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Introduction

Primary hyperoxaluria type 1 (PH1, OMIM #259900) is a rare inherited metabolic disease caused by a deficit of the liver-specific enzyme alanine-glyoxylate aminotransferase (AGT, EC 2.6.1.44) encoded by the AGXT gene (locus 2q37.3) [START_REF] Hoppe | The Primary Hyperoxalurias[END_REF]. The AGT enzyme normally localizes in hepatocyte peroxisomes, where it metabolizes glyoxylate to glycine [START_REF] Mesa-Torres | The consensus-based approach for gene/enzyme replacement therapies and crystallization strategies: the case of human alanineglyoxylate aminotransferase[END_REF]. In PH1 patients, the lack of AGT activity results in a build-up of glyoxylate, which is oxidised to oxalate by the enzyme lactate dehydrogenase. Oxalate is excreted by the kidneys and complexes with calcium in the urinary tract, leading to the formation of insoluble calcium-oxalate crystals that induce recurrent nephrolithiasis, nephrocalcinosis and progressive kidney failure. The most effective treatment for PH1 is pre-emptive liver transplantation, which represents a form of enzyme replacement therapy by restoring a normal hepatic AGT activity [START_REF] Cochat | Primary hyperoxaluria type 1: strategy for organ transplantation[END_REF]. Nevertheless, it is limited by organ availability, significant morbidity and mortality and the life-long requirement for immunosuppressive agents [START_REF] Mc Kiernan | Recent advances in liver transplantation for metabolic disease[END_REF]. Transplantation of autologous gene-corrected hepatocytes would offer an interesting alternative to orthotopic liver transplantation (OLT), but the lack of effective cell-culture systems to expand and maintain mature, fully differentiated hepatocytes in vitro is a major obstacle to basic and translational investigations of the pathogenesis and treatment of liver disease [START_REF] Squires | Clinical Hepatocyte Transplantation: What Is Next?[END_REF]. In recent years, the possibility of reprogramming mature somatic cells to generate induced pluripotent stem cells (iPSCs) has enabled the derivation of diseasespecific pluripotent stem cells that can be further differentiated in many cell types, including liver cells [START_REF] Si-Tayeb | Highly Efficient Generation of Human Hepatocyte-like Cells from Induced Pluripotent Stem Cells[END_REF][START_REF] Rashid | Modeling inherited metabolic disorders of the liver using human induced pluripotent stem cells[END_REF][START_REF] Hannan | Production of hepatocyte like cells from human pluripotent stem cells[END_REF]. The generation of patient-specific hepatocytes offers a wide range of applications in cell and gene therapy, and attractive perspectives for regenerative medicine of the liver. We recently reported the generation of transgene-free iPSCs after reprogramming dermal fibroblasts from a PH1 patient using non-integrative Sendai vectors [START_REF] Estève | Generation of induced pluripotent stem cellsderived hepatocyte-like cells for ex vivo gene therapy of primary hyperoxaluria type 1[END_REF]. PH1-iPSCs harboured the homozygous c.731T>C mutation (p.I244T) in exon 7 of the AGXT gene and could be readily differentiated into hepatocyte-like cells (HLCs) that displayed a low residual AGT I244T expression. We were able to rescue AGT expression in PH1-HLCs after transduction with a lentiviral vector expressing a codon-optimized AGT cDNA under the control of the liverspecific transthyretin promoter.

Targeted gene therapy enables the insertion of therapeutic transgenes into safe loci of the genome and constitutes an alternative to the use of conventional integrative viral vectors.

