivo bulk CD34+ recipient cells treated with HITI platform to express GFP demonstrated about 11% of edited cells 239 where MiTiL platform was able to reach better results in two different loci (HBA, AAVS1) (+20%,+15% respectively).

Taking into consideration that GFP expression in the HiTi system originates from forward and reverse integration due to the fact that GFP is under the control of cis CMP promoter, and knowing that 36,6% of the cassettes were in antisense, we could calculate the percentage of HiTi sense GFP expression of about 7% which make GFP MiTiL-platform expression (which is only expressed in sense-integration) +112%, +165% better in HBA and AAVS1 respectively (Figure 86d),(Figure 88b).

It is worth keeping in mind that it is known that CD34+ gene editing variation is known based on CD34+ donor variation 240 .

Considering the directionality of on-target integration, it has been shown that 63% of the cassette has been entered in the correct sense of integration, which is also lower than the results obtained using the MiTiL platform in two different loci (96%,75% respectively ) (Figure 35, Figure 76).

Vector-genome junction precision

In order to insert the ectopic DNA fragment in the correct orientation, gRNA target sites flanking the transgene have been added with the aim of favoring the re-cleavage of reverseorientation insertions. Repeated Cas9 cutting in cells may overwhelm repair mechanisms, causing cellular stress and decreased viability. Moreover, the cumulative DNA damage heightens the risk of larger genomic deletions, potentially impacting cell function and stability.

Although the HiTi system claims that the error-free NHEJ pathway (rather than error-prone NHEJ) is the main pathway for KI 153 the Sanger sequencing of the vector-genomic DNA in CD34+ cells shows only 25% of precise junction 239 where in the MiTiL platform 92% in CD34+ cells (Table 10) have seamless integration. This possible successful cleaving would recruit the main NHEJ repairing (in case of antisense integration ) that is known to induce InDels which could block the on-target site besides leaving the RNP active which could raise off-target DSB ratio rather than the toxicity or gene alteration that could arise from recurrent DSB.

There was DNA trimming either from the vector part or the genomic DNA part 157 . This phenomenon is probably due phosphorylation of Artemis that is recruited in the NHEJ repair pathway.

The Artemis enzyme cut many DNA substrates at the boundaries between single-strand (ssDNA) and double-strand DNA (dsDNA) [START_REF] Chang | Non-homologous DNA end joining and alternative pathways to doublestrand break repair[END_REF] , the same trend was observed in our hands (using IDLV as a vector) when we sanger-sequenced 22 K562-clones treated with the control version of MiTiL vector that targets the AAVS1 locus that lacks the MH area (GP58) where we have noticed random InDel pattern in all the 22 studied clones (Figure 78).

REDUCED IN VIVO ENGRAFTMENTS UPON EX VIVO MODIFICATION

Genome-edited autologous HSC transplantation is a promising treatment for hematological and non-hematological illnesses; although there has been substantial advancement in modifying HSPCs for several diseases, techniques based on HDR have been hampered by the reduced engraftment capacity shown in HSPCs 241 .

Upon modified cells transplantation into immunodeficient NOD-SCID gamma (NSG) mice bone marrow for repopulating potential investigation, there was a considerable decrease in the frequency of edited cells detected the issue that hinders the development of human genomeedited HSCs studies.

Moreover, when the HDR repairing mechanism has been exploited to KI the GOI that has been provided via AAV vector, 3-to 9-fold reduction in the number of modified cells that engrafted compared with the transplanted HSPC population 121,151,145 .

On the other hand, high-level transgene expression post-transplant of edited cells within immunodeficient mice has been achieved using the HiTi system (18 weeks) 157 probably related to using NHEJ repairing mechanism and not the conventional HDR-based strategies leaving the opportunity of having a decent frequency of edited cells upon transplantation into immunodeficient mice using our MiTiL platform that is using MMEJ repairing pathway.

LIMITATION OF ONLY TARGETING PROLIFERATING CELLS /TARGETING PRIMITIVE HSC

The NHEJ is a Ku-dependent repair pathway and is active in all phases of the cell cycle 242 , HR pathway is restricted to the late S/G2 phases(Proliferating cells) [START_REF] Taleei | Biochemical DSB-repair model for mammalian cells in G1 and early S phases of the cell cycle[END_REF] .

On the other hand, MMEJ is a common route for alternative NHEJ that is not dependent on Ku protein and it is used regularly even when HR is accessible 243 . Most importantly, it is active during G1/early S 87 meaning that it could be recruited in the post-mitotic cells.

Primary CD34+ HSPCs are quiescent cells, quiescence is commonly considered a significant protective strategy for stem cells since it helps to reduce endogenous stress induced by cellular respiration and DNA replication 148 .

The desire to target primitive HSCs responsible for long-term hematopoietic repopulation in the recipient poses a significant difficulty 170 , whereas their committed counterparts only support transient clonal output 244 .

Long-term repopulating HSCs show lower permissiveness to HDR than committed progenitors, therefore and since HDR (the cutting-edge repair mechanism in HSPCs GT) is restricted in slowly cycling and quiescent primitive HSCs, MiTiL could be a useful platform for targeting the primitive HSCs.

• The allegedly MMEJ repairing mechanism in the MiTiL platform has to be verified by blocking the NHEJ/HDR pathways and/or using chemical reagents to arrest the cell cycle in order to compare the editing efficiency, VCN, and transduced protein expression of obtained results.