Gene-specific targeting in human and mouse iPSCs has highlighted the potential to overcome the hurdles of gene replacement therapy such as insertional mutagenesis, and to prevent the unwanted positional effects of transgene expression [START_REF] Naldini | Ex vivo gene transfer and correction for cell-based therapies[END_REF]. Targeted endonucleases such as zinc finger nucleases (ZFNs), transcription activator-like endonucleases (TALENs) and recently the clustered regularly interspaced short palindromic repeats CRISPR-associated nuclease 9 (CRISPR/Cas9) induce a site-specific double-strand DNA break at a target locus and promote efficient genome editing via homology-directed repair that triggers precise genomic modifications [START_REF] Carroll | Genome engineering with targetable nucleases[END_REF]. The AAVS1 locus lying in the first intron of the PPP1R12C gene on human chromosome [START_REF] Dekelver | Functional genomics, proteomics, and regulatory DNA analysis in isogenic settings using zinc finger nuclease-driven transgenesis into a safe harbor locus in the human genome[END_REF] corresponds to an open chromosomal region that allows the insertion of an exogenous gene [START_REF] Smith | Robust, persistent transgene expression in human embryonic stem cells is achieved with AAVS1-targeted integration[END_REF]. The AAVS1 locus is often considered a "safe harbour" for gene targeting due to the insulating properties attributed to the surrounding chromatin and the absence of sideeffect attributed to its disruption [START_REF] Oceguera-Yanez | Engineering the AAVS1 locus for consistent and scalable transgene expression in human iPSCs and their differentiated derivatives[END_REF].

In this study, we targeted the integration of a PGK promoter-driven codon-optimized AGT transgene to the AAVS1 site of iPSCs generated from a PH1 patient (PH1-iPSCs) in order to rescue AGT expression after differentiation into hepatocyte-like cells (HLCs). We targeted heterozygous integration of the therapeutic cassette into the AAVS1 locus of PH1-iPSCs.

Targeted PH-iPSCs retained pluripotency and we did not observe any CRISPR/Cas9-induced mutations at the top-five predicted off-target sites. Furthermore, we obtained AGT expression rescue in targeted PH1-iPSCs-derived HLCs after in vitro hepatic differentiation.

Material and Methods

Human iPSCs

Induced pluripotent stem cells from the PH1 patient and a WT individual were previously described [START_REF] Estève | Generation of induced pluripotent stem cellsderived hepatocyte-like cells for ex vivo gene therapy of primary hyperoxaluria type 1[END_REF]. IPSCs were maintained as monolayer cells in the feeder-free Cellartis ® DEF-CS™ Culture System (Takara Bio Europe ® ) as previously described [START_REF] Estève | Generation of induced pluripotent stem cellsderived hepatocyte-like cells for ex vivo gene therapy of primary hyperoxaluria type 1[END_REF][START_REF] Asplund | One Standardized Differentiation Procedure Robustly Generates Homogenous Hepatocyte Cultures Displaying Metabolic Diversity from a Large Panel of Human Pluripotent Stem Cells[END_REF].

Donor vector and CRISPR/Cas9-related plasmids

The pUC19-sgRNA-T2 plasmid was derived from the pUC19 cloning vector (#50005, Addgene) into which the single-guide RNA (sgRNA) cloning backbone from the pSpCas9n(BB)-2A-Puro (PX462) plasmid (#62987, Addgene) was inserted. The sgRNA sequence targeting the AAVS1 locus, called sgRNA-T2 single-guide RNA (sgRNA) was inserted into the cloning backbone at the BbsI restriction site. The T2 sgRNA cloning primers are provided as supplementary material (Supplementary Table 1). A codon-optimized human AGXT cDNA was PCR-amplified and inserted between the NdeI and EcoRV restriction site of the pAAVS1D-PGK-MCS-EF1a-copGFP-T2A-Puro donor cloning vector (#GE602A-1, System Biosciences ® ) to generate the pAAVS1-PAEGP donor plasmid. This therapeutic cassette was flanked at the 5' and 3' ends with sequences homologous to the upstream and downstream regions, respectively, of the CRISPR/Cas9 recognition site in the AAVS1 locus (Fig. 1B).

PH1-iPSC transfection and selection

2. 10 5 PH1-iPSCs were transfected by lipofection with 1 µg of pAAVS1-PAEGP plasmid, 1 µg of pUC19-sgRNA-T2 and 1µg of GeneArt CRISPR Nuclease mRNA (Invitrogen ® ) using Lipofectamine ® 2000 (Life Technologies ® ). Puromycin selection (0.5 µg/ml) started at day 6 after lipofection. One week later, puromycin-resistant PH1-iPSCs were subcloned as single cells into 96-well plates based on copGFP fluorescence, using fluorescence-activated cell sorting (BD FACSAria™ III sorter and FACSDiva™ software, BD Biosciences ® ). We maintained the AAVS1-targeted PH1-iPSCs clones under puromycin selection (0.5 µg/ml) until hepatocyte differentiation.

PCR analysis of AAVS1-targeted PH1-iPSCs clones and off-target detection

Genomic DNA was isolated using the NucleoSpin ® Tissue kit (Macherey-Nagel ® ) according to the manufacturer's instructions. PCR genotyping of targeted PH1-iPSCs clones was performed using specific primers to amplify either the targeted or normal alleles (Fig. 1B and supplementary Table 1). The combination of PCR genotyping makes it possible to discriminate between WT-, homozygously targeted and heterozygously targeted AAVS1 locus. The top 10 putative off-target sites of the AAVS1-targeting sgRNA-T2 used in the current study were previously identified [START_REF] Wang | Genetic screens in human cells using the CRISPR/Cas9 system[END_REF]. The five most frequent putative off-target sites were PCR-amplified using specific primers and were Sanger-sequenced. Primers used for the correction strategies performed in this study are listed in Supplementary Table 1.

Hepatocyte differentiation

Feeder-free cultured iPSCs were differentiated into hepatocyte-like cells (HLCs) by applying a serum-free and feeder-free procedure recapitulating liver development, as previously described [START_REF] Asplund | One Standardized Differentiation Procedure Robustly Generates Homogenous Hepatocyte Cultures Displaying Metabolic Diversity from a Large Panel of Human Pluripotent Stem Cells[END_REF]. We tracked the hepatic differentiation process by monitoring endoderm (Sox17) and hepatoblast/hepatocyte-specific marker (HNF4, α-fetoprotein, albumin, α-1 antitrypsin) expression at both transcript and protein levels, as previously described [START_REF] Estève | Generation of induced pluripotent stem cellsderived hepatocyte-like cells for ex vivo gene therapy of primary hyperoxaluria type 1[END_REF]. Primer sequences used for gene expression analysis are listed in Supplementary Table 1. Cytochrome P450 3A4 (CYP3A4) activity was measured in iPSC-derived HLCs using the P450-Glo™ CYP3A4 Assay kit (Promega), as previously described [START_REF] Estève | Generation of induced pluripotent stem cellsderived hepatocyte-like cells for ex vivo gene therapy of primary hyperoxaluria type 1[END_REF].

Western Blot

For western blotting, 15 µg protein were separated by SDS-PAGE (sodium-dodecyl-sulfate polyacrylamide gel electrophoresis) electrophoresis, and PVDF membranes were probed with rabbit polyclonal anti-AGT antibody as described [START_REF] Estève | Generation of induced pluripotent stem cellsderived hepatocyte-like cells for ex vivo gene therapy of primary hyperoxaluria type 1[END_REF]. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression was detected with rabbit polyclonal anti-GAPDH (cell signalling, clone 14C10) and used to control protein loading in Western Blot analyses. The signal was revealed with horseradish peroxidase-linked secondary antibody and visualized using ECL reagent (ECL prime reagent ® , GE Healthcare). Images were captured with the LAS-3000 Imager (Fujifilm). Relative expression was determined by density measurement and standardized as the ratio AGT signal/GAPDH signal using ImageJ software.

Statistical analysis

Data are mean ± SD of n=3 to 4 independent experiments. P-values were determined using a one-way analysis of variance (ANOVA) complemented by Tukey's multiple comparisons test to examine significance across comparisons. Difference was considered significant at p<0.05.