LIMITATIONS AND POSSIBLE IMPROVEMENT OF THE PLATFORM

Platform-targeted integration/expression enhancement

Ex vivo modification efficiency of targeted integration in HSC using IDLV (as for MiTiL platform)

is not very high, as compared to state-of-the-art methods that use AAV6 donner transduction via HDR mechanism.

Several methods could be tested in order to increase the GOI expression in HSCPs via the MiTiL platform; enhancement of culture and transduction conditions could significantly enhance Ex vivo Lenti/IDLV GT manufacturing protocols for HSPCs and subsequent clinical efficacy.

There is an ever-growing list of peptides and small molecule substances that improve transduction; TEs have been reported to increase total VCN by over 6-fold 245 maximizing the potential vector usage and reducing treatment cost.

Applying culture conditions can have a significant impact on HSC maintenance, expansion, and quality which in turn increases the patient's ability to engraft, their capacity to differentiate, and the performance of their long-term stem cells. Also, higher MOIs (than what we have applied) could be utilized to get around obstacles and reach clinically significant transduction levels.

Production related limitation

Although LV/IDLV is a proficient vector for transferring genetic material in host cells for R&D and GT, it has significant manufacturing costs.

LV/IDLV production is more expensive than alternative therapies like allogeneic HSC transplantation (HSCT) 246 or plasmid-based platform 92 , however, this higher cost equates to fewer post-treatment problems plus improvement that would allow an increase in manufacturing cost-effectiveness such as stable producer cell lines shows promise 247 .

PAM sequence limitation

The requirement for a PAM-5′-NGG-3′ (where "N" can be any nucleotide base) for the Streptococcus pyogenes Cas9 (spCas9) close to the genomic DSB site is potentially limiting but this problem could be overcome by the use of the other species of CAS that require other PAM sequences in case of any obstacles that prohibit the use of the spCas9.

For example, Staphylococcus aureus (SaCas9) recognizes the short PAM sequence 5′-NNGRR(N)-3 248 .

Additionally, engineered spCas9 mutants that could recognize novel purposefully altered PAM sequences have been made in order to address this limitation 249 .

MiTiL 3' end profile

It has been noticed that the 3' MiTiL vector end has not always been detected using conventional PCR and it is probably due to the MH missing at this end.

We believe that the absence of amplicon detection is due to priming missing where DNA chewing has been done by resection factors [CtIP and Mre11 complex (Mre11/Rad50/Nbs1)]
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; the possibility of using a long-read sequencing technique could be applied to clarify the 3' integration profiles.

ANNEX

DEVELOPMENT OF A DUAL HYBRID AAV VECTOR FOR ENDOTHELIAL-TARGETED EXPRESSION OF VON WILLEBRAND FACTOR

INTRODUCTION

Von Willebrand factor (vWF) is a blood GP that is required for normal hemostasis since it mediates the adhesion of platelets to sites of vascular damage by binding to specific platelet membrane GPs and constituents of exposed connective tissue.

vWF also is a carrier protein for blood clotting FVIII, and this interaction is required for normal FVIII survival in the circulation.

Mutations in vWF can disrupt this complex biosynthetic process at several steps to impair the assembly, intracellular targeting, or secretion of vWF multimers.

Other vWF mutations impair the survival of vWF in plasma or the function of specific ligand binding sites (Hughes, 1998).

Our idea is the use GT for vWD for permanent correction of the genetic defect rather than relying on repetitive, on-demand administration of the protein.

GT is an appealing strategy for the treatment of vWD since it is caused by a single gene defect and vWF protein is secreted into the circulation obviating the need for targeting specific organs or tissues (Simon F. De Meyer, 2006);

Main issues: the size of the vWF gene and the need for a finely regulated and complex posttranslational modification (Edgar Hernández-Zamoraa, 2014).

The potential of correcting vWF deficiency by gene transfer would have a drastic impact on the patient's life. It is a tempting idea that a single-gene treatment could result in a long-term correction of vWD (Karen Vanhoorelbeke, 2014).

The vWF cDNA consists of 8439 nucleotides, which encode a single-chain precursor of 2813 amino-acid residues, representing a putative signal peptide (Cornelis L.Verweij, 1986 ). This cDNA cannot fit into one AAV due to the limitation in the genome-packaging capacity is only 5 kb, and this does not allow the delivery of a full-length therapeutic protein ( the VWF ) by a single AAV vector.

Hence, we took advantage of the rAAV vectors' low immunogenic profile, nonpathogenic wildtype AAVs that can trigger long-term transgene expression even in the absence of genome integration in post-mitotic tissues, the ability to use various AAV serotypes and variants that display distinct tropisms (Chamberlain, Riyad, & Weber, 2016) 

GENERATION OF A DUAL LIVER-SPECIFIC AAV8 VECTOR EXPRESSING VON WILLEBRAND

We have generated two AAV vectors coding for the 5'coding sequence (CDS) and the 3'CDS of vWF included in the AAV ITRs, which are called Head and Tail, respectively.

The Head vector expresses the 5'CDS under the control of the liver-specific human alpha-1 antitrypsin (hAAT) liver promoter and a synthetic intron (hFIX intron). The Tail vector contains the 3'CDS together with a bovine growth hormone polyA signal (BGHpA).

The two vectors share a homologous region of about 400 base pairs