Results and discussion

Efficient gene targeting of AGT into the AAVS1 locus of PH1-iPSCs

We previously described WT-and PH1-iPSC clones as WT-iPSC#2 and PH1-iPSC#2 clones, respectively [START_REF] Estève | Generation of induced pluripotent stem cellsderived hepatocyte-like cells for ex vivo gene therapy of primary hyperoxaluria type 1[END_REF]. These reprograming transgene-free iPSCs exhibited typical features of pluripotent stem cells and formed teratomas displaying derivatives from all three embryonic germ layers after injection into immune-deficient mice. To promote insertion of an AGT expression cassette into the AAVS1 locus of the patient-derived PH1-iPSC line, we designed a full-length codon-optimized human AGXT cDNA expression cassette flanked by AAVS1 homology arms, referred to as the PAEGP vector (Fig. 1A,B). In the PAEGP donor vector, AGXT cDNA was under the transcriptional control of the constitutive human phosphoglycerate kinase promoter (PGKp). Besides the donor PAEGP, a CRISPR/Cas9 nuclease expression system was used to introduce a double-strand DNA break into the AAVS1 locus and enhance the efficiency of gene targeting. A transient Cas9 nuclease mRNA-based expression was preferred to rule out any constitutive Cas9 expression following Cas9-expressing plasmid delivery, which is known to favour off-target DNA cleavage [START_REF] Bolukbasi | Creating and evaluating accurate CRISPR-Cas9 scalpels for genomic surgery[END_REF]. Furthermore, the PAEGP donor vector encoded both a puromycin resistance gene and the copGFP cDNA under the transcriptional control of the constitutive human elongation factor 1α promoter (EF1p), which afforded an efficient dual selection system to isolate a clonal population of iPSCs that successfully integrated the therapeutic cassette. The AAVS1-targeting T2 guide RNA, the mRNA encoding Cas9 nuclease and the PAEGP donor vector were simultaneously delivered into PH1-iPSCs by transfection and puromycin selection was applied one week later.

Puromycin-resistant and copGFP-positive PH1-iPSCs were isolated by FACS and isolated clones were analysed (Fig. 1C). Twenty-nine clones exhibiting normal stem cell-like features were maintained for further analysis (hereinafter named PH1-iPSC-PGKp-AGXT clones). PCR genotyping of both the 5' and 3' integration junctions between the PAEGP donor and the endogenous AAVS1 locus evidenced the insertion of the AGT cassette into the AAVS1 locus of the PH1-iPSC-PGKp-AGXT clones (Fig. 1D,E). As a first screen, PCR analysis of the 5' end junction site identified three positive clones and we confirmed on-targeted PAEGP donor integrity at the 3' end junction site of the AAVS1 locus (Fig. 1D,E). These PH1-iPSC-PGKp-AGXT clones showed consistent copGFP expression during several tens of passages throughout the study, which confirmed the stability of the transgene integration at the AAVS1 locus (data not shown). To further characterize PAEGP vector integration, we performed PCR amplification of the potentially non-targeted AAVS1 locus (hereinafter named WT AAVS1 locus) to determine whether the PAEGP donor vector targeted one or both AAVS1 alleles (Fig. 1B,E). We observed only heterozygous PAEGP insertion at the AAVS1 locus in the targeted PH1-iPSC-PGKp-AGXT clones (#2, 11 and 23) (Fig. 1E). Although no deleterious phenotype has been reported for loss of PPP1R12C gene function, homozygous AAV integration has been rarely observed [START_REF] Samulski | Targeted integration of adeno-associated virus (AAV) into human chromosome 19[END_REF]. As previously described, we found that transgene integration into the AAVS1 locus did not change the cell growth rate or pluripotency [START_REF] Dekelver | Functional genomics, proteomics, and regulatory DNA analysis in isogenic settings using zinc finger nuclease-driven transgenesis into a safe harbor locus in the human genome[END_REF][START_REF] Van Rensburg | Chromatin structure of two genomic sites for targeted transgene integration in induced pluripotent stem cells and hematopoietic stem cells[END_REF]. The PH1-iPSC-PGKp-AGXT#23 clone exhibited sustained proliferation and maintenance of the stem-cell morphology characteristics through passages and was selected for further characterization. We analysed insertion/deletion (indel) events resulting from non-homologous end-joining (NHEJ) repair after a CRISPR/Cas9 nuclease-mediated double-strand DNA break at the native AAVS1 locus and putative off-target sites. Sequencing of the non-targeted AAVS1 allele in PH1-iPSC-PGKp-AGXT#23 line revealed a single nucleotide (G) deletion at the Cas9 cutting site (Table 1). This deletion was unlikely to affect the PPP1R12C gene function due to its localization in non-coding DNA region (intron 1) and the absence of cellular dysfunction associated with PPP1R12C gene disruption [START_REF] Lombardo | Site-specific integration and tailoring of cassette design for sustainable gene transfer[END_REF]. Indeed, in our experiment, the PH1-iPSC-PGKp-AGXT#23 clone proliferated indistinguishably from WT-and PH1-iPSC control lines and retained similar stem cell-like features. We finally investigated potential NHEJ events at different CRISPR/Cas9 off-target cleavage sites previously described for AAVS1 locus-targeting nucleases. The main off-target sites have been described for the sgRNA-T2 although the frequencies of cleavage are far below that of on-target activity [START_REF] Wang | Genetic screens in human cells using the CRISPR/Cas9 system[END_REF]. When the genomic region of the five most frequent AAVS1-off-target sites was PCR-amplified followed by sequencing, no modification of the nucleotidic sequence was detected (Table 1). In addition to validated candidate off-target sites, other off-target modifications may occur in unpredicted loci due to genomic and epigenomic properties that may affect target recognition and cleavage efficiency.

Unbiased detection of off-target events would require whole genome sequencing, especially with a view to corrected cell delivery to patients [START_REF] Martin | Biased and Unbiased Methods for the Detection of Off-Target Cleavage by CRISPR/Cas9: An Overview[END_REF].

AGT expression rescue in AAVS1-targeted PH1-iPSC-derived hepatocyte-like cells

We next proceeded to in vitro differentiation of WT-iPSC, PH1-iPSC and PH1-iPSC-PGKp-AGXT#23 lines in hepatocyte-like cells (HLCs), respectively named WT-HLC, PH1-HLC and PH1-HLC-PGKp-AGXT#23. We used a protocol simulating normal liver development, as previously described [START_REF] Estève | Generation of induced pluripotent stem cellsderived hepatocyte-like cells for ex vivo gene therapy of primary hyperoxaluria type 1[END_REF][START_REF] Asplund | One Standardized Differentiation Procedure Robustly Generates Homogenous Hepatocyte Cultures Displaying Metabolic Diversity from a Large Panel of Human Pluripotent Stem Cells[END_REF]. First, iPSCs were engaged towards definitive endoderm cells (DECs), which represent the earliest stage of differentiation of endoderm-derived organs; namely, liver, pancreas, lung, gut and thyroid. During this phase, iPSC morphology progressively turned into spiky or triangular shapes, a typical morphology of DEC reaching confluence (not shown). Detection of the specific endodermal marker SOX17 by immunofluorescence at day 7 of differentiation confirmed endoderm commitment (Fig. 2A).

Next, we induced DECs toward hepatoblasts and definitive HLC differentiation during three additional weeks. DEC morphology progressively switched to the typical hepatocyte-like polygonal shape with canaliculated borders (not shown). Immunofluorescence analysis confirmed hepatic cell commitment by highlighting HLC-specific expression of the hepatic markers HNF4a and alpha-fetoprotein (aFP) by day 14 and day 21 of differentiation, respectively (Fig. 2A). These results were corroborated by RT-qPCR analysis of the specific hepatic gene marker expression profile (albumin, aFP, α-1-antitrypsin and HNF4a) performed by day 31 in iPSC-derived HLCs, in comparison to native iPSC lines, primary foetal hepatocytes and primary adult hepatocytes (Fig. 2B). Taken together, these results clearly demonstrate liver-specific gene expression in HLCs. However, considering the remaining aFP expression, we acknowledge that HLCs closely mimicked foetal rather than adult hepatocytes, which is consistent with previous reports of pluripotent stem cell-derived hepatocyte-like cells [START_REF] Estève | Generation of induced pluripotent stem cellsderived hepatocyte-like cells for ex vivo gene therapy of primary hyperoxaluria type 1[END_REF][START_REF] Baxter | Phenotypic and functional analyses show stem cell-derived hepatocyte-like cells better mimic fetal rather than adult hepatocytes[END_REF].

We then evaluated the activity of the cytochrome P450 3A4 (CYP3A4), which is the most abundant CYP450 expressed in adult liver [START_REF] Guengerich | CYTOCHROME P-450 3A4: Regulation and Role in Drug Metabolism[END_REF]. CYP3A4 activity was significantly induced in HLCs (50-to 280-fold increase) as compared to undifferentiated control iPSCs (Fig. 2C). However, the heterogeneity of CYP3A4 relative expression in the different HLC lines reflects the complex control of CYP450 expression and activity by several environmental and physiological parameters that are lacking in the cell culture environment [START_REF] Waring | Isolated human hepatocytes in culture display markedly different gene expression patterns depending on attachment status[END_REF][START_REF] Madan | Effects of Prototypical Microsomal Enzyme Inducers on Cytochrome P450 Expression in Cultured Human Hepatocytes[END_REF]. We finally assessed the therapeutic benefit of AGXT additive gene therapy in PH1-iPSC-derived HLCs.

RT-PCR analysis showed that endogenous AGXT gene expression was induced during hepatocyte differentiation at levels similar to those observed in primary foetal and adult hepatocytes (Fig. 2B). We then evaluated AGT protein expression in HLCs by western blotting using an anti-AGT antibody indistinctly detecting both endogenous and exogenous AGT protein (Fig. 2D). While WT-HLCs showed significant AGT expression as compared with WT-iPSCs, no AGT protein was detected in either the PH1-iPSCs or PH1-HLC lines. These results suggest that the mutant p.I244T AGT protein is unstable and aggregates into non-functional and non-immunoreactive complexes in differentiated HLCs, as previously described [START_REF] Estève | Generation of induced pluripotent stem cellsderived hepatocyte-like cells for ex vivo gene therapy of primary hyperoxaluria type 1[END_REF][START_REF] Santana | Primary hyperoxaluria type 1 in the Canary Islands: A conformational disease due to I244T mutation in the P11L-containing alanine:glyoxylate aminotransferase[END_REF]. On the other hand, we rescued AGT expression at both mRNA and protein levels in both PH1-iPSC-PGKp-AGXT#23 and PH1-HLC-PGKp-AGXT#23 lines (Fig. 2D). We hypothesize that the AGT protein detected in PH1-iPSC-PGKp-AGXT#23 and PH1-HLC-PGKp-AGXT#23 resulted from the AAVS1-integrated PAEGP vector. Interestingly, PH1-HLC-PGKp-AGXT#23 exhibited a substantial lower AGT expression level than PH1-iPSC-PGKp-AGXT#23. Although unexpected, this result is consistent with a previous study demonstrating that the AAVS1 locus can be silenced through mechanisms that include DNA methylation, notably in hepatocyte-committed embryonic stem cells [START_REF] Ordovás | Efficient Recombinase-Mediated Cassette Exchange in hPSCs to Study the Hepatocyte Lineage Reveals AAVS1 Locus-Mediated Transgene Inhibition[END_REF]. Agxt knockout (KO) mice reproduce some key features of PH1 such as severe hyperoxaluria and develop CaOx urolithiasis in the urinary tract [START_REF] Salido | Alanine-glyoxylate aminotransferase-deficient mice, a model for primary hyperoxaluria that responds to adenoviral gene transfer[END_REF]. A combined immune-deficient and Agt-deficient mouse permissive to the engraftment of human cells would be required to evaluate the in vivo therapeutic potential of AAVS1-targeted PH1-iPSCs-derived HLCs, as is the case in other inherited liver diseases [START_REF] Ramaswamy | Autologous and Heterologous Cell Therapy for Hemophilia B toward Functional Restoration of Factor IX[END_REF]. Taken together, our results demonstrate for the first time the feasibility of restoring AGT expression using genome editing and cell reprogramming strategies for primary hyperoxaluria. 
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